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Dealing with contaminated sites:
When you have a wide scientific knowledge
concerning contaminant fate and transport
processes in soil and groundwater, site
characterization, Human Health Risk
Assessment, Ecological Risk Assessment and
Groundwater-related Risk Assessment, AND
have experience with designing cost-efficient
Risk Management solutions AND have a
creative personality AND have good
communication qualities AND are in a
position to take policy decisions: Go ahead.
Otherwise: Build a team.

Frank Swartjes



Preface

In 2006, two paths that led to this book came together at a conference in San Diego,
California. First, the vague idea that I had for some years about preparing this book
began to evolve into a mature plan. Second, a representative of Springer publish-
ers contacted me, asking whether I would be interested in preparing a book on
contaminated site management.

My plans for this book on contaminated site management were simply a response
to the many questions on the subject that I have received, and continue to receive,
almost on a daily basis. The senders of these questions can roughly be subdivided
into two categories. The first category of e-mailers consists of individuals who are
not very familiar with contaminated site management, but are in the early stage of
risk-based contaminated site management or have plans for developing a contami-
nated site management framework. These individuals are often from the newer or
candidate countries of the European Union, or from Asia, Latin America and Africa.
The second category of people that contact me regularly is made up of practitioners
who know about contaminated site management, often even having a considerable
amount of knowledge about it, but who have specific detailed questions. My con-
clusion then was that it would be useful to bundle all contaminated site management
information, theory and possibilities for practical application, for both these target
groups in one handbook.

This plan was further nourished by the backup I have received from individu-
als in my international network, both technically as well as personally, over the past
years. Among the colleagues from the European networks CARACAS, CLARINET,
HERACLES and NICOLE, and colleagues from the USA, Canada and Australia,
some kind of brotherhood has developed. It has been a continuous process in which
the procedures for contaminated site management have undergone a major evolu-
tion that has resulted in the sound and efficient procedures we use today. None of
us would have been individually able to do this without the scientific and social
stimulus of our colleagues. This book is a common product, indirectly the fruit of
our collaboration over the last two decades, since the majority of the authors origi-
nate from these networks and congresses and workshops in the USA and Australia.
However, a former colleague from the second half of the 1980s — and my supervisor
when I was a young trainee in Riverside, California, in 1984 — is also among the
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contributing authors. I am happy and feel privileged to have all the contributions
of these individuals in this one book; the author list includes many of the world’s
most acknowledged experts in their specific fields, some of whom I consider to be
personal friends. Last but not least, I feel the need to mention the late Prof. Colin
Fergusson, PhD, one of the pioneers with regard to contaminated site management,
along with the sweet and talented late Dr. Arantzazu Ursulai, and I wish to pay some
kind of tribute to them. Their contributions should have been in this book, had their
lives not come to an end far too prematurely.

I sincerely hope this book will contribute to a sounder and more efficient way of
dealing with contaminated sites, all over the world.

Utrecht, The Netherlands Frank Swartjes
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Chapter 1
Introduction to Contaminated Site Management

Frank A. Swartjes

Abstract Over thousands of years, contaminants have been added to the world’s
upper soil layers and have led to contamination of the soil and the groundwater.
However, it was not until the late 1970s that several notorious cases of con-
taminated sites led to a sudden awareness to the general public. Today, in most
developed countries, the number of potentially contaminated sites has grown to
six or seven digits. This chapter describes the basic principles of contaminated
site management. It focuses on risks and Risk Assessment, that is, quantifying
the risks from contaminated sites on the basis of chance (exposure) and effects.
This process is widely accepted today as offering the best balance between a
sound scientific basis and practical implementation for appraisal of contaminated
sites. Moreover, this chapter describes Risk Management, this is the process that
brings contaminated sites back into beneficial use. The four major protection tar-
gets are human health, the soil ecosystem, the groundwater and Food Safety.
Specific attention will be given in this chapter to a wide variety of topics including
public and political awareness, soils, local and diffuse contaminated sites, contami-
nants, background concentrations, emissions to soil, site characterisation, land use,
Soil Quality Standards, Brownfields, cost-benefit analyses, Risk Perception and
Risk Communication, sustainability, and the actors involved in contaminated site
management. Finally, several approaches to contaminated site assessment and man-
agement will be described, including the Fitness-for-Use approach, and Risk-based
Land Management. In doing so, specific attention will be given to practical aspects
such as effective use of financial resources and integration of contaminated site man-
agement (e.g., with regard to spatial planning, socio-cultural issues, economics and
other factors).

F.A. Swartjes ()
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1.1 Status of Contaminated Sites

1.1.1 History

1.1.1.1 Early Soil Contamination

Over thousands of years, since humans started mining for the iron-containing min-
eral hematite and later for malachite for copper production, potentially harmful
chemical compounds (contaminants) have been added to the upper soil layers.
And for centuries humans have dumped their waste materials into primitive waste
dumps. However, large scale mining and, hence, large scale soil contamination, only
came into existence in Europe, the USA and many other parts of the world in the
19th century. One phenomenon that sped up soil contamination was the Industrial
Revolution which began in England and subsequently spread to several developed
countries in Europe, the USA and Japan, from the turn of the 18th and 19th cen-
turies. But the impact of the Industrial Revolution on contaminated sites was minor
compared to the impact of the technological developments that took place mainly
during the 20th century. These developments were characterized by a more than pro-
portional increase in emissions of contaminants into the environment. Soil can often
be considered as the ultimate sink for contaminants that enter the environment. As
a consequence, emissions of contaminants to soil increased, for example, through
the large-scale use of fertilizers, expansion of industrial production, the use of fossil
fuels and, as an overall impact factor, a huge increase in population growth. It was
not only the bulk rate of production of contaminants that significantly expanded. It
was also the enormous increase in variety of types of chemical compounds that were
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produced for public or industrial use, or produced as a by-product, and eventually
entered the environment and the soil.

The early examples of contaminated sites mainly resulted from delocalisation of
contaminants, that is, metals in metal ores and crude oil from deeper soil layers to
the upper soil layer. In the 20th century, however, an enormous variety of organic
compounds, along with metal organic complexes, were produced out of existing less
harmful compounds. Moreover, the soil was often intentionally used as a sink, for
example, by primitive land filling or the release of contaminant holding fluids into
the soil. Up to the 1970s, it was often believed that, very much like dumping waste
water in a kitchen sink, superfluous materials simply disappeared towards some
unknown destination where it was out of sight and, probably, would do no harm. A
slightly more sophisticated approach towards the dumping of contaminant-holding
materials was based on the belief that the soil-groundwater system was able ‘to
handle the burden’, either by incorporating the contaminants in some kind of phys-
ical, chemical or biological cycling process, or simply by dilution. Although this
latter approach included some arguments that we use in modern Risk Management
procedures in regard to contaminated site management today, the power of the soil
to ‘clean’ itself was far from being able to counterbalance the increasing contami-
nant load. Given the cost ratio between prevention measures and soil remediation,
these approaches of dealing with contaminants must, in retrospect, be classified as
immensely naive.

1.1.1.2 Public and Political Awareness

In the early 1970s, some soil protection-related policies came into existence in
several countries. However, it was not until the late 1970s that several notorious
cases of contaminated sites led to a sudden awareness among the general public and
served as a loud alarm to decision makers. Those cases where contractors, generally
without any bad intentions, had created situations in which humans came in close
contact with notorious (carcinogenic!) contaminants in soil could especially count
on intensive media attention.

In 1978 the Love Canal disaster became a national media event in the USA
(Levine 1982). At the site of Love Canal, a neighbourhood near Niagara Falls in
upper New York State, USA, a school and a number of residences had been built
on a former landfill for chemical waste disposal, and thus sat directly on the dump
site of thousands of tons of dangerous chemical wastes. The US Environmental
Protection Agency (US EPA) discovered and reported on a disturbingly high rate
of health afflictions for the residents, such as miscarriages and birth defects (Beck
1979). Although it was difficult to conclusively prove that the contaminants in the
soil were the cause, recurring illnesses of the inhabitants and school employees were
connected with the history of the site. In 1980, a state of emergency was declared
and 700 families were evacuated.

In Europe in 1979, the site of Lekkerkerk in the Netherlands became an infamous
national event. Again, a residential area had been built on a former waste dump
which included chemical waste from the painting industry. Moreover, to prepare the
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site for the construction of a residential area, channels and ditches had been filled
in with chemical waste-containing materials. The scandal started after a water pipe
exploded because of the presence of aromatic contaminants in the soil. The specific
known fact that benzene, a carcinogenic agent, was involved raised public concern.
Nearly 300 families were evacuated, 1600 barrels of chemical waste were removed,
and the soil under the residences was excavated.

Today, the Love Canal and Lekkerkerk cases still are often mentioned in intro-
ductions to reports on contaminated sites and in oral platform presentations at
contaminated site management-related congresses.

1.1.2 The Present Situation

1.1.2.1 Extent of Soil Contamination

In the last two decades of the 20th century, the number of potentially contami-
nated sites grew in most developed countries to six or seven digits. During this
period, most developed countries established monitoring systems for the purpose
of assessing the extent of their contaminated sites. According to the European
Environmental Agency (EEA) the number of contaminated sites requiring reme-
diation in the EU member states was approximately 250,000 in 2007 (European
Environmental Agency 2007). Today, it is expected that this number has grown sig-
nificantly. According to the same source, potentially contaminating activities are
estimated to have occurred at nearly 3 million sites (including the 250,000 sites
already mentioned). In the European Union, 3.5 million sites are contaminated,
affecting 231 million people and representing a market value of 57 billion Euros
(Commission of the European Communities 2006). Soil contamination is one of
the eight threats mentioned in the EU Thematic Soil Strategy (Commission of the
European Communities 2006).

A contaminated soil map would roughly coincide with an anthropogenic map,
since humans are generally recognized as the main polluters. Most of the contami-
nated sites are found in or close to cities.

In the present day, most countries have become aware of the huge practical, social
and financial impact of contaminated sites.

1.1.2.2 Emissions to Soil

Emissions into the environment might occur through the air (atmospheric depo-
sition) or directly (conscious or subconscious disposal). Examples of possible air
emissions are:

e the deposition of Polycyclic Aromatic Hydrocarbons (PAHs) due to heating pro-
cesses, often emitted tens or hundreds of kilometres away from the source (e.g.,
Ollivon et al. (2002), who measured substantial amounts of PAHs in atmospheric
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fallout (precipitation, gas phase and particulate matter), especially in winter, at
an urban site in Paris, France);

e metal deposition from lead smelters (e.g., Salemaa et al. (2004), who measured
elevated concentrations of metals in different plants, especially in bryophytes,
near a copper-nickel smelter in Harjavalta, Finland);

e traffic (e.g., Hjortenkrans et al. (2006), who measured elevated concentrations of
copper and antinomy due to decelerating activities, and lead and cadmium due to
the combustion of petrol, in top soils in the south of Sweden);

e incineration activities (e.g., Schuhmacher et al. (2000), who measured ele-
vated concentrations of Poly Chlorinated Dibenzo-p-Dioxins (PCDD) and Poly
Chlorinated Dibenzo Furans (PCDF) in soil and vegetation in the vicinity of an
old municipal solid-waste incinerator in Barcelona, Spain).

Metals and PAHs are known to be the most abundant and widespread contami-
nants worldwide.

Several other major contaminant sources are known to have contributed to large-
scale soil contamination, such as coal combustion and mining activities. Another
notorious source of contaminants, such as all kinds of petroleum hydrocarbons,
PAHs, BETX (benzene, ethylbenzene, toluene and xylenes), methyl-tert-butylether
(MTBE), and metals, is the oil industry, through oil exploration and production,
refining and petro-chemical activities. In Mexico, for example, the number of
reported hydrocarbon spills for the year 2000 exceeded 185 thousand, equivalent
to 6252 tons (Iturbe et al. 2005).

In agricultural areas, contaminants have been introduced by using soils for waste-
water filtering, applying sludge onto the soil, or applying ash from waste materials,
used for liming (e.g., Pasquini and Alexander (2004), who demonstrated an increase
of mainly lead through ash addition to soils on the Jos Plateau in Nigeria). Also
the application of mine waste contributed to soil and groundwater contamination
(e.g., Cobb et al. (2000), who demonstrated the presence of relatively high metal
uptake of lettuce and radishes in soils mixed with mine waste in Bingham Creek,
USA).

There also are many types of direct emissions. These direct emissions could
follow from unintentional leakage (leaching) from artificial layers applied for soil
surface-raising purposes, filling materials in construction works (dikes, roads) or
from old waste disposal landfills, gas stations or storage tanks. Another example
of an activity that generally caused contamination of soil and groundwater are
gas works. See Fig. 1.1 for a picture of the former gas works ‘Delftse Wallen’ in
Zoetermeer, the Netherlands, as an example, around 1908. At this site, heavy metals
and PAHs were found in the upper soil layer, due to soil surface-raising activities,
and aromatic contaminants, petroleum hydrocarbons and PAHs in the groundwa-
ter, in the late 20th century. Currently, a soil remediation is ongoing, the latest cost
estimate is 2 million euro.

Another type of direct emissions to soil is spilling of contaminants during
production processes, transport and storage. This often relates to (petro)chemical
industrial sites (e.g., Nadal et al. (2004) who measured elevated concentrations
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Fig. 1.1 The former gas works ‘Delftse Wallen” in Zoetermeer, the Netherlands, around 1908,
as an example of an activity that often caused contamination of soil and groundwater (photo:
Historical Society ‘Oud Soetermeer’; reproduced with permission)

of arsenic, chromium and vanadium around Tarragona, Spain, an area with an
important number of petrochemical industries).

One specific kind of contaminant sources are activities at military training facil-
ities. It generally includes a wide scale of polluting activities that might lead to
human health and ecological risks (e.g., Teaf (1995), who dealt with human health
and ecological risks at former military sites in the former Soviet Union). Another
specific type of soil contamination arises from shooting ranges where lead bullets
are deposited into the soils. In the state of Oregon, USA, for example, 211 active
firing ranges exist (Darling and Thomas 2003). Soils in clay pigeon shooting ranges
can also be seriously contaminated by heavy metals such as lead, antimony, nickel,
zinc, manganese and cupper (Migliorini et al. 2004).

In some cases human or technical failure causes soil contamination. An example
of this is a series of spilled mine tailing accidents. Since 1970, there have been 35
major mine-tailing dam failures reported (Macklin et al. 2003). One example of
these is the collapse of a tailing dam in the Chenzhou lead-zinc mine in China in
1985, which led to the spread of huge amounts of mining waste spills onto farmland,
followed by an emergency remediation procedure (Liu et al. 2005).

According to the European Environmental Agency, the most important sources
for soil contamination in Europe, as an example, are industrial production and
commercial service (41%), municipal waste treatment and disposal (15%), the oil
industry (14%), industrial waste treatment and disposal (7.3%), storage (5.4%),
power plants (3.9%), transport spills on land (2.1%), mining (1.4%), military (0.9%)
and others (8.2%) (European Environmental Agency 2007).

A substantial part of the existing contaminated sites in developed countries are a
legacy from the past. Today, however, it is widely recognized that the consequences
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of soil contamination were badly underestimated in the past. As a consequence,
prevention of emissions into soil is a mandated practice in practically all developed
countries today, for ethical, practical and financial reasons. Therefore, all kinds of
prevention measures are being taken. Production processes, transport and storage
follow strict regulations in order to avoid or minimize spilling. Gas stations have
been equipped with liquid impermeable foundations. And waste gases have been
filtered before leaving chimneys to avoid or minimize the exhaust of contaminants.
And agricultural practices, including the processes that result in emissions into
soil, are also strongly regulated today. An interesting tendency is the trend towards
sustainable agriculture where the inputs into the soil are in equilibrium with the
outputs.

1.1.3 Public Awareness

Out of the three major environmental compartments, that is, soil, water and air, soil
probably is the least known and the least appreciated. Water, in particular surface
water, is a highly visible and widely appreciated part of the landscape. The general
public despises contaminated waters, for ethical and practical reasons. Since we are
directly surrounded by it, the air compartment is as much appreciated as feared for.
We need the air every minute of the day to survive and are alert for any disturbance
in air quality. Moreover, we are very much aware of bad air quality, since we cannot
help but see and smell it. Soil, on the contrary, is hardly visible. Except from an
agricultural viewpoint, humans generally do not have a positive association with
soil. To the general public, soil is often thought of as a dark place in which creepy
organisms reside and in which we bury our dead.

Individuals who generally have a positive association with soil are people who
grow crops, and realise the meaning of the soil in terms of habitat and nutrient
source. These individuals can either be farmers who grow crops for commercial
reasons, or individuals who grow crops for their own consumption (see Fig. 1.2, in
which small allotments are shown in Jiangsu province, China, where the local pop-
ulation uses the spare bare surfaces for their food supply). An interesting initiative
to make soils more palpable to the general public relates to the relationship between
soils and art (Wessolek 2006). This movement reveals the beauty of soil profiles and
of artworks that use soil materials or soil visions.

In the last few years the unfavourable view of soil has changed a little in Europe,
the USA, Australia and Canada. Many people are now aware of the huge pressure
that humans put on the environment, including the soil. Moreover, many envi-
ronmentally conscious people read articles in the newspaper about the amazing
performances of soils in, for example, organic biological agriculture practices. And
since global warming is at the top of the political priority list, soils are recognized
as a powerful CO» sink.

Not only scientists and regulators, but also the general public are all aware of
the presence and consequences of soil contamination today. This awareness is still
partly based on negative events in the 1970s and 1980s. Although the general public
has good reason to be worried when their direct living conditions are impacted by
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Fig. 1.2 Small allotments in Jiangsu province, China, used by the local population for their food
supply (photo: F. Swartjes)

contaminants, this negative approach is sometimes exaggerated. There were several
reasons for negative sentiments associated with those events of the 1970s and 1980s.
First, humans were confronted with an unknown threat. Today we understand con-
taminated soils much better, and it is widely recognized that clear and objective
information about a specific case, and the risks involved, is essential. Second, the
citizens concerned felt betrayed by the government. When they bought real estate,
no information was provided about the health risks they might be confronted with.
In most countries today the transfer of property is accompanied by detailed infor-
mation, often supported by computer systems that show the actual soil quality. In
reality, in both the Love Canal and the Lekkerkerk cases, the government was as
much overwhelmed by the phenomenon of soil contamination as were the citizens.

Following the Love Canal scandal, a clay lining was used to prevent further
leaching of contaminants and a dirt cover was provided to prevent contact between
the contaminants and humans. Unfortunately, these protective layers were damaged
during construction work as a result of underestimating the threats involved. It is
unlikely, however, that such technical mistakes, made in the early days of Risk
Management, are still being made today.

1.1.4 The Contaminated Site Management Framework

1.1.4.1 Schematization

Several different frameworks for contaminated site management on the basis of risks
are available. In Fig. 1.3 a schematization of the contaminated site management
framework that is followed in this book, roughly in accordance with the highly
influential report on Risk Assessment by the US National Research Council (US
National Research Council 1983), has been illustrated in a simple graph.

The first step in this contaminated site management framework is prob-
lem definition (aka: issue framing). The second step is Risk Assessment, which
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Fig. 1.3 The contaminated
site management framework,
as followed in this book

(roughly in accordance with
US National Research
Council 1983). The Exposure assessment Hazard assessment
light-shaded boxes relate to
Risk Assessment

Risk characterisation

includes two different activities (see Fig. 1.3; the light-shaded boxes relate to
Risk Assessment). These are the Exposure Assessment (aka: dose assessment) and
the Hazard Assessment (aka: effect assessment), mainly used in Human Health
Risk Assessment. The combination of the Exposure Assessment and the Hazard
Assessment is called the Risk Characterisation, which results in an appraisal of
the contaminated site. An alternative contaminated site management framework as
used in the UK, including Risk Assessment, Risk Management but also economic
and social issues, is given in Pollard et al. (2002a).

In several publications the phrase ‘Risk Management’ is used for the whole con-
taminated site management framework as shown in Fig. 1.3. In this book, however,
Risk Management is the next logical step in the contaminated site management
framework, following Risk Characterisation, in cases where this risk appraisal
demonstrates the need for intervention, usually since the risk for a specific pro-
tection target is unacceptable. In this stage, solutions are sought for the purpose of
bringing contaminated sites back into beneficial use, and are generally focused on
risk reduction.

