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Introduction

In the United States, the Resource Conservation 
and Recovery Act (RCRA; PL# 94-580), enacted in 
1976, requires that all solid waste (i.e. normal gar-
bage) and hazardous waste be disposed of in licensed 
landfills. Similarly, the European Landfill Directive 
(Council Directive 99/31/EC) which came into force 
on 16.07.1999 (http://ec.europa.eu/environment/waste/
landfill_index.htm) governs how and where waste 
disposal may occur. These laws and their associated 
regulations require that landfills have impervious lin-
ers, mechanisms for collecting leachate and gases, and 
other similar controls to reduce off-site contamination. 
However, old landfills, previously known as dumpsites, 
continue to pollute the surrounding environment, gener-
ally through the groundwater although in some instances 
contaminated dust can be a major source of pollution. It 
has been shown that once a landfill is saturated, annual 
precipitation of approximately 90 cm per year can per-
colate 3.7 million litres of contaminated water per acre 

(Salvato et al., 1971). Contaminants in the leachate in-
clude NAPLs (non-aqueous phase liquids), VOCs (vola-
tile organic compounds), s-VOCs (semi-volatile organic 
compounds), OCs (organochlorines), other pesticides, 
and metals/metalloids. Leachates are complex mixtures 
of compounds from all these classes, each of which has 
compound-specific soil migration rates, complexation 
properties, biodegradation potential and toxicity. Thus, 
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determination of the comparative risks of leachate com-
ponents reaching surface waters and/or drinking water 
wells becomes a very complex task, and includes site 
monitoring, transport modelling and comparative toxi-
cology. Specific points to consider when assessing the 
risk of a landfill to humans or the aquatic environment 
include (Kurian et al., 2005):

• mass rate of release of waterborne and airborne pol-
lutants

• aerial extent and concentration of contamination 
through groundwater plumes or via air transport and 
deposition

• total time over which pollutant release will occur (or 
has occurred)

• characteristics of the site such as the size and depth of 
solid waste and degree of compaction

• classes of pollutants accepted by the landfill (if 
known)

• characteristics of the soils and groundwater under-
neath and adjacent to the dumpsite

• persistence and transformation of the pollutants and 
their transformation products

• biomagnification potential of the pollutants
• relative toxicity of the landfill constituents
• synergistic and antagonistic impacts of other pollutant 

releases or adverse health conditions that might cause 
an exposed population to be more (or less) suscepti-
ble to pollutants derived from the site.
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Site Monitoring 

Monitoring begins with a site inspection and analysis of 
available historical information. Information about the 
types of materials that had been put into the landfill is par-
ticularly important, although frequently unavailable for 
old landfills (Kjeldsen, 1993). All information about pol-
lutants should be considered only a partial list until veri-
fied either by direct sampling or definitive records. The 
size of the site and its location in relation to other areas of 
human use should be determined and mapped. Features 
such as nearby water bodies (lakes, streams, rivers) and 
wetlands should be mapped as well and a general survey 
of surface vegetation should be completed. Groundwater 
maps and other similar data about direction and flow of 
groundwater should be gathered. This may include analy-
sis of logs of public or private wells in the area (including 
location, depth to water, and flow rates). In addition, an 
understanding of the types of soils under and around the 
dumpsite will aid in determining the potential direction of 
groundwater flow, as well as in possible surface permea-
bility and vegetative cover. Chemicals will move through 
various soils at different speeds, depending upon their 
class (volatile organics/organochlorines/metals, etc.) and 
their inherent biodegradation capacity.

