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This thesis focuses on the spatial variation, partitioning and behaviour of the heavy

metals, Pb and Zn, within the soil of open public access areas in north-central
Newcastle. The study examines metal concentration variation and the complexity of
spatial variability, using geostatistical techniques to identify the level of spatial
dependence and continuity between samples, collected at a variety of scales. It
investigates the mobility and availability of Pb and Zn using sequential extraction to
determine partitioning, examining top : sub soil enrichment ratios, in addition to using
various statistical techniques to explore metal behaviour in relation to selected key soil
propertics. The study goes on to examine the severity of any contamination by
comparison with published guidelines and trigger concentrations, and explores some of
the wider legislative implications. Top soil total Pb and Zn concentrations were
determined at four sites and three plots, in addition to metal fractionation, pH, organic
content and CEC within the top and sub soil of plot I. Standard laboratory procedures

were used where possible, with quality control checks employed to determine the

reproducibility and efficiency of any non-standard methodologies.

The spatial distribution of contamination was characterised at all sampling scales by hot
spot patterns of elevated concentrations, indicating that coarse scale sampling may be
inadequate to reveal the degree of soil Pb and Zn varnation. Spatial dependence /
continuity of Pb and Zn concentrations was low, a dense sampling network being
required (0.5 X 0.5m) before clearly structured variograms could be produced. The two

metals exhibited different partitioning characteristics; the reducible and oxidisable
fractions being dominant for Pb, and the residual fraction for Zn. Pb was classed as
being of higher potential hazard than Zn, displaying substantially higher concentrations.
The soil properties did not consistently influence metal fractionation, although an

increase in acidity increased both Pb and Zn mobility, whilst organic matter acted as an
efficient scavenger for Pb, in addition to providing more exchange sites for the non-
specific adsorption of Zn cations. CEC, associated with soi1l organic matter and clay

content, was positively correlated with the oxidisable Pb fraction. The relative severity

of Pb and Zn contamination varied according to the trigger thresholds used, although



under the UK ICRCL system only three samples collected from the four sites, and
approximately 25% of samples from the three plots, were classed as contaminated with

Pb. No equivalent threshold exists for Zn within open public access areas. The

implications of these findings for the assessment and management of contaminated sites

are discussed.
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CHAPTER 1

INTRODUCTION

Summary

This chapter outlines the broad field of study, indicating gaps in the research and
defining the main aims of the thesis. The chapter has been divided into 6 sections,
which narrow to focus on the research problem. Section 1.1 briefly outlines recent
research into soil heavy metal contamination within the urban environment,

identifying potential human health risks. Section 1.2 defines the aims of the study,
briefly describing how these aims have been met and outlining the main
methodologies used. Section 1.3 provides a justification for the research and
summarises the relative neglect of the area by previous researchers. Section 1.4
briefly outlines the content of each chapter, whilst the limitations of the study are
described in section 1.5. Section 1.6 concludes the chapter, summarising the key

achievements.

1.1 BACKGROUND TO RESEARCH

Concern stemming from the increased awareness regarding environmental hazards, such
as heavy metal contamination, led to the introduction and revision of contaminated land
legislation during the 1980s (Aspinall et al., 1988; Thornton, 1991; Mellor and Bevan,
1999). In recent years, numerous studies have investigated elevated concentrations of
heavy metals within the urban environment (Aspinall et al., 1988; Culbard et al., 1988;
Douglas et al., 1993; Kelly et al., 1996; Mellor and Bevan, 1999), emphasis having
shifted from mainly rural, agricultural land (Thornton, 1991). Studies have shown the
urban environment to be affected by a wide variety of anthropogenic activities,
including vehicular emissions and wear (Francek, 1992; Douglas et al., 1993), past and
present industrial activities (Aspinall et al., 1988, Kelly er al., 1996), metal smelting
(Zachmann and Block, 1994; Rieuwerts and Fargo, 1995), and mining (Davies, 1978;
Merrington and Alloway, 1994;) many of which have led to increased soil heavy metal
concentrations (Culbard et al., 1988). Concerns have been raised regarding city grown

plants, particularly vegetables, which have been shown to accumulate metals via both

root uptake and deposition of contaminants on above ground parts (Albasel and

Cottenie, 1984; Hibben ez al., 1984).
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In addition, recent studies have demonstrated the need to determine not only total heavy
metal content within environmental samples, but also to identify the various physico-
chemical forms of contaminant elements. These forms have been shown to have a
profound influence on the availability, mobility and toxicity of metallic elements
(Harmison, 1987; Ross, 1994) and hence potential hazard within the environment (Kofi
Asante-Duah, 1996). Despite the numerous studies investigating the sources and

assessing soil total heavy metal concentrations, knowledge of their fractionation

remains limited (Alloway, 1995).

There exists a large body of evidence documenting the potential human health effects of

heavy metals (Harrison and Laxen, 1981; Fergusson, 1990; Pirkle et al., 1998; Miclke et

al., 1999), particularly Pb, which was ranked as the number one priority hazardous
substance by the Agency for Toxic Substance and Disease Registry in 1992 (ATSDR,
1992). In severe cases, Pb poisoning has been associated with mental impairment,
particularly in young children (BEES Environmental Health, 1997). Three principal
pathways have been defined by which heavy metals enter the body; direct inhalation,
ingestion of deposited dust (street, household and soil) and ingestion of foods and water
contaminated with metals (Harrison and Laxen, 1981). Despite this for many years, the

role of soill on human health has been neglected by the majority of soil scientists

(Oliver, 1997).

1.2 RESEARCH AIMS

This investigation focuses on the spatial variation, partitioning and behaviour of the

heavy metals, Pb and Zn, within the soil of open public access areas in north-central
Newcastle. It attempts to determine the extent, severity and potential hazard of any

contamination.

The investigation was conducted at four sites and three plots (Section 4.2.1) located
within the geographical area classed as north-central Newcastle (Section 3.1), where

variations in top soil heavy metal, Pb and Zn, concentrations were investigated on a

variety of sampling scales, ranging from 100 X 100m to 0.5 X 0.5m (Sections 5.2.2 and
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5.2.3). Sampling attempts to determine the degree of Pb and Zn concentration and
spatial variation, identifying the level of complexity masked by coarse scale sampling.
Geostatistical techniques, including the semi-variogram, have been used to assess the
level of spatial dependence / continuity between metal concentrations at the plot sites
(scales 25 X 25m, 5 X 5Sm, 0.5 X 0.5m), characterising the geographical variation at the
three scales (Section 5.3). Kriging was used to produce a surface interpolation of Zn

concentrations from the samples collected on the 0.5 X 0.5m scale (Section 5.4).

Sequential extraction (Sections 2.5 and 4.3.1, Appendix 2) was used to determine the
partitioning of the metals within the top and sub soil layers at the 25 X 25m scale.

Again, concentration and spatial variation have been investigated and patterns identified
for the four fractions; exchangeable, reducible, oxidisable and residual, and total metals
(Sections 6.2 and 6.3). Conclusions have been drawn regarding the partitioning and
hence potential availability and mobility of top and sub soil Pb and Zn (Sections 6.2 and
6.3), in addition to levels of top soil enrichment (Section 6.5). Bivariate and
multivariate statistical techniques have been used to assess relationships between the
metal fractions and selected soil properties (pH, organic matter content and cation
exchange capacity (CEC)) shown by previous research to affect metal retention
mechanisms within the soil (Section 2.6). Levels and forms of any associations have

been determined via correlation and regression, drawing inferences about the behaviour

of the metals within the soil (Section 7.3).

The thesis aims are:

e To determine the complexity of soil heavy metal (Pb and Zn) variation masked by

the coarse scale sampling of contaminated sites.

e To identify, using geostatistical techniques, the level of spatial dependence /

continuity between samples collected on three different scales, 25 X 25m, 5 X 5Sm
and 0.5 X 0.5m, utilising the final variogram model to produce a surface

interpolation of total metal concentrations.
e To examine, using a sequential extraction technique the partittoning and top soil

enrichment of Pb and Zn, providing information regarding both concentration and

spatial variation, in addition to relative mobility and availability.
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e To investigate the behaviour, potential bioavailability and mobility of Pb and Zn

within the soil by examination of the associations between total metals, metal

fractions and a number of soil properties.

e To infer the sources of, and determine through the application of published
legislative guidelines and trigger concentrations the relative severity of any

pollution.

1.3 JUSTIFICATION FOR RESEARCH

Investigations conducted within the field of soil heavy metal contamination have
highlighted a number of areas neglected by previous researchers, underlining the need
for further, more detailed study. Thornton (1991) emphasised the relative lack of
studies conducted within the urban environment, stressing that until relatively recently
investigations have tended to focus on the rural environment, often with an agricultural
emphasis. The author goes on to say, of urban areas, that more research is required to
understand the dynamics and mobility of contaminants within their soils. Oliver (1997)
noted the relative neglect of the effects of soil on human health by a large majority of
soil scientists despite the view that soil is thought to be one of the main avenues for

human exposure to Pb (Francek 1992).

The scarcity of detailed geographical studies assessing metal concentrations in the soils
of British urban areas led Aspinall et al. (1988) to conduct an assessment of
contamination in Tyneside soils. The study suggests several avenues for further
investigation not least the examination of contaminated hot spots on Tyneside. The
authors comment on the lack of detailed spatial studies of heavy metal concentrations
within soil of the major industrial and urban areas of Great Britain and Europe, a
surprise considering the well-documented adverse effects of such metals on human

health. Aspinall et al. (1988) also highlighted the need for future work to ascertain the
chemical forms of trace metals within soils, emphasising that the measurement of total
and plant-available metal concentrations is not sufficient to forewarn of the possible

health etfects of potentially toxic metals in the environment.
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Mellor and Bevan (1999) investigated top soil total and plant available Pb
contamination within the Ouseburn catchment, Tyneside, going some way towards
filling the research gaps highlighted by Aspinall ez al. (1988). The study focuses on the
spatial patterns, severity and mobility of Pb contamination within the catchment, and
again highlights the need for more detailed research into the partitioning of Pb within
the soil, and its relationship with other soil propertics. The authors note the apparent

lack of studies, conducted at an appropriately fine spatial scale, which focus on the

spatial distribution of heavy metal contamination within urban areas, emphasising the

effect of sampling density on the conclusions drawn from spatial sampling.

This present study examines the spatial patterns of Pb and Zn contamination within the
urban environment of north-central Newcastle on a finer geographical scale than has
previously been the case. Levels of spatial dependence are determined using
geostatistical analysis, as a relatively new methodology within soil science (Oliver and
Webster, 1991), with partitioning and hence availability and mobility of the metals
determined using sequential extraction. The study infers the behaviour of Pb and Zn
within the soil by examination of relationships between metal fractions and various soil
properties. It goes on to assess, the hazard associated with the contamination by

comparing metal concentrations with recognised legislative guidelines.  The

investigation aims therefore to fill several of the gaps highlighted in recent studies,

particularly those of Aspinall ez al. (1988) and Mellor and Bevan (1999).

14 THESIS OUTLINE

The main body of the thesis has been divided into 9 chapters, the content of which is

outlined briefly below:

e Chapter 1 introduces the study, outlining the research problem and defining the
main aims of the study. The chapter justifies the research, describing the
limitations, in addition to briefly summarising the thesis.

o Chapter 2 reviews the literature and research issues relevant to this investigation. It

develops a theoretical framework upon which the thesis 1s based, identifying issues
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worthy of investigation. The chapter starts by looking at background literature then
focuses on more specific areas of investigation.

Chapter 3 defines and provides background information on the study area of north-
central Newcastle. It then summarises, in addition to describing the four sites
investigated during the study, the results of two key studies, conducted within the
same geographical area; these were used to inform the sampling design adopted in
this investigation.

Chapter 4 outlines the methodology, theory and assumptions and justifies the
choices made during the processes of sampling design and collection in the field,
laboratory analysis and statistical analysis of data.

Chapter 5 investigates the spatial patterns, variation and dependence of Pb and Zn
focusing on increasingly fine sampling scales. The relative severity of any
contamination is examined.

Chapter 6 focuses on the spatial variation, partitioning and enrichment of Pb and Zn
within the top and sub soil layers of plot I.

Chapter 7 explores the relationships between the metals (Pb and Zn) and soil pH,
organic matter content and CEC within the top and sub soil layers of plot I.

Chapter 8 represents the main discussion chapter of the thesis. It attempts to pull
togethér and explain the main findings of the three results chapters, placing these
within the context of existing literature. It also intends to explore some of the
implications of heavy metal contamination.

Chapter 9 concludes the main body of the thesis. It reiterates the main findings of

the investigation, and re-visits the original aims of the thesis. It goes on to consider
the limitations of the investigation and to explore possible avenues for future

research. The chapter also makes recommendations to managers investigating

contaminated sites.

In addition the thesis includes 10 appendices.

Appendix 1 outlines a number of systems of trigger thresholds and related

guidelines for Pb and Zn in soils. These include the UK Interdeparmental
Committee on the Redevelopment of Contaminated Land (ICRCL) trigger
concentrations, the Dutch ABC list and the ‘New Dutch list’.

Appendix 2 describes the sample collection and laboratory analysis conducted

during the investigation, outlining the main techniques used.
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* Appendix 3 describes and presents the results of the quality control programme
established to assess the reproducibility and efficiency of two non-standard metal

extraction techniques used for the investigation, namely microwave digestion and

sequential extraction.