1.1.4.2 Problem Definition

The first step in a contaminated site management project is Problem definition or
issue framing. In this step, the scope of the project needs to be clearly described.
Moreover, the protection targets need to be defined. It is also very important to
define the relevant time frame, since factors that impact risks will change over time.

Since regulators often have a profound impact on the initiation and perfor-
mance of contaminated site management, it seems logical that they formulate
the exact purpose of the contaminated site management project. Regulators also
are responsible for defining the boundary conditions, for example, the required
precaution/conservatism of the Risk Assessment for the given site. Therefore,
intensive communication between regulators and scientists, and in fact between all
stakeholders involved, must take place in the early stages of a contaminated site
project.
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1.1.4.3 Protection Targets

With regard to the definition of risk, which is a concept that denotes a potential
negative impact on an asset, a relevant issue is determination of the nature and value
of the asset. Since these assets are potentially negatively impacted, they need to be
protected. Therefore, the term protection targets (aka: receptors) is often used.

With regard to contaminated sites, several protection targets have been recog-
nised. The principle protection target with regard to contaminated sites, worldwide,
is human health. More specifically, it is the physical health condition, not usually
the mental health condition, of human beings that is considered. Alternatively, sev-
eral risk-based quality assessment procedures use terms such as ‘humans’, ‘human
beings’, or ‘man’ as protection targets, but they all refer to human health, that
is, the state of physical health of human beings. There has, for decades, been an
intensive debate on the extent of human health effects from contaminants in soil
and groundwater. Although often overestimated, many studies have provided solid
evidence that these effects are real. Beard and Australian Rural Health Research
Collaboration (2005), for example, concluded that there is suggestive evidence for
a role of exposure to DDT and DDE from soils with regard to pancreatic cancer,
neuropsychological dysfunction, and reproductive outcomes. The relevant process
with regard to the determination and often evaluation of risks is Human Health Risk
Assessment (HHRA). Swartjes and Cornelis (Chapter 5 of this book) give a detailed
overview of Human Health Risk Assessment. The subsequent chapters of this book
(see Chapter 6 by Bierkens et al., Chapter 7 by Cave et al., Chapter § by Mclaughlin
et al., Chapter 9 by Trapp and Legind, Chapter 10 by McAlary et al., Chapter 11
by Elert et al., this book) give details on the determination of Exposure Assessment,
a crucial process in Human Health Risk Assessment. Langley (Chapter 12 of this
book) describes the Hazard Assessment, another indispensable element in Human
Health Risk Assessment.

A second protection target is the soil ecosystem (or Ecosystem health). Although
not always appreciated to the extent it deserves, the soil ecosystem performs some
immensely important tasks for humans (Ecosystem Services). Moreover, protecting
the various species in soil contributes to the maintenance of Biodiversity. Only a
few countries formally consider the soil ecosystem to be an protection target. Over
the last few years, however, political and scientific interest in protection of the
soil ecosystem has gained in importance, at least in Europe (Carlon and Swartjes
2007a). An enormous number of investigations have shown the adverse ecologi-
cal effects of contaminants in soil. Nagy et al. (2004), for example, demonstrated
the adverse effects of metals on nematodes in Hungarian soils. The relevant pro-
cess with regard to the determination and often evaluation of risks is Ecological
Risk Assessment (ERA). Swartjes et al. (Chapter 13 of this book) give an overview
of Ecological Risk Assessment. The subsequent chapters of this book, these are
Posthuma and Suter (Chapter 14 of this book) and Rutgers and Jensen (Chapter 15
of this book), describe Ecological Risk Assessment in more detail, from a generic
and a site-specific perspective, respectively.

A third protection target is the groundwater. Juhler and Felding (2004), for
example, demonstrated the presence of many organic contaminants in groundwa-
ter, including toluene, phenol, xylene, trichloromethane, benzene, dibuthylphthalate,
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2,4-dichlorophenol, trichloromethane and pentachlorophenol, mainly originating
from the upper soil layers, in 7671 groundwater samples collected from 1115
screens from the Danish National Groundwater Monitoring Program. Groundwater
as a protection target has a special status, since groundwater is part of the soil
as defined in the framework of this book. Moreover, the groundwater is both a
protection target and a means of transport (pathway) for contaminant migration.
The relevant process with regard to the determination and often evaluation of
risks is called Groundwater-related Risk Assessment in this book. Swartjes and
Grima (Chapter 17 of this book) give an overview of Groundwater-related Risk
Assessment, considering groundwater both as a protection target and as a means
of transport (pathway) of contaminants. The subsequent chapters (see Chapter 18
by Mallants et al., this book; and Chapter 19 by Rolle et al., this book) describe
Groundwater-related Risk Assessment in more detail, that is, leaching of con-
taminants from soil into the groundwater and transport within the groundwater,
respectively.

Finally, another important protection target is Food Safety. Generally speaking,
this includes two different types of protection targets, namely, crops and animal
products (meat, milk and eggs). An example is found in Yang et al. (2004), who
evaluated the uptake of lead from soil into rice and meat, around a lead/zinc mine
in Lechang, Guangdong Province, in China. The relevant process with regard to
the determination and often evaluation of risks is called Food Safety-related Risk
Assessment in this book. Specific elements with regard to Food Safety-related Risk
Assessment, in particular to consumption of vegetables, are included in Mclaughlin
et al. (Chapter 8 of this book), Trapp and Legind (Chapter 9 of this book) and Elert
et al. (Chapter 11 of this book). The last chapter also includes a description of risk
through consumption of animal products.

In addition to the protection targets, the level of protection also needs to be
defined. The combination of protection target and protection level is often referred
to as the ‘endpoint’.

The selection of appropriate protection targets and the level of protection in regu-
latory frameworks is primarily a policy decision. However, since the significance of
protection targets and the levels of protection are often difficult to understand, policy
decisions as to protection targets need to be supported by the scientific community.

1.1.4.4 Land Use

An important factor that affects both the risks and the degree to which those risks are
evaluated, is the land use (often called: function) at a contaminated site. Generally
speaking, the term land use applies to different categories that cover the main activ-
ity that is taking place on the site. Familiar land uses are Residential land use,
Industrial land use, Recreational land use, Children’s playgrounds, Infrastructural
land use, Agricultural land use and Nature reserves. Since sites with a similar land
use can be used in quite different ways, the categorisation of land uses gives only a
rough impression of the activities that are taking place at the site and the intensity
of these activities. Therefore, land uses are sometimes subdivided, for example
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Residential land use could be subdivided into ‘residential with garden’ (important
with regard to exposure through vegetable consumption) and ‘residential without
garden’ (no exposure through vegetable consumption). Moreover, several activities
are covered by more than one land use. Housing, for example, is a prominent activity
in Residential land use, but also occurs in Agricultural land use.

Risks for human health are strongly related to human behaviour. And human
behaviour is highly impacted by the land use and activities taking place on the
site. The degree to which risks are evaluated is mainly a policy decision. Generally
speaking, the protection of human health risks warrants a greater weight in areas
that are meant for human residence. It would be an option to give greater weight to
human health protection in more densely populated areas, possibly with the weight-
ing being proportional to the number of persons impacted, but this rarely occurs in
existing contaminated site management frameworks.

In many countries with a high population density, land use changes in a relatively
short term. The transformation from agricultural land to nature reserves and residen-
tial areas is especially common in many industrialised countries. In Europe, at least
2.8% of the land was subject to change in use between 1990 and 2000 (European
Commission 2009) A change in land use has a profound effect on contact possi-
bilities with the soil and on soil properties such as pH, organic matter dynamics
(Romkens 1998) and, hence, mobility of contaminants and risks for humans, the
ecosystem, the groundwater and Food Safety.

1.2 Soils and Sites

1.2.1 Soils

1.2.1.1 Definition

According to a broad definition, soil is the upper layer of the earth’s crust or, in
geological terms, the exterior weathered part of the earth’s rocks. It has been formed
out of rock material by physical, chemical and biological soil-forming processes
over millions of years. Since climatical and geographical conditions varied over this
long span of time, natural soils are typically characterised by a layered structure, that
is, by the presence of soil horizons. According to a more popular definition, soil is
the ‘skin of the earth, representing the inheritance of human history’. This metaphor
reflects the vital nature of soil, while at the same time referring to the presence of
historical soil contamination.

Most natural soils have a darker coloured upper layer, the A horizon, with higher
organic matter levels. In many regions of the world, there is a loose organic matter
layer of humus of a few centimetres on top of this A horizon, called an O horizon.

Soil, structured or non-structured, consists of three different phases, namely,
a solid (mineral and organic materials), a liquid (pore water), and a gas phase
(soil gas). Moreover, it contains plant roots and an enormous number of different
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organisms of a wide variety. Soil includes two different entities, namely, a water-
unsaturated upper soil layer (upper soil) and a water-saturated groundwater zone.
These two entities are separated by a groundwater table. Typically, the gas phase
is absent in the water-saturated groundwater zone. From the perspective of ground-
water subtraction for the drinking water supply, a water-saturated groundwater zone
with high water volume and replenishing capacities is referred to as the aquifer.

Some definitions of ‘soil” only refer to the water-unsaturated upper layer which,
depending on the depth of the water table, implies a layer of several centimetres
in swamp areas and up to hundreds of meters in arid regions of the world. Other
definitions, for example, from an agricultural perspective, link the term ‘soil’ to that
part of the earth’s crust that is actually used by humans. According to this definition
soil usually includes the water-unsaturated upper soil layer and, often, the upper part
of the water-saturated groundwater zone.

This book focuses on the impacts of contaminants. In this context, soil refers
to that part of the earth’s crust in which contaminants reside that might impact
one of the protection targets. Impacts from non-private water supply (from deeper
groundwater or surface waters) are excluded from this book, since it is assumed
that Waterworks sufficiently control the water quality. As a consequence, the scope
of this book roughly coincides with the ‘agricultural definition’ of soil, that is, the
water-unsaturated upper soil layer and the first tens of meters of the aquifer.

For practical reasons, the terminology followed in this book is linked with the
most common terms used in soil policies and management of contaminated sites,
see the schematisation of soil as defined from a wider perspective, in Fig. 1.4. In

TERMINOLOGY
OFFICIAL FOLLOWED IN
TERMINOLOGY: ﬂ THIS BOOK:
Water-unsaturated /
soil layer/

Unsaturated zone/ Soil

Upper soil layer

Water-saturated

soil layer/ Y groundwater
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Saturated zone/ Groundwater

Groundwater
zone/

(aquifer)

Fig. 1.4 Schematisation of soil
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this much simpler terminology, the water-unsaturated layer above the groundwater
table is often simply referred to as ‘soil’, while the water-saturated layer under the
groundwater table is often called ‘groundwater’. Note that in this book ‘soil’ is
sometimes also used in the wider definition, for example, in the context of ‘soil
policy’, or ‘contaminated soils’. Clearly, both terms refer to both soil (in the more
narrow definition of water-unsaturated upper layer) and groundwater.

An important difference between the upper soil and the aquifer is that ground-
water is an important consumer product. This implies that clean groundwater has
intrinsic value. From this perspective, the aquifer could be considered as a protec-
tion target. Soil, on the other hand, is not commonly used as a consumer product, but
principally serves as an indispensable source for many useful products and activities.

It is important to realize that the separation between the upper soil layer and the
aquifer, although from a scientific viewpoint convenient, is transient and partly arti-
ficial. With regard to the presence of contaminants, and the risks related to them, this
separation is rather confusing. The reason for this is that contaminants migrate and
do not necessarily belong to one of the two entities. Contaminants move through-
out the soil-groundwater system, predominantly downwards, but sometimes also
upwards and laterally, without acknowledging any borders between the soil and
groundwater zones.

However, there are important differences between the water-unsaturated upper
soil and the water-saturated aquifer. The upper soil, for example, enables the rapid
transport of volatile contaminants via the gas phase. And the presence of a sub-
stantial amount of organic matter in the upper layer has a strong influence on the
behaviour of contaminants and on the problems associated with these contami-
nants. Generally speaking, transport of water and contaminants is much faster in
the groundwater than in the upper soil.

Another important difference between the upper soil and the deeper layers is the
biological activity. Although organisms are found at every depth in the soil profile
(see Chapter 13 by Swartjes et al., this book), the number of organisms is higher
in the water-unsaturated upper soil, due to the presence of a gas phase. Within this
upper soil layer, the number of organisms is even higher in the top of the soil, that
is, the organic matter-rich layer that varies from a few centimetres up to several
decimetres.

In many inhabited areas in the world the natural soil profiles are often disturbed.
Many human activities, from the past and the present, are responsible for this fea-
ture, for example, (mechanical) digging activities in cities, tillage in agricultural
areas or the addition to soils of foreign materials such as debris, stones, tar, and
waste materials. Since most contaminated sites are within urban areas and disturbed
soils are complex due to their heterogeneity, urban soil science is seen as a chal-
lenging, current frontier of soil science today (Norra 2006). In more extreme cases,
whole new layers of soil material, mostly sand, sometimes clay, have been added
onto the (natural) soil in many urban areas for infrastructural or filling purposes.
Man-made soils, often with a high contribution of extraneous materials, are called
Technosols. Generally speaking, soil structure is lacking in these artificial soil lay-
ers. In the lower parts of the Netherlands, for example, from the 16th century until
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Fig. 1.5 Potsherds and pipe remains, found in the upper soil layers of the Central Western Peat
area of the Netherlands, as evidence of layers of municipal waste of often several decimetres
that have been brought onto the land from the 16th century until the 1940s (photo: M. Rutgers;
reproduced with permission)

the 1940s, layers of municipal waste of often several decimetres have been brought
onto the land in the Central Western Peat area, including potsherds and pipe remains
(see Fig. 1.5), over areas as large as hundreds of square kilometres. Meuser and
Blume (2001) describe the problematic classification of man-made soils, with regard
to the anthropogenically influenced soils around the city of Osnabriick, Germany.
Some of these soils contain coal and ore mining materials and waste materials.
Meuser and Van de Graaff (Chapter 2 of this book) give a detailed description of the
characteristics of and processes related to natural soils, urban soils and Technosols.

In fact, in all countries in the world all kind of waste materials have been brought
onto the land over many centuries for the purpose of getting rid of these materials,
whether or not in combination with soil improvement. After decades or centuries of
evolution, these soils might have developed their own structure, for example, with
an organic matter-rich upper layer. In any soil, whether disturbed or not, uncon-
solidated rock material on top of consolidated rock is found at greater depths.
Typically, human activities that directly caused soil contamination also have resulted
in disturbance of the original soil profile.

Unlike most bodies of water and air volumes, the soil is often privately owned.
It is widely recognised that soil is a valuable and, at least on the time scale of
decades, a non-renewable material. It serves several functions that are crucial for
human survival such as crop production and as a supporter of buildings and humans
themselves. Moreover, soil is the habitat and nutritional source for organisms.

1.2.2 Contaminated Sites

Contaminated sites are locations at which the soil and/or the groundwater are chem-
ically polluted. In this context, a broad, three-dimensional definition is given to the
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concept ‘contaminated site’, including the soil (upper soil and aquifer) underneath
the surface and the human occupation on the surface.

The focus of this book is on the threats for the four major protection targets;
these are human health, the ecosystem, the groundwater and Food Safety, as related
to contaminants present in the soil or the groundwater. From this perspective, the
extent of the earth’s crust that is relevant in the context of this book is limited to
that part that impacts human health and the ecosystem, and the groundwater that is
within human reach. More concretely, this primarily relates to the upper, unsaturated
soil layer and the first tens meters of the groundwater layer. To a lesser extent, those
groundwater layers will be considered from which groundwater is extracted (up to
several hundreds of meters). Since this book relates to compounds that have adverse
effects, these compounds are called contaminants throughout the book.

Two types of contaminated sites exist with regard to the extent and shape of the
location that is contaminated, namely, diffuse and local contaminated sites. This
extent and shape of a contaminated site is often dependent on the type of source that
is responsible for the contamination. Generally speaking, atmospheric deposition
and, to a lesser extent, large scale agricultural activities lead to diffuse contamina-
tion. Diffuse contaminated sites caused by atmospheric deposition are characterised
by large contaminated areas. Often the contaminant concentration decreases along
regular circles from the source, for example, in the case of lead smelters (e.g.,
Filzek et al. (2004), who measured the metal concentrations in soil along a transect
from a smelter at Avonmouth, UK), where the concentration contours are possi-
bly stretched according to the wind direction. Diffuse contaminated sites caused by
agricultural practices generally are characterised by a relatively homogeneous con-
tamination pattern. One specific version of diffuse contaminated sites is known as
ribbon contaminations, for example, along roads or railroad tracks.

Locally contaminated sites vary in size from a small back yard of a few square
metres to an industrial site of several tens of thousands of square metres. These
locally contaminated sites generally are characterised by a heterogeneous contam-
ination pattern, often with one or more cores (hotspots) of contamination, related
to the source of the contamination. In many cases, the larger locally contaminated
sites can be considered as a collection of smaller locally contaminated sites. There
is no absolute definition of diffuse or local contaminated sites. Some sites have char-
acteristics of diffuse and local contaminated sites combined, for example, in large
diffusively contaminated sites with contaminant hotspots.

This book deals with contaminated sites, either diffusely contaminated or locally
contaminated. However, since most chapters of this book deal with Risk Assessment
tools that can be used for any type of contaminated site, this distinction is not always
relevant.

In principle, the book does not implicitly deal with agriculturally managed sites.
The reason for this is that agricultural activities often lead to a continuous supply of
contaminants to the soil as part of agricultural business. This means that managing
the contaminant status of agricultural sites, and the related risks, is a matter of bal-
ancing the inputs and outputs of contaminants. Pesticide application, for example,
is focused on administering the applications needed for the goal to be reached (for
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example, prevention of crop diseases), while the load for soil and groundwater must
be acceptable. The consequence is that the soil inputs from agriculture have been
regulated in specific legislation in practically all countries in the world.

1.3 Contaminants

1.3.1 Terminology

No chemical substance leads to toxic effects by definition. Whether substances will
cause toxic effects depends on the combination of exposure, the nature of the sub-
stance and the characteristics of the receptor (a human being or an organism). The
overall exposure depends on the dose which humans or organisms are exposed to,
the period over which this exposure takes place, the frequency of the exposure and
the form (speciation) in which the chemical substance is available.

Several terms are used for the very generic term ‘chemical substance’ in con-
taminated site management. Often the term ‘compound’ is used. However, this term
is considered too generic in the context of this book. Moreover, it literally does
not cover all chemical substances in soil, since ‘compound’ refers to chemical sub-
stances that are composed of two or more elements, which means that pure metals
are excluded. Alternatively, the term ‘compound of concern’ (or ‘chemical of con-
cern’) (COC) is sometimes used. Of all the terms used, the word ‘pollutant’ evokes
the most negative association, since definitions include adjectives such as ‘harm-
ful’, ‘unsuitable’ or even ‘toxic’. The term ‘contaminant’ is used throughout this
book, although it also has a negative ring, but this term does the best justice to the
‘potential” aspect of causing adverse effects.

1.3.2 Daily Life

Potentially toxic chemical substances in the soil (contaminants) are part of our daily
life. In modern times, humans and organisms are continuously exposed to a wide
spectrum of contaminants. Humans are surrounded by all kinds of materials that
contain a variety of potentially harmful chemicals, on a daily basis. Cloth, fur-
niture, decorative objects or children’s toys, all contain chemical substances that
are potentially toxic. Humans even eat and drink materials and inhale air that con-
tains contaminants that are designated on several lists of Soil Quality Standards.
Analogously, soil organisms are surrounded by all kinds of contaminants. They also
feed on contaminant-holding materials.

Actually, humans have been in contact with contaminants since early human exis-
tence, due to the presence of metals in the soil, for example, or through PAHs from
the burning of wood and roasting of meat. However, as long as humans lived in
equilibrium with nature, exposure was limited and the threat to human health from
contaminant exposure was generally negligible.
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1.3.3 Categorisation

Since hundreds of thousands of contaminants are present in the environment, it is
useful to categorise them. Several criteria can be used for this purpose, such as
‘related production processes’ (for example, heavy metals from zinc smelters, and
cyanide from gas works), ‘type of application’ (for example, pesticides) or ‘chem-
ical or physical characterisation’. A systematic categorisation is given in Fig. 1.6.