Old dumpsites generally were not lined, so leachate 
will move off the site through a wide underground plume. 
Newer dumpsites and landfills are lined, so the plume 
will likely be narrower (a ‘finger’ plume) as it escapes 
through holes in the liner (Lee and Jones-Lee, 1994). It is 
important to distinguish between these two types of land-
fill construction, as the potential width of the plume will 
affect the sampling design used to collect and monitor 
groundwater for contaminants. This can be done through 
drilling monitoring wells and/or placement of piezome-
ters. Hydraulic pressure and direction of flow will enable 
modelling of the size of the plume, the direction in which 
it is moving, and the rate of movement. This, in turn, will 
allow predictions of when the contamination is likely to 
encounter surface water. At this point, the hydraulic pres-
sure of the surface water body must be included in the 
calculations (e.g. whether it is a losing or gaining reach 
of a stream relative to the pressure of the plume will de-
termine the penetration rate of the groundwater into the 
stream). 

Concentration of the chemicals of potential concern 
(COPCs) in the groundwater can be measured on samples 
taken from the monitoring wells. Various in situ collec-
tion devices are available, including (but not limited to) 
positively and negatively charged ion resins that will bind 
to most organic substances and metals. These can be left 
in place for varying lengths of time and then removed to 
determine concentrations of the COPCs in the groundwa-
ter. Combining concentration with flow rate will allow 
calculation of the total load of chemicals and how much 
will enter a surface water body or groundwater aquifer 
per unit time. If the flow rate of the surface water body is 
known, then concentrations of the COPCs in the surface 
water can be predicted (in the case where the plume has 
not yet reached the water body).

Because chemical analyses are expensive, it is desir-
able to reduce the list of initial COPCs as soon as possi-
ble. This is done initially through reviewing old records, 
if available, of what was put into the landfill. If no in-
formation is available, a small number of appropriately 
chosen random samples can be analysed for a full suite of 
contaminants, and the remainder of the samples analysed 
only for those with concentrations above levels of concern 
(e.g. above drinking water standards). Any COPCs that 
are not detected in any of the samples can be eliminated 
from further consideration (assuming sample detection 
limits are at or below benchmark toxicity values). The 
samples should be collected from as close to the landfill 
as possible to ensure that the highest concentrations will 
be present. The number of samples will depend upon the 
size of the landfill and suspected plume of contaminated 
groundwater, but should number at least five samples. 
All the general classes of compounds should be part of 
this initial test, including: organochlorines (pesticides 
plus industrial chemicals such as PCBs), VOCs, sVOCs, 
PAHs, and metals. PCBs can be analysed as ‘total PCBs’ 
or mixtures (e.g. Arochlors), rather than specific conge-
ners. Dioxins and furans are very expensive analyses and 
can be deferred until after the organochlorine screen is 
returned. If no organochlorines are detected, then the di-
oxin/furans do not need to be assessed. 

Once the list of chemicals has been established, 
groundwater monitoring can be conducted. First, an esti-
mation of the size of the plume is accomplished by drilling 
sampling wells at what is thought to be the periphery of 
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In 2003, a framework was established for a new European regula-
tory system for chemicals called REACH (Registration, Evaluation, 
Authorisation and restrictions of CHemicals), and the revised ver-
sion is referred to as the REACH or the REACH system.
One of the major purposes of REACH is to certify a high level of 
protection of human health and the environment. With respect 
to risk assessment, the objectives of REACH can be reviewed as 
two overall goals: 

1. Increasing the knowledge about the properties and uses of 
separate chemical substances.

2. Increasing the speed and efficiency of the risk assessment proc-
ess, and making importers and producers of chemicals respon-
sible for this procedure.

All general industrial chemicals are regulated in a single system in 
REACH, preventing the previous large difference in test require-
ments between ‘new’ and ‘existing’ substances. Each chemical’s 
production volume is the general criterion for priority setting, the 
higher the production volume, the more extensive test batteries 
are applicable and the assumption is also that the potential of ex-
posure and therefore the risk of adverse effects is dependent on 
the production volume.
All chemicals produced in amounts of 1 tonne or more per year 
must be registered in a central database, and this implies that 
substances that are not registered are not allowed to be manu-
factured or imported into the EU. The authorities evaluate the 
registration, the registration dossier is checked for completeness 
and the quality of the industry’s testing proposals is examined. 
The industry is required to make a preliminary risk assessment, a 
chemical safety assessment, as a way to improve the efficiency of 
the risk assessment, one of the major aims of REACH.
The chemical safety assessment should contain the following parts, 
based on the information contained in the technical dossier: 