 Appendix 4 outlines the technical aspects and operation of Atomic Absorption
Spectrometry (AAS) describing, in addition to the main components and calibration
of the instrument, some of the more common problems and solutions associated
with its use.

e Appendices 5 to 9 describe the theory and assumptions behind the statistics used
throughout the thesis, including spatial dependence, surface interpolation,
correlation and regression, principal components analysis and non-hierarchical
classification.

e Appendix 10 contains tables of raw data.

1.5 LIMITATIONS

The author 1s aware of a number of limitations to the present investigation, not least the
array of methodology existing for the extraction of heavy metals and determination of
soil properties. Where possible well documented and tested techniques have been used

to enable results to be compared to other relevant investigations. Quality control

programmes have also been used to ensure high standards of reproducibility and
efficiency. Sequential extraction techniques have been documented as being non-
selective and allowing re-absorption of metals (e.g. Nirel and Morel, 1990; Tack and
Verloo, 1995). Consequently, throughout the study metal fractions have been identified
according to their operational or functional definitions, rather than their more specific
geochemical classifications. Three key soil properties were selected to examine the
availability and behaviour of the metals, although it is recognised that other soil

properties might be of importance. Although geostatistical techniques have been used

to provide valuable information regarding the spatial dependence of Pb and Zn, the

author 1s again aware of limitations here. Insufficient samples are available for the

reliable determination of anisotropy, despite the dense sampling scale producing clearly
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structured omni-directional variograms (Webster and Oliver, 1990; Oliver and Webster,
1991).

1.6 CONCLUSION

This chapter has laid the foundations for the thesis, outlining the field of research,
highlighting the research gaps and defining the main aims of the study. The research
has been justified, the main methodologies listed and the thesis structure outlined. The
limitations of the study have been recognised and justified, therefore allowing the thesis

to proceed with a detailed description of the research.



CHAPTER 2

LITERATURE REVIEW

Summary

This chapter reviews the literature and research issues relevant to this investigation,

developing a theoretical foundation upon which the thesis is based and identifying
issues worthy of investigation. The chapter has been divided into 8 sections, which

focus from general background to individual fields of study. Section 2.1 provides
general information regarding definitions and sources of heavy metals as well as
introducing the potential problems associated with their contamination and
assessment. Implications for human health are outlined in section 2.2, and questions

are raised as to the importance of soil as a pathway for heavy metal entry into the
human body. Section 2.3 focuses on a number of studies which have assessed Pb and

Zn contamination within the urban environment over the past 30 to 40 years, drawing
some general conclusions before specific research areas are targeted in sections 2.4

and 2.5. Section 2.4 looks at spatial variation and the problems of interpretation of
patterns, whilst section 2.5 reviews the technique of sequential extraction and its use in

the assessment of the forms, behaviour and mobility of metals within the environment.

Section 2.6 examines the effects of soil properties on heavy metal (Pb and Zn)
retention within the soil system. Contaminated land legislation and policy are

summarised in section 2.7, which also identifies the need for a new management
approach. Section 2.8 concludes the chapter by reiterating the main gaps in the

research, as identified by the review.

2.1 GENERAL

Davies (1980) defined heavy metals as those elements of the periodic table with a

density of greater than 6gcm™, a vague classification which as stated by Alloway
(1995) ‘includes a very disparate group of elements’. However, the term ‘heavy metals’
is widely recognised, and used to describe all metals and metalloids associated with
pollution and toxicity, including those essential at low concentrations for the sustenance
of life. Heavy metals form part of the group known as trace elements, elements present
in the soil at concentrations of only a few ppm. Recently, the term ‘trace metal’ has

tended to replace that of ‘heavy metal’, but again the term is somewhat misleading, as a

bulk soil sample which displays a low overall concentration of metal may have a high

concentration at the micro-scale (Tiller, 1989), only identifiable by sub-sample analysis.
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Heavy metals are natural components of the soil, present chiefly in forms which are
unavailable to living organisms (Ross, 1994). Although toxic at high concentrations,
some heavy metals are essential micro-nutrients; Zn, for example, acts as a catalytic or
structural component in numerous enzymes of both plants and animals (Kiekens, 1995).
It 1s only when heavy metals are added to the soil in increasing quantities, 1.e. higher
than background levels, either from natural or anthropogenic sources, that they become
a concern. Heavy metal pollution of the soil 1s acknowledged as a potential human
health problem, as not only can metals enter the food chain indirectly through plant up-
take, but they can also enter the body directly via the ingestion and inhalation of soil
particulates (Harrison and Laxen, 1981). In addition, heavy metals may be leached

from the soil into watercourses contaminating possible drinking water supplies.

Sources of heavy metals within the environment may be divided into two main groups:
(a) natural or geological - those released by the weathering and erosion of geological
materials, and (b) anthropogenic — those released as a consequence of human activities.
Anthropogenic sources may be further sub-divided into primary and secondary; primary

or agricultural as a consequence of working the land and secondary as a consequence of

nearby activities (Figure 2.1).

Heavy metals are released into the environment in numerous forms, with single sources
often emitting several forms of one metal. The form, along with ambient conditions,
such as pH, temperature, redox potential, the amount of clay, organic matter and Fe and
Mn oxides present, determine the fate of metals within the soil environment (Ross,
1994). Metals are held within the soil by a number of mechanisms, these include (1)
non-specific adsorption of metal cations to the permanent charge sites of silicate clays
and the pH dependent sites of organic matter, (2) specific adsorption of metal cations on
oxide and hydroxide surfaces, (3) organic complexation whereby humic acids absorb
metals by the formation of chelate complexes and (4) co-precipitation, occurring when a
chemical reagent is simultaneously precipitated in conjunction with other elements
(Section 2.6). The soil is a dynamic system hence changing edaphic conditions, for
example, an increase in acidity or the degradation of organic matter, may result in the
relocation of metals from one compartment to another. In addition animals such as
earthworms can move soil over relatively large distances. The soil has a tendency to act

as a sink for heavy metals, particularly Pb, which exhibits very low mobility once
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incorporated into the soil system. Soil therefore has the potential to accumulate high

concentrations of metals so, once polluted it is liable to remain so with the possibility of

adverse consequences in the longer term.

SOURCE

Anthropogenic Geological
Weathering and associated
pedological alteration of
parent material

Primary Secondary
Outcome of Consequence of nearby
working the land activities

Fertilisers Vehicle aerosols
Pesticides Tyre wear

Sewage sludge Smelting
Incineration

Mining
Long range aerosol
Coal combustion / power
plants

Rubbish disposal
Weathered paint

Figure 2.1 Sources of heavy metal contamination (Information from Ross, 1994)

2.2 HUMAN HEALTH IMPLICATIONS OF HEAVY METAL (Pb AND Zn)
CONTAMINATION

Pb 1s toxic and exhibits no known function within the human body (Washington State
Dept. 1996). It is an active and accumulative toxicant, the long-term exposure to which,
even at low levels, can lead to irreversible damage to human health and possibly death.
The human population has had a long history of exposure to Pb, which was in
widespread use throughout many civilisations dating back as far as the Roman Empire.
At that time Pb was used to line aqueducts, fabricate water pipes and for cooking
utensils (Harrison and Laxen, 1981; Waternet, no date), it is likely therefore that both

food and water were contaminated resulting in adverse health effects. Historically Pb
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has also been used as a pigment in paint, an anti-knock agent in petrol and in some
pesticides. Currently it is used in lead-acid battenies, fishing weights, lead shot and
bullets as well as in the manufacture of some plastics (Washington State Dept., 1996).
Today there are six major sources of exposure to Pb: leaded paint, leaded petrol,
stationary sources such as mines, smelters and incinerators, dust and soil, food, and
water. In 1992, the Agency for Toxic Substance and Disease Registry, ATSDR, ranked
Pb as the number one priority hazardous substance (ATSDR, 1992).

Zn on the other hand is an essential element required by the body in low doses
(ATSDR, 1989) to assist normal metabolism and the optimal functioning of more than
200 enzymes. Its compounds are found naturally within the atr, soil and water, as well
as being present in many foods, however despite a deficiency leading to poor health and
a weakened immune system Zn may be harmful if too much is taken in. Zn is one of
the most widely used metals in the world, being used in numerous alloys and for the
protection of other metals through galvanising. Zn products are also used in a variety of
consumer and health products, including dietary supplements, sun block, batteries and
some poisons (Washington Dept. of Health, 1996). Zn 1s released into the atmosphere
during the processes of mining, smelting, electroplating and metal manufacturing. Zn

within urban discharges arises from waste-waters, fertilisers and the incineration of

municipal wastes.

There are three principal pathways by which heavy metals enter the body (Harrison and

Laxen, 1981); direct inhalation, ingestion of deposited dust (street dust, household dust
and soil) and the ingestion of foods / water contaminated with metals. Once in the
body, Pb will accumulate, with 95% being stored in the bones, teeth and soft tissue,
regardless of the method of entry (ATSDR, 1990; Davydova, 1996; BEES
Environmental Health, .1997). Young children are most at risk, as their bodies retain
more inhaled Pb, some 40-50%, in comparison to adults 10-50% (ATSDR, 1992;
Oliver, 1997). Children also absorb more ingested Pb, a particular problem in children

displaying pical. Zn normally leaves the body in urine and faeces although it can

accumulate within the human diet to the point of toxicity.

I pica - the swallowing of non-food items, such as soil.
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The symptoms of Pb poisoning are non-specific, being similar to many other illnesses.
The symptoms can include headaches, cramps, constipation, poor appetite, clumsiness,
stomachache, vomiting, anorexia, sleeping problems, fatigue and lethargy. Pb affects
four main systems within the body; the haematological system, the central nervous
system, the renal system and the reproductive system (Hutton, 1987). Severe cases
have been known to cause brain damage, mental retardation and reduced IQ,

behavioural problems, anaemia, liver and kidney damage, hearing loss, hyperactivity

and even death in young children (BEES Environmental Health, 1997). Once physical
symptoms appear, the damage has already been done. Table 2.1 gives an indication of

blood lead concentrations and the resultant problems caused in children.

Zn toxicity, the result of prolonged consumption of excess Zn, may interfere with the
body’s immune system and its ability to take in and use other essential minerals, such as
Cu and Fe (ATSDR, 1989). The symptoms of toxicity include damage to the pancreas,
irritability, muscular pain, loss of appetite, vomiting and anaemia (Washington Dept. of

Health, 1996). The recommended safe intake of Zn is 15 pg/day, while levels in excess
of 150 pg/day are toxic and will start to produce detectable changes and impairment of

health (Oliver, 1997). The inhalation of Zn fumes produced when welding and

soldering can cause ‘metal fume fever’, the long term effects of which are unknown.

level of blood lead level effects / treatment
poisoning (ug/dL)
mild 15-19 effects subtle but will increase over time, lowers 1.Q.
moderate 20 -44 requires medical attention, chelation therapy may be used to remove Pb
from body
high 45 ~ 69 full medical treatment is required, victim must be moved to a Pb free
environment
emergency >70 medical emergency, brain damage may be seen in children

Table 2.1 Effect of blood lead concentration on children (adapted from BEES Environmental Health, 1997)
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The effect of soil on human health has been disregarded by the large majority of soil
scientists, although, it is now accepted that it may directly influence human health
(Oliver, 1997). A review conducted by Mielke and Reagan (1998) confirmed that soil
Pb could be associated with severe Pb poisoning, as concentrations were strongly
related to blood Pb levels in both children and adults. The authors determined that
abatement of soil Pb was effective at reducing blood Pb levels in young children.
Health may be affected by direct ingestion and inhalation of soil particles, or the uptake
or leaching of soil contaminants into food crops and ground water, respectively. The
direct ingestion of soil has been shown to be an important pathway for Pb entering the

human body in former smelting towns, despite appearing to be a less obvious source of

exposure (Sheppard et al., 1992).

A number of studies have been conducted to assess the effects of Pb in soil and dust
particularly on children (e.g. Duggan, 1980; Jin et al., 1997; Wong and Mak, 1997;
Lanphear et al., 1998; Pirkle et al., 1998; Miclke et al., 1999). Mielke et al. (1999)
studied the contribution of soil Pb to blood Pb concentrations in children living within
New Orleans, USA. Findings suggested a significant association between soil Pb and
the blood Pb levels of children aged 6 and younger. Results of a survey conducted by
Pirkle et al. (1998) investigating the blood Pb levels of >13000 people residing in the
US, determined that 2.2% of the population displayed concentrations of >10pg/dl, the

level of health concern for children. Jin et al. (1997) determined that children exposed
to soil Pb levels of 1000ppm had blood Pb concentrations between 1.10 and 1.86 times
higher than those exposed to soil Pb levels of 100ppm, and that children exposed to
levels of 2000ppm displayed concentrations between 1.13 to 2.25 times higher. A
significant reduction in blood Pb levels was seen as the result of the clean up of a

residential area located on the contaminated site of an abandoned smelter in New

Mexico (Eidson and Tollestrup, 1995).

