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Abstract

The main aim of this thesis is to investigate whether residence near hazardous waste
landfill sites is associated with an increased risk of congenital anomaly. The thesis
reports results of a multi-centre case-control study carried out in 10 regions in 6
European countries. Cases were live births, stillbirths, and induced abortions with major
congenital anomalies resident at birth within a 7 km area around hazardous waste
landfill sites. Controls, two per case, were non-malformed births resident in the same
area. A total of 1089 cases of non-chromosomal anomaly, 270 cases of chromosomal
anomaly, and 2508 controls were selected around 26 landfill sites. A 3 km zone around
sites was defined as the zone of most likely exposure. An expert panel of four landfill
specialists scored each landfill site according to their potential to cause exposure of
nearby residents. A statistically significant 33% excess in risk of non-chromosomal
anomalies was found for living within 3 km of a hazardous waste landfill site. The risk of
non-chromosomal anomaly declined steadily with increasing distance from a site.
Confounding factors or biases do not readily explain these findings. Risk of
chromosomal anomalies was raised near sites but did not reach statistical significance.
There was little evidence for relative risk of congenital anomaly (non-chromosomal or
chromosomal) close to landfill sites to be associated with hazard potential of landfill
sites, adding little support to a possible causal relationship. However, in the absence of
a ‘gold-standard’ for the classification of hazard potential, misclassification of sites may
have occurred. Lack of information on exposure of residents near the study sites or near
landfill sites in general, limits interpretation of the results. Socio-economic status is a
potential confounding factor in the current study but little is known in the literature about
socio-economic status as a risk factor for congenital anomaly. This study finds a higher
risk of non-chromosomal congenital anomaly and certain specific malformation groups
in more deprived populations. These findings require follow-up in studies with larger

geographical coverage.
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CHAPTER 1

INTRODUCTION

1.1 HAZARDOUS WASTE LANDFILL SITES

Industrial societies produce increasingly large volumes of waste, including wastes of
potentially toxic nature. It is estimated that the United States (U.S.) generate more than 6
billion tonnes of waste every year and European Union countries around 2.5 billion tonnes
(Brand, 1993; National Research Council, 1991). The most common method of disposing of
waste has been and still is in many countries the deposition of waste in landfill sites. Landfill
sites can in common terms be described as ‘holes in the ground’ specifically allocated for the
purposes of waste disposal (British Medical Association, 1991, Westlake, 1995). Landfill
sites are numerous and widespread in Europe and elsewhere, although it is difficult to
estimate total numbers of sites due to the unknown location of many old and illegal dumps. It
is estimated that in the United Kingdom (U.K.) around 70% of all waste is disposed of in
landfill sites (Department of the Environment, 1995). Table 1.1 shows that the extent to
which landfill is used as a disposal method varies considerably between European countries.
The U.K. for example, relies more heavily on landfill than most other European countries

where treatment and incineration of waste are increasingly important disposal methods.

Table 1.1: Hazardous waste disposal methods in selected European countries (from Brand,
1993)

Belgium  Denmark France Germany UK. Netherlands

Incineration

facilities (number) 1 1 25 17 4 7

capacity (tonnes) 40 90 600 620 80 160
Physical/chemical treatment

facilities (number) 1 1 10 23 13 6

capacity (tonnes) 24 20 300 280 ?» 30
Landfill

facilities (number) 4 1 12 22 1200 ?

capacity (tonnes) ? ? 500 2250 2290 20

An estimated one percent of the total of 2.5 billion tonnes of waste produced in the

European Union annually has been defined as ‘hazardous’ (Brand, 1993). It is difficult to
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Introduction

define which wastes are ‘hazardous’, as will be discussed in further chapters of this thesis.
As a general definition, hazardous wastes have been defined as wastes which “have the
potential to cause harm to human health and the environment if they are improperly treated,

stored, transported, or inadequately disposed of” (British Medical Association, 1991).

Information about the types and amounts of hazardous substances deposited in landfills, or
potentially being emitted from landfilis, is usually poor. The presence of landfills containing
mixtures of unknown but potentially hazardous chemicals in unknown quantities nearby
residential populations, has caused increasing public concern about possible health effects.
One of the earliest and most well-known examples of a waste site prompting extensive
concern from the public is Love Canal, New York State. Large quantities of toxic materials
(residues from pesticide production) were dumped at Love Canal in the forties and fifties,
followed by the building of houses and a school on and around the waste site. In the
seventies the site was leaking and residents were evacuated. Similar events in the Dutch
town of Lekkerkerk led to evacuation of residents in 1981 (British Medical Association,
1991). More recently, public concerns and reports of clusters of adverse health effects have
led to site investigations and health studies in several European countries, including sites
located in Mellery, Belgium, Montchanin in France, North-Rhine Westfalia, Germany, and
Nant-y-Gwyddon, Wales (Fielder et al, 1998; Greiser et al, 1991; Lakhanisky et al, 1993,
Zmirou et al, 1994). Waste disposal features high on lists of most important environmental
concerns for the public in the U.K. (British Medical Association, 1991) and elsewhere
(Baxter, 1990).

Despite widespread public concern and media attention there is as yet no full understanding
of the extent to which the public may be exposed to substances present at landfill sites, if at
all, the substances to which they may be exposed, the pathways of exposure, or the
potential health effects associated with such exposure. Exposure to landfill site
contamination is difficult to measure. These issues will discussed in depth in the following

chapters of this thesis.

1.2 CONGENITAL ANOMALIES

The terms ‘congenital anomalies’, ‘birth defects’, and ‘congenital malformations’ are all used
to describe developmental defects that are present at birth. The term anomaly is commonly
used for all types of structural defects, chromosomal abnormalities, genetic syndromes, and
metabolic defects (Dolk and de Wals, 1992; EUROCAT Working Group, 1997; Kline et al,

13



Introduction

1989). Some authors include functional and behavioural defects present at birth within the
term congenital anomaly (Moore and Persaud, 1993; Persaud, 1985). Classifications of
structural defects have been proposed which define the term congenital malformations in a
stricter sense as “morphological defects of an organ, part of an organ, or larger part of the
body as a result of an intrinsically abnormal developmental process” (Moore and Persaud,
1993, Persaud, 1985; Spranger et al, 1982). Malformations are distinguished in this
classification from other structural defects, disruption, deformations, and dysplasias, by their
“intrinsic nature of defect”, meaning that the development of the organ was abnormal from

the start, or near the start, of its development (Persaud, 1985; Spranger et al, 1982).

Estimates of the prevalence of congenital anomalies vary between 2 to 6% of births
(Persaud, 1985). The prevalence may vary considerably depending on the definition used,
criteria used to include or exclude minor malformations, and the time period of follow-up after
birth. Major structural congenital anomalies are commonly reported to be present in two to
three per cent of births (Persaud, 1985). In EUROCAT (European Network of Congenital
Anomaly Registries) centres the prevalence rate of congenital anomalies (including major
structural defects, chromosomal abnormalities, some inborn error of metabolism, and
genetic syndromes) was 2.3 per cent between 1990 and 1994, varying from 0.99 to 3.61 in
individual centres (EUROCAT Working Group, 1997).

Congenital anomalies are a leading cause of infant mortality and an important contributor to
childhood and adult morbidity. Persaud (1985) reported that 20% of neonatal deaths could
be attributed to major congenital malformations. Statistics from the Office for National
Statistics in the U.K. show that in 1995, congenital malformations were the second most
frequently recorded cause of neonatal deaths (18%), after prematurity related conditions
(31%)(Office for National Statistics, 1997). Indeed, congenital malformations have been
reported to account for half of all neonatal deaths in higher birthweight babies (>2,000
grams), and for only 10% of deaths in lower birthweight babies (Winter et al, 1989). Major
congenital anomalies in surviving infants often have serious medical and/or cosmetic

consequences and commonly require surgery.

The aetiology of congenital anomalies is unknown in more than half of babies affected. Since
the thalidomide disaster and the discovery of the congenital rubella syndrome a number of
human teratogens (mainly infectious agents and medical drugs) have been discovered but
still only a small number of cases can be attributed to environmental causes. In 1983 Kalter
and Warkany estimated single environmental causes to account for around 7-10% of major

malformations, chromosomal abnormalities for 6-7%, single gene mutations for 7-8%, and
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Introduction

multifactorial inheritance, in which genetic and environmental factors interact to cause
malformation, for around 20% (Kalter and Warkany, 1983). Environmental exposures may
play a role in chromosomal abnormalities, single gene mutations, cases of multifactorial
inheritance cases, and in those that remain of unknown aetiology. Many toxic chemicals
have shown in animal experiments to have the potential to affect the development of the
embryo and fetus and cause congenital anomalies (further discussed in section 2.3 of this
thesis). Landfill sites represent a potential source of exposure to such teratogenic chemicals,

although it is not clear whether exposure exceeds threshold doses needed to induce
teratogenic effects.

It is likely that clusters of congenital anomalies and other adverse health outcomes near
landfill sites will continue to be reported as a reflection of public concerns. The potential
hazard posed by landfill sites to the health of nearby residents and their unborn children
requires careful evaluation in order to respond to these public concerns in a satisfactory way,

and in order to decide on adequate regulation, siting, and remediation of sites.

1.3 AIMS AND OBJECTIVES

The main aim of the thesis is to investigate whether residence near hazardous waste landfill
sites is associated with an increased risk of congenital anomaly. The thesis is based on a
multi-centre case-control study of risk of congenital malformation in the vicinity of hazardous

waste landfill sites (EUROHAZCON) carried out in 10 regions in 6 European countries.

Specific objectives of this thesis are :

1. To review background literature on assessment and ranking of hazards posed by landfill
sites, on evidence for human exposure from landfill sites, on teratogenic potential of
chemicals present at landfill sites, on adverse health effects related to residence near

landfill sites, and on other risk factors for congenital anomalies which may be of

relevance to the investigation.

2. To investigate whether congenital anomaly cases tend to live nearer to hazardous waste
landfill sites than do controls, allowing for potential confounding of factors such as socio-
economic status and maternal age, and to quantify the risk in defined geographic zones

based on distance of residence from the landfill sites.
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3. To develop a classification of the relative hazard potential of EUROHAZCON study sites
according to their likelihood to cause off-site contamination and exposure of residents, in
order to identify sites with higher and lower hazard potential.

4. To investigate whether sites classified as posing a greater potential hazard are
associated with a greater risk of congenital anomaly in their vicinity. The investigation of
such a ‘dose-response’ effect could provide additional evidence in assessing the

likelihood of causality of any relationship between distance of residence from landfill sites
and risk of congenital malformation.

5. To investigate the extent of socio-economic variation in risk of congenital anomalies,
including specific congenital anomaly groups. Socio-economic status is an important
potential confounding factor in the relationship between proximity to landfill sites and risk
of congenital anomaly. Little is known however about its role as a risk factor for
congenital anomaly. | therefore included a detailed analysis of socio-economic variation

in risk of congenital anomalies in this thesis.

The EUROHAZCON study was originally set up because a need was identified for studies
investigating landfill sites in Europe defined a-priori, independently from reported clusters of
adverse health outcomes. A secondary aim of the project was to develop a framework
protocol for multi-centric European studies of congenital malformation in relation to other
environmental exposures. Congenital anomalies are rare and pooling of data from different
regions and countries is often necessary to achieve sufficient statistical power. A ‘statement
of conjoint work’ attached in Appendix 1 of this thesis describes my role and the role of other
collaborators in the EUROHAZCON project. Appendix 2 includes papers published from this

research to date.