1. Human health hazard assessment
2. Human health hazard assessment of physicochemical properties
3. Environmental hazard assessment
4. PBT (Persistent, Bioaccumulating and Toxic) and vPvB (very 

Persistent and very Bioaccumulating) assessment

If the manufacturer or importer concludes that the substance or 
preparation meets the criteria for classification as dangerous as a re-
sult of steps 1 to 4, the following steps should also be considered:

5. Exposure assessment
6. Risk characterisation

The authorisation procedure is applicable to substances that are:

1. Classified as carcinogenic, mutagenic or toxic to reproduction 
(CMR)

2. Persistent, bioaccumulating and toxic (PBT)
3. Very persistent and very bioaccumulating (vPvB)
4. Endocrine disrupting chemicals (ED)
5. Causing other serious and irreversible effects to humans or the 

environment identified on a case-by-case basis.

The authorisation requirements to meet the REACH criteria refer 
to an estimate of the chemical’s half-life, the bioconcentration fac-
tor for estimating bioaccumulation and long-term aquatic toxicity, 
or CMR data, or evidence of chronic toxicity.
If the risks to human health are adequately controlled or the so-
cio-economic benefits of using the substance outweigh the risks 
to human health and/or the environment with no suitable alterna-
tive substances, authorisation is granted.
Restriction procedures can be instigated for any substance if its 
use poses an ‘unacceptable risk to human health or the environ-
ment’, although no criteria for what is considered ‘unacceptable 
risk’ are given in the regulations.

Leif Norrgren

Production volume
 (per year)

1-10 tonnes 10-100 tonnes 100-1,000 tonnes Over 1,000 tonnes

• Physico-chemical 
properties
• In vivo skin sensitisa-
tion
• In vitro test for gene 
mutations in bacteria 
• Acute toxicity to 
Daphnia

Additional tests (apart from them re-
quired for 1-10 tonnes) required are:
• In vivo skin and eye irritation
• Two in vitro cytogenicity/ muta-
genicity tests using mammalian cells
• Acute mammalian toxicity study
• a 28-day mammalian toxicity study
• Screening for reproductive toxicity
• Acute toxicity to algae, fish and 
microorganisms
• Data on biotic degradation and 
hydrolysis, and an adsorption/desorp-
tion screening study

Additional tests (apart from 
them required for 1-100 tonnes) 
required are:
• Data on fate and behaviour
• Long-term toxicity to fish and 
Daphnia
• Fish reproduction
• Sub-chronic toxicity to mammals
• Developmental toxicity 
• Two-generation reproductive 
toxicity study.

Additional tests (apart from 
them required for 1-1,000 
tonnes) required are: 
• Long-term effect data on 
sediment living organisms, 
earthworms, soil-invertebrates 
and higher plants 
• Additional data on fish 
reproduction

Table 30.1. Required data and tests.

European Regulation System for Chemicals
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the plume. After characterising the size and shape of the 
plume, a sampling grid is established to delineate gradi-
ents and monitor the rate of movement of the chemical(s) 
in the plume. The number of wells and grid density is 
determined by available budget, size of the plume and 
need for detailed information (e.g. proximity to human 
habitation or drinking water wells). This information is 
then used to support transport models that predict the fate 
(e.g. degradation) and movement of the various chemical 
classes.

Transport Models

The evaluation of pollutant transport requires a determi-
nation of the distribution of the chemicals among water, 
particulate or vapour phases within each environmental 
compartment (air, water and soil), as well as the move-
ment (i.e. the transport) of each of these phases within and 
among the various compartments (Mackay and Mackay, 
2007). Including all compartments in every model is not 
necessary, and most landfill studies will focus primarily 
on the soil/groundwater compartment. 