A popular policy-related categorisation is given here that is partially based on
chemical or physical characterisation and, hence, chemical properties. This results
in the following six categories:

metals and metalloids;

Polycyclic Aromatic Hydrocarbons (PAHs);
monocyclic aromatic contaminants;
persistent organic pollutants (POPs);
volatile organic contaminants (VOCs);
other organochlorides.

Note that some of these categories overlap. In addition, three other useful cate-
gories can be added, based on ‘frequency of occurrence of contaminants in soils’;
these are:

e other inorganic contaminants (other than metals);
e petrolium hydrocarbons;
e asbestos.

Inorganic Organic
Metal/ . . Non-
metalloid Non-metal Chlorinated chiorinated

‘Alkenes‘ ‘Aliphates‘ ‘Alkenes‘ ‘Aliphates‘

1 1
EXAMPLES: cadmium cyanides dioxines PAHs ethane benzene

lead ammonium DDT ethyl-
copper sulfur PCBs benzene
zinc xylene
arsenic toluene

Fig. 1.6 A systematic categorisation of contaminants
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1.3.3.1 Metals and Metalloids

‘Metals and metalloids’ is an important group of soil contaminants, since they are
very often found in soils practically everywhere in the world. Metals (from the
Greek word metallon) usually are characterised by a hard, malleable and shiny
appearance, mostly solid at room temperature, with a high density and a high melt-
ing point and a good conductance of electricity and heat. Since metals readily lose
electrons, they easily form positive ions (cations) in soils and, hence, have metallic
bonds between metal atoms and ionic bonds with non-metals. Examples of the latter
often found in soils are salts of metals and anions such as chloride (C1™) and carbon-
ate (CO3%7). Different from most other contaminants, metals are elements included
in the periodic table. Often the term ‘heavy metals’ is used for a sub-group of metals
that are very often found at contaminated sites, although according to Duffus (2002)
the term is controversial and archaic. Very important representatives with regard to
soil contamination are cadmium (Cd), copper (Cu), lead (Pb), zinc (Zn), mercury
(Hg), and selenium (Se).

Except for metals, this category of contaminants also includes the metalloids (or
semi-metals), representatives of which, such as arsenic (As) and boron (B), are also
often found in soils. These metalloids can be considered as transitional elements
between metals and non-metals.

It is important to realise that metals and metalloids do not have a specific
exposure affinity. The exposure depends on many factors, among them the form
(speciation) in which the contaminant is available in the soil. This speciation fol-
lows from a combination of specific contaminant characteristics, soil properties and
other chemical elements present. Many different speciations are found in soils for
each metal. In this respect, a Soil Quality Standard for a specific metal could be con-
sidered as a lump standard for a whole group of chemicals which have the presence
of the metal in common.

A general phenomenon in many residential areas is the presence of lead in soil,
mainly due to the former use of tetraethyl lead in gasoline as an anti-knock agent
(e.g., Wong and Xiang (2004), who measured elevated lead concentrations due
to traffic activities in Hong Kong, China). This generally is a long-lasting major
problem, since lead can result in retardation of the brain development of young
children and is relatively immobile and will stay in the soil for decades or even
centuries.

Another common problem is the presence of cadmium at agricultural sites or
vegetable gardens (e.g., Wong et al. (2002) who measured enriched cadmium con-
centrations in crops, paddy and natural soils in the Pearl River Delta, one of
the most developed regions in China; heavy metal enrichment was most signi-
ficant in the crop soils, which might be attributed to the use of agrochemicals).
Cadmium, which is often found in soils, due to atmospheric deposition from
smelters or the application of fertilizers, is easily taken up by vegetables and
can induce kidney dysfunction and several types of cancer at relatively low
exposures.
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1.3.3.2 Other Inorganic Contaminants (Other than Metals and Metalloids)

A specific case of other inorganic contaminants are the co-called nutrients. With
regard to plant nutrition and, hence, soil contamination, the most relevant nutrients
are the macro-nutrients nitrogen, phosphorus, potassium, and sulphur. These nutri-
ents are needed in relatively large quantities in agricultural management, and are
usually applied as nitrate, phosphate, potassium salts, and sulphate. Since this book
does not primarily focus on agricultural practices, no further attention will be given
to (the consequences of) nutrients.

A representative of the category of other inorganic contaminants often found in
soils is cyanide, since cyanides are frequently found at former gas work sites, often
in (inner) cities. Cyanide is a contaminant that contains a cyano group (C=N) as a
functional group, often found as the anion CN ™. Many organic contaminants feature
cyanide as a functional group. Of the many kinds of cyanide contaminants, some are
gases, while others are solids or liquids. Those that can release the cyanide ion CN™
are highly toxic.

Although it has been shown that rhizobacteria are cyanogenic (that is, able to
synthesize cyanides), and hence negatively impact the seedling root growth of var-
ious plants (Kremer and Souissi 2001), most cyanide in soil has an anthropogenic
origin. However, since cyanide is mainly present as iron cyanide complexes at gas
work sites, the risk of effects on humans from exposure to cyanides often seems to
be of minor relevance (Kjeldsen 1999).

1.3.3.3 Polycyclic Aromatic Hydrocarbons

Polycyclic Aromatic Hydrocarbons (PAHs) form also an extremely important group
in regard to soil contamination, since they are among the most widespread contam-
inants found in soils, worldwide. They are characterised by a fusion of aromatic
rings and do not contain many heteroatoms (atoms other than carbon or hydrogen).
PAHs are primarily formed by incomplete combustion of carbon-containing fuels
such as wood, coal, diesel, fat, tobacco, or incense (Fetzer 2000), and are concen-
trated in oil, tar and coal. Common PAHs in soil are naphthalene, phenanthrene,
anthracene, fluoranthene, benzo[a]anthracene, benzo[k]fluoranthene indenol[1,2,3-
cd]pyrene, benzo[g,h,i]perylene and benzo[a]pyrene. PAHs in soils might show
local or diffuse (due to atmospheric deposition) contamination patterns. Different
types of combustion yield different combinations of PAHs, both in terms of relative
amounts of individual PAHs and with regard to the isomers that are produced.

Some PAH representatives are known or suspected to be carcinogenic, muta-
genic, or teratogenic.

1.3.3.4 Monocyclic Aromatic Hydrocarbons

Some monocyclic aromatic hydrocarbons are frequently found in soil and ground-
water. The representatives most often found are usually categorized as BTEX
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(benzene, toluene, ethylbenzene and xylenes). They were, or are, used on a large
scale in cleaning applications such as degreasing.

Sort-term effects due to exposure of monocyclic aromatic hydrocarbons usually
relate to skin and sensory irritation, as well as effects on the respiratory system and
the central nervous system. Prolonged exposure to these contaminants also affects
these organs as well as the kidney, liver and blood systems (Oregon Department
of Human Services 1994). According to the US Environmental Protection Agency,
there is sufficient evidence from both human epidemiological and animal studies to
denote benzene as a human carcinogen. Workers exposed to high levels of benzene
in occupational settings have been found to have an increased number of cases of
leukaemia.

1.3.3.5 Persistent Organic Pollutants

Persistent Organic Pollutants (POPs) are organic contaminants that are resistant
to chemical and biological degradation processes and to photolytic processes. For
this reason they are capable of persisting in the environment and bioaccumulate
in human and animal tissue. POPs are often halogenated, usually with chlorine.
The United Nations Environment Programme Governing Council (GC) includes
the following contaminants as POPs: aldrin, chlordane, DDT, dieldrin, endrin,
heptachlor, hexachlorobenzene, mirex, polychlorinated biphenyls (PCBs), poly-
chlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans, toxaphene, certain
brominated flame-retardants, some organ metallic contaminants such as tributyl tin
(TBT), as well as some Polycyclic Aromatic Hydrocarbons (PAHs). Many POPs are
pesticides which are banned in many countries, but still are found in soils and will
reside in the soil for many more decades. In addition, POPs can originate from the
production of solvents, polyvinyl chloride, and pharmaceuticals. Generally speak-
ing, POPs have a high molecular mass and show a low water solubility, high lipid
solubility and limited volatility.

According to the Stockholm Convention, POPs can lead to serious health effects,
including certain cancers, birth defects, dysfunctional immune and reproductive
systems, greater susceptibility to disease and diminished intelligence (Stockholm
Convention 2009).

1.3.3.6 Volatile Organic Contaminants

Volatile organic contaminants (VOCs) are generally characterised by high enough
vapour pressures under normal conditions to significantly vaporize. There is not one
univocal exact definition for these contaminants. Under European law, the defini-
tion of VOCs is based on evaporation into the atmosphere, rather than reactivity.
In the European Union Directive 2004/42/CE, for example, VOCs are defined as
an ‘organic compound having an initial boiling point less than or equal to 250°C,
measured at a standard atmospheric pressure of 101.3 kPa’ (European Union 2008).
The US Environmental Protection Agency defines VOCs as ‘any compound of car-
bon, excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides
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or carbonates, and ammonium carbonate, which participates in atmospheric photo-
chemical reactions’ (US EPA 2008). Infamous sources of VOCs are dry cleaning
facilities. Other sources are paint, fabric softeners, petroleum fuels (e.g., gaso-
line), and crude oil. Moreover, several indoor sources are recognized, for example,
photocopiers, carpet backings, and furniture. Widespread VOCs in soils include
trichloroethylene, tetrachloroethylene, 1,1,1- trichloroethane, vinyl chloride, and,
to a lesser extent, glycol ethers, hexane, formaldehyde, methyl bromide, methyl
chloride and methyl ethyl ketone.

VOC:s are readily soluble in fat. They may result in many different effects on
human health, mainly after inhalation, ranging from dizziness, via narcotic effects,
to neurotoxicological effects. Some agents of this group are carcinogenic, mutagenic
or tetragenic.

1.3.3.7 Other Organochlorides

Organochlorides contain at least one chlorine atom. These chemicals are typically
non-aqueous and are usually denser than water due to the presence of heavy chlorine
atoms. The simplest forms of organochlorides are chlorinated hydrocarbons. These
consist of simple hydrocarbons in which one or more hydrogen atoms have been
replaced with chlorine. Many chlorinated hydrocarbons (e.g., dichloromethane,
dichloroethene, trichloroethane, chloroform, and dioxins) are used as solvents.
These solvents tend to be relatively non-polar and are therefore immiscible with
water and effective in cleaning applications such as degreasing and dry cleaning.
Other organochlorides are used as effective insecticides, such as DDT, heptachlor,
endosulfan, chlordane, and pentachlorophenol. Polychlorinated biphenyls (PCBs)
were once commonly used in electrical insulators and heat transfer agents. Their
use has generally been phased out due to health concerns. Actually, BTEX
(benzene, toluene, ethylbenzene and xylenes), here classified as monocyclic aro-
matic hydrocarbon, also could be included in this category.

Organochlorines generally affect the stomach, blood, liver, kidneys, and the
nervous system.

1.3.3.8 Petroleum Hydrocarbons

Petroleum hydrocarbons (aka: petrol- or gasoline-related hydrocarbons; often called
Total Petroleum Hydrocarbons or TPH) is a group of frequently found contaminants,
which actually are complex mixtures of a whole spectrum of contaminants. These
separate contaminants, which can add up to several hundred chemical compounds,
mainly are hydrocarbons, both aliphatic and aromatic, and a whole spectrum of
additives such as benzene, toluene, xylenes, naphthalene, and fluorene. No spe-
cific petroleum hydrocarbon mixture equals another existing petroleum hydrocarbon
mixture. TPH compounds can affect the central nervous system, the blood, immune
system, lungs, skin, and eyes or cause headaches, dizziness or a nerve disorder called
‘peripheral neuropathy,” consisting of numbness in the feet and legs (ATSDR 2009).
Several TPH compounds are (probably or possibly) carcinogenic.
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For a long time, risk assessors seemed quite helpless with regard to the risk-
based assessment of TPH. In some countries (e.g., the USA, the UK, Australia,
and the Netherlands) expert judgement-based Soil Quality Standards have been
implemented. An elegant approach for dealing with these complex mixtures was
provided by Franken et al. (1999). They described a procedure for dealing with the
human health risks of petroleum hydrocarbons, based on five groups of aliphatic
hydrocarbons and five groups of aromatic hydrocarbons. Analogous to the US
Total Petroleum Hydrocarbon Criteria Working Group, these hydrocarbon groups
are characterized by a specific equivalent carbon number index range, representing
equivalent boiling points.

An overview of the detection and remediation of soil and groundwater contami-
nated with petroleum products is given in Nadim et al. (2000).

1.3.3.9 Asbestos

The contaminant that provided the ultimate challenge for risk assessors, maybe even
more than oil and petrol-like mixtures, is asbestos. Asbestos is also frequently found
in soils. First of all, asbestos distinguishes itself from almost all other contaminants
by the fact that asbestos is a mineral. It also is completely different from other
contaminants in its behaviour: asbestos does not adsorb to soil particles and does
not migrate through soils via the pore water, or soil gas. It is also not taken up by
plants. The only pathway by which asbestos can give rise to adverse effects is by
inhalation. These effects, although very serious (mesothelioma, that is, cancer of
the pulmonary membrane and peritoneum, asbestosis, and increased risks for lung
cancer), will reveal themselves over the longer term, that is, decades after exposure.

A concrete way of dealing with asbestos is described in Swartjes and Tromp
(2008). They derived a Soil Quality Standard (Intervention Value) from measured
data and described a tiered approach (as preferably used for other (composited)
contaminants) to assess the site-specific risks of asbestos in soils. In the first step,
measured asbestos concentrations in soil are compared with the Intervention Value
of 100 mg/kgqw asbestos equivalents (0.01% by weight). ‘Asbestos equivalents’ is
the sum of the concentration of chrysotile asbestos (also serpentine asbestos or white
asbestos) and 10 times the concentration of amphibole asbestos (other asbestos
types), for both friable and bound asbestos. When this value is exceeded, a tiered
approach is used for the determination of site-specific human health risks. A site-
specific human risk is assumed, unless it can be proved otherwise (‘risk, unless. . ..").
The three tiers are as follows:

e Tier 1, Simple test: investigating the possibilities/likelihood of exposure;

e Tier 2, Determination of the respirable fraction in soil: investigating the pos-
sible site-specific exposure to humans, independent of the actual site use or
site-specific elements, based on the determination of the respirable concentration
of asbestos fibres in soil, in conformity with the Dutch standard NEN 5707.

e Tier 3, Measurement and testing of the concentration of asbestos fibres in outdoor
and indoor air under standardised conditions.
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1.3.4 Occurrence in Soils and Groundwater

Contaminants coming from various natural and anthropogenic sources may be
found in soils. Contaminants enter the soil via emissions onto the soil surface,
usually unintentionally (e.g., through atmospheric deposition, spills, etc.), some-
times intentionally (e.g., the use of metal-containing fertilizers, illegal dumping). In
most cases, the contaminants migrate downwards. The velocity of migration varies
greatly, depending on the type of contaminant, soil type, soil properties and climatic
conditions. Ultimately, contaminants leach into the groundwater, where migration
continues, both in vertical and in horizontal directions. As a consequence, contam-
inants are found in the entire depth range of a soil. However, since most soils have
an upper layer with high organic matter content, which provides a high potential
for adsorption of both inorganic and organic contaminants, generally the total soil
concentration is higher ‘in the first few decimetres’ of the soil.

Since contaminant characteristics differ widely, the contamination profile vis-
a-vis depth also differs. The shape of this profile is determined by the sorption,
desorption and degradation potential of contaminants and of the physical charac-
teristics (water flow transport) and physico-chemical characteristics (sorption and
desorption) of the soil. Generally speaking, immobile contaminants have a higher
ratio between the concentration in the solid phase of the soil and the concentration
in the pore water or the groundwater than do mobile contaminants. However, all
contaminants have higher concentrations in the solid phase of the soil and, hence,
higher total soil concentrations in the upper soil, rich in organic matter and in clay
horizons (mainly metals).

For practical reasons the concentration of contaminants in soil is usually
expressed by weight of contaminants per unit weight of dry soil (kilogram), while
the concentration of contaminants in groundwater commonly is expressed by weight
of contaminants per unit of volume (1). Since this proved to result in the most con-
venient figures, the contaminant weight is usually expressed in milligram (mg) for
soil and in microgram (pg) for groundwater. In summary, the concentrations are
expressed as mMgcontaminant/KEsoil, dry weight for soil and in U«gcontaminant/lgroundwater
for groundwater, most often shortened to mg/kgdry weight (or mg/kg), and pg/l,
respectively.

1.3.5 Mixtures of Contaminants

In the great majority of contaminated sites, more than one contaminant is found in
soil or groundwater. There are two reasons for this. First, most materials from which
contaminants originate contain more than one contaminant. Metal ores, for example,
often contain several metals which may be simultaneously released from metallurgic
industrial processes. Similarly, in most activities or processes, where contami-
nants are released into the environment, several contaminants are involved. One
example of this is a dry cleaning facility, where several chlorinated hydrocarbons
are simultaneously used. From both these examples it can be concluded that the
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same combinations of contaminants are often found in soils and groundwater. The
risk assessor needs to use this information in order to investigate the site for the
whole contaminant mixture. The exact composition of contaminants in soils and
groundwater, however, may differ. By incomplete combustion of different organic
materials, for example, different mixtures of PAHs are produced, depending on the
type of organic material and combustion characteristics such as temperature.

Second, specific sites, for example sites just outside the city limits of several of
the larger cities around the turn of the nineteenth and twentieth centuries, lent them-
selves to several soil contaminating activities. At these sites, an often incoherent
cocktail of contaminants is present. For these sites, it is more difficult to determine
which contaminants to search for.

1.3.6 Scope of This Book

A specific class of potentially harmful contaminants found in soil consists of
radioactive contaminants (e.g., Callahan et al. (2004), who evaluated the human
health risks due to the presence of depleted uranium at a military training site in the
USA). Since radioactive substances are of a different nature and require a different
kind of Risk Assessment, these contaminants do not fall within the scope of this
book. For the same reason endocrine disruptors (aka: ‘hormonally active agents’;
see Lintelmann et al. (2003), who provided an overview of the biochemical and
biological background of endocrine disrupters in the environment) are not consid-
ered in the scope of this book. Furthermore, no attention will be paid in this book
to the microbial contaminants, mainly relevant in groundwater, that originate from
both human and animal faeces via sewer leaks, septic tanks and manure disposal,
although these are of great concern for human health (e.g., Celico et al. (2004), who
found several microbial contaminants, related to pasture and/or manure spreading,
in different carbonate aquifers of southern Italy).

Recently, there has been much attention paid to the impact of nanoparticles in
the environment. Since these nanoparticles are central to many natural processes in
soil and groundwater and in human physiology, they are a potential threat to the soil
ecosystem and human health. Given the limited scope of their use, it is currently
unlikely that they pose a substantial risk to the soil ecosystem and human health
(Colvin 2003). However, since the widespread use of nanomaterials will result in
higher concentrations in soils, the future impact is unknown. For the same reasons
that radioactive contaminants and endocrine disruptors require a different kind of
Risk Assessment, nanoparticles are not considered in the scope of this book.

1.4 Site Characterisation
Site characterisation is an essential step in identifying contaminated sites and, in the

steps that follow, contaminated site management. Therefore, each project involv-
ing contaminated sites needs to begin with a preliminary study of the site under
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investigation. This study includes information on the layout of the site (the presence
of buildings, sealed surfaces, bare surfaces, vegetation, (micro)relief, the presence
of soil-foreign materials, elements that relate to former activities) and a detailed
evaluation of the history of the site (which activities might have been responsible
for which contaminants, at which spots on the site). Some sites evoke a clear sus-
picion of being contaminated, while other sites have a rather innocent appearance
with regard to soil contamination. See Fig. 1.7, as an example, in which a suspi-
cious site, based on the presence of drums (upper photo), and a site that seems
above suspicion (lower photo), both in the Silvermines area in Tipperary county,
Ireland, contaminated with several metals due to former mining activities.

A site visit, including a so-called organoleptic investigation (‘looking and
smelling’), is an essential activity at this stage of the project. The evaluation of the
history of the site might include a visit to the municipal archives and the historical
records found in the library. Moreover, interviews with former workers or inhabi-
tants might be helpful. A map of the site might also help in the interpretation, and
digital photos will support the memory of the risk assessor. This preliminary study
should result in a hypothesis about the type of contaminants and the spots where
these contaminants can be present.