1.4 THESIS OUTLINE

Chapter 2 of this thesis includes background literature reviews, starting in section 2.1 with a
review of factors which determine hazards posed by landfill sites and of existing methods
developed to rank landfill sites according to their potential hazard. This section forms
important background to classification of the hazard potential of EUROHAZCON sites.
Section 2.2 describes current evidence for exposure of residents living near landfill sites to
pollution from the landfill sites and includes an assessment of the types of chemicals and
concentrations to which residential populations may be exposed. The following section of the

literature chapter, section 2.3, describes evidence from both animal and human studies for
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teratogenic potential of the main groups of chemicals that may be present in contamination
from landfill sites. Section 2.4 reviews the epidemiological literature on health effects of
residence near landfill sites, congenital anomalies as well as other health outcomes. Section
2.5 reviews life-style and demographic risk factors for congenital anomalies, in order to
assess their potential confounding role in the relationship between residence near landfill
sites and risk of congenital anomaly, and as general background to congenital anomaly
epidemiology. Specific attention will be paid in this section to socio-economic status as a risk

factor for congenital anomalies, this being one of the main thesis objectives.

Chapter 3 describes methods for data collection (3.1-3.5), methods used to measure
exposure and classify sites (3.6), and methods used to analyse data (3.7). In chapter 4 |
present the results of the study, including basic descriptive information (section 4.1), the
relation between distance of residence and risk of congenital anomaly (section 4.2), results
of the hazard potential classification (section 4.3), the relationship between hazard potential
and risk of congenital anomaly near landfill sites (section 4.4), and an assessment of socio-
economic variation in the risk of congenital anomalies (section 4.5). In chapter 5 | evaluate
the methodology of the study, discuss the results and their interpretation, and draw

conclusions from this research.
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CHAPTER 2

BACKGROUND LITERATURE

2.1 ASSESSMENT AND RANKING OF HAZARD POTENTIAL OF LANDFILL
SITES

2.1.1 Introduction

The term ‘landfill site’ is used in this thesis for any type of site where waste is disposed to
land. Landfill sites defined in this manner include a large variety of sites: controlled and
uncontrolled, old and new, large and small, operational and non-operational. The potential
hazards posed by landfill sites are likely to vary substantially between different sites. An
understanding of which site characteristics influence hazards posed by landfill sites forms
essential background to the exercise carried out as part of this project classifying landfill
sites according to their relative hazard potential (section 3.6.2). The aim of this section (2.1)
is to describe factors that influence a landfill site’'s potential to pose a hazard to the
environment and human populations. Also, this section aims to review existing ranking
systems developed to classify sites according to the degree of hazard they pose, in order to
asses their suitability for use in exposure assessments in epidemiologic studies, particularly

the present study.

Firstly, the introduction section will describe definitions of waste used further in this chapters,

and introduce the potential pathways of exposure of residential populations to landfill sites.

2.1.1.1 Waste definitions
Different types of landfill sites commonly referred to in the literature and in this thesis are

based on broad categories of the waste deposited and can be defined as follows

(Department of the Environment, 1995):
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- Inert wastes are “wastes that do not undergo any significant physical, chemical or
biological transformations’”.

- Household wastes are wastes arising from private houses and are defined in the U.K. as
those wastes arising from domestic properties, caravans, residential homes, nursing
homes, and universities, schools and other educational establishments.

- Domestic wastes are synonymous with household wastes.

- Commercial wastes are defined (in the U.K.) as those arising from trade or business, and
sport, recreation or entertainment, excluding industrial, and mining and agricultural
wastes.

- Municipal wastes are wastes that are “collected and disposed of by or on behalf of the
local authority”. Municipal wastes generally include household wastes, some commercial
wastes, and other local authority wastes i.e. road and pavement sweepings, and
construction and demolition wastes.

- Industrial wastes are defined in the U.K. as wastes arising from factories, public transport
services, gas, water, and electricity supply services, sewage services, postal or

telecommunications services.

The above definitions relate to waste categories as defined by U.K. Department of the
Environment. The definition of these broad categories will generally not vary much between
countries, although the exact distinction between categories is not always the same. For
example, the separation between commercial waste and industrial waste varies between
countries, especially where waste from small commercial/industrial enterprises is concerned
(Gourlay, 1992).

The definition of hazardous waste is extremely variable. The OECD concluded that although

many countries had defined ‘hazardous wastes’ in their national laws, no two of these are
alike (OECD Environment Directorate and UNEP International Register of Potentially Toxic
Chemicals, 1988). The approach taken to defining hazardous waste by different countries
depends on the purpose and use of the definition (Wilson and Forester, 1987). In many
countries the purpose of the definition is to physically separate hazardous from non-
hazardous waste, which requires a clear-cut definition. In other countries the definition
separates only those wastes for which a specific treatment is required. Many countries
specify lists of wastes considered as ‘hazardous’, defined either by the properties of the
waste which render them hazardous (e.g. toxic, corrosive, explosive), by generic waste
types/categories (e.g. pesticides, solvents, oily wastes, tars), by industry or technology of
origin (e.g. petroleum refining, electroplating), by specific constituents (PCBs, dioxins, lead

compounds), or by a combination of some or all of the above (OECD Environment

19



Background Literature — Hazard Potential

Directorate and UNEP International Register of Potentially Toxic Chemicals, 1988: Parfitt et
al, 1993). The European Communities (EC) directive on Hazardous Waste for example
combines lists of generic types of waste, constituents of waste, and properties of waste
which render it hazardous (European Communities Council, 1991). The EC definition is fairly
recent and many European countries still define hazardous waste according to their existing
laws. U.K. law for example includes definitions of ‘controlled waste’, ‘'special waste’, ‘difficult
waste’, and ‘clinical waste’, which may all include hazardous wastes as defined by the EC
Directive. |
Theoretically, any waste has the potential to be hazardous if not handled in a satisfactory
manner (House of Lords Select Committee on Science and Technology, 1989), so wastes
and waste sites classified as non-hazardous by any definition cannot automatically be

discarded in the evaluation of health risks.

Different types of landfill sites are often referred to using the broad categories of waste, as
described above, that were deposited at the site. So a site can be a ‘municipal’ waste site or
an ‘industrial’ waste site. Landfill sites often, especially in the past, took wastes from different
categories, mixing household waste with industrial waste for example. The official practice of
‘co-disposal’ used to be common in many countries, and still is in some, particularly the U.K.
Co-disposal is “thevdisposal, in landfills, of a restricted range of industrial wastes (including
some hazardous wastes), together with decomposing municipal waste or similar degradable
waste, in such a way that the industrial waste gradually undergoes a form of treatment’
(Westlake, 1995). Although some research has shown that co-disposal can be effective in
reducing the hazard related to the disposal of certain groups of chemicals (Knox, 1990), the
practice of co-disposal has also been criticised for posing a greater hazard than mono-
disposal sites in case some of the hazardous wastes do not undergo treatment within the
site. This may happen for example when the ratio of disposed hazardous wastes to other
wastes is too large (Westlake, 1995). Concerns exist about the lack of evidence that the co-
disposal theory of treatment of hazardous waste within other waste, works well in practice
(Westlake, 1995). Co-disposal is banned in the U.S., and a ban has been proposed for new
European sites through the draft EC Landfill Directive (European Communities Council,

1991).

The following sections consider landfill sites in general, not any specific type of landfill or any
specific type of waste. Differences between types of landfills and wastes deposited which

may influence the hazard potential of a site will be pointed out.
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2.1.1.2 Potential routes of exposure

Two major processes within a landfill govern the migration of chemicals into the surrounding
environment: leachate production and landfill gas generation.

Leachate is the liquid generated within a landfill as the result of compression and
degradation of wastes, and percolation of water (rain, surface, or ground water) through the
waste (El-Fadel et al, 1997; Lisk, 1991). Landfill leachate contains the soluble components
of the waste, both organic and inorganic. Leachates containing contaminants from landfill
sites can form an important threat to groundwater and surface water near the site(Campbell,
1993). The composition of leachate and evidence for migration of leachate into the
environment surrounding landfills is discussed in section 2.2.1.

Landfill gas is also produced during degradation of the waste in a landfill and consists
predominantly of methane and carbon dioxide (El-Fadel et al, 1997; Lisk, 1991). Landfill gas
will be produced in any site containing biodegradable waste. Landfill gas poses an explosion
hazard due to the large concentrations of methane present. Numerous volatile organic
chemicals (VOCs) may be emitted into the air with the landfill gas in small concentrations,
usually less than 1% of the gas emissions (El-Fadel et al, 1997; Lisk, 1991; Office of
Technology Assessment, 1989). These so-called trace gases can be formed both indirectly,
during the biological degradation of complex organic compounds, and directly from
volatilisation of organic compounds present in the deposited waste (Campbell, 1993). In
order to be emitted into the air, trace gases within buried waste must be transported
upwards through the waste. The generation of landfill gas in sites containing biodegradable
waste accelerates this transport (Grisham, 1986; Lewis-Michl et al, 1998).

Evidence for off-site migration of toxic chemicals via landfill gas and other routes is

discussed in section 2.2.1.

Leachate and landfill gas generation are usually considered the most important sources of
environmental problems associated with landfill sites (Westlake, 1995). In addition, landfill
sites may be the source of pollution via other processes, including (Campbell, 1993; Eduljee,
1998; Westlake, 1995):

- run-off of contaminated water from the surface of the landfill;

_ emission of volatile chemicals into the air independently from landfill gas emissions as a
results of direct volatilisation during waste deposition and from on-site leachate pools
(Eduljee, 1992; James and Stack, 1997);

_ dust emissions, including dust and particle-bound chemicals, during the dumping of
waste or through wind erosion;

- wind-blown litter from the site;
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- emissions from inefficient gas flares:
- spills from the vehicles transporting waste to and from the site;

- problems related to birds, vermin, and insects at a site, including the potential for spread
of disease;

- and noise and odour pollution.

The potential pathways of transport of contaminants released through landfill leachate, gas,
or other processes from a site to human populations are shown in Figure 2.1. Possible
exposure media include water, air, food and soil (National Research Council, 1991: Upton,
1989). When a site is located near an aquifer used for drinking water extraction this may
cause exposure of the population serviced by this aquifer, although not necessarily of
residents nearby the site. Nearby residents may be exposed, if their water is extracted from
local wells, through consumption of the water and/or through direct contact and inhalation
during bathing and washing. In many situations drinking water supply of residents does not
originate from the local area. For people living in the vicinity of these sites, other routes of
exposures may be of more concern: airborne toxic chemical contamination via landfill gas
and particles and chemicals adhered to dust; direct contact with contaminated soil and/or
surface water; pollution of indoor air in the case of evaporation of volatile organic chemicals
from groundwater or soil gas into basements of nearby houses; and contamination via the

food chain in case of consumption of home-grown vegetables or locally caught fish.

Figure 2.1: Potential pathways of exposure to landfill sites (National Research Council,
1991)
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Potential exposures via the pathways described above will generally be of a chronic nature
apart from in accidents such as fires and major spillages. Most of the pathways will play a

role both during operation of a site and after site closure, with the exception of pathways
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associated directly with site operation such as the generation of dust during waste dumping
and spills from vehicles transporting waste.

Evidence of off-site contamination and exposure of humans occurring via the possible

pathways described here, is evaluated in section 2.2.

2.1.2 Site characteristics affecting hazard potential

Site specific conditions that may influence a landfill site's potential to cause exposure to
nearby residential populations can be divided into (Table 2.1):

factors that influence the generation and composition of leachate and landfill gas,

factors that influence the ease with which contaminants may migrate off-site (beyond the
site boundaries) and contaminate the surrounding environment,

factors that influence whether the residential population will come into contact with

contamination.