Dubourg (1996) attempted to estimate the mortality cost of Pb emissions in England and
Wales via the merging of epidemiological evidence, on dose-response factors, and
economic valuation techniques. The author determined that, despite a significant

decrease in Pb emissions over the last 20 years, in 1987 approximately 62 adult male
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fatalities within urban areas could be attributed to airborne Pb, with an estimated

economic cost of £92 million.

Soil heavy metals have also been found to have an adverse affect on plant growth
(Albasel and Cottenie, 1984; Martin and Bullock, 1994), invertebrates, for example
snails and woodlice, both of which show high accumulation of metals such as Pb, Zn,
Cd and Cu when living in an ecosystem contaminated by heavy metals (Martin and
Bullock, 1994) and bacterial communities (Roane and Kellogg, 1996; Zvyagintsev et
al., 1996). Roane and Kellogg (1996) saw Pb adversely affect the biomass, metabolic

activity and diversity of bacterial communities, although resistant microbial

communities did exist.

2.3 HEAVY METALS IN THE URBAN ENVIRONMENT: CONTAMINATED
LAND

The 1960s saw the first investigations of heavy metal contamination within soils of

urban areas. Purves and Mackenzie (1969), for example, compared heavy metal
concentrations in soils of urban parks and permanent rural pastures in and around
Edinburgh, Scotland, and found that the former displayed higher values. Prior to this
studies tended to focus on the rural environment, often with an agricultural emphasis, as
this land, used for the production of crops was considered to pose a more direct threat to
human health. In the 1970s attention began to focus on the possible health implications
of long term exposure to low levels of heavy metals, particularly Pb and Cd (Culbard et
al., 1988). Young children were identified as being most at risk from Pb contamination,

more so than adults residing in the same area.

The complexity of the urban environment presents problems regarding the assessment

of contaminated sites. Urban development and industrial activity within urban areas, in
which the majority of the population live, determine that the soil may have been
exposed to varying degrees of contamination. Continual overprinting and a

combination of both natural and anthropogenic sources of these metals dictate that

urban sites may have been exposed to several sources of contamination. In addition,

historical land use records are often inaccurate or non-existent and hence past activities
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difficult to ascertain, particularly as many sources of industrial pollution have been

masked by changing land uses (Thornton, 1991).

Surface soil within inner city areas is frequently seen to contain considerable
concentrations of Pb, much higher than that of rural areas (Douglas er al., 1993). A
study in Richmond, UK, found that top soils in developed areas of the London Borough

displayed far higher concentrations of heavy metals than those in open green spaces

(Kelly et al., 1996). This study contradicted a Manchester based study which identified
soil of inner city green spaces as containing the highest levels of EDTA extractable Pb
(Douglas et al., 1993). A study in residential Minnesota, identified localised areas of

severe Pb contamination around private residences, the major source of which was Pb

based exterior paint (Schmitt et al.,, 1988). The authors determined that the
contamination was more concentrated but less widespread than that produced as a result
of many anthropogenic activities. Hewitt and Candy (1990) observed that soils in the
urban environment of Cuenca, Equador contained elevated metal concentrations
comparable to those observed in developed countries, noting that levels did not appear
to be elevated outside the urban area. Urban soil pollution has been identified as
exhibiting three dimensions, the spatial dimension related to distance from sources, the
depth dimension concerned with soil stratification and a time dimension related to

length of exposure to a given source (Douglas et al., 1993).

Many urban heavy metal investigations have focused on the effects of vehicular
emissions, now an historic source of soil Pb contamination within the UK and a number
of other developed countries following the phasing out of leaded petrol, in addition to
vehicular wear (Wheeler and Rolfe, 1979; Harrison et al., 1981; Albasel and Cottenie,
1984; Tiller et al., 1987; Ho and Tai, 1988; Francek, 1992; Douglas et al., 1993; Fatoki,
1996; Fatoki, 1997; Singh et al., 1997, Jaradat and Momani, 1999). Albasel and
Cottenie (1984), for example, found pronounced Pb and Zn contamination along
roadside verges and fields adjacent to roads and industrial zones in Belgium. Jaradat
and Momani (1999) and Singh et al., (1997) saw Pb burdens decrease with increasing
distance from the road margins in Jordan and Lucknow, India, respectively. Fatoki
(1997, 1996) identified similar patterns of soil Zn contamination in Alice, East Cape.
Similarly, in Manchester, UK, Douglas et al. (1993) found the highest soil Pb

concentrations directly adjacent to the roads, with concentrations decreasing rapidly
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within the first few meters from the road and slowly thereafter; the decrease was
identified as exponential. Jaradat and Momani (1999), Kelly et al. (1996) and Wheeler
and Rolfe (1979) also noted an exponential decay in Pb concentrations with distance
from roads. The majority of vehicular Pb was found to be deposited within 30 - SOm of
roads, with background levels? being reached at approximately 50 - 60m. Tiller et al.
(1987) investigated long distance transport, examining the dispersal of exhaust Pb from

Adelaide, Australia into adjacent rural areas. They saw that 3% of the petrol derived Pb

was dispersed beyond the immediate road zone, settling within S0km of the city centre.

Pb tetraecthyl remains a contemporary source of Pb contamination in many counties.

Other factors have been identified as contributing, to the pattern of heavy metal

contamination within the vicinity of road networks, including, traffic density (Harrison
et al., 1981; Ho and Tai, 1988; Francek, 1992; Douglas et al., 1993; Hamamci et al.,
1997) and the presence of and associated traffic congestion (Kelly et al., 1996). Ho and
Tai (1988) who studied concentrations of a number of heavy metals in roadside soils
and grass in Hong Kong, found high levels of contamination within the highly
urbanised northern part of the island where traffic density is highest. In their study,
Harrison et al. (1981) determined that the highest concentrations of Pb and Zn were

within soil samples taken from a highly congested roundabout. They attributed these

levels to long term accumulation as a more heavily trafficked but newer motorway
displayed lower concentrations. Prevailing wind direction and topography are also
considered to play an important role (Francek, 1992; Hamamci et al., 1997; Jaradat and
Momani, 1999). Jaradat and Momani (1999) identified higher levels of soil metal
contamination on the east side of roads in Jordan, in line with the prevailing wind
direction, however Francek (1992) found no significant differences in Pb concentration
between upwind and downwind sides of streets in Mt Pleasant, Michigan USA. The
authors attributed this to inconsistent wind direction caused by the passage of weather

fronts and eddying around trees and buildings.

In addition to roads, the geographical distribution of heavy metals within soils has been

linked to past and present industrial activities, as illustrated by Kelly et al. (1996) in

Wolverhampton, UK. Here elevated concentrations of Zn were found to be associated

2 background levels — expected “natural® concentrations of metals within soil of a certain area.
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with Fe related industries, metalworkings, engineering and sewage works, whereas the

lowest concentrations were found in the more rural outskirts of the city. Aspinall ez al.

(1988) also identified distinct geographical patterns of soil heavy metal (Pb, Zn, Cd)
contamination which correlated well with past and present industry in Tyneside. Here,
greatest contamination was found adjacent to the River Tyne and in parts of Gateshead
where it was linked to the presence of incinerators and various modern industrial
operations. In Falun, an urban area of central Sweden, high concentrations of soil Pb

have been attributed to the disposal of wastes from mining and chemical industries (Lin

et al., 1998).

High levels of heavy metal contamination have also been associated with smelting
(Burkitt et al., 1972; Buchauer, 1973; Tiller and de Vries, 1977; Zachmann and Block,
1994; Rieuwerts and Fargo, 1995; Benin et al., 1999; Fargo et al., 1999), metal alloy
production (Samanta et al., 1995) and historic mining areas (Ward et al., 1976; Davies,
1978; Merrington and Alloway, 1994; Merrington, 1995; Rieuwerts and Fargo, 1995;
Shu and Bradshaw, 1995). Zachmann and Block (1994) found the soil and stream
sediments in the vicinity of a Pb smelter near Clausthal-Zellerfeld, Germany to be
highly contaminated due to airborne pollution and the dumping of waste slags. Fargo et

al. (1999) confirmed the presence of high soil heavy metal concentrations in the

proximity of a secondary smelter in Ladskrona, Sweden, determining that enrichment
had occurred throughout the town, although distances >3.5km were not affected. On
the other hand, Buchauer (1973) who investigated soil and vegetation contamination

from two Zn smelters 1n Palmerton, determined that background concentrations of soil

heavy metals were not reached until a distance of 16 to 39km from the smelter plants.

The author found contamination distance to be dependent upon the metal and prevailing

wind direction. Burkitt et al. (1972) also identified very high levels of Pb, Cd and Zn
contamination near a smelting works in Avonmouth, Bristol, UK again with significant
quantities being detected several kilometres away particularly in a downwind direction.

At Te Aroha, New Zealand, near the Tui Mine soil heavy metal contents were also seen
to decrease with distance from the treatment plant. Here, background levels were
reached at a distance of >150m, contamination being a direct result of deposition of
airborne dust from the plant. Davies (1978) sampled garden soils from numerous urban
and rural areas throughout England and Wales. He found that older gardens displayed

higher Pb concentrations than those of younger properties, suggesting that pollution
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levels were increasing over time. He went on to suggest that such increases were a

consequence of the fallout of coal ash from chimneys. However, higher concentrations

could be the result of inheritance from a more polluted past.

Contaminated soil contributes to the composition of plants, raising concerns over the
possible contamination of city-grown vegetables. Plants have the potential to
accumulate metals via root uptake and by the deposition of contaminants on above
ground parts. Hibben et al. (1984) state that vegetables grown in cities can be visibly
injured and stunted by pollutants derived from vehicular exhausts and industrial
discharges, a statement which was not substantiated by their investigation centred in
Brooklyn, New York. This study compared Cd and Pb concentrations in seven leaf and
five root and bulb crops grown in the city environment of Brooklyn and in a suburban
environment, and found no significant differences. In a survey conducted in Greater
Sydney, Australia, the authors discovered that in general, fruit contained the lowest and
leafy vegetables the highest concentrations of Cd (Jinadasa et al., 1997). Similarly,
Voutsa et al. (1996) saw elevated levels of heavy metals, particularly Pb and Zn in leafy
vegetables grown in Thessaloniki, Greece. Jones (1983) conducted a glasshouse pot
experiment using soil collected from the vicinity of a galvanised steel tower in Toronto,
Ontario, Canada. He found the highest Zn concentrations in lettuce grown in soil with
the highest Zn contamination; concentrations in the tops and roots were found to be
similar, Vegetables grown in the vicinity of a Pb — Zn smelter in Port Pirie, South
Australia, have also been found to contain elevated metal concentrations (Tiller and de
Vries, 1977). Albasel and Cottenie (1984) found heavy metal concentrations within

plants growing in urban park lands to be significantly higher than in those growing in

rural areas.

Plant uptake of metals varies as a function of soil conditions, notably pH and organic
matter content (Ross, 1994), although concentrations In soils are not necessarily

associated with high concentrations in plants. Soil conditions play an important role in
determining the forms and fate of metals within the soil, and their availability for
uptake. Techniques such as sequential extraction may be utilised in the determination
of metal forms, and play a vital role in assessment of both the environmental impact and

potential hazards associated with heavy metal contamination (Farmer et al., 1983).
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2.4 CONTAMINATED LAND: SPATIAL VARIATION

Over the past ten years a number of studies have focused on the spatial distribution of
metal contaminants within soil, investigating variation and spatial dependence3 as well
as developing models for surface interpolation. The scale of such investigations has
varied dramatically, ranging from the examination of whole countries (Culbard ez al.,
1988; Piotrowska et al., 1994; White et al., 1997) to 1ha plots (Boekhold and Van der
Zee, 1992; Kuzel er al., 1994). Many of these studies were characterised by large,
short-range variation with occasional ‘hot-spots’ displaying values several orders of
magnitude higher than the rest of the data set. These variations have caused problems

with both the interpretation and presentation of data (Tiller, 1992).

A substantial degree of research has been conducted investigating the efficiency of
various sampling patterns and sampling scales for the identification of contaminated hot
spots. Three sampling patterns have been examined in detail, the regular grid, random
and stratified random examples of which are given in Section 4.2.2. Fergusson (1992)
developed a herringbone sampling design (Figure 4.4) the performance of which is
thought to be optimal when little or no information is available regarding the spatial
distribution of contaminants at a site. Much of this research has focused on the risks

associated with failing to identify contaminated hotspots if they were to exist.

Culbard et al. (1988) examined Pb concentrations in soil and dust from 53 locations
throughout Great Britain, in a survey commissioned by the UK Department of
Environment. Sites were selected according to geographical location, industrial and
urban development and to reflect differences in population; some mineralised areas
were Included as geochemical ‘hot-spots’. Average soil Pb concentrations fell between
200 and 500pg/g for samples collected in most major cities, noticeable exceptions being

Bristol and some of the London boroughs, which displayed higher average

concentrations. Derbyshire villages, located in a former Pb mining area, displayed the
highest level of Pb contamination, with an average concentration of 5610ug/g. Prohic

et al. (1997) used similar techniques to determine geochemical patterns in soils of the

3 spatial dependence — the majority of soil properties vary continuously in space, with sites that are close
together being more similar than those further apart; statistically sites therefore depend upon each other
(Webster and Oliver, 1990).
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Karst region of Croatia, following the collection of 420 samples on a 5 X Skm grid

scale. They related variation in soils to underlying geology, soil type, natural and

anthropogenic influences.