There are many models available for estimating pol-
lutant transport from a point source such as an abandoned 
landfill. The USEPA 3MRA model is one of the most 
complex and consists of a series of transport models rep-
resenting all media compartments within a system frame-
work (US EPA, 2003). The UK Environment Agency’s 
LandSim (http://www.landsim.co.uk) is an interactive 
programme that tracks leachate production, chemistry, 
migration and leakage through engineered and non-engi-
neered structures, followed by leachate migration through 
the unsaturated zone to assess the ultimate impact on the 
groundwater aquifer. More simple models for estimat-
ing only groundwater dispersion are available (US EPA. 
2011a). Selection of the model to use will depend upon 
modeller’s preference, types of contaminants of concern 
and desired precision. Model selection should be based on 
the primary pollutants of interest, the amount of time and 
money available, and the required precision in estimating 
when, where and at what concentration the pollutants will 
intercept drinking water aquifers or surface water bodies. 
Degradation of organic pollutants or ageing and specia-

tion of metals should be considered in all cases, as this 
will significantly increase model accuracy. 

Comparative Toxicology

Landfills with highly hazardous pollutants should take 
priority over those with less hazardous substances. 
Determination of relative hazards can be carried out in 
one of two ways: 1) bioassays of the pollutant mixture 
or 2) characterisation and hazard ranking of each of the 
constituents. 

Bioassays measure some biological response to esti-
mate the relative effect of a mixture. These may be fol-
lowed by toxicity identification and evaluation (TIE) 

should there be a need to identify which of the constitu-
ents in the mixture are most responsible for the observed 
toxic response (US EPA, 2007). For landfill leachates, 
common bioassays include luminescent bacteria (Vibrio 
fischeri), algae (Selenastrum capricornutum), and a crus-
tacean (Daphnia magna). Genetic toxicity tests using the 
umuC gene expression test from Salmonella typhimuri-
um are used occasionally but generally not in a screen-
ing mode (Baun et al., 2000). The relative hazard of the 
leachate can be determined by the number of organisms 
responding and the strength of their response (e.g. the 
amount of dilution of the leachate that represents where 
responses are first measured).

The alternative approach is to list all the chemicals that 
are present in the leachate and rank order them by their 
aquatic toxicity or human health hazard benchmarks. 
Comparative rankings of the relative hazard among land-
fill leachates can be used to prioritise clean-up. The diffi-
culty with this approach is that some chemicals in landfill 
leachates do not have toxicity benchmarks and interac-
tive effects of the chemicals are not taken into account. 
Furthermore, it requires much more detailed and exten-
sive analytical chemistry which is generally more ex-
pensive than conducting the above-mentioned bioassays. 
Therefore, it is recommended that the bioassay approach 
be given preference.
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Exposure Assessment

Because risk is a function of both hazard and exposure, 
the final step in assessing potential risks of abandoned 
landfills is to determine the probable level of exposure to 
humans and the environment. This will depend upon 1) 
initial concentrations of materials at the landfill; 2) rate 
of movement into the groundwater; 3) distance from the 
source where people or the environment will be exposed; 
and 4) attenuation of the groundwater plume as it moves 
off-site. The assessment endpoint is the concentration of 
the pollutants in drinking water, surface water, or indoor 
air. Using the above-referenced models, the loading of 
the chemicals of concern into these media can be deter-
mined. The volume of water in the wells and/or surface 
water body will need to be known to calculate the final 
concentration of the pollutants (i.e. loading X volume 
= concentration). The concentration of the pollutants in 
the water or air (e.g. µg/L) is the amount of exposure to 
which a person or plant/animal will be exposed and is 
the same unit used for expressing hazard (e.g. acceptable 
drinking water concentrations).