Obviously, samples need to be taken and analysed in order to determine the
concentrations in soil and groundwater. If no information about the possible con-
taminants is known, the samples can be analysed for a group of ‘frequently found
contaminants’. This group differs for soil and groundwater, since the more immobile
contaminants are often found in soils, while the more mobile contaminants usually
reside in the groundwater. Several countries have defined standard groups of fre-
quently found contaminants, often formalised in protocols. In the Dutch NEN 5740
protocol, for example, a standard series of contaminants has been defined that must
be determined when there is no information about the possible contaminants present
(NEN 2009). The selected contaminants differ for:

Fig. 1.7 A suspicious site (a) and a site that seems above suspicion (b), in the Silvermines area in
Tipperary county, Ireland, contaminated with several metals due to former mining activities (photo:
F. Swartjes)
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e soil: barium (Ba), cadmium (Cd), cobalt (Co), cupper (Cu), mercury (Hg), lead
(Pb), nickel (Ni), selenium (Se), vanadium (V), zinc (Zn), chloride (Cl), min-
eral oil, sum of EOX (Extractable Organic Halogens) and the sum of PAHs
(10 specified representatives);

e and groundwater: cadmium (Cd), cobalt (Co), cupper (Cu), mercury (Hg), lead
(Pb), nickel (Ni), selenium (Se), vanadium (V), zinc (Zn), chloride (Cl) , min-
eral oil, naphthalene, some specified volatile aromatic hydrocarbons (including
BTEX), and some specified volatile halogenated hydrocarbons.

Since sampling and laboratory analysis are relatively expensive, generally there
is lack of data. Multivariate and geostatistical tools can support the characterisation
of a site, e.g., Carlon et al. (2000) who extracted additional PAH concentrations by
Kriging interpolation of spatial data and Principle Component Analyses (PCA), at
an industrial site close to Parma, Italy.

Generally, two important decisions need to be taken, which require a com-
bination of science and pragmatism. First, the number of samples needs to be
determined. Often, the number of samples that results from a pure statistical anal-
ysis is too costly. Therefore, statistics need to be combined with pragmatism. In
Lamé (Chapter 3 of this book) the procedure for sampling has been described, pri-
marily from a practical perspective. In Brus (Chapter 4 of this book), this procedure
is approached from a statistical perspective.

Second, a decision needs to be taken about the construction of composite soil
samples; these are lumped samples through mixing of separate samples. Obviously,
a chemical analysis of composite samples is factors cheaper than a sampling of the
separate samples. In case the composite samples do not provide enough information
for a well-founded risk appraisal, appropriate separate samples could be analysed
at a later stage. The decisions pertaining to the number of individual samples and
composite samples depend on the degree of heterogeneity of the contaminant (and
of some important soil characteristics such as pH, organic matter content) in the soil
and groundwater.

Also the (statistical) interpretation of the measured concentrations is important.
Altfelder et al. (2002), for example, showed that part of the area that may be
declared safe based on merely kriged estimates can actually exceed the German limit
values by a probability of up to 50%. Millis et al. (2004) showed for lettuce (vari-
ety Crispino) that variation in plant-scale heterogeneity of cadmium in soil affects
bioavailability and hence the concentration factors plant-soil by a factor of two.

1.5 Risk Assessment

1.5.1 Principles

A measured concentration in soil or groundwater is a rather vague criterion with
regard to determine possible associated problems. The simple purpose of Risk
Assessment is to transfer this measured concentration into a more manageable
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appraisal of the status of the contaminated site in terms of risks for one of the pro-
tection targets (human health, the ecosystem, groundwater or Food Safety). Let’s
consider, as an example, the appraisal of a PCB soil concentration of 1 mg/kggw
soil. Without Risk Assessment, it is extremely difficult to give an objective and use-
ful opinion about this measured concentration. To some, it might be a non-problem,
since 1 mg/kgqy soil implies one in a million, and that seems very low when com-
pared with some (undefined) standard of high and low. But another person might
approach the case differently, that is, by noting that 1 mg PCBs equals about 1.8.
10'® molecules.! Such a high amount of a contaminant that is able to impact the
immune, hormone, nervous, and enzyme systems is associated with serious health
problems, again by comparing it with some (undefined) standard of high and low.
But obviously both positions are not very useful, since the numbers do not tell any-
thing about the magnitude of the problem. And it is exactly that, an estimate of the
magnitude of the problem, which is the purpose of Risk Assessment.

1.5.2 The Concept of Risk

Risk is a concept that denotes a potential negative impact to an asset. There must
be a source for this potential negative impact, and this is generally called a hazard.
With regard to contaminated sites, the hazards are the adverse effects on human
health from contaminants in the soil or groundwater.

Many authors describe the magnitude of a risk in terms of probability (or change,
or frequency) and effect (harm). Since a doubling of the probability of a negative
impact on an asset often is judged similar to the doubling of the effect, risk is
often described as the multiplication of probability and effect. The determination
and often the evaluation of risks are called Risk Assessment and helps in making
transparent, rational, and defendable decisions.

With regard to the seriousness of an effect, it is very important if, and if so, to
what extent, one can influence the probability of a negative impact on an asset. In
this respect, it is useful to distinguish between a risk that humans deliberately take,
for example, the risk of getting lung cancer from smoking (a voluntary risk), and
a risk that is beyond human control, for example, the risk of a natural catastrophe
(an imposed risk). Humans can control voluntary risks, for example, by reducing the
number of cigarettes they smoke. Imposed risks, on the contrary, are not or are diffi-
cult to manage. At best, if one is prepared to take extreme measures that often impact
one’s personal circumstances, some risks can be reduced, for example, by moving
to a place on the globe where the chance of natural catastrophes is relatively low.

Risk, both voluntary and imposed risks, relates to a concept we deal with on
a daily basis. Some examples of familiar voluntary risks, with human health as
the asset that can be negatively impacted, relate to the consumption of alcohol-
containing drinks, going out in traffic, and engaging in sport activities where injuries

! Assuming an average average molecular weight for PCBs of 327 g/mol.
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to joints are possible. Clearly, we are prepared to take some of these risks, since
these activities provide us with evident advantages. Some examples of imposed
risks are living in polder regions beneath sea level, protected by dunes and dikes, the
threat of natural catastrophes in hurricane-prone areas of the world and of terrorist
attacks.

Risks from contaminated sites typically are in the category of imposed risks:
humans can only avoid, or at best reduce the risks, by adapting their lifestyle or, in
the most extreme case, by moving to a place where the soil has not been impacted by
soil contamination. From the perspective of Risk Assessment, it is very important
to realise that risk is not necessarily a bad thing. Being at risk is part of our life;
many risks will never impact human health, and there are many risks we are not
even aware of.

When contaminants are present in soil there is a risk by definition, since there
is ‘a probability’ (the chance, although miniscule at very low concentrations, that
human beings or soil organisms are exposed to these contaminants) and ‘an effect’
(impact on human health or ecosystem health, when contaminants indeed intrude on
humans or soil organisms). The whole idea behind Risk Assessment is not to find
out whether there are risks, but to investigate whether or not the risks are accept-
able. Nevertheless, risk assessors often use the phrase ‘no risks’ when in fact ‘no
unacceptable risks’, or more concretely ‘acceptable risks’ is meant. Often, regula-
tors or stakeholders seduce the risk assessor into using the ‘no risks’ qualification,
since the ‘no unacceptable risk’ qualification (double denial), or ‘acceptable risks’,
is more difficult to interpret and often provokes further discussion.

Risk Assessment can also be used to support the optimal allocation of financial
resources in contaminated sites projects.

1.5.3 Procedure

Risk Assessment (aka: Risk Analyses) is a process which serves the purpose of
examining risks and, when possible, quantifying risks. It is an old concept. Risk
Assessment can almost be considered as a science unto itself. It is used in widely
differing disciplines such as environmental engineering, the design of building con-
structions, financial impact assessments or in the military. Analogous to risks, we
are dealing with Risk Assessment daily, mostly without realising it. When a person
crosses the road, for example, that person makes a judgement on the chance of being
hit by a passing vehicle and the following consequences.

The Risk Assessment framework is illustrated by the light-shaded boxes in
the contaminated site management framework, in Fig. 1.3. The first step in the
Risk Assessment framework includes two different activities, namely, the Exposure
Assessment (aka: dose assessment) and the Hazard Assessment (aka: effect assess-
ment), mainly used in Human Health Risk Assessment. Conventionally, the deter-
mination of exposure is performed for human beings or larger animals, and not so
much for smaller soil-dwelling organisms. Ideally, the amount of a contaminant that
reaches the blood stream (in case of systemic effects, i.e., related to effects in the
whole body after systemic circulation and, hence, absorption and distribution in the
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body) or target organs (in case of local effects, i.e., related to effects to specific
organs at the place of contact or intake) is determined. This amount is expressed as
mass contaminant, per body weight mass, per unit of time (mg/kgpody weight/day),
that is, as the internal exposure. Target organs are the organs that could be adversely
affected by specific contaminants. However, in most cases the external exposure is
calculated, that is, the amount of a contaminant that reaches the human body or the
organism.

With regard to the determination of human exposure, multimedia calculations
are usually combined with the calculation of human exposure in so-called exposure
models. A more detailed introduction to Human Health Risk Assessment is given
in Swartjes and Cornelis (Chapter 5 of this book). A quantitative determination of
human exposure is described in detail in Chapters 7, 8, 9, 10, and 11 of this book.

An important first step in Exposure Assessment is to determine the representative
soil concentration. The representative soil concentration, and hence, the proce-
dure for soil and groundwater sampling, is dependent on the purpose of the Risk
Assessment, the site characteristics and the exposure pathways that are the most
relevant. Smart choices need to be made for location and depth of the samples, con-
struction of the composite samples, and contaminants that must be analysed (see
Section 1.4). A site visit and historical survey can be important activities in support
of the chosen sampling strategy.

Hazard Assessment includes two steps, namely, Hazard Identification and
Hazard Characterisation (IPCS 2004). Hazard Identification focuses on the pos-
sible effects of specific contaminants and the time frame for which these effects
occur. Subsequently, the Hazard Characterisation results in a dose-response assess-
ment, relating exposure to effects, and is the basis for the determination of Critical
Exposure (aka: Reference Dose).

The combination of Exposure Assessment and Hazard Assessment, the second
step of the Risk Assessment framework, is called Risk Characterisation. When
translated in objective terms, the Risk Characterisation results in a Risk Index.
This is the ratio between actual exposure and Critical Exposure with regard to
Human Health Risk Assessment, or the ratio between the actual concentration and
acceptable concentration in the soil with regard to Ecological Risk Assessment,
respectively. In Ecological Risk Assessments often the PEC/NEC (Predicted Effect
Concentration/No Effect Concentration) ratio is used for one organism, several
organisms or the whole ecosystem, with the same goal in mind. Dawson et al.
(2007), as another example, established a Biological Soil Quality Index to help
visualize significant differences in hydrocarbon-polluted soils.

The actual performance of Risk Assessment is generally supported by appropri-
ate Risk Assessment tools. In Swartjes et al. (2009) a Risk Assessment tool is defined
as any instrument that can contribute to the determination of risks at a contami-
nated site. A Risk Assessment tool can be an equation, a description, a database,
a model, an instrument, a protocol, or a table. A combination of selected Risk
Assessment tools is called a Toolbox. Such a Toolbox does not include policy points
of view. The Toolbox for the determination of human health risks, for example, may
include algorithms for the calculation of exposure through different pathways, a
measurement protocol for the determination of the indoor air concentration, a table
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with Critical Exposure values, and many more Risk Assessment tools. A Decision
Support System (DSS) does include selected Risk Assessment tools, but also policy
points of view. A DDS could for example be used to calculate national Soil Quality
Standards on the basis of several selected Risk Assessment tools and national policy
points of view.

It is often said that Risk Assessment is an objective process and that scientists
need to operate independently of the interests of any stakeholder. To a certain extent
this is truth, since scientific independence is the key to an objective risk qualifi-
cation. This independent position, however, certainly does not justify a strict ‘no
communication policy’. The reason for this is that Risk Assessment includes several
policy decisions, for example, as to the degree of conservatism and the required level
of protection of human health, the soil ecosystem, the groundwater or agricultural
products.

The independent status of scientist will not be affected by the adaptation of spe-
cific political boundary conditions, as long as it is made transparent what these
boundary conditions are. Risk assessors can do an excellent and objective job when
they, for example, commit themselves to the political boundary condition that a Risk
Assessment for an industrial site should focus on ‘average adult workers’ and not
relate to children or other sensitive groups. Again, it is important to make these
boundary conditions and, hence, the validity range of the conclusions from the Risk
Assessment, transparent. Therefore, this political boundary condition needs to be
clearly described in the Risk Assessment report. This enables regulators to guar-
antee the safety of these sensitive groups, for example, by fencing of the site with
anti-trespassing controls in order to protect children as in the case just mentioned.

In the USA, there is a standardised procedure for performing Human Health
and Ecological Risk Assessment called Risk-Based Corrective Action (RBCA). A
summary of this three-tiered Risk Assessment procedure is given in ASTM (2009).

It is generally acknowledged that the total concentration is not the optimal mea-
surement with regard to risk to the soil ecosystem, the groundwater and, to a lesser
extent, for human health. Especially exposure and leaching are strongly related to an
‘effective’ fraction of the contaminant in soil, this is, the bioavailable fraction with
regard to ecological risks and a specific part of human health risks (like the risk
through vegetable consumption) and the available fraction with regard to leach-
ing from the upper soil into the groundwater. In Mallants et al. (Chapter 18 of this
book) a detailed description of the leaching process is given. The (bio)available rel-
evant fraction depends on the type of organism and, last but not least, the relevant
timeframe.

An enormous number of papers have been written on calculating and measuring
bioavailability, in particular with regard to metals. An example is given in Alvarenga
et al. (2008), who determined two bioavailable metal fractions, that is, a ‘mobile
fraction’ and a ‘mobilisable fraction’ using a sequential extraction, with the purpose
to assess the risks in an acid metal-contaminated soil from the Aljustrel mining area
in Southwest Portugal, in the Iberian Pyrite Belt. An example with regard to plant
uptake is given in Kalis et al. (2007), who described a procedure for assessing metal
uptake by Lolium perenne. To this purpose they used a four-step approach, starting
with the total metal content in soil, including the calculation of the concentration
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in the pore water, the metal concentration adsorbed to the root surface, the metal
contents in the roots and the metal contents in the shoots.

In Hodson et al. (Chapter 16 of this book) a detailed description of bioavailability
is given.

1.5.4 Reliability

1.5.4.1 Uncertainties and Variability

It is generally acknowledged that Risk Assessment, although it is said to be an
objective process, is also an unreliable process (e.g., Ferguson et al. 1998). There
are several reasons for this. First, Risk Assessment includes many parameters and
equations that have large uncertainties and variability. Uncertainty is the variation
in these Risk Assessment tools due to lack of knowledge or to lack of scientific con-
sensus. Variability is the variation due to spatial and temporal variations. The large
variability is explained by the heterogeneous nature of soil and the large differences
in human characteristics and behaviour among individuals. The large uncertainties,
often found in exact sciences, are mostly related to the transfer of contaminants from
soil into contact media, and biokinetic fate and transport processes in the human
body (Human Health Risk Assessment and Food Safety), the immensely complex
functioning of the soil ecosystem with mutual interactions between many differ-
ent organisms and the soil properties (Ecological Risk Assessment), and transport
processes in soil and aquifers (Groundwater-related Risk Assessment). Every vari-
ability found in the Risk Assessment tools is interwoven with uncertainty, while
uncertainty does not necessarily go together with variability. Examples of equa-
tions that are characterised by both large uncertainties and variability are transport
processes of contaminants through the aquifer, pore water and soil gas, and the
equations that describe bioavailability in soil. A parameter that mainly has large
variability is, for example, the fraction of total vegetable consumption that humans
grow in their own garden. For a specific case this fraction can be accurately esti-
mated, but for the use of a generic value for the derivation of Soil Quality Standards
there is a huge variation between sites, and most definitely for bigger geograph-
ical entities. Generally speaking, patterns that describe human behaviour, and the
behaviour and composition of soil ecosystems show a wide variation in time and
space.

Second, Risk Assessment includes a whole chain of calculations and measure-
ments, which means that small uncertainties in an earlier step (e.g., in the sampling
strategy) might add up to large uncertainties in the final step (e.g., the risk character-
isation). Third, several elements in Risk Assessment require a subjective judgment,
which means that quite a number of uncertainties are involved with the sometimes
arbitrary choices of the risk assessor.

It must be realised that measurements, although the general belief is that these
are much more accurate than calculations, are also often characterised by lim-
ited reliability. Nevertheless, in some specific cases, the reliability could indeed be
improved by including measurements in the calculations, namely, measurements of
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‘supportive input parameters’ or the concentrations in contact media. By measur-
ing the organic matter content of soil (a ‘supportive input parameter’), for example,
clearly the reliability of a site-specific Risk Assessment can be improved, as com-
pared to an assessment based on an average organic matter content of a specific
region (elimination of variability).

A specific type of uncertainty relates to the lack of clear definitions of polit-
ical boundary conditions or the wrong interpretation of these political bound-
ary conditions by scientists. When, for example, the degree of precaution (e.g.,
whether the average human being or the great majority of human beings must
be protected) has not been clearly defined, or is incorrectly interpreted, the
input parameter identification of exposure parameters could take on an arbitrary
character.

1.5.4.2 Dealing with Uncertainties and Variability

As was mentioned in Section 1.5.4.1, each input parameter for Human health,
Ecological, and Groundwater-related Risk Assessment is characterised by uncer-
tainty and variability. Nevertheless for many Risk Assessment applications it is
useful to represent the input parameter by one single value. Options that are
mostly used, depending on the type of Risk Assessment, the purpose of the Risk
Assessment, and the possible political boundary conditions, are based on a single
value of the central tendency or some kind of worst-case estimate. Most often, a
single value for the central tendency is the mean (or average) value or the median.
Generally speaking, for normally distributed data the arithmetic mean is appropri-
ate, when for non-normal data the medium value usually is the best representative
of the central tendency. The worst-case estimate is mostly based on a specific per-
centile (usually 80th, 90th, or 95th percentile), or on the highest value found in a
series of data. Although the choice for a specific percentile is also subjective, the
use of a percentile is preferred over the use of an arbitrary high value. In many Risk
Assessments, no specific choice for the level of precaution is made; instead, rather
arbitrary values are selected on the basis of available data in the literature.

Most outputs from site-specific Risk Assessment, such as calculated human
exposure or the number of ecological species affected, must be regarded as indi-
cations of truth values. Nevertheless, Risk Assessment is an extremely useful tool,
as long as it is smartly used.

First, outputs from Risk Assessments can always be safely used for comparison
of risks (comparative Risk Assessment, aka: relative Risk Assessment), for example,
for priority setting. Higher exposure, for example, generally means a higher risk;
or to put it even better, a higher Risk Index generally means a higher risk. Second,
Risk Assessments based on worst-case assumptions can be used in a first step of
a Risk Assessment procedure. Generally speaking, this implies that when there is
no unacceptable risk, even under these worst-case conditions, it is relatively safe
to state that unacceptable risks to human health, the ecosystem, the groundwater or
agricultural products are very unlikely. The risk assessor, however, needs to be alert
to the fact that the worst-case conditions indeed apply to the specific site. Imagine,
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for example, that a worst-case Risk Assessment is performed, for the purpose of
investigating whether people in a specific residential setting might experience unac-
ceptable risks, by using upper limit estimates for the crucial exposure parameters.
If the result from this Risk Assessment under these worst-case conditions shows a
Risk Index that does not exceed a value of 1, an unacceptable risk is very unlikely
for normal conditions at the site. However, when inhabitants at the residential site,
now or in the future, grow a much larger percentage of their vegetables on the site
(large gardens), unacceptable risks cannot be excluded.

Another possible pitfall is that the boundary condition ‘based on worst-case
assumptions’ is a subjective criterion, which is difficult to motivate and communi-
cate. The level of conservatism is rarely concretised in Risk Assessments or, at best,
at the level of subjective terminology such as ‘based on worst-case assumptions’.
Moreover, risk assessors sometimes might feel the urge to protect themselves from
false negatives (the assumption that there is no unacceptable risk, when in reality
there is one) which might lead to an unnecessary over-conservatism.