Table 2.1: Factors affecting hazard potential of landfill sites

1)

2)

3)

Factors affecting generation and composition of leachate and landfilt gas
+ waste type
- amount of biodegradable wastes
- types of chemicals deposited
- properties of individual chemicals present: i.e. solubility, volatility
- interactions (chemical, physical) between chemicals
age of waste
guantity of waste
waste density
depth of waste
pH, moisture content, and temperature within waste

Factors affecting off-site migration of leachate, and gas and particulate emissions
« design and management
- ‘dilute and disperse’ or ‘containment’ principle
- lining
- leachate collection
- covering and capping
- gas collection
- monitoring
s geology and hydro-geology
- soil type, permeability
- depth to groundwater
» topography
- steep hills, flat lands, floodplain
e climate
- rainfall
- wind force and direction

Factors affecting contact of nearby residential population with off-site contamination

o land use
- recreation
- local food growing: allotments
o surface water use
« presence of drinking water wells for local use
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2.1.2.1 Factors affecting generation and composition of leachate and landfill gas

Waste degradation, and thereby the generation, composition, and toxicity of leachate and
landfill gas, is governed by complex physical, biological and chemical processes. Some of
the basic factors that influence these processes are known but, as Robinson and Gronow
(1992) point out, an understanding of all parameters and steps “is almost completely lacking”
and therefore predictions of leachate and gas composition at specific landfill sites are

currently impossible to make. This section describes some of the basic factors that are

known to affect gas and leachate production and composition.

Firstly, the amount of biodegradable, organic, wastes determines the amount of both

leachate and landfill gas in a landfill. A site which contains totally inert waste will not

generate landfill gas. The rate of biodegradation in a landfill also depends on factors such as

the density, depth, quantity, pH, moisture content, and temperature of the waste (Westlake,

1995). Rainfall is the main contributor to the water content of a site and therefore Importantly

influences the amount of leachate that is generated (Lema et al, 1988).

The composition of landfill gas and leachate is determined by the types of chemicals

deposited, properties of the individual chemicals, such as their solubility and volatility, and

interactions between chemicals. The composition of gas and leachate may bear little

resemblance to the composition of the wastes deposited because of the biological, chemical,
and physical reactions that take place within a site.

Hazardous wastes are generally assumed to give rise to more toxic leachates and
gases than ‘non-hazardous’ wastes because larger concentrations of toxic chemicals are
present in such wastes (Office of Technology Assessment, 1989). Landfill gas for example,
has been reported to contain a wider range of toxic chemicals at sites where industrial
wastes were deposited compared to those containing only municipal waste (Young and
Parker, 1983). Pavelka et al (1993) report higher concentrations of selected toxic substances
in leachates from sites containing only hazardous waste than from co-disposal sites
(municipal, industrial, and hazardous waste). The opposite has also been reported:
leachates from domestic wastes and co-diposal wastes were significantly more toxic than
those from purely industrial hazardous waste in a French study testing the toxicity of 27
landfill leachates (Bernard et al, 1996). A report with preliminary findings from the California
Landfill Testing Program which includes sampling data from 340 sites, concludes that
hazardous and non-hazardous waste sites appeared similar in their ability to produce toxic
gases (Baker et al, 1990). Several authors have concluded that toxic compounds can be

found even in leachates and landfill gas from reportedly purely municipal waste sites and
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that municipal sites must for that reason be considered just as potentially hazardous as
industrial sites (Bernard et al, 1996; Brown and Donnelly, 1988; El-Fadel et al, 1997;
Westlake, 1995). This is thought to be due to toxic compounds present in regular household
from for example pesticide, paint and battery wastes, to unrecorded and/or illegal disposal of
industrial wastes in municipal sites, and to the transformation of non-hazardous substances
during waste degradation processes (El-Fadel et al, 1997; Reinhart, 1993).

Physical and chemical characteristics of chemicals importantly determine their

movement and fate in environmental media: water, soil, and air (Andelman, 1987). More
soluble chemicals will tend to be transported more easily in leachate and groundwater,
volatile chemicals will tend to be emitted into the air. The chemical reactivity of a substance
determines how resistant it is to undergoing degradation reactions that change its chemical
state. For example, halogenated organic compounds are more stable, less likely to degrade,
the higher the number of halogen atoms: carbon tetrachloride for example, is more stable
than methyl chloride (Andelman, 1987).

The age of the waste in a site affects the rate of decomposition of the waste and thereby the

quantity and composition of leachate and landfill gas generated (Lisk, 1991; Westlake,
1995). Lisk (1991) reports that concentrations of most compounds in leachate, including
heavy metals, decrease with the age of the waste. Similarly, several authors have pointed
out that concentrations of volatile organic compounds (VOCs) in landfill gas tend to be
highest in early stages of waste decomposition (Campbell, 1993; Ward et al, 1996).
However, it has also been documented that a 20 year old municipal waste site still produced
landfill gas with significant concentrations of VOCs, including vinyl chloride (Allen et al,
1997).

2.1.2.2 Factors affecting off-site migration of contaminants

Proper design and management of a landfill is important in order to minimise the potential for

leachate, landfill gas, and other emissions to migrate off-site and pollute nearby water, soil,
and air. The principles and regulations of landfill design and management have changed
substantially over the last two decades in Europe with increasing emphasis on the
protection of the surrounding environment (Westlake, 1995). The following design and

management factors are important in assessing a site’s hazard:

25



Background Literature — Hazard Potential

Design of the site. Landfill designs follow two basic principles: ‘dilute and disperse (or

‘'dilute and attenuate’) and ‘containment’. Dilute and disperse sites do not try and prevent
migration of leachate into the surrounding environment but rely on attenuation (through
adsorption, biodegradation, chemical reactions, dilution, and filtration) of contaminants in
the surrounding soil and dilution within the groundwater to such degree that
concentrations of contaminants do not pose a risk (Office of Technology Assessment,
1989; Westlake, 1995). These sites have little or no engineering of their base or sides. In
the U.K. this principle was applied to the majority of landfill sites until the end of the 70s.
The effectiveness of dilute and disperse sites in preventing groundwater pollution has
been seriously questioned (Office of Technology Assessment, 1989). New sites in both
the U.K. and elsewhere in Europe are now required to use the containment principle
which does not allow migration of leachate off-site. In practice however, a containment
site is defined as one “where the rate of release of leachate into the environment is
extremely low” (Westlake, 1995) and much of the debate currently focuses on what rate
of release is acceptable. Complete containment for an indefinite time would be very hard
to achieve, and all landfills must be expected to cause some degree of release of
leachate into the environment at some point in time (Campbell, 1993: Westlake, 1995). It
has been pointed out that the first 2 to 3 decades of a containment site may pose
relatively little threat to groundwater but over longer time periods this cannot be
guaranteed (Mather, 1989).

Lining. In containment sites the sides and base of the site are lined, which means that
they are engineered with a natural and/or synthetic material to prevent leachate from
migrating beyond the site boundaries. The materials used to construct the liner
determine it's permeability, durability, and resistance to chemical breakdown (Westlake,
1995). The long-term resistance of liners is not always known and punctures and cracks

in liners can cause serious problems (Campbell, 1993).

Leachate collection. Leachate collection systems are increasingly being installed to

remove leachate from the base of a containment landfill, above the lining, to prevent the
leachate accumulating in the waste. After collection the leachate can be discharged to a
sewer, be recirculated through the landfill, or undergo biological or chemical treatment at
the site (Westlake, 1995). It has been pointed out that a leachate removal and/or
treatment system is essential for the effective management of environmental risks
associated with leachate (Westlake, 1995). A study in Ireland however found increased
levels of VOCs in ambient air at one part of a landfill site where a leachate collection

system had been installed compared to a part that had no leachate collection: the
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leachate was collected in a pool at the site and left open to the atmosphere before
undergoing biological treatment (James and Stack, 1997).

Covering and capping. During the period of active operation of a site wastes should be
covered daily to prevent emissions of dust, particles, and windblown litter. This cover

commonly consists of a thin layer of soil or rubble. After closure of the site or part of the

site a cap can be applied to the site in order to prevent water, mainly from rainfall, from
entering the site, thereby reducing leachate generation (Office of Technology
Assessment, 1989). Landfills with no or incomplete capping have been found to produce
more leachate than those with complete capping (Pavelka et al, 1993). The presence
and type of covering and capping will also affect the pathway of migration of landfill gas:
gas will follow the path of least resistance and where only a daily, gas-permeable, cover
is present gas will tend to vent through this surface (Westlake, 1995). The presence of a
sealed cap will prevent this and gas will tend to migrate laterally, depending on the lining
of the site and the geology around the site. The rate of vaporisation of VOCs has been

reported to depend amongst other factors, on the type of cover used (Bennett, 1987).

Gas collection. Gas migration can not easily be prevented and measures such as

capping and lining will merely influence the pathway of gas migration (Westlake, 1995).
A system to abstract gas from within the landfill should therefore be incorporated in the
design of any landfill that is expected to generate gas. Gas abstraction systems can be
passive or active. In passive systems gas is collected through wells or trenches and
vented directly into the atmosphere. Although such systems prevent lateral migration of
landfill gas they generally increase emissions, including trace gases, from the surface of
the landfill (Westlake, 1995). The U.K. Department of Health states that passive venting
systems should only be used at sites with a low rate of gas generation (Department of
the Environment, 1995). Other systems actively abstract gas after which it can be flared
off or used in energy recovery systems. Flaring does not remove all trace gases but
reduces concentration before emitting to the atmosphere (Eduljee, 1998, Westlake,
1995). The possibility that some toxic chemicals, including dioxins and furans, may

actually be formed by the flaring has been discussed (Brosseau and Heitz, 1994; Cram

and Parkinson, 1992).

Monitoring. Proper management of both leachate and landfill gas should include regular
monitoring (Campbell, 1993). For leachate this should include monitoring of the levels
within the site, amount and composition migrating off-site, and ground and surface water

nearby the site. Gas is usually monitored for the amount of methane produced, not for
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trace emissions of volatile organic compounds. Campbell (1993) notes that in some
countries (U.S., Germany) levels of VOCs in gas emissions from landfill surfaces are
restricted. In California all active and some inactive landfills are by law required to be
monitored for toxic components in landfill gas, in air above the landfill surface and
beyond the site boundary, and in underground gas migration (Baker et al, 1990). In the
U.K. monitoring guidelines recommend monitoring for the major landfill gases (methane,

carbon dioxide and oxygen), not for trace gases (Department of the Environment, 1994).

In addition to the design and management of a site, its local geology and hydrogeology play

a role in determining off-site migration of contaminants. For example, the permeability of the
soil surrounding the landfill will determine the ease with which leachate may filter through the
soil and reach the groundwater level. Sandy soils are the most permeable whereas clay soils
provide least permeability unless cracks are present in the clay. Sandy soils also provide
little organic sorption which means that organic contaminants can filter through the soil
without undergoing transformation (Barker et al, 1986). Local hydrogeology determines the
movement of pollutants in groundwater (Lisk, 1991). The depth of the groundwater from the
landfill base also influences the ease with which contaminants can reach groundwater.

A site’s topography may be important also. For example, sites on steep hills may
encounter problems with erosion and surface water run-off, and floodplains are usually
considered unsuitable for landfills (Brown et al, 1983).

Climatic conditions can influence off-site migration of contaminants in various ways:

through winds affecting transport of gas and particulates, rainfall affecting the moisture
content of the waste therefore leachate production, and temperature affecting

biodegradation, volatility of chemicals, and run-off potential (Brown et al, 1983).