In Poland, Piotrowska et al. (1994) found that soils in the south and west of the country
contained significantly higher and more variable concentrations of Pb than those in the
north east, eastern and central regions. Results were represented on a three dimensional
spatial plot and the highest concentrations found to be associated with point sources of
contamination, including smelters and power plants. Southern Poland also experiences

atmospheric inputs of Pb from adjacent regions of Germany and former

Czechoslovakia.

A number of authors have conducted investigations at the city scale (Aspinall et al.,
1988; Douglas et al., 1993; Kelly et al., 1996; Markus and McBratney, 1996; Pitchel et
al., 1997). Pitchel et al. (1997), measured heavy metal concentrations in the surface soil
along parallel transects across Warsaw, Poland, comparing their 1996 data with that
collected in 1976. Pb contamination had extended up to and sometimes beyond the city
limits, although levels had declined in certain areas. The highest concentrations were
found in samples collected near the city centre and in the vicinity of heavy metal
industries. Levels of Zn had, on the other hand, remained relatively constant. Markus
and McBratney (1996) who sampled using a stratified random technique within lha
square areas, identified a degree of spatial clustering of topsoil Pb, Zn and, Cd
concentrations in Glebe, Australia. 1n general they found little variation between
samples, but the range of concentrations were wide, Pb for example displaying values of
20 - >20000mg/kg. They also found that in some cases adjacent samples contained very
different concentrations, thus highlighting the problems of interpretation of spatial

variation in an urban environment.

Douglas et al. (1993) and Aspinall et al. (1988) both conducted investigations within
the UK, looking at Manchester and Tyneside, respectively. Douglas et al. (1993)
associated high concentrations of Pb with roads, historical industry and housing,

commenting that grassed areas in the city were liable to carry legacies from earlier

urban land uses. Aspinall et al. (1988) identified a strong local variability of soil metal
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concentrations despite the comparatively coarse intra-urban scale of the investigation (1
X 1km grid). These authors concluded their study by stressing the need to examine the
contaminated ‘hot-spots’ of Tyneside in greater detail. This was undertaken using a
finer geographical scale of sampling (200 x 200m grid) by Mellor and Bevan (1999)
who focused on the spatial distribution of Pb in the top soils of public access areas in
the Ouseburn catchment, Tyneside. Mellor and Bevan (1999) identified a ‘hot spot’
pattern to the spatial distribution, determining that the highest soil Pb concentrations
were within the central and southern parts of the catchment; areas associated with a

legacy of past industry and urban development.

In recent years, the emphasis of spatial investigations into soil contamination has started
to change with geostatistical techniques, originally developed to evaluate ore deposits
within the mining industry, being employed to assess the spatial dependence of
contamination. Kriging, primarily a prediction technique, is being utilised to enable
surface interpolation from point samples (Webster and Oliver, 1990), hence estimating
continuous surfaces. A number of kriging techniques exist, although ordinary kriging is
thought to be the most suitable for the estimation of pollutant concentrations within the
so1l (Oliver and Webster, 1991) (Appendix 6). Within risk assessment investigations
however, disjunctive and indicator kriging are also valuable tools. Disjunctive kriging
enables determination of the probability that data does or does not exceed a given
threshold, of particular importance in areas where estimates of pollutant concentrations
are close to a threshold. Indicator kriging however, utilises separate variograms
produced for a series of cutoff (indicator) values to determine the proportion of an area
above or below a threshold. For example, when examining soil Pb contamination, a

threshold of 2000mg/kg maybe set and the actual concentrations replaced by 0 or 1

depending on whether they exceed the threshold value. A variogram is then determined
for the indicator threshold and the method of ordinary kriging used to produce

predictors and interpolate the surface.

These techniques have been utilised in both large (Tao, 1995; Markus and McBratney,
1996; Frangi and Richard, 1997) and small-scale investigations (Boekhold and Van der

Zee, 1992; Kuzel et al. 1994, Arrouays et al. 1996). Tao (1995) utilised the techniques

to map topsoil Cu, Pb and Hg concentrations in the Shenzhen area of China. The author
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was able to reveal the geographical variation of the metals by the production of
variograms 4 (Appendix 5), based on the 83 point samples analysed. The variograms
were utilised as models for kriging. The largest inconsistencies between measured and
calculated values were found where the element contents in the soil varied dramatically.
Frangi and Richard (1997) and Markus and McBratney (1996) conducted similar
analyses in northern France and Glebe, Australia, respectively. Frangi and Richard

(1997) interpolated a 100km® area from 125 point samples collected systematically in

concentric circles; pollutant distribution was closely related to the dominant wind
direction. The authors concluded that the spatial representation of Pb and Cd
concentrations showed the extent of the pollution and enabled the level and extent of
contamination to be delimited. Markus and McBratney (1996) who sampled on a 100 X

100m grid concluded that map surfaces could have been more accurate had the

sampling intensity been greater.

Arrouays ef al. (1996) investigated short-range variability of trace elements in soil at a
contaminated site that had been used for the production of lead tetraethyl since 1938.
Four samples were collected from each of 15 sample point locations, using a sampling
pattern adapted from the French National Soil Quality Monitoring Network.
Variograms were produced, one for lags3 0.36m to 0.70m and a second for lags 10m,

20m and 30m. Local variability was the same within 1m as for the whole plot, leading
to the conclusion that the nugget effect® was mainly due to micro heterogeneity. Kuzel
et al. (1994) investigated Cd variation on two scales, 100 X 100m and 10 x 10m, at an
agricultural field located within the Czech Republic. They used directional variograms
to demonstrate spatial heterogenity or anisotropy at the 10 X 10m scale, i.e. that Cd
varied differently in different directions, a phenomenoh demonstrated by the non-
coincidence of directional variograms. Sampling at the 100 X 100m failed to identify

the true nature of contamination at the site.

Many of the above investigations have highlighted problems regarding the spatial

interpretation of soil heavy metal contamination. Some have shown elements to be

4 variogram — graph representing the average variance of pairs of samples located certain distances (lags)
apart.

> lag — average distance between pairs of samples.

6 nugget effect — when the variance of a sample compared with itself, i.e. lag = 0, does not equal zero.
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randomly distributed, even at short range (<1m) (Arrouays et al., 1996), whereas others
have identified spatial dependence between samples. Interpolation has also been seen to
be inaccurate in areas where soil element concentrations have varied dramatically (Tao,
1995). Many of the problems associated with interpretation and modelling can be

related to large micro-scale variations, i.e. hot spots, in urban soil heavy metal

concentrations.

2.5 SEQUENTIAL EXTRACTION

Recent years have seen recognition of the need to determine not only total heavy metal
content within environmental samples but to identify the physico-chemical forms of
contaminant elements. Forms have been seen to profoundly influence the availability,
mobility and toxicity of metallic elements and hence their potential hazard within the
environment (Harrison, 1987). The chemical form of Pb, for example, appreciably
affects the level of gastro-intestinal absorption when ingested into the human body.
Form has also been seen to affect the availability of metals for plant uptake (Ross,
1994). Methods such as sequential extraction are now being utilised in an attempt to
understand the behaviour of various forms of such elements (Farmer et al. 1983:

Davidson et al. 1994; Tack and Verloo, 1995) and therefore enable a more accurate

assessment of potential hazard.

Sequential extraction procedures consist of subjecting a given sample to a series of
increasingly strong reagents under specified conditions in the laboratory, thus isolating
metals according to their ease of extractability (Nirel and Morel, 1990). The techniques
use reagents which simulate both natural and dramatic changes that can occur within the

environment, such as changes in pH or redox status (Rauret, 1998). The changes occur

at an accelerated pace, however, compared to those within the natural environment.

Tessier et al. (1979) developed the first widely used procedure, enabling the partitioning

of particulate metals into five fractions: exchangeable, bound to carbonates, bound to Fe
and Mn oxides, bound to organic matter and residual. A variety of sequential extraction

techniques have since been developed utilising different sets of reagents to separate

metals within both soils and sediments into four to eight fractions (Tessier ef al., 1979;
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Gibson and Farmer, 1986; Kim and Fergusson, 1991; Ure, 1991; Yong and Galvez-
Cloutier, 1993; Davidson et al., 1994; Real et al., 1994; Li et al., 1995).

Exchangeable phase metals, are those considered to be non-specifically adsorbed and
subject to ion exchange, i.e. they can be replaced by non-competing cations. Metals
precipitated or co-precipitated as natural carbonates are classified as being the carbonate
phase and may be released by the application of an acid. Those attached to amorphous
or poorly crystallised Fe, Al and Mn oxides, are known as the hydroxide-oxide phase
and may be released by the application of a reducing agent. The organic phase
represents metals held by the mechanisms of complexation, adsorption and chelation,
and released as a result of organic matter degradation. Metal fractions only extractable
by digestion with strong acids at elevated temperature are classed as residual; these are

normally held within the lattice of silicate minerals (Yong and Galvez-Cloutier, 1993).

Davidson et al. (1994) evaluated the BCR technique, a three-stage extraction procedure,
designed by the European Community Bureau of Reference. The technique, which
separates metals into exchangeable, reducible and oxidisable forms, was seen to be
sufficiently repeatable and reproducible. The authors extracted three sets of three
samples at weekly intervals and found that even for elements far from their detection

limits, significant within-set and between-set variation occurred. The between-set

variation was generally seen to be greater than within-set variation and the method was

deemed to be reproducible enough to obtain useful information regarding heavy metal

fractionation.

Narwal et al. (1999) investigated the associations between heavy metals and soil

components in naturally metal rich soils of Norway using a seven-step sequential
extraction technique. They determined that Cd was the most easily desorbed, and hence
most mobile and bioavailable. Zn was found to be strongly associated with the fractions
less available to plants. Gibson and Farmer (1986) conducted a study in Glasgow,
Scotland utilising a six step extraction procedure to determune the partitioning,
availability and mobility of Pb, Zn, Cd, and Cu within 90 top soil samples, collected
from gardens, open spaces, parks and agricultural land. Measures of total concentration

allowed an order of metal contamination to be determined, which for Glasgow was Pb >

Zn > Cu > Cd. Sequential extraction determined an order of mobility, calculated on the
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basis of percentage metallic partitioning between the ‘exchangeable’ and ‘carbonate
bound’ phases. The order of mobility was found to be Cd >> Pb > Zn > Cu; on average,
13% of Pb and 10% of Zn were found within these phases. The order of overall
environmental hazard was classed as Pb > Cd > Cu > Zn. Pb and Zn were also seen to
have a strong association with the final three fractions, the hydroxide-oxide, organic and
residual phases and hence severe resistance to downward mobility. In their study,
Maskall and Thomton (1998) determined that only a small proportion of soil total Pb
and Zn were in a readily mobile form. A high proportion of Pb was associated with the
carbonate and specifically adsorbed phase. These results were mirrored by a study
conduced in the Czech Republic (Szakova et al. 1999). Using the BCR sequential

extraction technique these authors determined that Cd was more mobile than Zn; 18%

and 55% of total Cd and Zn were found to be in residual form.

Although useful, sequential extraction procedures are not without problems. These
include the non-selectivity of reagents, i.e. the attacking of components other than those

specified, and the possibility of re-adsorption of metals (Nirel and Morel, 1990; Tack

and Verloo, 1995). Doubt has therefore been cast on the usefulness of these procedures
within the field of geochemistry, although they are considered useful within the field of
environmental chemistry, where they are used for a different purpose (Real et al., 1994).
The techniques provide the environmental researcher with information regarding the
forms in which heavy metals are held within soil, sediment and water systems, the

potential availability of metals for uptake and the extent of their mobility, including the

conditions which would cause them to be mobilised.

The identified metal fractions have been defined in a number of ways. They have been

defined functionally, for example ‘plant available fractions’, operationally, according to
the reagents or processes used in their extraction, or as particular compounds or states of

the element (Davidson et al., 1994). Concern over selectivity has seen a move away
from the more specific geochemical classifications outlined above towards operational
or functional definitions (Whalley and Grant, 1994; Ure, 1996). These definitions

embrace a number of chemical entities that share a common function but the precise

function of which i1s indeterminate.
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2.6 EFFECTS OF SOIL PROPERTIES ON METAL MOBILITY AND
AVAILABILITY

Within the soil system, the fate of toxic metals is dependent upon a number of factors,
these being edaphic conditions, for example pH and organic matter content, the initial
chemical form of the metal and the plants and animals within the system (Ross, 1994).
However, knowledge of the chemistry and speciation remains limited despite the vast

array of work investigating the sources and assessing soil total Pb concentrations.