Scientists and regulators usually are looking for a balance between ‘to be sure to
be on the safe side’, and realism and pragmatism. For this purpose the term ‘realistic
worst case’ is often used, although this still is a subjective criterion. The use of a
specific percentile, for example, the 90th percentile of each input parameter repre-
senting worst-case conditions, is a more objective criterion. However, the selection
of this percentile is also a very subjective process. Choices for specific percentiles
(usually 80th, 90th, or 95th percentiles) are often mentioned in Risk Assessments,
but are seldom explained.

For more ambitious applications, the risk assessor needs to be aware of the
sensitivities and uncertainties that are involved in the Risk Assessment tools. An
experienced risk assessor needs to use insight when it comes to the most sensi-
tive input parameters. A sensitivity analysis and uncertainty analyses can help to
systematically identify the most sensitive input parameters, model equations, etc.
The risk assessor also needs to be aware of the limitations of the outputs from
Risk Assessment and check these against the purpose of the Risk Assessment.
When the uncertainties are too great, the performance of additional assessments
will be necessary, or the power of the results of the Risk Assessment will have to be
adapted to more modest conclusions, that is, by communicating the restrictions and
uncertainties.

A relatively simple, though quite time-consuming way of dealing with the lack
of reliability, is to follow a probabilistic instead of a deterministic approach. A
deterministic approach, based on point estimates in input parameters and result-
ing in a single value, does not give any information about the variation in that
value. Moreover, since information about the lack of variation is lacking, stake-
holders might get a misleading idea about the accuracy involved. In a probabilistic
approach, input parameter point estimates are replaced by probability density func-
tions, for at least the most sensitive input parameters. The most popular probability
functions are normal, lognormal, cumulative and uniform distributions. Several soft-
ware packages are available, for example, Crystal Ball, to determine the probability
density functions from a series of data.
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The procedure for the determination of probability density functions depends
on the purpose of the Risk Assessment. For ‘generic Risk Assessment purposes’,
for example, the derivation of Soil Quality Standards, the most effective way is to
incorporate both uncertainty and variability in the probability density functions. For
site-specific applications, however, most of the variability could be eliminated by
measurements, so that the probability density functions mainly cover uncertainty.
The most popular way of performing a probabilistic Risk Assessment is based on
Monte Carlo techniques (e.g., Seuntjes (2004), who assessed the risk of the leach-
ing of cadmium from soil, originating from the former presence of non-ferrous
industries, into the groundwater in Lommel, Belgium). Burmaster and Anderson
(1994) described 14 principles of good practice to assist people in performing
and reviewing probabilistic or Monte Carlo Human Health and Ecological Risk
Assessment.

The result of a probabilistic Risk Assessment is a probability density function
of an important measure for risks, for example, human exposure or percentage of
soil organism affected, or of a Risk Index. The huge advantage of such a probabilis-
tic procedure is that the impact of uncertainties and variability is made transparent
in the resulting risk appraisal. However, a choice needs to be made for the level
of acceptability, in terms of a specific percentile of the probability density func-
tion as output of the Risk Assessment. Although this offers a more sophisticated
way of dealing with acceptable risks, there are no objective criteria to underpin this
choice.

Since Risk Assessment is a relatively unreliable process, it is of the utmost impor-
tance to describe each and every step taken, from the field survey on up to Risk
Management solutions. This should be done in such a detailed way that the Risk
Assessment is reproducible for third-party risk assessors. The report must explain
which political boundary conditions are incorporated in the Risk Assessment.
Furthermore, it should refer to all the Risk Assessment tools (including all input
parameter values) that were used, along with associated references.

Because of the characteristically limited reliability involved with Risk
Assessment, it is recommended to organise, at least for crucial reports, peer reviews
and/or second opinions. Peer reviewers cannot eliminate the uncertainties, but they
can judge whether risk assessors have made these uncertainties transparent and
also, very importantly, whether the uncertainties rectify the conclusions. Several
countries include peer review or second opinion procedures in their acts and laws.
Alternatively, these procedures are often included in national guidance documents.

1.5.4.3 Validation

The lack of reliability of Risk Assessment results is supported by numerous val-
idation, comparison and round-robin studies. It must be realised, however, that
validated models hardly (if at all) exist (Leijnse and Hassanizadeh 1994). In fact,
only model applications can be validated. The reason for this is that for each specific
model application, different equations and input parameters are the most relevant.
Therefore, in each specific model application a different part of the model is tested.
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When a smart combination of model applications is validated, however, it at least
ensures a level of confidence in the whole model. But since it is a subjective deci-
sion as to what kind and how many validated model applications are needed to cover
the whole range of possible model applications, and the criterion for ‘validated’ for
separate validations is quite vague, the term ‘validated model’ is better off being
avoided.

A similar process that investigates the performance of models and procedures is
verification. Verification focuses on the testing whether a predefined hypothesis is
true.

1.6 Risk Management

1.6.1 Scope

Sometimes, a broad definition of Risk Management is followed, that is, Risk
Management is the whole risk-based procedure for contaminated site management.
According to this broad definition, Risk Assessment is considered as an important
component of Risk Management. In this book, however, a more narrow definition
of Risk Management is used (see Fig. 1.3) that focuses on the development of the
strategies for dealing with the risks, only. From this perspective, the term Risk
Management is more directly related to the dictionary definition of management,
which includes active words such as ‘handling’ and ‘controlling’, generally with the
purpose of bringing contaminated sites back into beneficial use.

Risk Management is appropriate when the conclusion from a Risk Assessment
is that a particular risk is unacceptable. It includes avoiding the risks, mitigating or
removing risks and, last but not least, communication about the risks with the parties
involved. The keyword in Risk Management is risk reduction. There are many ways
to achieve risk reduction. Basically, Risk Management relates to removal or con-
trolling of the source, that is, source control treatment, or to blocking the pathway
from source to receptor. The challenge is to find the optimum balance between the
most effective and most cost-efficient way of doing this by weighing the short-term
advantages against the costs of aftercare.

Remediation (aka: restoration, or clean up), that is in its most strict definition
elimination of the source and the resultant soil contamination, is the most direct way
of risk reduction. However, remediation often is too drastic an activity, whose results
are not in alliance with the social and technical impact at the site and the costs.
Alternatively, source control or the application of barriers, that is, a process which
eliminates or blocks the source, might be sufficient. In some cases, compliance with
policies requires more stringent measures than are absolutely necessary from a risk
perspective.

Communicating with all stakeholders is necessary to find the optimal end
goal of Risk Management and to define the procedure for how to achieve this.
Often, an intensive negotiating process is needed in which decision-makers play
an important role.
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1.6.2 The Source

The term ‘source’ could do with some further attention. At any contaminated site, a
primary source that is responsible for ongoing contamination of the upper soil layer,
e.g., a leaking pipeline, an oil spill, waste materials stored on the surface of the soil,
must be fully eliminated, when possible. In case of ongoing atmospheric deposi-
tion, elimination of the source often is a long-term political process addressing the
responsible parties for immissions of contaminants, and it is not always possible.
Other sources might be part of agricultural practices, such as the application of fer-
tilizers and pesticides. In that case, an acceptable soil quality would constitute a
harsh boundary condition in agricultural soil management.

Contamination of the upper soil layer, in addition to being a potential cause
of risk to human beings, the soil ecosystem and to Food Safety, is a source for
groundwater contamination. This might lead to the necessity of removal or control
of contaminants in the upper soil layer for the purpose of protecting the groundwater.

1.6.3 Procedures

In the late 1970s, Risk Management was often the same thing as complete removal
of the contaminants and, hence, of the risks involved. Harsh remediation measures,
such as Dig-and-Dump (remediation of the upper soil) and Pump-and-Treat (reme-
diation of the groundwater) were the most popular mechanisms to achieve this goal.
Alternatively, insulation of the contaminants, and hence of the risks involved, was
used as a less strict but cheaper solution. Since the early 1990s, the general focus
of Risk Management has evolved into the elimination of unacceptable risks, which
does not necessarily mean complete removal of the contaminants. Today, the reme-
diation objective is often set at a concentration where the risks for human health,
the soil ecosystem, the groundwater and/or Food Safety relate to an acceptable risk
level.

Moreover, the weighing of the end goal of remediation against necessary costs
has evolved into the common way of performing Risk Management.

The most simple and generally least expensive solution for contaminated site
problems relates to changing the land use, or adapting the layout of the site within
the same land use, in terms of blocking the major exposure pathways. An exam-
ple of change of land use is using cadmium contaminated sites at the border of a
municipality for city expansion, which does not allow substantial vegetable produc-
tion, instead of using it for vegetable gardens or for agricultural purposes. In this
way human exposure through vegetable consumption is reduced or eliminated. An
example of changing the layout of a site within the same land use is given by a lead
contaminated site with a heterogeneous contamination pattern. The human health
risks can be substantially reduced when the buildings are situated on the locations
with the highest lead contents and the bare surfaces (garden and borders) on the
locations with the lowest lead concentrations. In this way exposure of children to
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lead through soil ingestion is avoided or reduced. A popular option, mainly effi-
cient for immobile contaminants, is covering contaminated hotspots with pavement,
grass or any other vegetation, also reducing the possibilities for hand-mouth contact
and, hence, exposure through soil ingestion. Another example is found in Arienzo
et al. (2004), who revegitated a soil at a former ferrous metallurgical plant in Naples,
Italy, for the purpose (among others) of preventing dispersion of metal-contaminated
particles by water or wind erosion. Fencing off highly contaminated parts of a con-
taminated site, as, for example, described in Louekari et al. (2004), for the purpose
of avoiding practically any lead exposure near a former lead smelter in Finland,
would be a good example of rather drastic measures in regard to adapting the
site use.

The disadvantage of changing land use or the layout of the site with the same
land use is that concessions often have to be made in regard to the ideal way the site
is used.

Moreover, risks for other protection targets should also be investigated.
Therefore, this solution often offers limited possibilities.

1.6.4 Remediation Technologies

1.6.4.1 Scope

Remediation is a hard-to-protocollise activity. It is often not feasible to follow a
cookbook-type recipe for the design of a remediation plan. The reasons for this
are that for every combination of contaminant, site, soil properties and land use,
a different remediation technology may be appropriate. Moreover, the execution
of one specific remediation technology can be carried out in many different ways.
Therefore, the development of the remediation plan typically must be done on a
site-by-site basis. Remediation experts often lobby against rigid remediation plans.
Instead, they would prefer a remediation approach in which the proceedings develop
during the remediation activities.

The basic distinction in remediation technologies is in situ (at the site) and ex
situ (off the site) technologies. In situ technologies, mainly applicable to organic
contaminants, have the advantage that no transport of soil material is needed. The
huge advantage of ex situ technologies is that the physical-chemical treatment of
soil is generally more efficient in a factory than on site. In Fig. 1.8, an illustration
of an excavation in Bilthoven, the Netherlands is given, as an example of an ex situ
remediation.

Bardos et al. (Chapter 20 of this book) give a detailed description of innovative,
sustainable remediation technologies.

1.6.4.2 In Situ Remediation Technologies

The US Environmental Protection Agency includes 12 different in situ remedi-
ation technologies in their Annual Status report on contaminated sites treatment
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Fig. 1.8 An illustration of an
excavation in Bilthoven, the
Netherlands, as an example of
an ex situ remediation (photo:
K. Versluijs; reproduced with
permission)

technologies (US EPA 2007). These remediation technologies are Bioremediation,
Chemical treatment, Electrical separation, Flushing, Multi-phase extraction,
Mechanical soil aeration, Neutralization, Phytoremediation, Soil vapour extraction,
Solidification/Stabilization, Thermal treatment and Vitrification.

Phytoremediation, using hyper-accumulators to extract contaminants from soil,
focuses on metal elimination from the soil (e.g., Vassilev et al. (2004), who
gave an overview of the use of plants for the remediation of metal-contaminated
soils, including site decontamination (phytoextraction), stabilization techniques
(phytostabilisation), and the use of soil amendments to enhance (in case of phy-
toextraction) or reduce (in case of phytostabilisation) mobilization of metals).
Generally, this is a slow remediation technology. An extensive root prolifera-
tion increases metal uptake. At too-high metal concentrations, phytotoxicolog-
ical effects might hamper an efficient uptake. A relatively efficient plant for
Phytoremediation is Brassicaceae, which has a high metal uptake affinity and a rel-
atively high tolerance to metals. Brassicaceae was used, for example, by Kidd and
Monterroso (2005) for the purpose of extracting metals from mine-soil material in
Spain. Robinson et al. (2000) demonstrated the possibilities of willow (Tangoio)
and poplar (Beaupré) clones for phytoremediation of cadmium-contaminated
sites.
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Electrical separation is based on an electric field in the soil between inserted
electrodes, which forces the migration of pore water or groundwater, including met-
als and organic contaminants. It is a relatively new technology and, therefore, still in
the experimental stage, for which further development is necessary. It might, how-
ever, be an alternative for the remediation of clayey soils when ‘Pump-and-Treat’
methodologies are not efficient. Amrate et al. (2005), for example, demonstrated a
successful migration of lead in a highly contaminated soil near a battery plant in
Algiers, Algeria, where EDTA was added to enhance lead transport.

A spectacular extensive remediation technology that has gained enormous popu-
larity since the mid 1990s is based on biodegradation of organic contaminants and
dilution, and is often called Natural Attenuation. Indigenous or cultured organisms
can be used for biodegradation. In spite of the sometimes high starting costs, the
overall budget for this Risk Management procedure is generally low. In addition,
it allows for a minimal disturbance of the natural conditions in the soil or ground-
water, and there are limited engineering activities needed at the site. Moreover, it
even offers opportunities for difficult sites with clayey soils and difficult contam-
inants such as chlorinated hydrocarbons, even under anaerobe conditions. Natural
Attenuation is often combined with ex situ remediation techniques, such as removal
of the source. The adage is: use the natural self-cleaning capacities of the soil as
much as possible, stimulate natural conditions when necessary and use ex situ reme-
diation technologies only when strictly needed. The success of Natural Attenuation
depends primarily on the type of organic contaminant and the performance of the
soil ecosystem. The latter depends on the organisms present. Zytner et al. (2006),
for example, demonstrated the important contribution of fungal metabolism for the
degradation of branched hydrocarbons. For this reason the chemical and physical
characteristics of the soil and the artificial oxygen and nutrient supply are dominant
factors.

In situ Bioremediation of organic contaminants is especially difficult in low per-
meability soils. Athmer (2004) described a procedure for integrating electro kinetics
with in situ treatment for the remediation of TCE (trichloroethylene) contaminated
clay soils in Paducah, Kentucky, USA, to address this problem. It generated a
uniform migration of trichloroethylene through the soil to treatment zones.

Peter et al. (Chapter 22 of this book) give a detailed description of Natural
Attenuation and of its practical possibilities.

As specific applications, ‘bio-screens’ are used, that is, zones with an active,
often stimulated, degradation at strategic positions in the soil system, or Funnel-and-
Gates techniques, in which contaminants are led to zones with an active degradation.

Several materials have been proven to be effective in Solidification/Stabilization
(aka: immobilization, or fixation) of heavy metals in soils. A proven method to fix-
ate metals in soils is mixing the soil with lime (liming) or cement. Yukselen and
Alpaslan (2001), for example, successfully immobilized copper, and iron in soils in
an old mining and smelting area located along the Mediterranean coast in northern
Cyprus. They showed that an additive/soil ratio of 1/15 (on mass basis) resulted
in the optimal immobilization, for both lime and cement. This ratio very much
depends, of course, on the soil type and soil properties, mainly pH. Tlustos et al.
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(2006) demonstrated that by the addition of lime and limestone to a contaminated
Cambisol with 7 mg/kg cadmium, 2,174 mg/kg lead and 270 mg/kg zinc, the mobile
(0.01 mol/1 CaCl, extractable) fractions dropped by 50, 20 and 80% for cadmium,
lead and zinc, respectively. The pH was increased from 5.7 to 7.3. Consequently, the
metal concentrations in straw and grains of wheat were significantly reduced.

Széakova et al. (2007) found substantial differences in reduction of the mobile
(0.01 mol/L aqueous CaCl,) fractions of metals when applying lime, limestone,
and zeolite to contaminated soils. However, although the mobile fraction of cad-
mium and zinc indeed decreased, the mobile fraction of lead was hardly affected
and the mobile fraction of arsenic even increased in some of the treated spots. The
availability of arsenic was more affected by different characteristics of experimental
soils than by individual soil amendments. Moon et al. (2004) contributed the fixa-
tion of arsenic to inclusion of arsenic in pozzolani cement reaction products and the
formation of calcium-arsenic precipitates.

Ameliorating soil materials can be of natural origin, such as clay or bauxite
residue. Alternatively, several by-products of production processes are used for
this purpose. Red mud, a by-product of the aluminium industry, for example, has
been identified as an effective amendment for in situ fixation of heavy metals in
soil because of the high content of Fe and Al oxides (Zhang et al. 2002). Friesl
et al. (2003) demonstrated the efficiency of the amendment of red mud (10 g/kg)
in four soils, in the vicinity of a former Pb-Zn smelter in Austria, highly polluted
with (among others) Zn (2,713 mg/kg) and Cd (19.7 mg/kg). This resulted in the
reduction of metal extractability of 70% for Cd and 89% for Zn.

Other cements used as fixation material are sulfoaluminate cement, powdered
activated carbon, quick lime (Guha et al. 2006), and ferrous sulphate (Warren et al.
2003). These authors showed that accelerated carbonated treatment substantially
reduces the availability and, hence, the risks, of mercury in soil.

One disadvantage of the amendment of immobilizing soil materials may be the
presence of other contaminants, which implies that the immobilization of specific
metals is accompanied by the introduction of other contaminants. Red mud, for
example, includes arsenic, chromium and vanadium (Friesl et al. 2003). Therefore,
the optimal application of immobilizing materials to soils requires the optimum bal-
ance between an effective binding of metals and minimizing the negative effects of
other contaminants. Friesl et al. (2004), for example showed that, at a red mud addi-
tion of more than 5% of total soil weight, the disadvantages of introducing other
contaminants exceeds the advantage of fixation of metals.

Grotenhuis and Rijnaarts (Chapter 21 of this book) give a detailed description of
in situ remediation technologies.

1.6.4.3 Ex Situ Remediation Technologies

The US Environmental Protection Agency includes 14 different ex situ remedi-
ation technologies in their Annual Status report on contaminated sites treatment
technologies (US EPA 2007); these are Bioremediation, Chemical treatment,
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Incineration, Mechanical soil aeration, Neutralisation, Open burn/Open detona-
tion, Physical separation, Phytoremediation, Soil vapour extraction, Soil washing,
Solification/Stabilization, Solvent extraction, Thermal desorption, and Vitrification.

1.6.4.4 Barriers

Barriers are used to isolate contaminants at contaminated sites from the sur-
roundings and, hence, to protect any protection targets in the surroundings of the
contaminated site. Compacted soil materials are recognized liners. Clay, or clayey
soil material, is the most obvious natural barrier material. They both have a low
hydraulic permeability and a chemical buffering capacity through adsorption. Kabir
and Taha (2004), for example, demonstrated an effective barrier function of com-
pacted sedimentary granite residual soil material for the isolation of contaminants
in landfills. They showed that this material has a hydraulic conductivity lower
than the suggested limit (1x10~7 cm/s) of the various waste regulatory agencies
in the USA. In addition, it has adequate strength for stability, and exhibits small
shrinkage potential upon drying. Qian et al. (2002) specified the requirements of
soil materials as effective barriers, in terms of contribution of silt and clay, plas-
ticity, and limitations to the contribution of gravel-size materials and chunks of
rock.

Several waste materials such as fly ash could be used a barrier material.
Sivapullaiah and Lakshmikantha (2004), for example, demonstrated that the addi-
tion of bentonite to fly ash improves the chemical buffering function and the
geotechnical properties of the barrier. Kaolonite and bentonite (a commercially
available high swelling clay) are artificial alternatives for barrier materials.