2.1.2.3 Factors affecting contact of nearby residential populations with off-site

contamination

In addition to conditions at the landfill site, factors in the environment surrounding the landfill
will determine whether or not residents near the site may come into contact with
contamination from the site. Such factors include land use for recreation (playing fields,
parks, sports fields), food growing for local consumption (allotments), use of surface water

for swimming and/or fishing, and the presence of drinking water wells for local use.
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2.1.3 Hazard potential ranking systems

A number of methodologies have been developed to score and rank the hazard potential of
hazardous waste sites taking account of the site characteristics discussed in the previous
sections. Reasons for the development of such methodologies have been three-fold: for the
identification of sites that are priorities for clean-up (JRB Associates, 1982: United States
Environmental Protection Agency, 1990), for public health assessments (Allred et al, 1993;
New York State Department of Health, 1986), and for exposure classification in
epidemiological studies on health effects of waste sites (Croen and Shaw, 1996; Marshall et
al, 1993). The vast majority of the work on hazard ranking of landfill sites has been carried
out in the U.S. The development of a UK. scoring system for use in landfill site inspections,
HALO (Dames&Moore International, 1988), was abandoned because the questionnaires to
collect necessary data were considered too long and complicated. The HALO system
required information from landfill operators, site inspectors and the water authority on over

one hundred factors.

In 1982 the U.S. Environmental Protection Agency (U.S.EPA) developed the Hazard
Ranking System (HRS) to determine which sites to include on its National Priorities List: a
list of sites that have priority for further investigation and, if necessary, remediation, under
the Superfund clean-up programme (United States Environmental Protection Agency, 1990).
In the 1990 HRS four pathways (groundwater migration, surface water migration, soil
exposure, air migration) are scored in 3 categories: likelihood of release, characteristics of
the waste, and people or sensitive environments affected by the release. The final score is
calculated using both addition and multiplication of composite factors. For each pathway
likelihood of release is scored using information on observed releases if possible. Where
such information is not available ‘potential to release’ is scored on the basis of factors such
as containment, lining, capping, leachate and gas collection and depth to groundwater. The
waste characteristics component requires information about the types of chemicals present,
their concentrations, and their most likely pathway. The HRS uses information from existing
site documentation and from site inspections in which environmental and waste samples are
collected to determine what substances are present in a site. The HRS has been criticised
for not taking sufficient account of all possible human exposure pathways (New York State
Department of Health, 1986), and for not being able to adequately define and control the
influence of individual factors in the system (Haness and Warwick, 1991). Haness and
Warwick (1991) found the influence of certain factors on the final score to depend on the

scoring of other, unrelated, variables because of the way factors were multiplied and added
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up. This illustrates the difficulties involved in capturing complex relationships between many
site characteristics within a systematic scoring system.

The HRS was not developed to specifically assess public health hazards from waste
sites. Therefore, the Agency for Toxic Substances and Disease Registry in the U.S.
developed a separate Site-Ranking System (SRS) with as aim to identify sites that pose the
greatest hazard to public health after they had been listed as NPL sites (Allred et al, 1993).
This system requires limited environmental sampling data and includes information about
community health concerns and health outcomes. Health outcome data are collected from
routine statistics, hospital discharge records, community health surveys, and/or
epidemiological studies.

The New York State Department of Health (New York State Department of Health,
1986) developed a system based on the HRS, which requires similarly detailed data input,
but uses a different structure of multiplication and addition of factors. This system claims to
evaluate possible human exposure pathways in more detail. For example, it includes
exposure to vapours in basements, dermal contact with contaminated soil, and use of
surface water for fishing. Both Geschwind et al (1992) and Marshall et al (1993) based
residential exposure classifications in epidemiological investigations on this system. Marshall
found that for most sites little sampling data were available to evaluate actual off-site
exposure, and on-site concentrations had to be extrapolated to off-site ones.

Croen and Shaw (1996), in an epidemiological study of residence near waste sites and
risk of bith defects, classified National Priority List sites in California according to exposure
potential (definite, potential, no exposure) in each of 5 pathways. An industrial hygienist
followed a decision tree for each pathway to come to the final exposure classifications. As a
validation exercise 10% of sites were evaluated by another person. Discrepancies were few
and did not influence the final classification of sites. Again detailed information on chemicals
of concern and concentrations on and off-site from environmental sampling was needed to
apply the classification system. In this study non-NPL sites could not be classified since only
limited information on these sites was available.

In the early 1980s JRB Associates developed for the U.S.EPA a system to identify
landfill sites for clean-up priority that did not require extensive site investigations and was
aimed for use with readily available information (JRB Associates, 1982). The authors stated
that the “validity of the system was tested at sites across the country” and that “New Jersey
officials agreed that ratings of 30 sits in their State were good reflections of the true hazard

potential of the site”. Results of such validation exercises are not included in the report

however.
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A general problem with ranking systems is that where more data are available, scores tend
to be higher, even though sites with little data, for example because of poor record keeping,
may be the more hazardous ones. For example, Haness and Warwick (1991) in their
evaluation of the U.S.EPA Hazard Ranking System found that by adding previously missing
information on the factor ‘hazardous waste quantity’ to a large number of possible site
scenarios, scores increased and up to 46% of the sites crossed the cut-off for inclusion on
the NPL list. Also, where less information is available scoring is based more on assumptions
and less on actual measurements. There is little information in the literature about the
validity of the scoring systems presented here. For example, rankings have generally not
been compared to actual exposure measurements in residential settings. The absence of
information on the validity of these ranking systems makes it difficult to assess the extent to

which misclassification of sites may occur in the hazard rankings.

In conclusion, although it is possible to indicate which factors may influence the likelihood
that a landfill site causes contamination of surrounding areas (section 2.1.2), a full
understanding of the relative importance of the different factors and of interactions between
factors, seems to be lacking. It is therefore very difficult to integrate the many factors that
may play a role into one systematic ranking system. Most existing systems are complex and
require very extensive information on characteristics of sites, much of which may only be
obtainable through site investigations including on and off-site sampling. Also, most existing
systems require detailed information on the types of waste deposited at a site. Resources of
epidemiological studies are generally not sufficient to undertake site investigations.
Epidemiological studies in the U.S. have benefited from the availability of site information
collected under the Superfund programme (Croen and Shaw, 1996; Geschwind et al, 1992;
Marshall et al, 1993) (section 2.4).
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2.2 EVIDENCE FOR HUMAN EXPOSURE

An important question in assessing health risks from waste landfill sites is whether chemicals
present in sites cause exposure of nearby residents, and if so, via which pathways and in
what dose. This section reviews existing evidence for migration of chemicals from landfill

sites into the surrounding environment and for human exposure resulting from such off-site
contamination.

Firstly, section 2.2.1 evaluates evidence from environmental monitoring and sampling data
for migration of chemicals from landfill sites into the surrounding environment where
exposure of nearby residents may occur. Secondly, section 2.2.2 presents evidence for
actual exposure from personal and biological monitoring of human populations: fandfill

workers and residents.

2.2.1 Off-site migration of contaminants

Literature on the monitoring of substances from landfill sites in the environment surrounding
landfill sites can broadly be divided into two main pathways: leachate affecting groundwater,
surface water and drinking water, and landfill gas, dust and particulate emissions affecting
air quality. This section describes published literature on off-site migration of chemicals via
these two pathways and attempts to answer the following questions: which chemicals may
be of concern? in what concentrations may they be present in the environment surrounding

a landfill? and up to what distance from a landfill may they be detectable?

2.2.1.1 Water pathway

Leachate

Leachate from landfill sites may contaminate surrounding soil, groundwater, surface water,
and ultimately drinking water as was described in section 2.1. Leachate contains mainly
organic degradation products, but may, depending on waste composition and processes
within the waste site, include relatively low concentrations of organic and inorganic toxic
chemicals (Christensen, 1992). Numerous studies on the composition of leachates from
municipal, hazardous, and co-disposal sites have detected a wide range of substances

including aromatic and halogenated hydrocarbons, heavy metals, pesticides, phthalates, and

32



Background Literature — Human Exposure

some dioxins and furans (El-Fadel et al, 1997, Christensen, 1992 #1376; Lisk, 1991:
Pavelka et al, 1993: Reinhart, 1993: Robinson, 1995: Schultz and Kjeldsen, 1986). Leachate
quality data is generally based on single samples at a particular stage of a particular landfill
(Robinson and Gronow, 1992), and from this data it is not possible to predict the ‘typical’
composition of landfill leachate. The Department of the Environment reports typical
household waste leachate compositions in Waste Management Paper 26 which indicate that
heavy metals are present in low concentrations in such leachates: lead 0.05-0.60 mgl/l,

cadmium 0.005-0.01 mg/l, chromium 1 mg/l (Robinson, 1995). Concentration ranges for
other toxic chemicals are not given.

Groundwater

Releases of leachate to groundwater have been documented by numerous studies as
reviewed by Lisk (1991) and El-Fadel et al (1997). Groundwater was the environmental
medium most often related to observed releases of contaminants at U S. National Priority
List municipal landfills (Office of Technology Assessment, 1989). 132 out of 163 municipal
NPL sites (72%) were associated with groundwater releases. The 15 most frequently
detected organic compounds in groundwater at waste sites in Germany and the U.S. include
mainly aliphatic chlorinated hydrocarbons (tetrachloroethylene, trichloroethylene, vinyl
chloride, dichloroethylene, dichloromethane, trichloromethane, trichloroethane ) and
aromatic hydrocarbons (benzene, toluene, ethyl benzene) (Christensen, 1992). The main
substances for which migration into groundwater had been documented at 951 National
Priority List sites in the U.S. were heavy metals (lead, chromium, arsenic, cadmium,
mercury) and volatile organic compounds (aliphatic chlorinated and aromatic hydrocarbons),
both documented at around 25% of sites (National Research Council, 1991). PCBs, PAHs,
phthalates, pesticides, and dioxins had also been documented in groundwater, but at far
fewer sites (<5%). A study of groundwater poliution at 16 Finnish waste sites found heavy
metals more frequently present in significant concentrations than organic chemicals
(Assmuth and Strandberg, 1993). This study reported concentrations of several toxic
leachate components (arsenic, lead, dichloromethane, 1,2 dichloroethane) in groundwater

within 200 metres of waste sites to be above groundwater quality guidelines.

Although information is available on the frequency with which specific chemicals have been
detected in groundwater at landfill sites or in their immediate vicinity, information on the on
the transport and possible attenuation of specific toxic chemicals in groundwater pollution
plumes from landfills is largely lacking. Leachate pollution plumes are usually mapped using

chloride as an indicator because chloride is relatively unaffected by reactions such as
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degradation and adsorption (Lisk, 1991). Such reactions are likely however to affect other
contaminants that may be present in the leachate. Heavy metals for example, although
commonly present in leachate, do not often Pose a groundwater pollution problem because
they undergo strong attenuation by sorption and precipitation in the plume and will not be
transported far with the plume (Christensen, 1992). Other compounds, for example benzene
and some pesticides, may be relatively persistent in the plume (Christensen, 1992). Barker
et al (1986) found aromatic hydrocarbons (mainly substituted benzene) to spread
untransformed through the groundwater plume of a municipal landfill to distance of up to 700
m, whereas biotransformation restricted chlorinated hydrocarbons (1,1, 1-trichloroethane and
trichloroethylene) to the immediate vicinity of the waste site. Christenen (1992) in a review of
attenuation factors leachate transport concludes that the prediction of transport of leachate
pollutants other than chloride in groundwater is currently not possible since very few studies
have mapped the transport of specific pollutants from landfills. Pollution plumes in
groundwater, measured by chloride, have been documented to extend for hundreds of
metres outside landfill sites: 400m (Christensen, 1992), 700m (Barker et al, 1986;
MacFarlane et al, 1983) and even up to 3,000 metres (Christensen, 1992 ). Lisk (1991) in a
review of environmental effects of landfills states that “movement of contaminants in
groundwater can extend distances of up to a kilometre or more”. Others have found leachate

pollution to be restricted the immediate vicinity of sites (Baxter, 1985: Rugge et al, 1995).