Heavy metals are retained within the soil system by 6 main compartments, the soil
solution, adsorption to the surface of clay and organic matter, precipitated forms, Fe and
Mn Oxides, alkaline earth carbonates and silicate lattices (Alloway, 1995). Metal
cations are retained by the permanent negative charge sites of silicate clays and the pH
dependent sites of organic matter by non specific electrostatic adsorption, the strength
of the attraction depending on the charge or valency and metal ion hydration (Ross,
1994). Metal ions compete for the exchange sites with more abundant cations such as
Ca®* and Mg®* hence strong attraction is rare. Higher valency ions display a greater
replacing power as do ions with a low degree of hydration (Alldway, 1995). The
mechanisms of specific adsorption, whereby heavy metal cations are exchanged with
surface ligands to form bonds with lattice ions, better explain the retention of cations
within the soil as they result in ions being adsorbed to a far greater extent. These
complexes most readily occur on oxide and hydroxide surfaces (Ross, 1994; Evans,
1989). Again the mechanism 1s strongly pH dependent and dependent on the hydrolysis
of the metal ion. Co-precipitation and organic complexation, also provide mechanisms
for metal retention in soils. Co-precipitation occurs when a chemical agent is
simultaneously precipitated in conjunction with other elements and can occur at any
rate, and by a number of mechanisms. Organic complexation on the other hand is the
processes by which humic acids adsorb metals by forming chelate complexes (Alloway,
1995). Soil properties such as pH, organic matter content, CEC, clay content and

presence of Fe and Mn oxides therefore exert influences on the stability of heavy metal

ions within the soil system.

Numerous studies have investigated the effects of soil properties on heavy metal

retention and solubility within the soil system of both polluted and non-polluted soils
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(McKenzie 1980; King, 1988; Sanchez-Camazano et al., 1998; Hooda and Alloway,
1998). pH and CEC have been identified as the main soil properties involved in the
immobilisation of heavy metals, although soil organic matter also plays an important
role. In general, pH exerts the greatest influence on metal solubility, with solubility and
hence availability increasing with decreasing pH (Chuan et al., 1996; Rieuwerts et al.,
1998). Conflicting evidence has been published regarding the effects of organic matter,
although in general, higher organic matter contents are thought to lead to higher metal
retention (Sauve et al., 1997; Hooda and Alloway, 1998). Hargitai (1995) suggested

that the type of organic matter may be more important than the amount.

Rieuwerts et al. (1998) used secondary data and empirical models to investigate the
influence of soil properties on the solubility of metals, predicting the proportion of
bioavailable (extractable) metals from total concentrations. Analysis showed that pH
had the greatest single effect on the proportion of extractable metals. Similarly, Chuan
et al. (1996) determined that pH greatly affected heavy metal solubility in soil, with
solubility dramatically increasing in soils of pH <3.5. Solubilities were seen to increase
as redox potential decreased, more acidic, reducing conditions being the most
favourable for metal solubility. pH exhibited a greater effect than redox potential.
Hooda and Alloway (1998) determined that pH, CEC, organic matter content, clay
content and CaCO; were all correlated with soil metal retention. Similarly, Sanchez-
Camazano et al. (1998) found significant correlations between total metal
concentrations and organic matter content in soils collected from uncultivated,
unpolluted soils of Valladolid, Spain. Associations between soil Pb and clay were aiso

noted. Sauve et al. (1997) on the other hand, saw no significant associations between

Pb and organic matter.

A study conducted by King (1988) determined that soil Zn retention was most strongly
affected by pH, whereas Pb retention was more strongly affected by clay content and Fe
oxides. King also identified a general although weak relationship between metal
retention and exchangeable cations. McKenzie (1980) when studying the adsorption of
heavy metals on Mn and Fe oxides found that the adsorption of Pb by Mn oxides was up

to 40 times greater than that by Fe oxides. The author also noted that Pb was more

strongly adsorbed than Cu, Co, Mn, Ni or Zn. An increase in soil pH, from 3.0 to 5.0
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and 5.0 to 6.5 for Pb and Zn, respectively, was seen to increase adsorption on Fe oxides

from nearly zero to almost 100%.

A number of laboratory simulation studies have drawn similar conclusions regarding the
effects of soil propertics on heavy metal retention within soils. Harter (1983) for
example, studied Pb, Cu, Ni and Zn adsorption and desorption in pH adjusted soils,

confirming that the amount of metal retained was dependent upon pH. Retention was

found to increase dramatically for pHs above 7.0 to 7.5. The author also noted that soils
exhibiting the highest CEC were found to exhibit higher sorption of the metals,
although this relationship could not be quantified. Organic matter content was similarly

thought to be a major factor in metal retention, explaining differences between top and

sub soil levels, but again no correlation was found between metal retention and this
property. Lumsdon et al. (1995) also investigated the influence of a number of soil
properties on metal retention within a laboratory using pH adjusted soils. They
determined that the proportion of metal adsorbed mncreased within increasing pH with
the amount retained dependent upon the organic matter content of the soil. Soil
containing a higher organic matter content was found to adsorb a greater amount of
metal at a given pH. Chloride ions exerted virtually no effect on the retention of Zn, the

effect of CI ions on soil metal retention being directly related to the ability of the metal

to form complexes with the 1ons.

2.7 LEGISLATION AND POLICY

Concemns regarding contaminated land began to increase during the 1960s (Tadesse et

al., 1994). However, it is only in recent years, with an upsurge of more serious damage
caused by old landfills and abandoned contaminated sites, that contaminated land has
been considered a serious problem (Richards et al., 1996). Contamination processes
themselves are not new, often going back many decades having left an unwanted
legacy. Concern stemmed from the increased awareness of both government bodies and
the general public regarding potential hazards, such as heavy metal contamination, and
led to the introduction of new legislation and revision of existing legislation in many
developed countries (Aspinall et al., 1988; Thomton, 1991; Richards et al., 1996).

Remediation strategies evolved rapidly, and the complexity of the potential problem,
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coupled with the need for immediate guidance, led to the development and adoption of a
variety of remediation approaches (Sheppard et al., 1992). The legislation aims to

protect the soil environment from further contamination.

Britain developed a system of ‘fitness for use’, where land would be restored to a
condition suitable for its planned use. This is a system that has traditionally tended to
be purely reactive, i.e. only being enforced when land is to be developed (Griffiths and
Board, 1992). The driving forces behind this approach were the use of the land and the
effects upon local amenities. Historically, land has been controlled through planning
law, with pollution only being assessed when land was to be sold. The approach was

that of ‘buyer beware’’, but with the introduction of the Environmental Protection Act

1990 (EPA, 1990), the emphasis shifted towards ‘polluter pays’s, particularly in light of

the production of The Register for Potentially Contaminated Land, a register set up to

collate information on contaminated sites.

EPA (1995) defines contaminated land as:

‘any land which appears to the local authority in whose area it is situated to be in
such a condition, by reason of substances in, on or under the land that- (a)

significant harm is being caused or there is a significant possibility of such harm

being caused; or (b) pollution of controlled waters is being, or is likely to be caused’

The Act determines that such land is the responsibility of local authorities and lays out,
in conjunction with the paper produced by the Interdepartmental Committee on the

Redevelopment of Contaminated Land (ICRCL, 1987), guidelines regarding the

registration and treatment of such areas within the UK. The legislation defines a series
of tentative, land use dependent, ‘trigger concentrations’® which relate to total metals; as
yet ‘action values’!0 have not been specified (Appendix 1). These guidelines are used to

assist decision makers in selecting the most approprnate use for a site and in deciding

7 ‘buyer beware’ — remediation of contaminated land is the responsibility of the owner of that land;
therefore if you buy land that its contaminated you are responsible for its clean up.

8 “polluter pays’ — the polluter of land, if found, is responsible for its remediation.

? trigger concentrations — series of specified guidelines for contaminants in soil. Levels of contamination

above these guidelines require investigation.
10 action values — specified levels of contamination above which remediation / clean up must be

conducted.
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whether remedial action is required (Dellow, 1994). The guidelines are not
retrospective and therefore do not apply to sites that have already been developed. The
Act attempts to move environmental protection towards an holistic approach via the
recognition of the fact that the environment operates as an integrated system (Richards
et al., 1996). Overall responsibility for environmental protection in the UK now lies
with the Environment Agency formed in 1996 as a result of the 1995 EPA. In contrast
to the UK, the Netherlands and the USA have adopted what has become known as the
‘multifunctionality’ approach, remediating all land to a set standard, suitable for any use

(Gniffiths and Board, 1992; Contaminated Land, 1996). The Dutch approach has had an

enormous impact wordwide (Tiller, 1992).

The Dutch were the first nation in Europe to enforce legislation regarding remediation

of contaminated land following a pollution incident in residential Lekkerkerk, near
Rotterdam (Griffiths and Board, 1992). The response to this incident was a national
inventory of possible polluted sites which, in 1985, included more than 6000 sites,
leaving the country particularly concerned about public health. A nationwide cleanup
operation ensued and hence the need to develop an extensive legal framework. The
Netherlands is one of the most heavily polluted countries in Europe, susceptible due to
its geographical location, from both national and across boarder contamination. The

lowland nature of the country, approximately one quarter of which is below sea level,
determines that the water table is close to the surface of the soil. Many soils are marshy
or water logged and hence reducing in nature determining that, metal contaminants may
be more readily available. The high density of population within the Netherlands
determines that land is intensively used with landuse frequently changing hence soil

contamination can cause a serious problem.

In 1983 the Dutch Soil Clean Up Act led to the issue of what became known as the
‘ABC list’, a three tier system of legislative guidelines, specifying (A) background
levels, (B) levels at which the site must be further investigated and (C) clean up
concentrations (Appendix 1). The Dutch C, or clean up values in addition to being
more stringent than the UK ICRCL guidelines cover a wider number of contaminants.

These guidelines have since been modified and renamed the ‘New Dutch List’, a
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comprehensive list of potential contaminants proposing both optimum!! and action
concentrations for pollutants in soil and groundwater (Appendix 1). The revision of the
Dutch guidelines was based on the background levels of contaminants in rural soils and

the general ‘risk’ to both human health and the environment (Sheppard ez al., 1992).

The USA has defined guidelines both at the federal and state level, the result of which
has been the introduction of a wide range of quality standards across the individual
states (Griffiths and Board, 1992). As with the Dutch guidelines, the USA has
developed limits that are more stringent than the UK. Soil quality guidelines must be
both practical and scientifically defensible, although despite this many have tended to
be set on the basis of professional judgement, for example the UK ICRCL trigger
guidelines and the Dutch ABC list, rather than scientific research. This may lead to
questions regarding their validity and economic defensibility (Sheppard et al., 1992).

The majority of current published guidelines, regarding heavy metal contaminants,

quote values relating to total metal concentrations. As stated by Gupta et al. (1996)

‘these values are excellent criteria to define the extent of metal build up of
contamination in soil...... but for the prediction of ecological impact total content is of
little value’, as metal concentrations within plants have been insufficiently correlated
with soil total metal content. These authors propose a new risk assessment and
management concept involving a three level evaluation system. The system defines
guideline values, trigger values and clean-up values, whilst also incorporating three
metal fractions and hence providing a clear scheme to assess potential exposure. The
authors suggest developing guidelines for total, mobile and mobilisible metals and that
guidelines would be exceeded if any one or more of the fractions exceeded specified

levels. The mobile fraction provides a good indication of the potential vertical
movement of contaminants and hence their implications for groundwater pollution,
whilst the mobilisable fraction provides information regarding potential hazard if soil
conditions were to change (Flavin and Harris, 1991; Gupta et al, 1996). A similar, but
not so comprehensive scheme has been in place in the German State of Baden-

Wiirttemberg since 1993, and Switzerland since 1996. Here guidelines based on total

Il optimum concentrations — maximum concentration at which soil is deemed uncontaminated, values
correspond with the ‘background’ level expected within a particular soil.
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and mobile / bioavailable metals within soil have been accepted. Current legislation is
such that worldwide there is a myriad of remediation guidelines, many of which are
based on the Dutch ABC list. Ultimately it is essential that there is a move towards the

development of a universal and comprehensive system.

2.8 SUMMARY

Since the 1960s research has identified potential contamination problems associated
with soil in the urban environment, with heavy metal contamination linked to historical
and contemporary industry, mining, waste disposal and vehicular emissions. Gupta ez
al. (1996) likened the soil to a ‘chemical time bomb’ which must be diffused before it
explodes emphasising that although a polluted soil may not cause immediate toxic

effect, the potential for danger should conditions change is very real. In 1992, ASTDR

ranked Pb as the number one priority hazardous substance.

Young children have been classed as the most at risk from Pb contamination, with soil
thought to be one of the main avenues for human lead exposure (Francek, 1992).
Studies have shown children to retain more Pb within their bodies than adults,
bioavailability being associated with metallic form. The mobility and availability of Pb
and Zn within the soil have been linked to the soil binding mechanisms and various soil
properties, in particular, pH, organic matter content and CEC. Over the past 20 years,
sequential extraction techniques have been developed to determine the fractionation of
metals within the soil, although they have sometimes been criticised for lack of

selectivity. Despite this, such techniques are well used, valuable tools for the

determination of heavy metal partitioning.

Over the past ten years, a number of studies have focused on the spatial distribution of

heavy metals within soil, examining spatial variability at a variety of sampling scales.
Many studies have identified hot spot patterns of contamination that make
determination of the extent of contamination difficult. Recent years have seen the use
of geostatistical techniques within soil science and land survey, enabling determination

of spatial continuity and production of surface interpolations to a high degree of
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reliability. Such techniques are useful for determining the hazard associated with

contamination.

During the 1980s many European countries independently developed contaminated land
legislation, hence, there exists a wide range of guideline and ‘trigger’ concentrations for
heavy metal contaminants within soil. In addition, a number of remediation strategies
exist, including the Dutch multifunctionality and the British fitness for use approaches.
As yet, the majority of guidelines specify total metal concentrations only, despite
metallic forms being known to affect mobility, availability and potential hazard.