1.6.5 Ecological Recovery

A problem with many remediations, especially ex situ remediation measures, is
that the soil ecosystem, vegetation and above-ground fauna generally are nega-
tively impacted, at least on the short term. In case of Dig-and-Dump technologies,
the habitats, the organisms and the seed pool are removed from the site. Ex situ
thermical treatment results in total elimination of soil organisms and organic mat-
ter. Especially when a remediation is triggered because of unacceptable ecological
risks, the question is relevant if the ecological benefits on the longer term counteract
the negative impact on the short term. The possibilities and timeframe for ecolog-
ical recovery strongly depend on the type of soil that is applied in the final stage
of the remediation. Especially clayey soil material high in organic matter speeds
up the recovery process. The application of comparable soil as the wider environ-
ment, however, improves the development of a regionally appropriate ecosystem.
The effects on above-ground fauna can be reduced through a stepwise remediation
procedure, in which in different stages only a part of the site is remediated, so that
recolonisation of organisms in the ‘new soil material’ can take place from the parts
that have not yet been remediated.
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1.6.6 Remediation Objectives

An end goal of a Risk Management procedure must be defined, and gener-
ally expressed as soil or groundwater concentration. Although the term Risk
Management objective would have been a more appropriate term, this intended
soil or groundwater concentration generally is called remediation objective (aka:
remediation goal).

In the early days of contaminated site management, in the late 1970s, the reme-
diation objectives were commonly set at the zero level, often not supported by any
explicit considerations. Today, the goal of Risk Management generally relates to an
acceptable risk level for the relevant protection targets. The selection of protection
targets and the definition of an acceptable risk level are beyond the scope of science
and are the responsibility of decision-makers. Contrary to the appraisal of existing
soil contamination, which relates to imposed risks, Risk Management is supposed
to ‘create’ a desirable situation, versus certain efforts and costs. Therefore, there are
good reasons to select more protection targets and more stringent protection levels
for the objectives of Risk Management than for curative decisions on existing soil
quality.

Examples of acceptable risk levels are the Negligible Risk (NR) for human health
as a target for the soil upper layer, or the Negligible Risk (NR) for the aquatic
ecosystem as a target for the groundwater. Another option for a remediation tar-
get that is not based on risks is the (natural) background concentration (as a target
for the upper soil or the groundwater), or commercial production criteria as a target
for agricultural products.

The process of deriving remediation objectives includes the following steps:

e Selection of protection targets.

e Definition of ‘policy requirements’ for each protection target (e.g., ‘it must be
possible to grow the complete vegetable package of a family in a vegetable
garden’; or ‘the soil ecosystem must be fully protected in a nature reserve’).

e Translating the ‘policy requirements’ into Risk Assessment terms (e.g., in
analogy with the examples above, ‘exposure through the complete vegetable con-
sumption from the own garden equals the Reference Dose for exposure’; or: ‘95%
of the soil ecosystem must be protected (in that case, an affected fraction of 5%
is assumed as “full protection™)’.

e Derivation of risk limits in soil or groundwater for every protection target, and
for all selected contaminants.

e Selection of the appropriate risk limit in soil or groundwater as a remediation
objective (usually the lowest of all risk limits in soil or groundwater) for all
selected contaminants.

Except for soil concentrations, alternative types of remediation objectives could
be defined. Von Lindern et al. (2003a), for example, used the lead concentration
in house dust as a goal for the remediation of the Bunker Hill Superfund site in
northern Idaho, USA, since exposure through dust ingestion has been recognized
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as a principal exposure pathway. Von Lindern et al. (2003b) focused on lead blood
levels as a remediation objective of the Bunker Hill Superfund site.

In some cases there are good reasons for focusing on lower soil concentration
levels as remediation objectives than is strictly needed for human health protec-
tion. Several remediation technologies, such as Dig-and-Dump for example, do not
always allow for ‘gradual’ risk levels after remediation, but may result in a clean
soil.

1.7 A Closer Look into Risk Assessment

1.7.1 Types of Risk Assessment

1.7.1.1 Purpose

Generally speaking, contaminated site Risk Assessment offers two possibilities.
First, Risk Assessment can be used to investigate a specific site. This type of Risk
Assessment is called site-specific Risk Assessment or actual Risk Assessment. In
this case, information about the specific site is available. Second, Risk Assessment
can be used to derive Soil Quality Standards. This type of Risk Assessment is
often called potential Risk Assessment or generic Risk Assessment. Often, generic
Risk Assessment is the first step in Risk Assessment frameworks, followed by site-
specific Risk Assessment when the generic Risk Assessment does not result in a
clear decision as to risks.

1.7.1.2 Site-Specific Risk Assessment

Risk Assessment related to a specific site is often called actual Risk Assessment.
From this perspective, ‘actual’ is used in the sense of ‘existing in fact’ and not nec-
essarily in the sense of ‘existing at this moment’. It is possible, for example, that a
Risk Assessment might be performed for the purpose of investigating whether it is
‘safe’ to reside at a specific residential site, which might be contaminated. In that
case, the relevant time frame for Risk Assessment can vary from several years up to
several decades, depending on the time frame over which the specific contaminants
reveal effects. Therefore, it does not make sense, for example, to focus on the actual
layout of the garden, with or without vegetables grown for one’s own consumption,
since this layout may change over a period of years or decades. In fact, an assump-
tion needs to be made for a representative contribution of vegetables from one’s
own garden, independent of the situation at the time that the Risk Assessment is
performed. Specifically, in situations in which a Risk Assessment is performed for
the purpose of investigating the risks for a future land use, it does not make sense
to base the Risk Assessment on features that relate to the present land use. For this
reason, the term ‘site-specific Risk Assessment’ is used in this book, rather than
‘actual Risk Assessment’.
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Nevertheless, for site-specific Risk Assessment, relevant information might be
available that facilitates the assessments of risks for human health, the soil ecosys-
tem, the groundwater, or Food Safety. Although not all information present might
be relevant, a huge asset is that measurements can be performed, which significantly
improve the quality of the Risk Assessment, and reduce uncertainties (see Section
1.7.3).

1.7.1.3 Potential Risk Assessment

The term ‘potential’ is not to be missed in any list of vague terminology.
Paradoxically, it also is a very useful term in contaminated site management.
Literally, in the sense of ‘possible, when certain conditions apply’, there is a
potential unacceptable risk at any site where contaminants have been measured by
definition, independent of the concentration. The ‘certain conditions that apply’ are,
for example, an intensive contact of human beings with the soil with regard to human
health risks, a relatively high bioavailability of the contaminants in soil with regard
to Ecological Risk Assessment and Food Safety, or a low pH and the presence of
metals with regard to Groundwater-related Risk Assessment.

A potential unacceptable risk also might refer to the fact that a site-specific Risk
Assessment has resulted in the conclusion ‘unacceptable risk, with a low level of
reliability’. This could be the case, for example, when only a first step in a wider
Risk Assessment framework has been performed, with conclusions based on the
chemical analyses reports of a limited number of samples. However, since risk-
based soil quality assessment is characterised by substantial uncertainties in general,
the adjective ‘potential’ in the meaning of ‘conditional’ could practically always
be added. The only benefits of this use of the term ‘potential’ would be to stress
the lack of reliability to the stakeholders. This function increases the level of con-
fusion rather than supporting the Risk Assessment and the Risk Communication.
Therefore, ‘potential’ should not be used for the purpose of alerting those involved
to the limited reliability of a Risk Assessment.

A more appealing use of the phrase potential Risk Assessment, in this context
also referred to as generic Risk Assessment, is related to the derivation and use of
Soil Quality Standards. Since Soil Quality Standards are not focused on a specific
site, but rather relate to a whole series of unknown contaminated sites, these Soil
Quality Standards must be derived from generic scenarios.

1.7.2 Soil Quality Standards

Soil Quality Standards (aka: (soil) Guideline Values, (soil) Screening Values, or
Target Levels) are generic values enabling a distinction into two classes for which
the measured concentrations in soil are either higher or lower than the Soil Quality
Standard. They can be considered as the core of contaminated site management. In
the early days of contaminated site management, a list with Soil Quality Standards
was about the only appraisal framework available, and often used for the separation
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between acceptable and unacceptable cases of soil contamination. Since the late
1980s, risk-based Soil Quality Standards have been derived in several developed
countries.

Several types of Soil Quality Standard exist, for different purposes. Carlon and
Swartjes (2007b) distinguished three classes of Soil Quality Standards. The first
class of Soil Quality Standards, with the most stringent values, represents the upper
limit for long-term sustainable soil quality, appropriate for prevention purposes or
as remediation objectives. The second class, with the highest values, triggers actions
such as either a more detailed Risk Assessment or Risk Management actions (e.g.,
remediation) when exceeded, and are used for curative purposes, that is, for sup-
porting the risk appraisal for existing contaminated sites. The third class is an
intermediate class, and supports further research actions such as the performance
of more detailed soil sampling.

As was mentioned in Section 1.7.1.3, Soil Quality Standards are applied to a
whole series of contaminated sites. Therefore, a generic exposure scenario needs
to be defined for a hypothetical site. Generally speaking, such a generic sce-
nario either relates to standard assumptions, as for frequently found contaminated
sites, or to conservative assumptions. The latter must certainly be the case when
‘false negatives’ (the incorrect assumption that there is no unacceptable risk) get
a higher political negative weight than ‘false positives’ (the incorrect assumption
that there is an unacceptable risk). Also in a case where Soil Quality Standards
are used as a trigger for possible site-specific Risk Assessments, generic sce-
narios as basis for the Soil Quality Standards need to be based on conservative
assumptions.

A variation on generic Soil Quality Standards relates to ‘land use-specific Soil
Quality Standards’. As the term says, it refers to several Soil Quality Standards
for different land uses, for each specific contaminant. One advantage of human
health-based land use-specific Soil Quality Standards is that more realistic exposure
scenarios for the respective land uses can be used. An advantage of ecologically
based land use-specific Soil Quality Standards is that a more appropriate level of
ecological protection can be chosen for the respective land uses. The disadvantage of
land use-specific Soil Quality Standards is that the derivation process is much more
intensive, since a series of Soil Quality Standards must be derived for each con-
taminant. The use of land use-specific values in practice is less convenient, since a
choice needs to be made for each site as to which land use is appropriate. Moreover,
the application of land use-specific Soil Quality Standards may give a misleading
idea of accuracy.

Examples of human health-based Soil Quality Standards are given in Hristov
et al. (2005) for Human Health Soil Screening Levels (CHHSSL) in California,
USA, and in DEFRA and EA (2002) for Soil Guideline Values for metals in the
UK. Examples of ecologically based Soil Quality Standards are given in Canadian
Council of Ministers of the Environment (1999) for Canada, and in National
Environmental Protection Council (2003) for Australia. An example of combined
(human health and ecological based) Soil Quality Standards is given in Ministry of
VROM (2008) for the Netherlands.
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Worldwide the Soil Quality Standards used differ to a large extent. This is
partly due to differences in the purpose of the Soil Quality Standards, but the
technical frameworks also show many differences. Provoost et al. (2006) com-
pared Soil Quality Standards for eight metals and metalloids, from Canada,
Flanders (Belgium), France, Germany, the UK, the Netherlands, Norway, Sweden,
Switzerland and the USA. For most contaminants they found differences between
the highest and lowest value of more than a factor of 1000. They concluded that
some of these differences could be explained by political differences, such as the
choice of protection targets and risk levels. Some of the other differences between
Soil Quality Standards, however, are explained by technical/scientific differences
between the procedures used in the different countries. Swartjes and Carlon (2007)
came to similar conclusions for Soil Quality Standards used in 16 European coun-
tries. They found even higher differences for organic contaminants. Swartjes (2007)
concluded that differences between seven European exposure models, important
instruments in the derivation of human health-based Soil Quality Standards, can
result in widely different risk appraisals for the same exposure scenarios, espe-
cially for contaminants that are mobile and even more for contaminants that are
volatile. Therefore, the need for a higher consistency of Risk Assessment tools is
acknowledged in Europe (Swartjes et al. 2009).

1.7.3 Measurements

Measurements in contact media can significantly improve the quality of a site-
specific Risk Assessment. The kind of measurements that are possible and the
benefits of these measurements vary. In this section, a general view concerning
measurements in contact media will be given. In the introductionary chapters on
Human Health Risk Assessment (see Chapter 6 by Swartjes and Cornelis, this
book), Ecological Risk Assessment (see Chapter 13 by Swartjes et al., this book)
and Groundwater-related Risk Assessment (see Chapter 17 by Swartjes and Grima,
this book) the most important measurements are described in more detail.

First, direct input parameters could be measured, such as the concentration in
human blood or body tissue (Human health Risk Assessment), or the number of
earthworms in soil (Ecological Risk Assessment). Second, basic input parameters
could be measured, such as the concentrations in soil compartments, or in contact
media. Third, supportive input parameters could be measured, such as soil proper-
ties or input parameters that relate to long-time human behaviour, if relevant for the
site over the relevant time span.

Measuring of supportive, basic or direct input parameters have both advantages
and disadvantages. Generally speaking, the reliability of the assessment of the actual
Risk Assessment improves when more supportive measurements are available, even
more so when basic input parameters are measured and the most often when direct
measurements are performed. The disadvantage, however, is that measurements are
expensive and generally more expensive in the order of supportive, basic and direct
input parameters, and, therefore, not always suited for routine Risk Assessment.



1 Introduction to Contaminated Site Management 51

Moreover, the general belief that measuring gives a more reliable value than a
calculation is often true, but not always. In some cases, measuring a representative
value is extremely difficult for technical reasons and due to spatial and/or temporal
variation. Moreover, measurements are strongly related to the present situation and
may not represent the long-term conditions for which it is stated, for example, that
‘the site is safe to live on’. The risk assessor needs to find a smart balance between
the determination of a more reliable measured input parameter that might be less
representative for the long-term risk, or a less reliable calculated input parameter
that does represent long-term site conditions. Obviously, the risk assessor also has to
account for the additional costs of measurements when formulating the involvement
of measurements.

An example of such a dilemma is the Human Health Risk Assessment for a well-
maintained (manuring, liming) vegetable garden. The risk assessor has to decide
if the Risk Assessment benefits from measured concentrations in the vegetables
present at the site, which are relatively accurate for the present situation, but may
give underestimations for future situations in which another owner neglects soil lim-
ing. Alternatively, the risk assessor could perform relatively unreliable calculations
of the concentrations of a representative combination of vegetables of choice, on
the basis of total soil concentrations and soil properties belonging to an appropriate,
that is, average or neglected liming conditions.

Generally speaking, measurements of direct input parameters are most valuable
for Risk Assessments that relate to, let’s say, the first few years (maybe one to three
years), while measurements of basic input parameters are useful for the subsequent
few years, see Fig. 1.9. As illustrated in this figure, supportive input parameters
often represent time spans up to decades.

This picture only gives a general insight into the time spans for which measure-
ments are useful, mainly for the purpose of illustrating the importance of the time
frame when deciding on measurements. Direct measurements for Human Health
Risk Assessment, such as measurements of the cadmium levels in blood, are often
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useful for short-term risk appraisal. Measurements of cadmium in urine, however,
represent a measure of cumulative lifelong exposure. Since this represents the site
exposure history, is it defensible to assume this measure also is representative for
long-term future exposure, when no changes in exposure conditions are expected.
And with regard to supportive measurements, the representative time span of clay
content (decades to centuries) and pH (1-10 year), for example, largely differ.

1.7.4 Laboratory Data Versus Field Data

Appropriate Risk Assessment is all about what is happening in the real world, that is,
at contaminated sites. However, Risk Assessment would hardly be possible without
the support of laboratory experiments. These experiments are used for at least three
different purposes. First, for ethical and technical reasons, direct human toxicolog-
ical effect data are rarely available. These data need to be derived from laboratory
experiments with animals, following strict guidelines with regard to laboratory ani-
mal welfare. Also ecological effect data heavily depend on laboratory experiments,
since it is difficult to investigate effects on one specific species in the field. Second,
it is inconvenient to control standard environmental conditions in the field.

As a consequence, Human Health and Ecological Risk Assessment both strongly
depend on experimental laboratory data. To transfer the laboratory effect data
to human health, and ecological effect data and to real world applications (field
conditions), the laboratory effect data are divided by assessment factors (often
called extrapolation factors). These assessment factors, which are often in the
range of 10 to values as high as 10,000, cover intraspecies and interspecies dif-
ferences and, last but not least, uncertainties associated with laboratory studies,
which always cover a limited amount of tests, for a limited time span. A specific
case of intraspecies differences in Human Health Risk Assessment is the differ-
ing sensitivity within the human population. In this case, an assessment factor
could be applied, when politically feasible, to also protect the most sensitive part
of the human population. In case of effects data for a whole ecosystem, instead
of a single species, uncertainties due to interspecies variation are dominant. In
fact, a major problem in Ecological Risk Assessment is the extrapolation of obser-
vations from individual and population levels to the ecosystem level (Eijsackers
et al. 2008). Again, assessment factors can be used to cover the corresponding
uncertainties.

A second important use of laboratory studies relates to the assessment of input
parameters. These input parameters may include ‘supportive parameters’ such as
physico-chemical contaminant characteristics (vapour pressure, octanol-water parti-
tion coefficient (Kow), water-saturated permeation coefficients, etc.). But laboratory
measurements can also focus on ‘basic’ (more lumped) input parameters, such as
indoor air concentrations, or leachate concentrations. Often, such measurements are
prescribed in manuals, guidance documents or Decision Support Systems. Examples
of this are the measurement of the concentration in vegetables in Tier 3 of the
Dutch tiered approach used to determine the risk due to the vegetable consumption
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(Swartjes et al. 2007), or the performance of bioassays in several tiers of the TRIAD
approach, to determine the site specific ecological risks (see Chapter 15 by Rutgers
and Jensen, this book).

Finally, a third purpose of laboratory studies is validation of models or testing of
technologies (pilot studies). An example of a validation study is the comparison of
calculated with measured indoor air concentrations for 11 petroleum hydrocarbons
and chlorinated solvents sites in the USA and Canada (Hers et al. 2003).

In short, to enable Human Health and Ecological Risk Assessment, experiments
are simply a necessity. In principal, laboratory experiments for validating and test-
ing and, to a lesser extent, for assessing input parameters could be replaced by
field studies. However, the adage that ‘field studies are always better than lab-
oratory studies’ requires a few nuances. The choice for field versus laboratory
studies simply depends on the trade-off between the control of conditions in the
laboratory versus the degree of reality in the field. Of course, financial arguments
also must be included in this choice. Often a multitude of experiments can be
performed in the laboratory for the same budget as for one single field study.
Another, non-scientific, aspect that is in favour of field experiments is that they
better connect with public perception, but also even sometimes with scientific
perception.

1.7.5 Expert Judgement

It is a major inconvenience when in a scientific discipline the possibilities for a
quantitative analysis are lacking. In such a case, expert judgement may offer an
alternative. Expert judgement is the process in which experts determine an opin-
ion, (partly) based on ‘gut feeling’. In an optimal expert-judgment process, several
experts are involved, and opinions are based on consensus.

A situation, in which expert judgement can be used, for example, is when a
Soil Quality Standard for a specific contaminant is lacking and effect data are not
available for this contaminant. Via expert judgement a ‘substitute contaminant’ with
similar physico-chemical contaminant characteristics can be selected, for which it is
expected that effects, and hence the Soil Quality Standard, are in the same order of
magnitude. Another example relates to the optimal balance between the use of a few
available measured contaminant concentrations for a specific vegetable and of many
less appropriate data for a non-edible crop, in terms of determining a representative
concentration for a specific vegetable.

In practice, expert judgement can vary from the opinion forming of a single
expert up to striving towards consensus within a group of appropriate experts. A
decent expert judgement must be performed within a well conceived group, that
often includes experts from different disciplines and, preferably, individuals who
approach the issue from a different angle. In any case, the risk assessor needs to
describe the expert judgement process and the decisions criteria that were used
so that scientists, regulators, and other stakeholders can decide how to weigh the
outcome of the expert judgement.
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1.7.6 Essential Metals

Several contaminants that are found in soil, mainly metals, are essential for
the functioning of human beings or organisms. Twenty-five naturally occurring
elements are believed to have an essential function in plants and animals. As a
consequence, humans and/or organisms need to take these contaminants up, for
example in their diet. Among these essential metals are zinc, copper and selenium.
It is interesting to note that about 2 billion people worldwide, mainly children and
women, suffer from zinc deficiency, partly due to low zinc concentrations in soils in
Africa, Latin America and in some parts of Asia (Prasad 1998; Ramakrishnan 2002).
Most organisms have a narrow range between optimal concentrations (toxicity) and
deficiency.