Drinking water

For residents near waste sites groundwater pollution would be of most concern if local wells
for extraction of water for drinking or other domestic uses were affected by such pollution.
Such incidents have been documented in the U.S. (Lagakos et al, 1986; Wrensch et al,
1990; Harris et al, 1984). Chemicals of main concern in these drinking water pollution
incidents have been chlorinated organic compounds. A pesticide dump in Hardeman County,
Tennessee (Clark et al, 1982; Harris et al, 1984), caused pollution of local wells with carbon
tetrachloride in concentrations exceeding the WHO drinking water guidelines more than
10,000 fold. High concentrations of chloroform, tetrachloroethylene, benzene and
chlorobenzene were also found. In Santa Clara County, California, an underground storage
tank polluted a groundwater derived drinking water supply with organic solvents, mainly
1,1,1-trichloroethane (methyl chloroform). Trichloroethane concentrations exceeded the
State’s action level 8.5 times (Wrensch et al, 1990). In Woburn, Massachusetts, waste
dumps had caused the contamination of municipal wells via groundwaterand again organic
solvents, including trichloroethylene, tetrachloroethylene, chloroform, and dichloroethylene,

were found to be the main pollutants of concern (Lagakos et al, 1986). Trichloroethylene was
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found in concentrations exceeding WHO guidelines (World Health Organization, 1993).

Studies of health effects in relation to the drinking water poliution incidents reported here are
discussed in section 2.4.3 .4,

Surface water

Little information is available from published literature about pollution of surface water by
contaminants from landfill sites. The National Research Council (National Research Council,
1991) reports that migration of heavy metals into surface water was documented at 138 out
of 951 National Priority List (NPL) sites (15%), migration of volatile organic compounds at 88
sites (9%), and migration of PCBs, PAHs, phthalates, pesticides, or dioxins at under 5% of
sites. The OTA reports observed releases of substances to surface water at around 45% of
municipal landfill sites (Office of Technology Assessment, 1989). The OTA concludes that it
is not possible to determine the overall extent of surface water contamination by municipal

landfills in the U.S. because the general lack of monitoring.

2.2.1.2 Air pathway

Landfill gas

Landfill gas trace components have been reported to include a wide range of potentially toxic
and odourous compounds, including aromatic hydrocarbons (benzene, toluene),
halogenated hydrocarbons (trichloroethylene, tetrachloroethylene, vinyl chloride,
chloroform), and organosulphur compounds (hydrogen sulphide) (Gendebien et al, 1992).
Commonly, around one hundred different trace VOCs are detected in landfill gas from
municipal and co-disposal waste sites (Allen et al, 1997; Scott et al, 1988; Young and
Heasman, 1985). The range of compounds detected in landfill gas from different sites and in

different studies is very similar but concentrations of individual trace compounds vary widely.

Several studies have reported concentrations of volatile organic compounds in pure landfill
gas as extracted directly from within the site, and compared such concentrations with
occupational exposure limits based on 8-hour weighted average levels (Allen et al, 1997,
Harkov et al, 1985; Ward et al, 1996; Young and Parker, 1983), or background
environmental levels (Assmuth and Kalevi, 1992). Results of these studies are summarised

in Table 2.2. In most studies only a limited number of compounds was found to exceed

comparison limits.
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Table 2.2: Trace volatile organic compounds detected in landfill gas

Reference Sites studied Number of trace Comparison values used Compounds found in excess of comparison value
compounds detected

Measurements in ‘pure’, undiluted landfill gas, before emissions into ambient air

Young and Parker, 6 UK landfill sites : 3 domestic waste over 30 aromatic and  NIOSH time-weighted average threshold benzene (4 sites), metahethiol (2 sites), butaethiol (1 site), methanol (1 site),

1983 only, 2 domestic/industrial waste, 1 halogenated trace limit value (TLV) toluene (1), xylene (1), propyl benzene (1), tetrachloroethylene (1), vinyl chloride (.
industrial waste organic compounds sites)
Harkov et al, 1985 6 abandoned hazardous waste sites, 1 results for 23 volatile ~ background urban levels in New Jersey 8 out of 23 VOCs generally exceed urban background levels. Not specified which -
municipal waste site, in New Jersey organic compounds compounds.
reported
Scott et al, 1988 3 UK municipal waste sites 136 compounds of 8 hour weighted average toxicity benzenes, ethanol, propan-1-ol, butan-2-ol, dichloromethane,
which 109 at each site threshold limit values (TLV) dichlorofluoromethane, carbon disulphide, methanethiol, hydrogen sulphide,
formaldehyde
Assmuth and Kalevi 3 old and 1 active municipal waste not reported background urban air levels; lowest of  many compounds, including benzene, toluene, trichloroethylene,
1992 landfill sites (with co-disposal of Finnish or US occupational standard tetrachloroethylene above urban air quality limits. Only few exceeded occupational
industrial waste) in Finland limits: chloroform, carbon tetrachloride, benzene
Westlake 1995 (from landfill gas from UK sites (not known not reported UK occupational exposure level (OEL)  benzene, toulene, xylene, propyl benzenes, dichloroforomethane, vinyl chloride, 1,2-
Clay and Norman, how many sites) dichloroethylene, tetrachloroethylene
1988)
Ward et al, 1996 1 UK landfill site: municipal and 79 volatile organic UK HES long-term exposure limit (LTEL, outside site boundary in soil: vinyl chloride (40m distance from site),
industrial waste compounds also MEL) dichlorofluoromethane
Allen et al, 1997 7 UK municipal landfill sites 140 compounds of UK 8 hour weighted average MEL: vinyl chloride (2 sites); OES: toluene (1 site), xylene (1 site), trimethyl

which 90 at each site  occupational exposure standard (OES), benzenes (1 site), tetrachloromethane (1 site), dichlorofluoromethane (3 sites)
or maximum exposure level (MEL)

Measurements in ambient air above landfill surface

Bridges et al, 1396 1 UK landfil site, mainly municipal, some 14 VOCs measured: 2, UK OES all 14 compounds at least 1,000 fold under occupational limits
industrial waste 5, and 10m above
surface
James and Stack, municipal and non-hazardous industrial 11 VOCs measured: 2 WHO air quality standards benzene exceeded WHO ambient air limit. Benzene, toluene, ethylbenzene, xylene
1997 waste site in Ireland m above surface 5-13 times higher than typical UK rural concentrations and similar to urban

concentrations. Other compounds no comparison values available.
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Compounds found to exceed exposure limits in more than one study include suspected
carcinogens vinyl chloride and benzene. The different exposure limits used vary
considerably, for some compounds up to a factor 10. For example the TLV for benzene used
by Young and Parker (1983) is 3.25 mg/m® and the OEL for benzene used by Westlake
(1995) is 30 mg/m°. Further, it should be noted that the exposure limits used do not take
account of exposure to a chemical mixture such as landfill gas and assume synergistic and

additive effects not to occur within these mixtures (Allen et al, 1997). Very little data exists on
the potential for such effects.

Ambient air at waste sites

The above studies measure concentrations of toxic components in landfill gas within sites,
before emission to the ambient air. However, whether concentrations of these compounds
are still high enough to represent a health risk after release into the air, either to site workers
or to nearby populations, largely depends on the degree of dilution of the landfill gas as it
leaves the landfill surface (Allen et al, 1997; Young and Parker, 1983). Young and Parker
(Young and Parker, 1983) in an assessment of landfill gas hazards at 6 U.K. sites report that
in general a 100-fold dilution in the air should ensure toxic components in landfill gas to
reach concentrations where they do not represent a risk to health at long term exposures.
Such dilutions should be easy to achieve. It has for example been reported that methane
(the main component of landfill gas) is typically diluted over one thousand-fold within the first
two metres above the landfill surface (Young and Heasman, 1985). Bridges et al (1996)
carried out an exposure study of workers at a U.K. landfill and measured 14 VOCs in the
ambient air at 2, 5, and 10 metres above the surface of the landfill. Concentrations of these
VOCs were all more than 1,000 fold lower than U.K. occupational exposure limits. The 14
VOCs did not include compounds found to exceed limits in other studies, apart from
dichlorofluoromethane. Benzene and vinyl chloride were not analysed for example. James
and Stack (1997) measured VOCs 2 m above the landfill surface of an Irish site. Benzene
was the only compound out of 11 VOCs analysed found to exceed WHO ambient air quality

standards (by a factor 5), other compounds were found in concentrations similar to typical

urban air values.

Ambient air at residential locations

There are few published studies giving measured concentrations of trace gas components in
ambient air at distances away from landfill site boundaries where residential populations
would be exposed to the chemicals. Table 2.3 shows concentrations of volatile organic

compounds measured in ambient air near landfill sites. Not all compounds measured in the
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respective studies are shown, only those that were common to two or more studies. The
measurements given in Table 2.3 are based on one-off investigations of individual sites. with
the exception of the Californian study which is based on nearly 300 landfills. Differences
between studies in sampling locations relative to the landfill site and in meteorological

conditions make comparisons between studies extremely difficult.

At the French industrial and household waste site of Montchanin, one of the sites included in
the EUROHAZCON study, odour complaints from residents led to measurement of VOCs in
ambient air both at the site and several off-site locations (Deloraine et al, 1995; Zmirou et al,
1994). The total concentration of VOCs decreased from 1364 ug/m® at the site 1.5 m above
the surface, to 433ug/m® 100 metres downwind from the site at the nearest house, and
192ug/m® in the town centre 600-700 m from the site (Table 2.3). Concentrations of
aromatic, halogenated, and other hydrocarbons, decreased greatly also with distance from
the site. The Belgium site of Mellery has also been the subject of many complaints about
smells and odours. Benzene, toluene, and trichloroethylene, amongst other VOCs, were
measured off-site in small concentrations as shown in Table 2.3 (Klemans et al, 1995
Lakhanisky et al, 1993). Odour complaints again led to the investigation of the Nant-y-
Gwyddon landfill in Wales (ENTEC, 1998). Measurements in this community (500-1000 m
from the site) found only benzene to exceed the U.K. environmental assessment level
(3.24pug/m® for benzene) by factors of up to 6. It was estimated in this investigations that the
landfill contributed up to 1.1 ppb (3.6ug/m°) of the benzene in the community air samples,
the rest probably being contributed by other sources such as motor vehicle emissions. The
California landfill testing Program measured 10 VOCs in ambient air at the perimeter of 288
landfills, both hazardous and non-hazardous (Baker et al, 1990). Benzene was detected at
45%, trichloroethylene at 33%, and vinyl chloride at 8% of sites. Maximum concentrations
detected are shown in Table 2.3 and again show the highest concentrations in ambient air

for benzene.