Ultimately it is essential that there is a move towards the development of a universal

and comprehensive legislative system.



CHAPTER 3

STUDY AREA

Summary

This chapter defines and provides background information regarding the area classed
by the investigation as north-central Newcastle. The chapter has been divided into

three sections, which provide general information about the area and summarise the
results of two previous studies conducted within the same geographical area. Section

3.1 includes information regarding the physical location, topography and geology of
north-central Newcastle, in addition to both historical and contemporary land use.

Section 3.2 describes investigations conducted by Aspinall et al. (1988) and Mellor
and Bevan (1999), both of which looked at heavy metal contamination within the top
soil of public access areas in Tyneside. The study conducted by Mellor and Bevan
(1999) was used as a precursor to this investigation. Section 3.3 describes the four
sites examined during this present investigation providing background information
including physiography, vegetation cover landuse.

3.1 NORTH-CENTRAL NEWCASTLE

The area classed by the investigation as north-central Newcastle encompasses a
substantial proportion of Newcastle-upon-Tyne adjacent to the city centre. The area,
approximately 80km?, defined using the 1991 ward boundaries for Newcastle includes

the 12 most northerly wards, covering approximately the same geographical area as the
Ouseburn catchment as defined by Mellor and Bevan (1999) (Section 3.2.2). The area
stretches from beyond Dinnington in the north to the outskirts of Heaton, Jesmond and
Fenham 1n the south and from High Heaton and Gosforth to the east, to Callerton in the

west (Figure 3.1). The region exhibits a definite north east / south west urban / rural

divide.

North-central Newcastle 1s an area of generally low relief, although a narrow, incised
section of steeper relief runs from South Gosforth between Jesmond and Heaton to
Byker following the course of the lower Ouseburn River (Figure 3.1). The solid
geology consists of Carboniferous Middle Coal Measures, including a mixture of
resistant sandstones, softer shale marine bands and coal deposits. This is covered by a
layer of glacial till wath a deposit of fluvial-glacial sands and gravels in the centre of the

region (Mellor and Bevan, 1999). The region is transversed by a major structural

TIX
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feature, the 90 fathom fault, which runs WSW-ENE through the centre of the study
area. The dominant soil types are gleys and brown earths of the Brickfield and
Hallsworth Series, the texture of which varies according to parent materials (Mellor and

Bevan, 1999: Jarvis et al., 1984).

/\/ north-central Newcastle

N surface drainage
/\/ Ouseburn catchment boundary

Newcastle wards

-------

-
-------
::::

Figure 3.1 Area classed as north-central Newcastle.

The majority of north-central Newcastle 1s drained by the river Ouseburn, which rises in
the west at Callerton pond (NZ 1764 6849), and flows for approximately 14km before
joining the River Tyne at Byker (NZ 2627 6456). From its source, the rniver follows an
easterly route through agricultural land before entering the urban reaches. The river’s
course takes it through several residential areas before turning southwards at Gosforth
to flow through two major amenity areas for the city, Jesmond Dene and Jesmond Vale.
The north of the region is drained by the Hartley Burn, a small tributary that rises just
west of Newcastle International Airport (NZ 2160 7230). The Burn flows east through

agricultural land, and the nature reserve and lake north of Bruswick before joining the
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Seaton Burn (NZ 2398 7350) within the geographical area of North Tyneside (Figure
3.1).

North-central Newcastle encompasses a wide variety of land uses, including residential
developments, agricultural land, recreational and amenity areas, industrial and
commercial developments and transport systems (road, rail and underground metro)
(Figure 3.2). The northern and western regions, approximately 50% of the areca, are
predominantly agricultural supporting a number of arable farms, in addition to several
former colliery villages, including Hazelrigg, Bruswick, Dinnington and Woolsington to
the north and Black Callerton and Callerton to the west (Figure 3.1). Two major
industrial sites exist within this area, Newcastle International Airport which covers a
341000m* green field site near Woolsington, approximately 10km north west of the city
(NZ 2000 7170) (Tumnbull 1994) and Brunswick industnal estate (NZ 2270 7250) to the
west of Brunswick village (Figure 3.2). Approximately 2.5% of the region is given over
to industrial development, the main industrial activities being packaging (Airport
Industnial Estate, Kingston Park), pharmaceutical production (Sterling Winthrop,
Fawdon), food processing (Greggs, Gosforth and Nestlé, Fawdon) and mixed industry
(industnal estate, Bruswick). The remainder of the region consists of quite dense urban
developmeht, the major land use being residential (34%). Approximately 15% of the

area consists of recreational land (Figure 3.2).

The majonty of north-central Newcastle is of fairly low conservation value, although

the whole of the rural arca encompassed by the Ouseburn watershed (Figure 3.1) is set
aside as ‘green belt’ (NRA, 1993). A 37ha site at Gosforth lake, within Gosforth Park

(280ha), has been designated as an SSSI and 1s managed as a nature reserve by the

Natural History Society of Northumbria. Two main areas of woodland exist within the
region, one at Woolsington and the second at Gosforth lake. Jesmond Dene (45ha), one
of the most extensively used parklands in the area, follows the deeply incised lower
stretch of the Ouseburn. A number of other important areas of public amenity land are
located within the region, including the Town Moor (140ha), Nuns Moor (120ha),
Leazes Park (30ha), and Hazelngg (40ha) and Brunswick (35ha) nature reserves (Figure
3.2). The Town and Nuns Moors, two areas of old common land, located towards the
south of the region are used for grazing of cattle during the summer months. The Town

Moor is also the location of the annual ‘Hoppings® funfair held in late June (Section
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3.3.1). In addition there are five golf courses within the region, located at Fawdon,

Gostorth, North Gosforth, Nuns Moor and Westerhope (Figures 3.1 and 3.2).
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Figure 3.2 Contemporary land usc in north-central Newcastle.

Historically north-central Newcastle has been subject to widespread coal mining, in the
form of both deep pits and surface workings, most notably at South Gosforth (Turnbull,
1994). The 13th and 14th centuries saw the first opening up of coal seams in and
around Newcastle (British Association for the Advancement of Science, 1949), with one
of the regions earliest recorded pits opening at Kenton in 1683 (Palmer, 1993; Welford.,
no date). The 18th century saw pits at Dinnington, Brenkley and Prestwick in the north
in addition to the more central areas of Coxlodge, Fawdon and High Heaton (Watson,
1996: Walker, 1994: Heaton Local History Group, 1990). Further pits were excavated
during the 19th century including Jesmond colliery, Spital Tongues colliery and the
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Jubilee and Regeant pits of Gosforth (Taylor, 1993; Airey, 1989). Significant pits were
also located at Callerton and Westerhope in the west of the region (Turnbull, 1994).
The most recent workings have been at an open cast site at Mill Hill Farm, west of
Dinnington and a drift mine between Dinnington and Hazelrigg, both of which had
closed by 1994 (Watson, 1996). In addition, an area close to Woolsington was used for

open cast coal extraction between 1991 and 1994 (Turnbull, 1994) (Figure 3.3).
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Figure 3.3 Historical industry in north-central Newcastle.

A number of other industries have been historically located within the north-central
Newcastle region. A quarry was worked at Kenton for 700 years, providing a valuable
source of sandstone for the area. The quarry was finally filled in and grassed over
during the 1950s when a substantial part of Kenton was demolished; all signs of the

industries (coal mining and quarrying) that dominated Kenton for several centuries have
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now gone (Palmer, 1993). Coxlodge was also the site of a quarry during the 1800s
(Welford, no date) (Figure 3.3). The other main industries historically located within

the region are: potteries, glasshouses, brick works, mills, printers and publishers,
chemical and alkali producers, metal manufacturers and smelters and ship builders
(Austin, 1992; Austin and Buswell, 1992). At Byker just south of the study area, the
base of the tower of the Pb smelting works remains as a monument of this past industry.

A number of waste tips, both regulated and unregulated have also been identified within

the area (Figure 3.3).

3.2 PREVIOUS STUDIES: HEAVY METAL CONTAMINATION

Previously two studies have investigated the distribution of soil heavy metal
contamination within the Tyneside region including north-central Newcastle. Aspinall
et al. (1988) investigated Pb, Zn and Cd contamination in the metropolitan districts of
Newcastle, Gateshead and North and South Tyneside (Section 3.2.1), and Mellor and
Bevan (1999) studied Pb contamination in the Ouseburn catchment (Section 3.2.2).
Both studies investigated patterns of contaminant distribution and variation, sampling
topsoil of public access areas at 1 x 1km and 200 x 200m grid scales, respectively.
Summaries of the two studies have been included within this chapter as they provide
important background information regarding heavy metal contamination within the

north-central Newcastle area.

3.2.1 Aspinall et al. (1988)
Aspinall et al. (1988) collected 412 topsoil samples from relatively undisturbed grassy

arcas of public open space, to analyse for total and plant available or chemically active
Pb, Zn and Cd. Analysis was conducted using AAS, following extraction with nitric
and acetic acids, respectively. Metal concentrations were used to determine
uncontaminated / contaminated thresholds for soils in Tyneside using a graphical

estimation outlined by Davies (1983) (Table 3.1).
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total (mg/kg) plant available (mg/kg)
Cd ] -
Pb 80 14
Zn 345 11

Table 3.1 Uncontaminated / contaminated thresholds for Cd, Pb and Zn within soils of
Tyneside (Aspinall e al. 1988).

Point soil data were aggregated into 1981 census wards and the number of people living
in metal contaminated areas estimated for the first time in a major British city.
Chloropleth maps of mean concentrations, calculated on a ward basis, were used to
identify vanations in soil metal contamination across the area. Only general
comparisons were made, as the authors were aware of the limitations of this technique.
They noted that mean values might not be completely representative of all points within
wards and that problems may arise where wards contained radically different numbers

of points. Metal concentrations were classified according to legislative guidelines

(Appendix 1) and the above threéhold values.

Soils of Tyneside were found to contain vanable concentrations of Pb. 69.1% of

samples, spread throughout the city, displayed concentrations greater than the 80mg/kg
threshold, with 35.4% of these samples, located mainly within central Newcastle and
along the River Tyne containing between 150 — 550mg/kg of Pb. A number of wards,
Elswick, Walker, Harlow Green, Wrekenton and Team Valley, scattered throughout the
area, contained samples with concentrations >550mg/kg; these totalled 6.5% of the
samples analysed (Figure 3.4). Soil Zn concentrations were less variable with only
14.4% of samples containing >300mg/kg. These samples were widely distributed
throughout Tyneside, although there was a tendency for clustering around the River

Tyne, especially in the ship building areas of Jarrow, Hebburn and Walker, and near

Derwenthaugh (Figure 3.4).

Soil Pb and Zn concentrations displayed distinct geographical patterns which could be
related to past and present industry on Tyneside, the greatest contamination being found
along the River Tyne, the industrial heartland. Within Gateshead contamination was
associated with waste incinerators and other modern industrial operations. Spatial

distribution of Pb was seen to bear some relationship to the road network. The study
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emphasised the need for further, more detailed investigations into metal contamination

in soils of other major conurbations in the UK, as well as the need to examine in more
detail the contaminated ‘hot-spots’ of Tyneside. The authors concluded that future

work should seek to ascertain the chemical forms of trace metals in soils as they have

major implications for understanding and predicting metal transfer.

Figure 3.4 Wards of Tyne and Wear.

3.2.2 Mellor and Bevan (1999)

To investigate the severity, spatial distribution and potential mobility of topsoil (0—
10cm depth) Pb contamination within the Ouseburn catchment, Mellor and Bevan
(1999) collected nearly 300 samples from public access and amenity areas. They

analysed, using AAS, for total and plant available Pb, following extraction using a
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microwave digestion technique (nitric and hydrochloric acids) and a standard acetic acid

extraction, respectively.

The study determined that the highest concentrations of soil total Pb were located within
urban, central and southern parts of the catchment with a long and complex history of
urban and industrial development (Figure 3.5). The lowest values, <200mg/kg, were
associated with the rural western and northern regions. In addition, spatial variation
was also apparent at a local scale often in the form of contamination ‘hot-spots’ with
single high values surrounded by others of relatively low Pb concentration (Figure 3.5).
The sample displaying the maximum total Pb concentration, >5000mg/kg, was collected
from a small (1ha) green space located within a housing estate in South Gosforth. High
values were also found on the Town and Nuns Moors, at Gosforth Park, along Jesmond
Vale and at Hazelrigg nature reserve (Figures 3.5 and 3.6). The plant available fraction,

which made up on average 10% of the total Pb, displayed similar spatial patterns, with

the highest concentration (=650mg/kg) again located in South Gosforth.
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Figure 3.5 Concentration of total Pb. top soil of public access areas, Ouseburn catchment
Adapted from Mellor and Bevan (1n press)
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In an assessment of severity of the contamination, the authors compared soil Pb
concentration to a number of guideline and threshold values. These included (a) the
highest probable threshold for uncontaminated soil in Tyneside, 80mg/kg, (Aspinall es
al. 1988, Section 3.2.1), (b) the British ICRCL (1987) guideline for parks, playing fields

and open space (2000mg/kg) and (c¢) the Dutch ABC values (50mg/kg, 150mg/kg and
600mg/kg,) (Appendix 1). 72% of the samples contained concentrations greater than
Aspinall’s threshold, displaying higher than background levels of Pb. Only one sample
exceeded the British guideline, whereas approximately 33% exceeded the Dutch B
value (indicative of further investigation), with almost 2% exceeding the Dutch C value

(clean up threshold). The severity of contamination was theretore seen to be dependent

on the guidelines chosen.
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Figure 3.6 The Ouseburn catchment, showing major areas and the urban rural divide.