From the perspective of essentiality, it seems a paradox to name essential
metals ‘contaminants’. However, analogous to the definition used in this book in
Section 1.3.1, that is, that the toxicity of chemicals depends on the dose at which
humans or organisms are exposed, the period that this exposure takes place and the
frequency of exposure and the form (speciation) in which the chemical substance
is available, these essential contaminants are not beneficial by definition. Generally
speaking, however, essential contaminants are beneficial at specific low doses.

There has been a lot of debate about Risk Assessments in which essential metals
are involved. However, at high concentrations and, hence, toxic levels, risk decisions
must not be influenced by the fact that the same contaminants would have been
useful at lower concentrations. Of course, in the definition of an end goal of Risk
Management (e.g., remediation objectives), the essentiality of contaminants must
play an important role.

1.7.7 Background Concentrations

Many definitions are used for background concentrations (aka: baseline values or
Reference Values), often in combination with the adjective ‘natural’ (natural back-
ground concentrations). Generally speaking, background concentration refers to the
concentration in soil or aquifer over a larger area (that is, on a larger scale than
the site that is under investigation). These background concentrations can either be
related to natural processes or to anthropogenic activities (that is, anthropogenic
activities, which took place during years, decades, or even centuries, other than the
activities that caused the contamination under investigation). In the context of this
book, the distinction is followed as described by the US Environmental Protection
Agency (US EPA 2002):

e Natural background concentrations: contaminants present in the environment in
forms that have not been influenced by human activity.

e Anthropogenic background concentrations: human-made or natural contami-
nants, present in the environment as a result of human activities (but not
specifically related to the site in question).
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Anthropogenic background concentrations can relate to both man-made and nat-
ural contaminants. The reason for this is that human activities can be responsible for
the release of man-made contaminants over larger areas, for example by large scale
exhaust of man-made organic contaminants via the air, followed by atmospheric
deposition. But, human activities also can also lead to the spread of natural contam-
inants in soils, for example, by the soil surface rising, in the case of deep polder
areas with shallow groundwater tables, exposing soil material that has been natu-
rally contaminated. So the distinction is based on the type of activity that caused the
background concentrations and not on the origin of the contaminants.

Like every classification of background concentrations, this distinction is arti-
ficial, since there is a transition from one to the other, for example, human
manipulation of the flow characteristics of a river that will impact the deposition
of sediment with natural (or maybe also anthropogenic) contaminants. Moreover,
some contaminants may contribute to the background concentration as a result of
both natural processes and man-made activities, such as the combined presence
of naturally occurring arsenic and arsenic from pesticide applications or smelting
operations.

Naturally occurring contaminants are often metals. Most organic contaminants
are man-made, although many exceptions are known such as PAHs (polycyclic
aromatic hydrocarbons) that are formed through natural processes such as wood
fires. Cyanide-containing chemicals are produced by a wide range of organisms and
plants as part of their normal metabolism. Bacteria and fungi are known producers
of cyanide. A few species of centipedes, millipedes, insects, beetles, moths and but-
terflies secrete cyanide for defensive purposes in repelling predators such as toads
and birds (MERG 2001). Some of the common plants that contain cyanide are cas-
sava, sweet potatoes, corn, lima beans, almonds, radishes, cabbage, kale, brussels
sprouts, cauliflower, broccoli, turnips, lettuce, kidney beans, and it can be found in
the pits or seeds of cherries, plums, apricots, pears and apples (MERG 2001).

Many statistical procedures exist to determine the background concentrations. In
general, the type of contaminant (natural or anthropogenic) does not influence the
statistical or technical method used to characterize background concentrations (US
EPA 2002). In most countries, background concentrations have been established
on a national or regional level (e.g., Lavado et al. (2004), who determined metals
background concentrations in Pampas soils in Argentina).

Background concentrations can, at the least, be used for two different purposes.
First, in relation to Ecological Risk Assessment, it is often assumed that the back-
ground concentration does not pose any risk, or less risk, to the soil ecosystem,
since the organisms are adapted to the long-term situation (‘Added Risk Approach’).
Therefore, Risk assessors need to exclude or nuance the risks caused by the back-
ground concentration. Second, background concentrations can be politically used
for the definition of ‘acceptable’ (from a political perspective, not in term of risks)
soil quality, for example, as an end goal of remediation. The substantiation for this is
the fact that large scale remediation of areas of several square kilometres, for exam-
ple, is nearly impossible for practical and financial reasons. Besides, it is not always
defensible, from the standpoint of fairness, to upgrade the soil quality in one small
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part of the region (the contaminated site), while the surroundings of the site remain
slightly contaminated. Therefore, the background concentrations are often declared
to be of (politically) acceptable soil quality, independent of the risks involved.

1.7.8 Spatial Scale

It is important to realise on what scale soil contamination needs to be considered.
When a backyard is contaminated, it is clear that the human health of the inhabitants
needs to be protected. In fact, for every contaminated site, the health of humans in
contact with the site must always be the primary focus. In many cases, ecological
protection will also be of concern. It is generally wise, certainly for the definition
of remediation objectives, to take the soil quality of the wider environment into
consideration. It often happens, mostly in urban areas, that remediation of small
contaminated sites results in a number of ‘clean’ sites in an otherwise (slightly)
contaminated area. This raises the question of whether human health has been suffi-
ciently protected in the slightly contaminated areas around the ‘clean sites’, since the
experts have found it necessary to reduce the risk at this specific sites to lower levels
than the individuals at the slightly contaminated sites are experiencing. The same
issues play a role in the case of a remediation that has taken place for protection of
the soil ecosystem.

Moreover, debate could arise about the cost-efficiency of several small-scale
remediations in the same area. A regional-scale approach offers possibilities from a
cost-efficiency perspective. It is often much less expensive, for example, to investi-
gate and perform Risk Management options for a larger area, in one big project, than
to do this in several smaller projects, at different moments in time. And in the case
of groundwater contamination, as another example, it is efficient to investigate and
manage all the sites that drain towards the same groundwater body and not just to
focus on management of the individual contaminated plumes. Moreover, since con-
taminated groundwater migrates, groundwater plumes have often intermixed, which
technically would not make a site-specific approach possible.

Another example in which regional-scale thinking is beneficial relates to soil
material transposition. Soil material transposition from an intensively used residen-
tial site to a less intensively used business park in the same area, for example, would
imply risk reduction for the whole area. Obviously, Risk Management is much more
complicated than this simple example shows, since more elements are involved than
just human health risks, for example, the effects of leaching into the groundwater
at the residential site and the business park and juridical aspects in case the loca-
tions are situated in different municipalities. However, the example shows that a
more regional approach offers practical possibilities for efficient contaminated site
management.

A specific example of regional Risk Assessment and Risk Management is the
dredging of sediment materials. When dredged materials are deposited on the site
of the water courses, the overall contaminant load stays the same within the area.
However, since the physico-chemical environment of the water-saturated sediments
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is completely different than in the water-unsaturated upper soil layer, there are often
(but not always) possibilities for risk reduction.

It must be noted, however, that the interest of the stakeholders, as well as the
public concern, diminishes when the area under investigation is approached from the
perspective of a larger scale. For obvious reasons, the stakeholders and the general
public are more committed to the site they own, live on or work on, than the wider
area around the site. The consequence for contaminated site management at the
scale of the site and the surroundings, and even more so on a regional scale, is that
a policy becomes necessary in order to force stakeholders to follow a ‘large scale
thinking’ approach.

1.7.9 Time Domain

In Section 1.1.4.2, it was explained that in the phase of the Problem definition it
is very important to define the time frame for which the conclusions from the Risk
Assessment applies, since factors that impact human health risks and ecological
risks will change over time. Outcomes of the Risk Assessment should usually rep-
resent the risks over longer periods. When a site receives a positive risk appraisal,
it often is assumed that the site is suited for its purpose for many decades. As
a consequence, assumptions need to be made for factors that change over time,
mainly with regard to the layout of the site, human behaviour characteristics and the
bioavailability of the contaminants.

Moreover, the effects on humans and on bigger animals might only reveal them-
selves years or decades after exposure. Therefore, it is essential to focus on a
toxicologically relevant time frame in Risk Assessment and Risk Management.

With regard to ecological Risk Management the time frame for which ecological
restoration takes place is important. For Groundwater-related Risk Assessment, it
must be realised that transport times of contaminants might take decades or even
centuries. It is essential to be aware of these long time frames, both politically (what
time frame is relevant?) and technically.

In fact, changes in the contaminant concentrations due to migration and
degradation in the soil and groundwater also need to be considered in Risk
Assessments. Remarkably, this is not often done; the concentrations measured
are often considered constant in time. Since the concentrations in soil generally
decrease over time due to leaching, volatilisation, and degradation, this can be
considered as a worst-case approach. This is not always true for groundwater,
however, since leaching from soil could increase contaminant concentrations in
groundwater.

Many of the Risk Assessment factors also need to be adapted for the determi-
nation of exposure scenarios or risk estimates in case the Risk Assessment relates
to a different future land use or a different layout of the site under the same land
use. This situation frequently occurs, especially in densely populated areas such as
in Northwest Europe, since land use transitions are common and are often preceded
by a site investigation and, hence, a Risk Assessment.
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1.7.10 Costs of Soil Contamination

Large amounts of money are involved in the investigation, and certainly remedia-
tion, of contaminated sites. Many developed countries spend amounts in the nine or
ten digits (in euros or dollars) on contaminated sites. Today, development firms are
used to incorporating cost for soil contamination in their overall costs estimates.

The general rule in most countries that have regulations concerning contaminated
site management is that the persons or parties that cause the soil contamination
today are fully responsible for the Risk Management solutions, often including
recovery of the site to its original situation, that is, eliminating all contamination.
This principle is called the precautionary principle, see Raffensberger and Tickner
(1999) for an overview. Generally speaking, they are obligated to carry all the costs
involved.

The cost aspect is much more complex for historical soil contamination, that
is, contaminations that were caused before any regulations were available. In most
countries, the polluter-pays principle is the foremost one. This means that the com-
pany, association, government or individual that caused a soil contamination is
responsible for the costs of investigation and Risk Management. In many cases,
however, it is difficult to identify the responsible party. In other cases, the pol-
luter apparently responsible is known, but it is difficult to prove that they indeed
caused the soil contamination. This has led to court cases with regard to the iden-
tification of the polluter responsible, often between a governmental body and a
company.

From the perspective of fairness, the ‘polluter-pays principle’ can be rather harsh.
In many situations, before the era of contaminated sites consciousness-raising (that
is, roughly, before 1980 in many developed countries), many individuals or compa-
nies contributed to soil contamination without any negative intent. A good example
are farmers who paid for waste materials in the 1960s for the purpose of elevating
their soils in wetland regions, focusing on land improvement and unaware of any
negative site effects due to the presence of contaminants in these waste materials.
Today, they may be held responsible for the contaminants in their soils originating
from these waste materials. It is a task for the politicians to find practical solutions
for these cases. Fairness often demands part or complete governmental financial
support.

In many countries, the owner of the estate can be held responsible for the site
when no polluter can be identified.

The costs of site investigation, site management and, especially, soil remediation
can be substantial. Therefore, many specific arrangements are designed in which the
government will at least subsidise the actions that are needed to manage soil con-
tamination, even when the polluter is known. Nowadays, it is generally recognised
that an efficient solution of the problem of the many contaminated sites in indus-
trialised countries requires a joint effort between the government and the business
community. In other words, the budget must come from the tax payer and private
initiatives combined.
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1.7.11 Cost-Benefit Analyses

A different way of looking at Risk Management relies on cost-benefit analyses,
weighing the expected costs against the expected benefits (e.g., Crettaz et al. 2002;
Edejer et al. 2003). It is often difficult to quantify the benefits of Risk Management
solutions. Grosse et al. 2002, for example, estimated the economic benefits from
projected improvements in worker productivity, resulting from the reduction in chil-
dren’s exposure to lead in the United States since 1976. The authors showed that
because of falling lead-blood levels, USA preschool-aged children in the late 1990s
had 1Qs that were, on average, 2.2—4.7 points higher than they would have been if
they had the blood lead distribution observed among preschool-aged children in the
USA, in the late 1970s.

A cost-benefit analysis necessitates that costs and benefits should be expressed
in the same units, usually in the unit of money (e.g., euros or US dollars). Generally,
a Risk Management solution is beneficial when the value of the benefits is higher
than the value of the costs. An optimal Risk Management solution seeks the most
optimal (highest) ‘value of benefits/value of costs’ ratio. Since human health effects
are difficult to monetarise, health effects often are expressed as DALY, that is, a
measure for the overall disease burden defined as the sum of the years of life lost
due to premature mortality in the population and the years lost due to disability
(WHO 2009).

Cost-benefit analyses are also used to evaluate Risk Management projects.

1.7.12 Integration of Human Health and Ecological
Risk Assessment

Human Health and Ecological Risk Assessment mainly developed independently of
each other. Certainly in the pioneer years of risk-based soil quality assessment, only
experts from the respective disciplines were concerned with either Human Health
or Ecological Risk Assessment. The role of generalists, who could have promoted
integration, was limited during this phase. Another reason for the independent devel-
opment is that in most countries Human Health Risk Assessment was developed
earlier than Ecological Risk Assessment.

In the last few years, there has been a trend with regard to making a case for a
stronger link between Human Health and Ecological Risk Assessment (WHO 2001;
Suter et al. 2005). The UNEP/ILO/WHO International Programme on Chemical
Safety (IPCS) formulated two fundamental reasons for the integration of Human
Health and Ecological Risk Assessment, in the framework of the production, use,
transport and disposal of chemicals (WHO 2001). First, it improves the quality
and efficiency of assessments through the exchange of information between human
health and environmental risk assessors. And, second, it provides more coherent
input into the decision-making process. Indeed, in several risk-based frameworks
different values are used for important input parameters, such as the Koc (organic
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carbon fraction-based partition coefficient), for Human Health and Ecological Risk
Assessment applied to the same site. Moreover, as a third argument, it is wise
to focus on the same degree of conservatism/precaution in a Human Health and
Ecological Risk Assessment for the same site.

Actually, there is an important fourth reason for the integration of Human Health
and Ecological Risk Assessment, and that is to improve the balance in terms of
politically defined risk levels. The basic idea of the more integrated Risk Assessment
framework proposed by the WHO (2001) is to treat the relationships among Risk
Assessment, Risk Management, stakeholder input, and data-collection activities in
a general, parallel and concurrent way.

1.7.13 Harmonisation of Risk Assessment Tools

Since the beginning of risk-based contaminated site management in the early 1980s,
a large number of Risk Assessment tools have been developed in many countries.
As a consequence, many Risk Assessment tools exist for the same purpose. By
‘Risk Assessment tool’ is meant a model, regression equation, table, protocol,
graph or document, which can be used to determine variables that are used in Risk
Assessment. These variables can vary from a ‘supportive’ parameter such as a Kow
(octanol water partition coefficient), via the available fraction of an organic contam-
inant with regard to Ecological Risk Assessment, on up to ‘direct’ input parameters
such as measured concentrations in body fluids or tissue.

Although the development of Risk Assessment tools was often based on studying
existing Risk Assessment tools, the diversity of tools that are available world-
wide for the same purpose is remarkable. This diversity is partly due to different
geographical, cultural and social conditions, and sometimes due to differences
in political points of view. However, lack of scientific consensus also explains
many of the differences. An example of different Risk Assessment tools that serve
the same purpose is the procedure to determine concentrations in vegetables for
metals (essential for the calculation of exposure due to vegetable consumption).
Many countries that have a procedure on contaminated site management derived
BCFs (BioConcentration Factors) or regression equations for this purpose. In
some Northern European countries, BCF values were adopted from other Northern
European countries, but this is an exception rather than the rule. One reason that
many countries derived their own Risk Assessment tools might have to do with the
fact that the type of vegetables, and the specific genotype of that vegetable, that
grow in different countries (and certainly in other climate zones) differs. This is
a geographical difference. Another reason is that in different countries, apart from
the possibilities of growing specific crops, different type of vegetables are grown
because of cultural differences or traditions. However, there is no scientific, gen-
erally accepted protocol that is used in these countries with regard to the amount
of data for each vegetable, quality of the data set, extrapolation margins outside
the range of the input data, etc. In Europe, one of the major challenges in Risk
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Assessment today is to move towards more consistency in the Risk Assessment
tools used by the EU-member states (Swartjes et al. 2009).

Since geographical, cultural and social conditions indeed vary, a worldwide
complete harmonisation of Risk Assessment tools is not applicable. However, for
the sake of scientific integrity, a stronger convergence of Risk Assessment tools
that do not include geographical, cultural, social or policy elements would be
favourable (standardised Risks assessment tools). Risk Assessment tools that do
include geographical, cultural or social elements must be applied with a certain
level of flexibility so as to account for these geographical, cultural or social ele-
ments (flexible Risks assessment tools). Alternatively, guidance could be developed
which would describe the requirements for these flexible Risk Assessment tools,
which would take into account a higher degree of consistency on the part of the
scientific elements of these Risk Assessment tools (Swartjes et al. 2009).

1.7.14 Brownfields

The CABERNET (Concerted Action on Brownfields and Economic Regeneration)
network defines Brownfields as ‘sites that have been affected by the former uses of
the site and surrounding land; are derelict and underused; may have real or perceived
contamination problems; are mainly in developed urban areas; and require interven-
tion to bring them back to beneficial use’ (Oliver et al. 2009). The US Environmental
Protection Agency uses a different kind of definition in which the redevelopment
or reuse is central, namely, ‘a Brownfield site means real property, the expansion,
redevelopment, or reuse of which may be complicated by the presence or potential
presence of a hazardous substance, pollutant, or contaminant’ (US EPA 2009). In
Fig. 1.10 an example of a Brownfield in San Francisco, California, USA is shown
as an aerial view.

Since the general approach for contaminated site management would imply long
development time frames, large uncertainties and an over-proportional budget, a
specific Risk Management approach is followed for these Brownfields. It is often
claimed that Brownfield redevelopment is primarily financially driven. The gen-
eral idea, however, is to make site redevelopment profitable, while at the same time
protecting human health. Therefore, economic and socio-cultural factors are given
greater weight than in ‘normal’ cases of soil contamination.

O’Reilly and Brink (2006) developed a simple screening procedure for
Brownfield sites in New York State, USA, in which they classify human health risks
in three categories on the basis of the concentration and toxicity of the contaminants,
the location of the contaminant, the exposure route (oral, inhalative or dermal) and
the type of site user (construction/utility worker, residents, industrial employees,
visitors/shoppers). A popular, but very informative overview of Brownfield revi-
talisation, including examples from the city of Stuttgart in Germany, the Nantes
metropolis in France, the cities of Tilburg and Hengelo in the Netherlands, the
Medway Council and Torfaen County Borough Council areas in the UK, is given
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Fig. 1.10 An aerial view of the San Francisco Bay area, with a Brownfield in the foreground
(photo: San Francisco Bay regional water quality control board; reproduced with permission)

in REVIT (2008). A detailed account of the management of Brownfield sites is
given in Nathanail (Chapter 20 of this book).

1.7.15 Risk Perception and Risk Communication

Risk Assessment and certainly Risk Management interacts with the daily life of the
general public. The life of individuals who do not have knowledge of the effects of
contaminants or of the fate and transport processes in soil are affected by contami-
nated sites, when they live or work on it or are in any other way associated to this
site. There have been many cases in which contaminated sites raised enormous con-
cern in the society. See Fig. 1.11, for example, which shows a notice board at which
a connection between a landfill and an increased risk for cancer is presumed, in the
Silvermines area in Ireland, in 2002. The general public has a much more intuitive
approach towards contaminated sites than the experts have. Grasmuck and Scholz
(2005) found that humans with higher scores in self-estimated knowledge tended to
provide lower risk judgments, were less interested in further information, showed
low emotional concern, and thus displayed higher risk acceptance.

The intuitive approach under laymen led to the consequence that the soil com-
partment does not really have a good reputation. For the general public, soil is a
dark place, where some obscure organisms live (if any) and lugubrious decomposi-
tion processes take place. You cannot see what is happening in soils (‘and maybe
that is just as well’). A much more sophisticated view on soils relates to the soil as
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Fig. 1.11 A notice board at which a connection between a landfill and an increased risk for cancer
is presumed, in the silvermines area in Ireland, in 2002 (photo: F. Swartjes)

the source for plant production, and hence food production, and drinking water. On
the other hand, many people, encouraged as a result of media attention, blame the
soil for contaminating their food and drinking water.