The studies in Table 2.3 show that measurements taken at the boundary or in the immediate
vicinity of the sites are generally higher than average ambient air concentrations (rural and
urban) as published by the WHO (World Health Organization, 1998), but lower than the
WHO air quality guidelines. For suspected carcinogens (benzene, trichloroethylene, vinyl
chloride) the WHO does not recommend safe levels. Benzene in the immediate vicinity of

the Mellery and Californian sites exceeded limits proposed by the EC (European

Commission, 1998).
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Table 2.3: Concentrations of selected volatile organic compounds measured near landfill sites in ambient air

Concentrations measured near waste sites (7 g/m 3 )

Average ambient
concentrations (7 g/m %)

WHO air quality guideline
(?g/m3)

EC ambient air quality
limit value (ug/m3)

Montchanin (France)

total VOCs

saturated aromatic hydrocarbons

halogenated compounds

Mellery (Belgium)

benzene

toluene
ethylbenzene
trichloroethylene
vinyl chloride
tetrachloroethylene

Nant-y-Gwyddon (Wales)

total non methane VOCs
benzene

California : 288 landfills

benzene
trichloroethylene
vinyl chloride

atsite, 1.5m first house

from ground (100m)

1364 433

418 302

57 18

immediate village of

vicinity Mellery

152 4.2

190 1.4

56 2.3

65 2.5

19

15 13

1 m above in community

ground during odour
events

59-618 37-490
4-17.9

perimeter of landfill

max concentration measured

1620

411

27.5

600-700m
from site

193
113
4

1 (rural), 5-20 (urban)

< 5 (rural), 5-150 (urban)
1-100

<1 (rural), <10 (urban)
0.1-10

<1 (rural), < 5 (urban)

1 (rural), 5-20 (urban)

1 (rural), 5-20 (urban)
<1 (rural), <10 (urban)
0.1-10

no safe level

260, weekly average
22,000, 24 hour average
no safe level

no safe level

250

no safe level

no safe level
no safe level
no safe level
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Levels of volatile organic compounds measured in the nearby communities in Mellery and
Nant-y-Gwyddon are within the range of average ambient urban concentrations but in the
Nant-y-Gwyddon community benzene exceeds the EC limit. Again, it should be noted that

air quality guidelines and limits do not take account of exposure to multiple chemicals. Limits
are not available for example for total VOC concentrations.

Indoor air

The migration of landfill gas containing VOCs through soil into basements of houses causing
pollution of indoor air has been proposed as a route of exposure of residential populations
(Brosseau and Heitz, 1994; Foster, 1993; Lewis-Michl et al, 1998), although very little data is
available to judge the importance of this route. Eikmann (1996) summarises results from a
German study which found chiorinated VOCs in basements of house 150 m away from a
hazardous waste site at higher concentrations than above the landfill surface, as shown in
Table 2.4. Concentrations of the 5 VOCs measured within the basements are also higher
than average ambient background concentrations (World Health Organization, 1998) (see
Table 2.3 for background concentrations). A New-York State study investigated cancer
incidence around municipal landfill sites with conditions that allowed for possible indoor
human exposure through soil gas (Lewis-Michl et al, 1998). Out of 245 municipal landfills in
the state 38 were identified as having potential off-site soil gas migration. For only 3 of these
sites indoor sampling results were available, showing no VOC contamination of indoor air in
houses near two sites and contamination with vinyl chloride, benzene, and trichloroethane in

houses at the third site.

Table 2.4: concentration (pglm3) of VOCs in air at and nearby a hazardous waste site in
Germany (from Eikman 1996)

cellars (150 m 1.5 m above

from site) landfill surface
trichloromethane 15 3
tetrachloromethane 160 10
trichloroethylene 5100 22
tetrachloroethylene 5000 140
dichloromethane 200 12

Air emissions of compounds other than VOCs

Very little is known about air emissions of toxic compounds other than VOCs, whether
through landfill gas emissions or dust and particle emissions. The OTA (Office of Technology

Assessment, 1989) reports that mercury has the potential to volatilize into the air and
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documents a Swedish study which found mercury levels at four landfills to exceed
background levels one to two-fold. Young and Heasman (1985) tested landfill gas at 9
industrial landfill sites for the presence of heavy metal elements and found that none of the
44 elements measured exceeded toxicity threshold. In fact, concentrations in the air above
the landfill site were higher for several metals than concentrations in the landfill gas.
According to the authors this may indicate that dust rather than landfill gas is the
predominant source of heavy metal emissions from landfill sites. Dust emissions were also
thought to be a probable explanation of high concentrations of heavy metals found in soil
near an incinerator waste dump (Smith and Lloyd, 1986). The National Research Council
(1991) reports documented migration of heavy metals into to air at 71 (7%) out of 951
National Priority List (NPL) Sites. Air emissions of other toxic compounds, PCBs, dioxins,
pesticides, were each documented at one percent or less of the NPL sites.

2.2.2 Human exposure

Direct measurements of exposure of human populations to chemicals from waste sites
include two types of measurements: personal monitoring and biological monitoring (National
Research Council, 1991). In personal monitoring the concentration of air contaminants is
measured in the breathing zone of the individual, biological monitoring uses markers to

measure either the internal dose of chemical (biomarkers of exposure), or of the biological

response to exposure (biomarkers of response or early effect) (Hoet and Haufroid, 1997:
Vine, 1996).

Biomarkers of exposure measure levels of chemicals in human tissue and fluids (e.g.

blood, urine). These techniques can generally only measure a small number of chemicals
and their use is limited to situations where environmental monitoring data indicate specific
chemicals that are of particular concern. The presence of chemicals in the body is currently
difficult and costly to measure.

Biomarkers of response or early effect measure biological responses such as
chromosomal changes (sister chromatid exchanges) and molecular changes (DNA adducts),
or changes in concentrations of liver enzymes, and could be seen as early effect
manifestations. Response biomarkers may be a step in the pathological process towards
disease (Vine, 1996), but their interpretation is difficult whilst the link with clinically overt
disease remains unclear. For example, Sorsa et al (1992) find structural chromosome
aberrations predict cancer risk better than sister chromatid exchanges. They also point out
that theoretically it is reasonable to assume that chromosome damage is directly related to

cancer aetiology, but that the number of agents clearly shown to induce chromosome
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damage in humans is still limited. Increased frequencies of chromosome changes may
indicate exposure to mutagens and carcinogens but it is at present not clear how well they
predict cancer risk or risk of other outcomes such as congenital anomalies.

Personal monitoring and biological monitoring have been used to measure exposure in
occupational settings (Lauwerys and Hoet, 1993), but rarely in studies of environmental
exposures (National Research Council, 1991), and even less in the study of waste site

exposures. Studies that have directly measured exposures in landfill workers and residents
are summarised in Table 2.5.

2.2.2.1 Workers

There are very few published studies of personal or biological monitoring of workers at
landfill sites (Johnson, 1997), although monitoring has been recommended as part of
medical surveillance programmes of hazardous waste site workers in the United States
(Gochfield, 1990).

Personal Monitoring

Bridges et al (1996) used personal monitoring to measure the concentration of 14 selected
volatile organic compounds at a waste sites in the U.K. Four waste site employees carried
personal samplers for the duration of 4 hours and 40 min on the same day and at the same
time, on four separate occasions. All concentrations measured were well below occupational
standards, but generally higher than concentrations measured in ambient air samples at
fixed locations (2, 5, and 10 m) above the landfill surface (see previous section).
Concentrations of some specific chemicals varied greatly between individual workers. For
ethylbenzene for example exposures were higher in the drivers than the office workers,
whereas for nitromethane higher exposures were found in office workers compared to
maintenance staff. The authors conclude that the differing patterns of exposure amongst the

workers may indicate that the landfill was not the main source of exposure to these

chemicals.
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Table 2.5: Studies measuring human exposure to chemicals from waste sites

Reference

Study site(s)

Exposed population

Control population

Exposure Measure

Reported Findings

Workers
Bridges, 1996

Hartmann,
1998

Fender, 1998

Gonsebatt,
1995

Residents
Hamar, 1996

Reif, 1993

Kurttio, 1998

Stehr-Green,
1986

Stehr-Green,
1988

Heath, 1984

Lakhanisky,
1993

Klemans,
1995

Clark, 1983

landfill site in UK

waste disposal site in
Germany

2 waste disposal sites in
Germany (including above:
Hartman et al)

hazardous waste landfill
site in Mexico

hazardous waste site in
us

hazardous waste site in
us

waste treatment plant with
incinerator in Finland

3 waste sites in Indiana,
us

12 waste site communities
in US

Love Canal waste site, US

hazardous waste site in
Mellery, Belgium

hazardous waste site in
Mellery, Belgium

pesticide landfill in
Hardeman County

4 workers at waste site

44 waste site workers

site 1: 43 waste site workers (same as
above), site 2: 29 waste site workers

12 waste site workers

100 residents within 3 miles from site

residents in two areas adjacent to site:
149 in area 1, 172 in area 2

11 workers, 45 high-exposure residents
(1.5-2 km), 38 medium-exposure (2.5-
3.7 km), 30 low-exposure (5 km)

residents in community near waste
sites: 51 high risk, 55 at-risk

9-114 residents in each community

46 exposed residents in houses where
chemicals from site had been detected

51 residents, including 11 children of
village with waste site

47 children from village with waste site

49 exposed residents, 57 unexposed

47 controls from local

administration

site 1: 47 controls; site 2:
24 controls from local

administration

7 residents from nearby

village

106 residents in

community 45 miles

away

residents in community
12-15 miles away

reference population (30

km)

8 unexposed residents in
community near waste

site

residents in adjacent

census tract

52 control persons: blood

donors

children from control

community

use of contaminated well

water

personal monitoring of 14
VOCs

chromosomal aberrations,
SCE, DNA damage

chromosomal aberrations,
SCE

chromosome aberrations,
SCE

serum VOCs : 31 VOCs
measured, 10 with
detectable results

urine mercury

hair mercury

serum PCBs

serum PCBs

SCE, chromosomal
aberrations

sister-chromatid
exchanges (SCE)

chromosomal changes

liver function

concentrations of all 14 VOCs well below occupational
standards.

higher frequency of chromosomal aberrations and DNA
damage in waste site workers, suggesting exposure to
genotoxic compounds at waste site; no difference in SCE.

higher frequency of chromosomal aberrations, suggesting
exposure to genotoxic compounds; no difference in SCE.

higher frequency of chromosome aberrations, suggesting
exposure to geotoxic compounds, no difference in SCE

acetone higher in waste site community; 1,1,1-trichloroethane
higher in control group. Overall no apparent association.

No statistically significant difference in percentage detectable
mercury levels or mean mercury level

highest absolute mercury levels and increase over 10 year in
workers; in residents decreasing mercury levels with distance
from site.

high average level and abnormally elevated PCB levels in both
high risk group and at-risk group compared to background
levels.

serum levels in majority of communities (10 out of 12) within
background range. High levels in 2 communities

no difference in frequency of chromosome changes

higher frequency of SCE in exposed population, in particular
children

chromosome damage frequency returned to background levels
after site remediation.

abnormalities in liver function in exposed. Returned to normal
2 months later.
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Biological monitoring

Hartmann et al (1998) studied exposure of workers at a waste disposal site in Germany by
comparing the frequency of structural chromosome aberrations, sister chromatic exchanges
and DNA damage between 44 waste site workers and 47 controls working in local
administration. Structural chromosome aberrations and DNA damage were more frequent
amongst the waste site workers, suggesting that exposure to genotoxic compounds at the
waste site occurred. Sister chromatid exchanges did not differ between groups. Smokers
were found to have a higher frequency of all endpoints but smoking did not explain the
difference between the two exposure groups. A second study combining the study
population of the Hartmann study with 39 workers and 24 controls at a second waste site,
reports largely similar findings (Fender and Wolf, 1998).

A Mexican study compared cytogenetic markers in 12 hazardous waste landfill site
workers and 7 controls from a nearby village (Gonsebatt et al, 1995). Workers had higher
frequencies of chromosome aberrations but not of sister chromatid exchanges. Smoking was
more frequent amongst controls. A previous study of the workers and controls had found no
differences in blood lead, urinary mercury, cadmium in hair, or phenols on blood and urine
(Gonsebatt et al, 1995). Only arsenic was found to in higher concentrations in urine of
workers than in controls. The authors conclude that although chromosome damage could
not be attributed to a particular chemical exposure, it did indicate exposure to genotoxic
chemicals. The number of subjects in this study is small however, and the selection of the

control population unclear.