A crude index, the ratio between plant available and total Pb, was used to assess the
potential mobility of Pb within the soil. These ratios displayed very different patterns of
spatial distribution than either the total or available fractions, possibly reflecting
different sources of contamination. The northern and western regions, as well as the

Town and Nuns Moors, displayed the highest ratios. The authors concluded that Pb in
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rural regions may be more soluble and mobile due to its tendency to be derived from
weathering and related pedological alteration. In the urban environment Pb was
dominated by less mobile and more persistent forms, the sources of which were

industrial and urban activity.

The authors highlighted the need for more detailed research into the behaviour and
mobility of metals within the soil system, suggesting the need for investigations into
speciation and partitioning, as well as a range of soil properties considered to affect

mobility. With regard to the interpretation of spatial patterns they noted the effect of

sampling density on the conclusions drawn.

3.3  SITE DESCRIPTIONS

This section describes the general location, within north-central Newcastle and
immediate surroundings of the four sites investigated during this study. Details
regarding selection of the sites are included in Section 4.2.1. The descriptions include
information on physiography and vegetation cover, in addition to both contemporary

and historical landuse. Photographs are included showing the sites and local area.

3.3.1 The Town Moor and Nuns Moor

The Town Moor and Nuns Moor, two adjacent areas of common land, are the largest
open public access areas within central Tyneside. Situated within the urban residential
area to the north of Newcastle City centre (NZ 240660) they provide approximately
260ha of mainly open grassland. The sites are important amenity areas for the city used

by dog walkers, runners, cyclists, trail bikers and radio controlled plane enthusiasts.

The town moor 1s of largely flat relief however, two small manmade hills, a legacy from
construction of the A167(M) central motorway, form the south western corner. The
moor slopes gently down towards the northern edge of the site that is bounded by a
tributary stream during the wetter winter months. Apart from a few small clusters of
deciduous trees located along the southern boundary and south western corner

vegetation cover 1s characterised by scrub type grass species. The grass is kept

relatively short by occasional mowing in addition to the grazing of cattle throughout the
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spring and summer months. The moor is crossed by a number of tarmac paths that form
the main routes across the site. A degree of vegetation wear is noted in the vicinity of
these paths during dry summers. The eastern edge of the Town Moor is the site of the
annual ‘Hoppings® fun fair in mid to late June, an event that results in substantial
vegetation wear and exposure of bare soil. Contamination of soil as a result of minor

fuel spillages from fair ground vehicles and generators is a possibility (Plates 3.1 — 3.3).

Plate 3.1 Aenal photograph of the Town Moor and Nuns Moor.

The Nuns Moor site, despite i1ts proximity to the Town Moor exhibits a notably different
topography. The area divided into two different landuses, open amenity land to the

north and a golf course to the south, displays a number of interesting features. The golf

course 1s of generally flat relief whilst the public access land slopes down towards the
northern boundary of the site. This area exhibits a ridge and furrow micro-topography
thought to remain from its historic use as agricultural land. Signs of site disturbance to
the east can be identified by close examination of aerial photographs. On the whole, the
site 1s characterised by grassland vegetation although a number of deciduous trees have
been planted on the golf course. Like the Town Moor the Nuns Moor 1s grazed by
cattle, throughout the spring and summer, keeping the grass relatively short. The golf
course on the other hand undergoes continual maintenance. A small tributary stream

forms the northern boundary of the site, within the vicinity of which soil can become
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quite waterlogged under wet conditions. Some bare patches of soil exist, located mainly

in the vicinity of the site access points, footpaths and close to the stream (Plates 3.1, 3.4

and 3.5).

Plate 3.2 The Town Moor looking cast towards Jesmond., showing the hoppings fun fair.

The busy A167(M) central motorway, forms the southern boundary of the two moors,
with other main link roads encompassing the Town Moor. Residential housing estates
form the northern and western boundaries of the Nuns Moor. Historically the Town
Moor has been the location of a racecourse and small pox hospital, as well as a site for
the disposal of excess material during the construction of the central motorway. The
north-eastern area of Nuns Moor was used as a waste disposal site during the 19"

century and evidence of old ridge and furrow suggests the north western corner has

previously been used as agricultural land.
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Plate 3.3 The Town Moor. looking north.
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Plate 3.4 Nuns Moor looking north towards Kenton.
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Plate 3.5 Newcastle Golf Course, taken looking south from Nuns Moor.

3.3.2 Hazelrigg nature reserve

Hazelrigg nature reserve, located in the northern rural region of north central Newcastle
(NZ 220710), is adjacent to the villages of Hazelrigg and Wideopen, within close
proximity to Newcastle International Airport. The part wooded, part open area provides
approximately 40ha of land for recreational purposes. The area 1s used extensively by
children, particularly during the summer months, in addition to dog walkers, horse
riders, cyclists and bird watchers. Historically the site provided a colliery spoil tip for

the local coal pits having only recently been reclaimed to form the nature reserve.

The eastern side of the site, the old spoil tip, is characterised by wooded vegetation,
consisting of both deciduous and coniferous tree species. The trees recently planted
following reclamation of the site are relatively young. The area exhibits a dome shaped

topography rising from all directions to an approximately central point. Several
drainage ditches run north to south through this area. Adjacent to the woodland lies the
second main area of public access land at this site, an area of flat relief, characterised by
relatively poor vegetation cover. Here vegetation includes grasses, shrubs and some

deciduous trees. in addition to number water loving species surrounding the two surface
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water bodies. Deciduous trees also line the main spoil footpath along the northern
boundary of the site. Patches of bare soil are not uncommon at the site particularly in

the vicinity of footpaths and access points (Plates 3.6 —3.8).

Plate 3.6 Aenal photograph of Hazelrigg nature reserve.
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Plate 3.7 Hazelngg nature reserve, open area.
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Plate 3.8 Hazelrigg nature reserve, wooded area.

3.3.3 South Gosforth
The South Gosforth site, located within the urban residential area of South Gosforth

(NZ 254682) is a small region of grassland approximately lha in size. The area,
surrounded by housing, mostly flats with little or no gardens, provides an important
open space for the surrounding residences. The land is predominantly used by children

and for the exercising of dogs. The area of virtually flat relief 1s maintained by the local

council who keep the grass short by regular mowing throughout the growing season.

The site 1s bordered to both the south and east by young deciduous trees and shrubs

Historically South Gosforth was a coal mining area, being the location of two of the
regions largest pits. Capped pit shafts remain as a reminder of the area’s mining
history, one being located approximately 10m north of the site. The area of dead grass

shown by the aenal photograph (plate 3.9) is thought to be the site of a bontire, however

the grass has now regenerated and the site no longer visible.
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Plate 3.9 Aerial photograph of the South Gosforth site.
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Plate 3.10 South Gosforth site, looking north west.
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Plate 3.11 South Gosforth site, looking north.



CHAPTER 4

METHODOLOGY

Summary

This chapter outlines the methodology, theory and assumptions and justifies the
choices made during the planning, collection and analysis of data for this
investigation. The chapter has been divided into 6 sections, ordered from initial
sampling design to final data analysis. Section 4.1 introduces the project providing
background information and setting the scene for the new investigation. Issues
regarding sampling design, including site selection and sampling strategy are outlined
in section 4.2. Laboratory analyses are outlined in section 4.4, these include sample
pre-treatment, heavy metal extraction and analysis and soil property determination.
Analyses, in addition to sample collection are fully described in Appendix 2. Issues of
quality assurance and quality control are raised in section 4.4. A detailed description
of the quality control conducted on the metal extraction techniques is included in
Appendix 3. Sections 4.5 and 4.6 outline the data analysis techniques used, including
exploratory data analysis, geostatistical techniques, principal components analysis
and non-hierarchical classification. Statistical theory and assumptions are expanded
within Appendices 5-9.

INTRODUCTION

4.1

Mellor and Bevan (1999) examined top soil Pb contamination within the Ouseburn

catchment, Tyneside, on a finer geographical scale than had previously been

investigated. The study identified a high degree of spatial variation across a sampling
grid of 200 X 200m. Although contamination appeared to be localised, displaying a hot
spot pattern of distribution, it exhibited a clear urban / rural divide, with urban sites

having consistently higher metal concentrations. More specifically, higher levels of Pb

could be identified at sites associated with reclaimed colliery spoil or waste disposal
activities. A number of areas within the catchment displayed interesting spatial patterns

of soil Pb contamination. Similar patterns were associated with Zn contamination

within the catchment (Mellor and Bevan, unpublished), although on the whole Zn

concentrations were lower and less variable.

This project will examine a number of these areas, looking at the spatial variation of Pb
and Zn on an even finer geographical scale. Plot sites of topsoil contamination, ranging

from 200 X 150m down to 5 X Sm in area will be investigated using a geostatistical

54
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approach, involving variograms and kriging to examine spatial dependence and produce
surface interpolations, respectively (Chapter 5). Sequential extractions, conducted on
sotl samples collected from a plot site, will be used to establish the partitioning of the

metals within the system (Chapter 6) and hence make inferences regarding their fate,

mobility and bioavailability (Chapter 7).

4.2 SAMPLING DESIGN

4.2.1 Site selection

Previous studies, conducted both locally within Tyneside (Aspinall et al., 1988; Mellor
and Bevan, 1999) and further afield (Douglas et al., 1993; Merrington and Alloway,
1994, Rieuwerts and Fargo, 1995; Kelly et al., 1996) have identified urban sites where
the soil is contaminated with heavy metals. Many of these sites are associated with past
or present industrial operations such as mining and smelting, urban development and
waste disposal, or are located adjacent (50 — 60m) to roads (Albasel and Cottenie, 1984,
Jaradat and Momani, 1999). Soils of urban parklands, when compared to their rural
counterparts, have been identified as exhibiting elevated concentrations of heavy metals
(Purves and McKenzie, 1969; Douglas et al., 1993) (Section 2.3). Such public open
spaces provide important recreational facilities for a relatively high proportion of the

urban population, and contamination at these sites therefore poses a high degree of

hazard. Research has shown children to be most at risk from Pb contamination (Oliver,

1997) raising concerns regarding the environmental quality of areas in which they

reside and play (Section 2.2).

A number of site selection criteria were developed in line with the main aims of the
thesis (Section 1.2) and with reference to previous relevant studies, notably that of
Mellor and Bevan (1999) which covered approximately the same geographical area as
this investigation (Section 3.2.2). Suitable sites were to be:

1. Public access and amenity areas such as parks, playing fields, open green spaces etc.

The contamination of such areas 1s of relevance to a large cross-section of the

community, particularly children who are thought to be most at risk.
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2. Characterised by higher than background concentrations of heavy metals and / or

interesting spatial patterns as the project aims to investigate the behaviour of heavy

metals in soils and the spatial variation in levels of contamination.

3. Areas which had previously been disturbed, previous studies having identified such

areas as likely candidates for soil contamination.

Initially, four sites were selected, although all three criteria were not satisfied at each

site (Table 4.1). The areas chosen for the initial study are highlighted on Figure 4.1.

sites site description 1 2 3
South Gosforth ] ha grassland site within residential area 4 v v
Town moor Grassland site, centre of Town moor 4 v ?
Nuns moor Grassland site, north west edge of Nuns moor 4 4 ?
Hazelrigg Reclaimed colliery spoil, part wooded part grassed v v/ v/

Table 4.1 Sites chosen for further study, including a brief description and an indication of the site selection criteria

met.

N

A

N north-central Newcastle
2 public access areas

Figure 4.1 Location of chosen sampling sites
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From the initial study a plot site (plot I), selected from an area of heavy metal

contamination on Nuns moor, was chosen for a more detailed investigation. This study
examined both the spatial variation and the forms of the metals (Pb and Zn) within the
soil. Geostatistical analysis of spatial patterns of the metals within plot I (150 X 200m)
identified the need for sampling on a finer scale. Two further plots, plot II (35 X 35m)
and plot III (5 X 5Sm), were therefore randomly chosen from within plot I thus allowing

the full extent of Pb and Zn spatial dependence to be the determined (Figure 4.2).

Hazelrigg nature
reserve (50x50m)

north-central Newcastle

Town moor and
Nuns moor

(100x100m)

Plot I Plot I1 Plot 111
(25x25m) 5x5m) || (0.5x0.5m)

South Gosforth
(15x15m)

Figure 4.2 Diagrammatic representation of site selection indicating sampling scales

The locations of Plots II and III were determined as follows: Plot I was divided into 48

squares (25 x 25m), according to the sampling grid frequency for the site. Each square
was individually labelled and random numbers generated to enable a single square to be

chosen. Plot II (35 X 35m) was orientated so that its centre point was aligned with the

centre of the square chosen from plot I (Figure 4.3). The location of plot III (5 X Sm)

within plot II was determined in the same manner.