Risk Characterisation

The end result of exposure modelling and estimation plus 
the bioassay information is an estimate of potential risk 
for people and the surrounding aquatic environments. 
The risk should be characterised in terms of magnitude 
and the probability of occurrence. This should include a 
description of the spatial extent of the groundwater plume 
and its probable path for continued migration outward. A 
time-frame for how long it will take for the leading edge 
of the plume to intercept drinking water wells or surface 
water bodies should be included in the risk description. 
Any uncertainties with these estimates should be stated 
(e.g. the interception is likely to occur in 10 years, plus 
or minus 2 years). In addition, it is helpful to describe 
the type of effects that might occur should the predicted 
exposure actually happen, such as a reproductive risk 
or a cancer risk. The possible risk level should be char-
acterised as ‘high,’ ‘medium,’ or ‘low’ depending upon 
how long it will take for exposure to occur, the expected 

exposure concentrations, and the intrinsic hazards of the 
chemicals of concern.

Human Health Risks
Risks to people generally occur from drinking contami-
nated groundwater. The contamination plume from the 
landfill may intercept drinking water wells that are off-
site. Wells can be tested to determine whether unsafe lev-
els of chemicals are present (e.g. by comparing chemical 
concentrations with drinking water standards) (US EPA, 
2011b and European Commission, 1998). Predictions 
of future risk should be made by modelling the plume 
dispersion and migration rates and predicting when (if 
ever) it will intercept drinking water wells; estimates of 
probable concentrations can also be made although there 
will be considerable uncertainty associated with them. 
Contaminants of particular concern are heavy metals (e.g. 
lead and mercury), and chlorinated organics (e.g. dioxins 
and PCBs).

Additional consideration should be given to the pos-
sibility that the contaminated groundwater plume will 
migrate under buildings. If this occurs, then there may be 
risks associated with intrusion of vapours from volatile 
and semi-volatile organic compounds into the buildings. 
The potential for such intrusion can be modelled using 
the Johnson and Ettinger (1991) model (See http://www.
epa.gov/oswer/riskassessment/airmodel/johnson_etting-
er.htm for recent modifications and detailed descriptions. 
See also http://www.epa.gov/Athens/learn2model/part-
two/onsite/JnE_lite.htm for available on-line tools to run 
the model). Air concentrations are then compared to inha-
lation benchmark values (e.g. the USEPA Integrated Risk 
Information System, IRIS) (US EPA, 2011c).

Environmental Risks
The most common environmental risk associated with 
abandoned landfills is contamination of surface water 
(lakes, streams, rivers). This occurs when the contaminat-
ed groundwater intercepts a surface water body. Estimates 
of the time to interception and the resulting concentration 
in the receiving water body can be modelled. The result-
ing concentrations are then compared with ambient water 
quality criteria for the protection of aquatic life (US EPA, 
2010 and European Commission, 1998) to estimate risk. 
Metals (e.g. cadmium, copper and silver) and certain or-
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ganic materials (e.g. PCBs and PAHs) are of particular 
concern to aquatic organisms. 

Ranking of Risks at Landfills

Comparison and ranking of risks from various landfills 
can be accomplished through a simple comparison of the 
risk level and/or on the basis of time-to-effect or rela-
tive hazard of contaminants. A site where the groundwa-
ter plume already has intercepted drinking water wells or 
important water bodies should take priority. If there are 
several in this category, those with the most hazardous 
contaminants should be considered for immediate clean-
up, particularly if there are volatile organic compounds 
resulting in vapour intrusion into buildings. Second tier 
consideration should be given to those sites where the 
groundwater plume is likely to intercept drinking water 
wells, dwellings, or important water bodies within 5-10 
years. Prioritising landfills for clean-up should not be 
done strictly on the basis of which pollutants are present. 
Amount (e.g. concentrations in drinking water) and po-
tential for exposure to humans or valued ecological re-
sources (e.g. density of population in the area or prox-
imity to a highly productive stream) are necessary parts 
of the risk equation and should figure prominently in the 
priority ranking.
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