2.2.2.2 Residents

Biomonitoring of residents near waste sites has included the use of biomarkers of exposure
(volatile organic compounds in blood, PCBs in blood, and mercury in hair and urine) and
biomarkers of response or early effect (cytogenetic monitoring / liver function tests) (Table

2.5).

Biomarkers of exposure

Hamar et al (1996) measured volatile organic compounds in the blood of residents near a
National Priority List Site in the U.S. Several factories and a hazardous waste treatment
facility which operated hazardous waste incinerators, were located at the site. On-site
monitoring showed high levels of organic compounds in the soil and groundwater but no off-
site contamination of groundwater or air had been documented. One hundred blood samples

of randomly selected residents from the community near the site (within 3 miles) were
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compared with 106 blood samples of residents from a control area with similar age
distribution, social class, and housing characteristics as the waste site community. Blood
samples were analysed for 31 compounds, but only 10 of these were detected in enough
samples to allow for comparisons between the waste site area and the control area. Levels
of acetone were statistically significantly higher in the blood samples of the waste site
community than the control community, levels of trichloroethane significantly lower. Of the
other compounds five (benzene, styrene, ethylbenzene, m,p-xylene, o-xylene) showed lower
and three (2-butanone, 1,4-dichlorobenzene, toluene) showed higher levels in the waste site
community but none of these differences were statistically significant. Levels of 8 of the 10
VOCs were below those of a national reference population, 1,4-dichlorobenzene and 2-
butanone levels were slightly higher than the national reference in both the waste site
community and the control community. VOCs do generally not bio-accumulate so the study
measured current exposure only, not past exposures. The authors conclude that it is feasible
to monitor for VOC exposure in waste site communities but that such monitoring should be

carried out only where environmental monitoring has indicated high levels of VOCs.

Mercury concentrations in urine samples of residents of two areas adjacent to a U.S.
National Priority List Site were compared to samples of residents living in a comparison area
12-15 miles away in a study by Reif et al (1993). The site was contaminated with volatile
compounds, organochlorine pesticides and heavy metals. Urine mercury levels provide a
measure of medium-time exposure: mercury takes several months to excrete. The
percentage of people with detectable levels of urine mercury was higher in one of the two
areas near the site than the control area (8.7% vs. 5.4%), although this difference was not
statistically significant (OR 1.9 95% CI 0.6-5.8). Mercury levels in the other adjacent area did
not show any differences with the control area. Demographic differences, between the
populations were taken into account as were other possible sources of mercury exposure
such as dental fillings. Mercury levels in all three areas were generally within the reference
range of the general population. The percentage of subjects having detectable mercury
levels was small (7% overall), due, according to Kurttio et al(1998), to the mercury detection

limit in this study being too high.

Kurttio et al (Kurttio et al, 1998) studied hair mercury concentrations of a population living
near a hazardous waste treatment plant in Finland, which included an incinerator. The same
population had been studied 10 years earlier, at the start of the plant. The investigators
chose mercury as the main compound for study because elevated concentrations of
mercury, but not of other pollutants, had been measured in the environment (ground and

surface water) surrounding the plant. Increases in hair mercury concentrations over the 10
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year period were found in each of 5 study groups: workers at the plant, high-exposure
residents (1.5-2 km), medium-exposure residents (2.5-3.7 km), low-exposure residents (5
km), and a reference group living 30 km away. The change in mercury concentration was
highest for workers at the plant, followed by the high-exposure resident group, and was
lowest in a reference population 30 km away. Absolute concentrations were highest again in
the workers followed by the high and medium exposed residents, and lowest in the low-
exposure residents and the reference population. Fish consumption was highly associated
with hair mercury levels but did not explain the differences between the exposure groups.
The levels of mercury in all exposure groups were generally within the range of typical levels
in the general populations: only 3 individual measurements (one from high-exposure group,

one from low-exposure group, one from reference populations) exceeded this range.

A pilot study in Indiana, U.S., assessed the use of serum PCB monitoring in a community
where 3 waste sites were located (Stehr-Green et al, 1986). PCB contamination had been
detected at the sites. PCBs bio-accumulate in body tissues and serum levls reflect long-term
exposures. A high exposure group was selected on the basis of reported activities of nearby
residents leading to potential of exposure to the 3 sites (occupation, swimming, fish eating,
playing on-site, etc). The non-exposed group comprised residents of the same community
who reported no potential exposure. In addition an ‘at-risk’ group was selected randomly
from residents within 0.5 mile of the site. Serum PCB levels were higher in the high exposure
group and the ‘at-risk’ group than in the unexposed group, but differences were not
statistically significant after exclusion of occupationally exposed individuals. Levels in the
high-exposure and ‘at-risk’ group were higher than levels measured in general U.S.
populations measured previously but this may be due to the inclusion of occupationally
exposed individuals in the study. The absence of an unexposed control population makes

the elevated PCB levels in this community difficult to interpret.

The same investigators report serum PCB levels in 12 communities near waste sites
throughout the U.S. where PCB contamination on or off-site had been documented,
including the above community in Indiana (Stehr-Green et al, 1988). In 10 of the twelve
communities the percentage of subjects with high levels of PCBs (>20 ppb) were reported to
be within the background ranges found in other population-based studies. In two
communities, including the Indiana community, the percentage of subjects with PCB levels
of over 20 ppb was statistically significantly higher than expected on the basis of the
population-based studies. The study does not take account of demographic factors or
possible other exposures which may explain differences in PCB levels found between the

twelve waste site communities and comparison populations.
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Biomarkers of early effect

Heath et al (1984), compared the frequency of chromosome changes (sister-chromatid
exchanges and chromosomal aberrations) in residents who lived in the first ring of houses
adjacent to Love Canal in 1978 with control persons from socio-economically similar census
tracts. No difference in frequency of chromosome damage was found. Chromosome
changes were measured in 1981 and 82, a few years after people were evacuated from the
first ring of houses and therefore no longer exposed. The authors point out that chromosome
damage may be a reversible effect, which may explain the negative findings.

In Mellery, Belgium, gases containing a complex mixture of volatile organic compounds
escaped when the clay seal of a landfill site cracked. Because some of the detected
chemicals were known mutagens and/or carcinogens, damage to chromosomes was studied
and an increase in chromosome damage (sister chromatid exchanges) was found among
Mellery residents but not in unexposed subjects in subgroups of both smokers and non-
smokers (Lakhanisky et al, 1993). In children aged 8-15 a more marked difference was
found between exposed and unexposed groups than among adults. The findings indicated
exposures similar to those of occupationally exposed populations. The adult unexposed
comparison subjects were recruited from a volunteer blood donors list and may therefore
have comprised a group with different risk behaviour and exposure to possible risk factors
for chromosome damage than the general population. The blood donors reported less
‘occupational exposure’ than the Mellery inhabitants. It is unclear how occupational exposure
was defined and results have not been adjusted for it. A follow-up study after site
remediation reduced the concentration of the atmospheric pollutants to background levels,
reported that chromosomal damage in Mellery children had returned to background levels

and were no longer different from unexposed populations (Klemans et al, 1995).

In Hardeman County, Tennessee, well water used as drinking water by residents was found
to be contaminated with high concentrations of carbon tetrachloride and other chlorinated
compounds after complaints were received about the taste of the water. A nearby landfill
where 300,000 barrels of pesticide waste had been buried was found to be responsible for
the contamination. Analysis of indoor air and bathroom air while showers were running both
indicated detectable levels of carbon tetrachloride and other organic compounds in houses
that received water from the contaminated wells. Carbon tetrachloride has been identified in
toxicological studies as a strong liver toxin and the investigation carried out several months
after the population had stopped using the water for drinking, showed abnormally high levels

of liver enzymes (indicating liver damage) in residents who had used contaminated water
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compared to unexposed controls (Clark et al. 1982). The authors concluded that this would
have mainly resulted from exposure due to washing and toilet water uses, and possible from
previous exposure through drinking and cooking. Two months later, when use of the well
had completely stopped, liver function in the exposed population had returned to normal.
This study benefited from relatively well-documented exposure information and a clear

hypothesis about the possible health effects (i.e. liver disease) related to exposure to carbon
tetrachloride.

2.2.3 Summary and conclusions

The presence of toxic chemicals in landfill leachates and gases has been demonstrated in a
number of site investigations in Europe and the U.S. The Superfund programme has
followed a systematic approach, investigating releases at large numbers of sites to decide
on their inclusion on the National Priority List (NPL) with priority for clean-up. NPL sites have
been relatively well assessed with respect to the potential or actual migration of hazardous
chemical substances from the sites through ground water, surface water, and air(National
Research Council, 1991).

It is difficult to describe which toxic chemicals are typically present in landfill leachate.
Studies of particular landfills at particular stages can not easily be extrapolated to predict the
composition of other landfill leachates. Groundwater studies have documented releases of
leachate from waste sites. Compounds most commonly associated with such releases
appear to be chlorinated and aromatic hydrocarbons, and heavy metals. Little is known
however about the transport of these specific compounds in groundwater and it is not
possible to say to what extent attenuation processes may restrict transport of compounds
further away from sites. Groundwater pollution plumes have at particular sites been found
only to extend to the immediate vicinity of sites, while at other sites plumes have been
transported hundreds or even thousand of metres from landfills. Findings at particular sites
and at particular times can not be used to draw conclusions about the distance to which
pollution plumes may extend at landfill sites in general. Where drinking water wells are
located within the reach of a landfill pollution plume human populations are at obvious risk of
exposure to chemicals from landfills. A few incidents of drinking water pollution from waste
sites have been reported in the U.S., with concentrations of toxic chemicals exceeding

drinking water guidelines. The chemicals of concern in these cases have been chlorinated

and aromatic hydrocarbons.
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Landfill gas contains volatile organic compounds as trace components. The range of volatile
organic compounds found in landfill gas does not appear to vary substantially between
different sites, although concentrations of these compounds do. Concentrations of specific
VOCs detected within undiluted landfill gas have at some sites reported to exceed
occupational exposure limits. Aromatic (benzene, toluene) and chlorinated (vinylchloride,
tetrachloroethylene) hydrocarbons are amongst these. Landfill gas is likely to be
substantially diluted in ambient air as soon as it is released from the landfill surface. Little is
known about possible concentrations of substances in ambient air at distances away from
landfills where exposure of residents may occur. From the few published findings of ambient
air monitoring near landfill sites, concentrations of VOCs appear in the immediate vicinity of
sites to be higher than average ambient air concentrations, but lower than WHO air
guidelines. In villages near, but at unknown distances from, two European landfill sites
where ambient air measurements were taken, concentrations of individual VOCs tended to
be within the range of average ambient urban concentrations. Little is known about whether,
when individual compounds do not exceed health limits or average levels, the concentration
of the total mixture of VOCs may be important. Monitoring of landfill gas and ambient air
near landfills has been limited mainly to volatile organic compounds and data about the
presence of other toxic chemical compounds, for example heavy metals, in gas, dust, or

particulate emissions from sites, is almost completely lacking.

Exposure of humans to chemicals from landfill sites is difficult to measure, not only because
direct exposure monitoring is costly, but also because exposures are likely to be to unknown
and complex mixtures of chemicals which makes it extremely hard to find appropriate
measures. Peréonal monitoring and biomarkers of exposure are generally useful only when
specific chemicals of particular concern have been identified through environmental
monitoring. Also, in both personal and biological monitoring, landfill exposures are hard to
distinguish from other environmental exposures. Confounding by other sources of exposures
is difficult to measure and therefore difficult to control for in these measurements. Studies
which have employed direct exposure measurement to assess exposure to landfills in
humans have been few. Chromosome studies of workers at waste sites in Germany and
Mexico have suggested exposure of these workers to genotoxic chemicals. An increased
presence of chromosome changes was also reported in children resident near a landfill site
in Mellery, Belgium, but not in Love Canal residents which may have been due to
reversibility of chromosome damage. Findings in Mellery children returned to normal after
closure of the landfill, also indicating a reversible effect. In Hardeman County exposure to

waste site pollutants in drinking water was measured by changes in levels of liver enzymes.
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This study showed that exposure was likely and resulted in reversible changes in liver
function.