: 150m :

------- L L e PR
s prbeonet i EREENEERER
EEENEER EEEEEEEEN
35m EEEEEENEER
T T
~— SENEEERNER
HEEERRERE: .
\..\ "t.‘._

S5m

-.
'-..-'.
"o,
b,

HNANEERENER
Plotsite. 2™
Plot I Plot II Plot III

Figure 4.3 Location of plots IT and Il within plot I
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4.2.2 Sampling strategy

Ferguson (1992) stressed the importance of appropriate sampling design when
conducting a site survey on potentially contaminated land. He emphasised that a poorly
designed sampling strategy or sparse sampling may lead to the non-identification of
contaminated areas within a site. Site survey is a balance between resources, for
example time and money, and the need to generate the highest possible probability of
locating contaminated areas. The aim is therefore to design an optimum sampling
strategy that furnishes a sufficient but not excessive number of data points to
characterise a contamination problem (Schweitzer and Black, 1985). Statistics play a
vital role in strategy development and can effectively be utilised in determining the
required frequency of sample point locations. Spatial sampling strategies assume that

within a site all points have an equal chance of containing a hot spot (Ferguson and

Abbachi, 1993).

Three main sampling patterns exist for use in site survey, the regular grid or systematic
sampling pattern, stratified random and random (Figure 4.4). All three patterns have
advantages and disadvantages. Random patterns, for example, whilst avoiding bias,

may lead to problems such as clustering of sample points and / or sparse sampling in

particular areas. The regular square grid is the most commonly used strategy,
displaying obvious practical advantages in being easy to set out in the field. Sampling
in this way also allows the whole survey area to be evenly covered, although alignment
of sample locations reduces the ability of the strategy to identify elongate targets,
particularly if they are located along the axes of the grid. The herringbone sampling
pattern, designed by Ferguson (1992), whereby samples are slightly yet consistently
unaligned (Figure 4.4), exhibits increased performance at identification of elongate

targets. In this investigation however a systematic grid sampling pattern was chosen to

survey all soil sites. Such a pattern 1s normally used when attempting to evaluate spatial

variation of soil contaminants (Bruner, 1986).

Sampling point frequencies were chosen independently for each of the 4 study areas (for
area locations see Figure 4.1), the sample grid spacing being determined in order to
generate an appropriate number of sampling locations given available resources.
Results from sampling of study areas were used in the identification of a plot site (plot

I) of contaminated land at which investigations into the forms and behaviour of metals
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were conducted. The sampling strategy employed could therefore be described as multi-

stage, with information from the first sampling stage being used in the choice of
location for the second sampling stage - plot I. As a contaminated site was required for

this study, it was essential that the efficiency of study area sampling networks at

locating contamination hotspots were assessed.

Square grid / systematic

Random sampling Stratified random
sampling pattern

pattern sampling pattern

Herrigbone sampling
Pattern (Ferguson, 1992)

Figure 4.4 Diagramatic representation of the most common sampling patterns

In order to assess the probability of the sampling missing a contaminated hotspot, i.e.

sampling efficiency, if a hotspot were to exist, a technique described by Zirschky and
Gilbert (1984) was employed. The technique utilises the computer program ELIPGRID
originally designed to evaluate geologic deposits. The program enables an assessor to

calculate the probability with which a given sampling pattern of known frequency will

miss a contaminated hotspot of a certain shape and area, given that contamination has
been defined. Here, as public access areas were being surveyed, soil was defined as

being contaminated with the metals Pb and Zn if it contained >2000mg/kg and or
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>300mg/kg respectively, in line with the current UK ICRCL (1987) guidelines' on
contaminated land (Appendix 1).

The acceptable risk or probability, B, (also defined as public risk by the authors) of the
given sampling pattern and frequency not identifying a contaminated hotspot is
calculated as follows. The size and shape of the target hotspot are defined by its semi-
major and semi-minor axes, L and 1, respectively, with S the shape of the hotspot being
defined by the ratio of 1to L. S is therefore 1.0 for a circular and < 1.0 for an elliptical
target. B 1s calculated using the graph shown in Figure 4.5, where G is the spacing
between sampling points (Zirschky and Gilbert, 1984). The chosen sampling
frequencies for each of the study areas and plot sites are shown below (Table 4.2).
Table 4.3 indicates the size (L) of contaminated hotspot each site sample spacing (G)
(Table 4.2) will fail to locate, assuming an acceptable risk (B) and hotspot shape (S).
Hotspot size was determined using Figure 4.5. This method enabled the author to
determine the size of contaminated hotspot liable to be missed by the chosen sampling

strategies. Soil samples were collected following the strategy outlined in Appendix 2.

1.00

0.80

0.60

0.40

0.20

0.00
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

L/G

Figure 4.5 Probability, B, of sampling procedure missing the specified target vs. ratio of target’s
semi-major axis to square-grid spacing for various elliptical targets. Adapted from Zirschky and
Gilbert (1984).

' ICRCL guidelines specify trigger values dependent on both the contaminant and land use. No trigger
value exists for Zn within parks, playing fields and open spaces, hence the value for any land where

plants are to be grown has been used here (Appendix 1).
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study area sample grid spacing no. of sampling
(m) points
Gosforth 15x 15 35
Town Moor 100 x 100 32
Nuns Moor 100 X 100 19
Hazelngg nature reserve -  open 50x 50 27
wooded 50x 100 24
Plot site — Nuns Moor -~ Plot 1 25X 25 63
Plot 11 §x$ 64
Plot III 0.5 % 0.5 121
Table 4.2 Sample spacing for chosen study areas
L (m). where
S B G=15m G =50m G=100m
1.0 0.01 0.8 32.5 65.0
0.05 8.8 29.3 58.5
0.10 8.4 28.0 56.0
0.5 0.01 14.9 49.5 99.0
0.05 13.5 45.0 90.0
0.10 12.9 42.0 84.0

Table 4.3 Probability, B, with which the chosen sampling frequencies, G,
will fail to locate contamination hotspots of given size, L, and shape, S, if
they were to exist

LABORATORY ANALYSIS

Good laboratory practice was observed during all analytical procedures, with standard

techniques employed wherever possible (Appendix 2).

A ngorous programme of

quality control was developed to assess both the reproducibility and efficiency of any

non-standard methodology: this programme, described in Appendix 3, was maintained

throughout the analytical process. Class A glassware was used and where appropriate

analytical grade chemicals and de-ionised water. All equipment used in the extraction

and analysis of heavy metals was acid washed overnight in 5% nitric acid and

thoroughly rinsed in distilled water. Care was taken to ensure that all equipment was

made of suitable material to avoid heavy metal contamination and reduce losses due to

adsorption onto its surfaces. All the analytical techniques and methods employed are

outlined in Appendix 2.
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4.3.1 Heavy metal extraction

Two methods were employed in the extraction of heavy metals from the soil samples: a
total digest using a microwave extraction and a sequential extraction using the BCR

technique, as specified by Davidson et al. (1994) (Appendix 2). Build up of pressure

inside the microwave digestion containers allows the temperature to rise above normal
boiling point, hence reducing extraction time to approximately one hour, a substantially
reduced time compared to that of the standard overnight block digest. The BCR
sequential extraction technique, the standard method of the European Community

Bureau of Reference, is a well used extraction procedure that may be conducted without

specialist equipment.

Rigorous quality control checks proved the extraction techniques to be both
reproducible and efficient (Appendix 3). Care was taken to avoid contamination of

samples during the extraction and storage processes. Extraction solutions were stored in
polyethylene containers in the dark at 4°C until analysis. Sequential extractions were
only conducted on samples collected from plot I. All samples were analysed for total

metals.

4.3.2 Heavy metal analysis

Extraction solutions were analysed for Pb and Zn using the standard method of flame

atomic absorption spectrometry, AAS (Perkin Elmer 2380) (Appendix 2). Again, to
avoid contamination, all apparatus was soaked overnight in 5% nitric acid and washed
in distilled water. Appendix 4 explains the technical aspects of the instrumentation and

operation of AAS. Prior to use, the AAS was optimised and calibrated with a set of
known standards, made up using dilution from a high purity, 1000ppm solution.

Calibration required three standards, S;, S; and S3. The concentration of S
corresponded with the top of the linear absorption range for the metal analysed (Table
4.4), as specified by the manufacturer. S, was equal to 3 times the concentration of S;
and S3 equalled 2 times the concentration of S;. For Pb, for example, S; = S5ppm; S; =
15ppm and S; = 30ppm. Extractants displaying concentrations above the linear range

were diluted and re-analysed to maintain a high degree of accuracy (Appendix 4).
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element  wavelength (A) slit (nm) flame gas liner range (ppm) sens. check (ppm)
Pb 217.0 0.7 A-Ac 5.0 4.0
Zn 213.9 0.7 A-Ac 0.2 0.5

Table 4.4 Standard conditions for atomic absorption. A-Ac indicates air and acetylene

4.3.3  Soil properties
Current research has identified a number of properties as exerting an influence on heavy

metal retention with the soil system (McKenzie, 1980; Sauve et al, 1997; Hooda and
Alloway, 1998; Rieuwerts et al, 1998) (Section 2.6). In general, soil pH, CEC and
organic matter content, despite sometimes conflicting results, have been identified as
the main properties influencing the mobility of heavy metals (Alloway, 1995). The
greatest influence is exerted by pH. Samples collected from plot I were analysed for
these properties in addition to metal fractionation. The analysis provided extra
information regarding soil Pb and Zn behaviour within the plot. Soil properties were

determined using the standard techniques outlined in Appendix 2.

44  QUALITY ASSURANCE

The evaluation of quality control within soil sampling requires the determination of
precision, accuracy and representativeness at each stage of the sampling programme.
Throughout every step correct protocol must be followed, appropriate tools used and

equipment properly maintained and calibrated. If these rules are followed errors will be

small and data quality assured.

The nature of soil 1s such that heavy metal contamination tends to be heterogeneous
and, therefore, the concentrations of metals associated with individual particles of the
same soil sample can vary dramatically (Rubio and Ure, 1993). This non-homogeny of
contamination introduces obstacles to accurate sample collection, handling, extraction
and analysis. Each step in the process from collection through to analysis requires the
physical manipulation of samples and hence introduces a degree of error into the overall
result. Sample handling operations include extraction of soil from the ground, drying of

the sample, disaggregating and sieving, mixing of the sample to reduce heterogeneity

and the extraction process. [Each step 1s essential if precision, accuracy and
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reproducibility are to be maintained throughout the data collection process. Unlike
analytical error, which may be quantified by quality control procedures, errors caused
by the physical handling and manipulation of samples are both difficult to characterise
and to control. In order to reduce total error both sampling and analytical errors must be

reduced, and this can only be achieved by being aware of the possible causes of such

errors within both the field and the laboratory.

Shefsky (1997) defined two major types of sampling error: sampling bias and
fundamental error, both of which are measurable and controllable. The author
maintains that if all particles in a sampling unit have exactly the same probability of
being selected for inclusion in a random sample, a sampling methodology may be
considered as being unbiased and correct. In reality bias can only be reduced by the
recognition of certain phenomena, such as the tendency for denser particles to settle
towards the bottom of a sample and the possible concentration of contaminants in
aggregates. An unbiased sample is practically impossible to attain as fundamental
sampling error determines that a random sub-sample taken from a sample of fixed mass
will never be of exactly the same composition as the original sample. Differences in

composition will be randomly distributed, and therefore sub-sampling leads to the

introduction of another set of potential errors (Appendix 3).

4.4.1 Possible sources of error within this investigation

Errors, which may be incorporated within the processes of soil sampling and analysis
are, summarised in Table 4.5 where they have been divided into 5 main categories.
Those introduced during sampling design, sample collection and sample handling were
not quantified for this study, although awareness of the possible sources and causes of

errors enabled appropriate protocol to be followed and hence quality was maintained.

Errors introduced during sample extraction and analysis have been quantified and

controlled (Appendix 3).
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possible sources of error

sampling design e non-identification of hotspots of contamination due to sampling design
(pattern, frequency, support)

l-!gﬁnﬁﬁ e inclusion of non-representative sample locations, i.e. near to obvious

!‘-.- - sources of disturbance or contamination, e.g. footpaths, fences, lamp

v 4
Hy4dn pOSLS
i ] OO I

e mis-identification of sample point locations due to errors in the

sample collection measurement of direction and distance
e cross contamination of samples via the transfer of sampled material on
non-clean equipment
C»°_3 e contamination caused by the use of sampling tools and storage
containers of inappropriate materials

e inaccurate labelling of samples

moisture content > 2-3 % of the sample mass following drying
loss of fines during the processes of disaggregation and sieving
e cross contamination of samples by the use of non-clean equipment

sample handling

e lack of sample homogenisation, each grain must have an equal chance
of being chosen for extraction

e loss of fines

e lack of accuracy, e.g. during weighing and measuring
e poor chemical and water quality

e contamination from containers and glassware

quality checks — reproducibility and efficiency

Instrument errors

matrix effects

chemical effects

poorly maintained equipment

calibration errors caused by poor quality standards and blanks

quality checks and method optimisation

e e -
—_—— ——— = — | —————— — —

Table 4.5 Possible sources of error within this investigation

4.4.2 Quality control programme: Heavy metal extraction
Quality checks were conducted to assess both the reproducibility and efficiency of the
two metal extraction techniques prior to initiation of the sampling programme. The

checks were conducted using sub-samples <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>