Biological monitoring of mercury, PCBs, and VOCs in populations near landfill sites has
not convincingly shown exposure to these compounds to be higher in populations near sites
than in control areas. Studies are difficult to interpret since they generally measure only one
compound of a range of possible contaminants that may have been released by the
particular landfill. A Finnish study found some evidence for mercury levels being higher in
hair of residents living closer to a hazardous waste treatment plant. In this study however,

mercury levels in this study, even if due to the treatment plant, were low, lower than levels

reported in general reference populations.

In summary, toxic chemical compounds have been found to be present in landfill gas,
leachate, and off-site contamination at particular landfill sites. Halogenated and aromatic
hydrocarbons have raised most concern, both in water contamination and in air emissions
from landfills. Concentrations of these compounds in environmental media surrounding
landfills may be high in the case of drinking water contamination. Concentrations in ambient
air may be relatively high in the immediate vicinity of sites, but have been reported to be
within normal rural and urban ranges in residential communities near the few sites where
such investigations have been carried out. Exposures in human populations are difficult to
measure. Direct exposures studies are scarce and have generally tended not to find strong

evidence for exposure of residents near waste sites.
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2.3 TERATOGENIC POTENTIAL OF CHEMICALS FOUND IN LANDFILL SITE
CONTAMINATION

Many chemicals commonly present in landfill sites have shown teratogenic and/or mutagenic
properties and could therefore affect embryonic development and cause congenital
anomalies. The current section aims to give a brief overview of evidence from both
experimental and epidemiological literature for teratogenic potential of the main groups of

chemicals which may be of concern in waste sites exposures. Where possible | have based

this section on existing reviews.

It would fall beyond the scope of this thesis to review in depth the evidence for teratogenicity
and mutagenicity of every chemical that may be present in landfill sites. At hazardous waste
sites investigated under the Superfund programme in the U.S. more than 2,000 individual
substances were found in contaminated environmental media (DeRosa et al, 1996). From
section 2.2 it became clear that very little data is available to indicate which specific
chemicals are mainly present in landfill exposures. Volatile organic chemicals have attracted
most concern. Evidence from the U.S. Superfund programme has shown which chemicals
are commonly detected in completed exposure pathways from hazardous waste sites
(Johnson and DeRosa, 1997) (Table 2.6). | have limited this section to chemicals shown in
Table 2.6, which fall in the following main groups: industrial organic solvents, chemicals used
in the plastics industry (mainly vinyl chloride), heavy metals, and PCBs. Other groups of
chemicals which may be present in hazardous waste landfill sites but are, to our current
knowledge, not commonly present in off-site contamination from sites, include pesticides,
dioxins and furans, phthalates, and poly-aromatic hydrocarbons (PAHs). Extensive reviews
of the teratogenicity of environmental and industrial chemicals including these groups of

chemicals, can be found elsewhere (Barlow and Sullivan, 1982; Couture et al, 1990; Garcia,

1998; Schardein, 1985).

This section starts with a discussion of general principles of teratogenesis and issues

common to the interpretation of teratogenic evidence presented further in the section.
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:’;gx 2.6: Substances commonly found at hazardous waste sites in the U.S. (from Johnson

substances found in completed % of sites  chemical group

exposure pathways at > 10% of 530

NPL sites

trichloroethylene 40 organic solvents - halogenated
lead 34 heavy metals
tetrachloroethylene 30 organic solvents - halogenated
arsenic 23 heavy metals

benzene 21 organic solvents - aromatic
cadmium 17 heavy metals

chromium 17 heavy metals
1,1,1-trichloroethane 16 organic solvents - halogenated
PCBs 15 PCBs

1,1 dichloroethene 14 organic solvents - halogenated
chloroform 14 organic solvents - halogenated
1,1-dichloroethane 13 organic solvents - halogenated
vinyl chloride 13 plastic chemicals

zinc 12 heavy metals

mercury, metallic 12 heavy metals
1,2-dichloroethane 12 organic solvents - halogenated
methylene 12 organic solvents - aliphatic
toluene 10 organic solvents - aromatic

2.3.1 Principles of teratogenesis

A teratogen is an agent that causes defects of fetal development (Harbison, 1980).
Traditionally, structural congenital malformations were considered the main manifestation of
teratogenic impact, but the term teratogen now also includes agents that induce metabolic,
functional, and behavioural defects prenatally in the developing fetus (Wilson and Fraser,
1977).

Environmental agents may cause malformations in the developing embryo through
teratogenic and/or mutagenic action. Mutation is by some authors discussed as one of the
mechanisms of teratogenesis (Harbison, 1980; Wilson and Fraser, 1977). The term
teratogenesis has classically been reserved for effects from post-conceptional maternal
exposures, whereas mutagenic action may take place both before conception, through
exposures damaging the genetic material of maternal and paternal germ cells, and after
conception through maternal exposure damaging genetic material of somatic cells in the
developing embryo. Post-conceptional somatic cell mutations in the early embryo may cause
congenital malformations and spontaneous abortion (Harbison, 1980; Hemminki et al, 1980),
and may play a role in the causation of cancer after birth as in the case of DES exposure

(Autrup, 1993; Fraumeni, 1974; Hemminki et al, 1980). Maternal and paternal germ cell
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mutations from pre-conceptional exposures that could lead to congenital abnormalities in the
developing embryo include new single-gene mutations and structural and numerical
chromosomal abnormalities (Dellarco, 1993: Favor, 1993). Only autosomal dominant and
some recessive X-linked single gene mutations in germ cells can lead to detectable
malformations in the offspring. Interest in paternal exposure leading to malformations in the
offspring through so-called ‘male-mediated teratogenesis’ is increasing, although evidence in
humans remains scarce (Olshan and Faustman, 1993; Sever, 1995).

In the 1970s Wilson and Fraser (1977) discussed the main principles of teratogenesis which
have changed little since. Wilson and Fraser described how the teratogenic response of a
chemical was defined, besides the nature of the specific chemical, by the developmental

stage at the time of exposure, the dose of the teratogen, and the susceptibility of species
and genotype to the given teratogen.

Developmental stage

The susceptibility of the developing embryo or fetus to the action of a teratogen varies
according to the stage of development. There are three major stages in development: the
pre-implantation period (week 1-2), the embryonic period (3-8 weeks), and the fetal period (9
weeks onwards) (Moore and Persaud, 1993). Major structural malformations may be
produced during the embryonic period when tissues and organs are formed. Teratogenic
impacts in the other periods are more likely to lead to death of the embryo (pre-implantation
period), or minor malformations, growth retardation, and functional defects (fetal period)
(Harbison, 1980; Wilson and Fraser, 1977). Recently, experimental evidence has shown that
structural malformations may also be produced during the pre-implantation period (Kimmel
et al, 1993).

Within the embryonic period, each organ has a critical period during which exposure to a
teratogen may cause abnormal development. The type of congenital malformation produced
depends on which organs, or parts of organs, are susceptible at the time of the exposure
(Wilson and Fraser, 1977). Development of the heart and central nervous system for
example start early, in week 3, whereas development of the palate does not start until week
6-7 (Moore and Persaud, 1993). A teratogenic insult in week 3 will therefore not produce
cleft palate, but may produce a heart or central nervous system defect. The timing of the
impact may determine the severity of the malformation: a teratogen acting early in the
development of the eye for example is likely to produce a more serious malformation than

one acting when the formation of the eye is almost completed.
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Dose

An increasing dosage of a teratogen generally leads to an increase in the incidence and in
the severity of defects produced (Brent, 1986). Most evidence suggests that teratogens have
a threshold below which teratogenic effects are not produced (Brent, 1986; Harbison, 1980,
Wilson, 1977 #15486), although there has been some discussion as to whether this threshold
dose exists for teratogens acting through a mutagenic mechanism (Gaylor et al, 1988;
Giavini, 1988). For outcomes such as mutations and cancers it is widely accepted that they
result from stochastic events and could therefore be produced at any dose, however low it
may be. In this concept risk declines with decreasing doses but never theoretically
disappears, although it may approach the background risk level in a population and therefore
not be detectable in population based studies. Threshold doses for teratogens have been
established in experimental research, but threshold doses in humans are very hard to
extrapolate from experimental data. It is not known in which dose environmental chemicals,

for example in potential landfill exposures, may be “safe” for humans.

Species and genotype

The response to a teratogen differs between species. The thalidomide experience for
example has shown that the same chemical may produce malformations only in certain
species (Janerich and Polednak, 1983). It is difficult to extrapolate experimental animal data
to humans because animal species and humans vary in a number of ways including
toxicocinetics, toxicodynamics, placental characteristics, and embryonic and fetal sensitivity
to chemicals. Hemminki and Veneis (1985) show that several chemicals, in particular
ethanol, methyl mercury and PCBs, have produced malformations in experimental animals
at effective doses close to the human effective doses, although different malformations were
produced in different animal species and humans. For many chemicals there is insufficient
data about teratogenic effects in humans to make this comparison. It is therefore often not
possible to assess how well effects in animal experiments predict effects in humans. The
general belief is that practically all chemicals will ultimately produce some kind of adverse
effect when given in a high enough dose to a pregnant animal (Barlow and Sullivan, 1982). If
adverse effects are observed in experiments at doses which are clearly not toxic to the
mother or when a chemical induces specific malformations, this is taken to suggest

teratogenic potential in humans (Barlow and Sullivan, 1982).
In addition to differences between species, genotype within a species may determine

susceptibility to teratogenic insuits. Genetic differences in the response to teratogens have

been shown in experimental animals and humans (Moore and Persaud, 1993). The term
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‘multi-factorial’ is used for the causation of malformations by a combination of environmental

and genetic factors (Fraser, 1976). A large proportion of malformations is thought to have a
multi-factorial aetiology.

Interactions

The evaluation of effects of human exposures to environmental teratogens, whether from
landfills, at the work place, or elsewhere, is complicated by the fact that exposures are
characteristically to mixtures of different chemicals. Possible interactions of chemicals may
occur within a mixture, which means that the biological effects of one compound are altered
by another (Skalko, 1985). Interactions of two or more chemicals can result in additivity
(combined effect is the sum of the individual effects), antagonism (combined effect is
significantly less than the sum of the individual effects), synergism (combined effect is
significantly greater than sum of the individual effects), or potentiation (one agent does not
have an effect but when given in combination it has) (Nelson, 1994). Nelson (1994), in a
review of studies on interactions in developmental toxicology, concludes that in about one
third of the reports no interactive effects were found, in one third antagonistic effects, and in
another third potentiative or synergistic effects. As an example of the latter effect, caffeine
has been shown to increase the production of cleft palate in mice after X-ray exposure,
whilst not being teratogenic alone as a single exposure (Skalko, 1985; Yielding, 1993). A
study investigating the interactions of genotoxic chemicals present in hazardous waste sites
(lead tetra-acetate, arsenic trioxide, dieldrin, tetrachloroethylene), found both antagonistic
(mixtures of lead tetra-acetate and arsenic trioxide) and synergistic (dieldrin and
tetrachloroethylene) effects of different combinations of chemicals, and concluded that
effects of individual chemicals may not be true predictors of the interactive effects of
complex chemical mixtures (Ma et al, 1992).

Research on interactions of chemicals is complex and although experimental data is
increasingly becoming available (Teuschler and Hertzberg, 1995), effects of multiple

chemical exposure in h