Of course, perception of the contaminated sites problem is as varied as human
character. Generally speaking, acceptability is less if the associated possible diseases
are less known, manifest themselves in the longer term, and when cancer is involved
(a small chance for cancer is often perceived as worse than a huge chance for another
serious disease). Lima (2004), who investigated the Risk Perception of people living
near an incinerator in Portugal, demonstrated that Risk Perception was initially more
acute for persons living closer to the incinerator. After a while, however, the persons
living closer to the incinerator showed a habituation effect. They developed less
extreme attitudes and a lower estimate of the risk.

When laymen are confronted with contaminated sites, they often associate the
contaminated site with the diseases that the contaminants could generate. Naturally,
humans are often afraid of anything dangerous that they cannot comprehend nor
control. It is much easier to accept something, even serious adverse effects, that
humans can understand and even more so when they are able to control these effects.

For these reasons Risk Communication in an extremely important process.
Typically, risk assessors often experience a situation where it is difficult to convince
stakeholders of the fact that the risks are acceptable when contaminants are present,
even though these are usually at low levels, simply because the diseases that these
contaminants could generate are known. A well-known example is the presence of
asbestos, maybe the best known carcinogenic contaminant in the environment due
to intensive media attention, in the soil of a residential garden. The realisation alone
that asbestos has been found in the immediate living environment could be cause



64 F.A. Swartjes

for panic, independent of the amount, type and condition of the asbestos, let alone
the risks involved.

For obvious reasons, the credibility of the risk communicator is of the utmost
importance. Stakeholders’ participation and intensive communication is crucial, for
the purpose of putting the risks into realistic perspective and of supporting stake-
holders in making the right decisions. Today, consortium building is therefore an
important activity at the start of any contaminated site.

1.8 Approaches Towards Contaminated Site Assessment
and Management

1.8.1 Evolution

Since the discovery of soil contamination in the late 1970s, the approach towards
soil contamination has undergone a major evolution. Several reasons have con-
tributed to this evolution, for example, the growth in understanding of the risks
related to contaminated sites and of procedures for managing the risks. Moreover,
the enormous increase in the number of contaminated sites that have been detected
made more practical approaches necessary. A very important development in many
developed countries is the more integrated approach of contaminated site manage-
ment with spatial planning. And, finally, the public attitude towards the environment
as a whole is constantly evolving. In recent years, the concept of sustainability has
been advocated in many countries for the state of the environment as well as for
activities that impact the environment, including soil quality.

1.8.2 Multifunctionality

In the pioneer years of contaminated site management, contaminated sites were con-
sidered to be an incomprehensible threat beyond human control, and for which the
adage was rather straightforward: eliminate the whole problem in such a way that
every kind of use of the site is possible. This multifunctional approach was advo-
cated in many countries in the world and seemed economically feasible as long as
the number of sites was limited. The advantage of the multifunctional approach was
that no elaborate administrative procedures were needed for keeping an account
of the possibilities for and restrictions on the use of a site. Moreover, no compli-
cated Risk Assessment procedures were needed, since risks were, for all intents and
purposes, reduced to zero. Regulators did not have to bother about acceptable risk
levels.

However, the multifunctional strategy of site management did not free regulators
from aftercare activities and costs. ‘Dig-and-Dump’, that is, removing the contam-
inated soil from the site and depositing it in landfills, was a popular remediation
technology in the early days of contaminated site management. For contaminated
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groundwater ‘Pump-and-Treat’, that is, extracting contaminated groundwater from
the aquifer and cleaning it in water treatment facilities, was often applied. But
for bigger sites ‘Dig-and-Dump’ was often too comprehensive and expensive. And
extraction of contaminated groundwater did not always explicitly solve the problem,
since it resulted in contamination of clean groundwater through desorption of con-
taminants from the solid phase of the aquifer. For these reasons, mainly financial,
technologies that required long-term aftercare were usually applied. An example of
such a technology is the boxing in of contaminated parts of an aquifer by means of
sheet pile walls.

1.8.3 Fitness-for-Use

A much more (cost-)efficient alternative for contaminated site management is the
concept of Fitness-for-Use (or: Fit-for-Purpose or Suitable-for-Use). This concept
implies that the assessment and management of the contaminated site relates to a
specific type of land use. This could either be the present or the future land use.
The latter is often an option when an alternative type of land use would fit the
present soil quality better. Since the late 1980s, the concept of Fitness-for-Use
has gained in popularity and has gradually become the leading concept in most
countries.

The advantage of Fitness-for-Use is simply that in most cases less strict require-
ments can be applied. This is much more efficient in terms of the time frames
needed for Risk Management activities and costs. Besides that, for many scien-
tists, consultants and regulators, but also for the general public, Fitness-for-Use is a
rather logical concept. The idea behind this conception is that, such as most com-
mon things in life, things need to be suited for a specific, appropriate purpose. A
garage, for example, needs to be suitable for parking a car and not as a playground
for children.

The disadvantage of the Fitness-for-Use approach is that aftercare is often
needed. Humans can live, work or recreate at a specific site, without experienc-
ing unacceptable human health effects. And when the soil ecosystem is considered
as a protection target, the soil ecosystem can be sufficiently protected under spe-
cific conditions. However, contaminants might threaten clean groundwater through
leaching and migrate to places with a more sensitive land use for human beings or
the soil ecosystem. Another drawback of the Fitness-for-Use concept is that inten-
sive administration procedures are needed in order to keep an on-going account
of the state of the soil contamination and of the restrictions for the use of a site.
Moreover, compared to the multifunctional approach, intensive investigations using
Risk Assessment procedures and defining appropriate Risk Management solutions,
often including remediation plans, are needed.

In the framework of the concerted action known as CLARINET (Contaminated
Land Rehabilitation Network for Environmental Technologies) a concept of risk-
based soil quality management has been advocated so as to be able to guide the
Fitness-for-Use, called Risk-based Land Management (RBLM).
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1.8.4 A More Pragmatic Approach

1.8.4.1 Mentality Change

Since the mid 1990s a significant change in mentality in terms of contaminated site
management has taken place in most developed countries. Gradually, the general
idea has settled in that the present philosophy on contaminated site management was
solid, but too rigid and not efficient enough to make the desired progress. Desired
progress, in this perspective, is mainly expressed in terms such as percentage of
the total contaminated site load that has been restored. Mainly within the larger
municipalities, contaminated sites had resulted in stagnation in building activity.

As a response, the basic concept of management of contaminated sites has
evolved into the adage ‘environmentally acceptable and financially feasible’.
Fitness-for-Use and cost-efficiency have become important boundary conditions
in contaminated site management. It has become widely accepted that not every
risk means an unacceptable risk. Therefore, the remediation objectives, at least for
immobile contaminants in the upper soil layer, need not relate to ‘no risk’, but
to ‘an acceptable risk’ for the specific land use (land use-specific remediation).
Moreover, it was widely accepted that more cost-efficient methodologies should
become available.

At the same time, many governments have developed procedures for financial
support, such as sharing financial risks, the provision of subsidy grants, co-financing
structures, tax benefits and ‘green’ investments.

1.8.4.2 Natural Attenuation

The concept of using biodegradation as a Risk Management solution, which gen-
erated enormous interest in the 1990s and could count on broad support from
decision-makers, initiated a very important innovation, that is, extensive in situ
remediation technologies (bio-restoration). Although this is the oldest remediation
technology, since organisms have been breaking down organic contaminants ever
since contaminants were present in the soil, it was not greatly accepted in the early
days of contaminated site management. The reason for this was the relatively long
time span that was needed for complete restoration of the site. Moreover, it was
difficult to predict the progress of this kind of remediation. However, this change
in mentality has come up with the general idea that ‘contaminants that have been
in soil for many decades need not necessarily be removed within a time-span of
months on up to a few years’.

This insight led to numerous investigations, mainly in the second half of the
1990s, for the purpose of understanding the processes better along with improving
efficiency and predicting the time span needed. The process is now called Natural
Attenuation (aka: intrinsic remediation), which often also includes dilution by trans-
port processes such as molecular diffusion and hydrodynamic dispersion. Natural
Attenuation is often considered as a Risk Management solution rather than as a
remediation technology. Despite sometimes high starting costs, the overall budget
for this Risk Management procedure is relatively low. Besides this, it results in a
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minimal disturbance of the natural conditions at the site. Today, these extensive
remediation technologies, often in combination with ex situ techniques such as
removal of the source, are widely accepted. As specific applications, ‘bio-screens’
are used; these are zones with an active, often stimulated, degradation at strategic
positions in the soil system, or Funnel-and-Gates techniques, in which contaminants
are led to zones with an active degradation. The basic principle is: ‘use the natural
self-cleaning capacities of the soil as much as possible, stimulate natural conditions
when necessary and use ex situ remediation technologies only when strictly needed’.

1.8.5 Market-Oriented Approach to Site Development

Construction work, certainly within urban areas, is big business. Ironically, most of
the interesting locations for residential developments often coincide with contami-
nated sites. Several former industrial sites, which were created close to the former
limits of the municipality, now lie within the expanded cities. These sites, although
often contaminated, offer excellent possibilities for residential development. Other
examples for residential development are former harbour sites, and former water-
front storage depots or warehouses, which offer exclusive housing and recreation
opportunities. Again, these sites are often contaminated. An interesting adage from
site contractors involved in building activities such as developing residential areas
is: ‘turn a threat into an asset’. Risk Management of contaminated sites in these areas
could result in a profitable rise in value of the site for different building purposes.
Moreover, consultancies have proven to be experts in finding creative solutions for
risk reduction.

More and more it has become accepted fact that contaminated site management
is part of the integral complex package of site development (see Fig. 1.12 as an
example, which shows a former with DDT (DichloorDifenylTrichloorethaan) and
HCH (HexaChloroCyclohexane) contaminated site in Wuxi, China, which has been
developed into a residential area after remediation). Traditionally, contractors had
to adapt the physical state of a site through grading, providing drainage and guaran-
teeing the supporting foundation of buildings by the use of piles. One could argue
that maybe contaminated site management is just another aspect of making the site
suitable for building activities. Contaminated site management is just another aspect
that should be included in a cost-benefit analysis. As a consequence, market-driven
financing is contributing more and more to solving the problem of contaminated
sites.

The development of a more market-oriented approach has gone hand in hand with
the mentality change towards a more flexible way of contaminated site management
and a more intensified use of Natural Attenuation techniques (Section 1.8.4.2). As
a consequence, ‘the market’ has taken on the responsibility for a cost-efficient risk
reduction at many contaminated sites.

Schelwald-Van der Kley et al. (Chapter 24 of this book) describe the philosophy
on cost-efficient Risk Management solutions of industrially contaminated sites, at
the same time discussing the protection of human health, ecology and groundwater.
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Fig. 1.12 A former with DDT (DichloorDifenylTrichloorethaan) and HCH (HexaChloro
Cyclohexane) contaminated site in Wuxi, China, which has been developed into a residential area
after remediation (photo F. Swartjes)

1.8.6 Integrated Approaches

Some individuals involved in risk-based soil quality assessment believe that the
main purpose of the term ‘integrated’, mainly in the 1990s, was to ‘dress up’ polit-
ical reports and letters. Although this opinion does not reflect reality, it is a fact
that plans for and ideas about integration always overruled concrete application.
Today, several variations on integration offer immense benefits in contaminated site
management.

1.8.6.1 Interdepartmental

In all countries in the world, various ministries have a relationship with soil qual-
ity assessment and management. Political themes that have a relationship with soil
include environment, agriculture, water resources, nature protection, and spatial
planning. A balanced interdepartmental approach, however, would practically be
impossible. Therefore, it is essential that laws and acts that influence soil policy do
not permit actions to conflict, or, still better, that they actually strengthen each other.
The same conclusions hold for national versus international regulations. In Europe,
for example, many environmental acts, such as the Water Framework Directive,
overlap with national regulations.

1.8.6.2 Spatial Planning

Traditionally, spatial planning is a process with a two-dimensional scope, that is, it
is related to the arrangement of the soil surface, usually on the scale of a region.
Since the late 1990s, the idea of including the third dimension, that is, soil aspects,
into spatial planning, has become a point of interest. The reason for this is that the



1 Introduction to Contaminated Site Management 69

soil, that is, both the upper layer and the groundwater, impose limitations as well
as opportunities for functions at the soil surface. An example of these limitations
concerns the establishment of a new estate district or an industrial park on soils with
limited bearing capacity (e.g., peat soils). An example of an opportunity is the plan-
ning of a nature reserve, in combination with additional water storage possibilities
in wet agricultural areas, in case of high water recharges, in anticipation of cli-
mate change. Although humans are capable of changing the environment, including
many soil factors, in accordance with their own requirements, these examples show
that this is not always possible, or at least not without substantial additional costs.
Therefore, several soil issues, including soil quality assessment and management
must become part of any integrated spatial planning process.

Moreover, in densely populated regions in the world, sub-surface construction
works have gained in popularity. From this perspective it becomes unavoidable to
include the third (depth) dimension, i.e., the soil quality, in spatial planning.

1.8.6.3 Chemical, Physical and Biological Soil Quality Assessment

Traditionally, since contaminated sites have become a political issue, soil quality is
approached from a chemical perspective, that is, focused on contaminants in soil.
During the last few years the philosophy of considering overall soil quality, that is,
chemical, physical and biological soil quality, gained in interest. A concrete exam-
ple is the determination of so-called Soil Ambitions for local soil quality in the
Netherlands (Otte et al. 2009). These Soil Ambitions can be assessed at the level
of municipalities, with the use of a so-called Route planner. Although the chemical
component of the assessment is the most mature, physical elements (such as seal-
ing, or bearing power), or biological elements (such as Biodiversity) could also be
included in Soil Ambitions.

1.8.6.4 Environmental, Socio-Cultural and Economic Assessment

Another interesting integration is to combine risk-based soil quality assessment
with social and economic factors. In a way, economic factors always have been
included, since no Risk Management activities have had access to unlimited finan-
cial resources. Today, however, cost-efficiency has become an important element of
modern risk-based soil quality assessment. Socio/cultural factors have also implic-
itly played a role of some importance. This is reflected, for example, in the different
approach to contaminated site management in urban areas than that applied in rural
areas.

In the procedure for dealing with Brownfields, environmental, socio-cultural and
economic factors are assessed and weighed in a systematic way.

1.8.6.5 Life Cycle Assessment

Life Cycle Assessment (LCA; aka: Life Cycle Analyses or Life Cycle Impact assess-
ment) is the holistic evaluation of the environmental impacts of a specific product
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or service, from the time that the product or service comes into existence until the
product is deposed of or the service is ended. For products, this usually relates to the
overall environmental impacts of the product in all stages, that is, the raw material
production, manufacturing, distribution, use in practice and disposal. In all these
stages there is a possibility that soils are impacted. This impact relates to contam-
inants from the product under investigation, but also from other products that are
needed for manufacturing (e.g., degreasing liquids), and that are released during dis-
tribution (e.g., from fuels during road transport) or during use (e.g., from detergents
during use). In a Life Cycle Inventory the pathways of the contaminants, includ-
ing the immissions to the soil compartment, are investigated. Finally, the impact is
investigated in the Life Cycle Assessment, which overlaps with risk-based soil qual-
ity assessment. Risk Assessment could be an important process, and is in fact one
of the steps of the more integral approach of Life Cycle Assessment.

Life Cycle Assessment can also support the selection of Risk Management
solutions. Suer et al. (2004), for example, described nine case studies in which
Life Cycle Assessment was used to evaluate alternative remediation technolo-
gies. As criteria they use the spatial scale that is affected by the remediation,
the time scale at which positive and negative effects reveal themselves and sec-
ondary processes such as the production of tubing, electricity use, materials used
for treatment of contaminated groundwater, the production of iron fillings for reac-
tive walls, and of active carbon, nitrate, and hydrogen peroxide for bioremediation
purposes.

1.8.7 Technical Approaches

1.8.7.1 Risk Assessment Methodologies

During the last few years, many easily accessible Risk Assessment methodologies
have become available. These methodologies often concern spreadsheet-like models
in a Windows environment. Many of these models are readily available, for exam-
ple, on the Internet. The huge advantage of this is that the Risk Assessment process
has gained in popularity and is followed more often, which generally improves the
procedure on contaminated site management. However, there also is a serious dis-
advantage, since engineers can use these models without much knowledge of Risk
Assessment. It is important to realize that these models may not be used as black
box models. Even more disturbing is the fact that these procedures, though in fact
any Risk Assessment methodology, are easy to manipulate according to the wishes
of a specific stakeholder. Therefore, any Risk Assessment needs to be accompanied
by some kind of certification process. Usually regulators are primarily responsible
for the objectivity and quality control of the Risk Assessment.

Another matter of concern is that individuals who are not expert often believe in
models that they do not understand. Ironically, it sometimes happens that laymen
trust models more when they appear to be more complex. It is the responsibility of
the risk assessor and the regulators to provide transparency in the possibilities and
the limitations of Risk Assessment methodologies.
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An interesting and difficult issue in Risk Assessment methodologies concerns
the balance between uniformity and flexibility. Uniformity is an important regula-
tory aspect. Two different risk assessors must come to the same conclusion about
the risk appraisal of a specific site, if only from the perspective of fairness. In gen-
eral, uniformity improves when Risk Assessment procedures are more rigid, with
more fixed input parameters. However, a higher degree of freedom in the use of
Risk Assessment methodologies stimulates the incorporation of more site-specific
information, which improves the assessment, at the expense of uniformity. It is the
task of both the scientists and the regulators to strive towards an optimal balance
between uniformity and flexibility when making Risk Assessment methodologies
accessible.

Another challenge is to find a good balance between the scientific foundation and
the possibilities for pragmatic applicability. A scientist might claim that many diffi-
cult theories cannot be put into a practical format. However, practical methodologies
which are scientifically not completely mature are often better than no methodolo-
gies at all. When this kind of methodology is used, the scientific limitations need to
be made transparent. These scientific limitations are the basis of the interpretation of
Risk Assessment results, at the same time offering the possibilities for improvement
of the methodology. It takes courage, however, to follow this practical approach,
since scientists thereby make themselves vulnerable.

1.8.7.2 Conceptual Model

Every Risk Assessment is somehow related to a source-pathway-receptor approach.
With regard to risk-based soil quality assessment, it often pays off to start with
a Conceptual Model, especially in the case of contaminated aquifers. Such a
Conceptual Model gives a (usually visual) presentation of relationships between the
source, all pathways involved and the receptor. A cross-section of the contaminated
site is the most common format of a Conceptual Model. See Fig. 1.13 in which a
Conceptual Model for groundwater-to-indoor-air mass flux analysis is shown, as an
example.

In fact the Conceptual Model represents a two-dimensional contamination pat-
tern and includes all relevant pathways involved. It relates to the migration to other
compartments, for example, from soil to aquifer or to the migration within a com-
partment, for example, the migration of a contaminant plume within the aquifer. It
also represents migration of contaminants into contact media, for example, upward
transfer of volatile contaminants from the upper aquifer into a building. The source
generally relates to a location, or locations, in soil that are contaminated. The recep-
tor is a specification of the protection targets. It can relate, for example, to humans
living on the site, or to the soil ecosystem in a downstream nature reserve that might
be threatened by a lateral and upward flow pattern in the aquifer and upper soil
layers.

A Conceptual Model might serve two important purposes. First, it supports a
systematic investigation of all possible pathways, and subsequently helps to identify
all necessary Risk Assessment tools. Second, it makes the whole Risk Assessment
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Fig. 1.13 A Conceptual Model for groundwater-to-indoor-air mass flux analysis, as an example
of a Conceptual Model (source: McHugh et al. 2003; reproduced with permission). Fgw1 = mass
flux through groundwater at upgradient edge of building, Fgw2 = mass flux through groundwater
at downgradient edge of building, Fsg = mass flux from groundwater to soil gas under building,
Fial = mass flux from soil gas to building, Fia2 = mass flux from building to outdoor air

process accessible, even to non-experts. For this reason, a Conceptual Model is an
excellent basis for discussions in an early stage of any Risk Assessment project,
along with the involvement of all stakeholders.

1.8.7.3 Tiered Approach

The most elegant way of dealing with Risk Assessment is in the form of a tiered
approach. In such an approach several assessment steps (tiers) are described. In
each tier, an assessment is performed with generally two possible outcomes: either
a judgment of the absence of unacceptable risks can be given, and the total assess-
ment is finished, or unacceptable risks cannot be excluded and the assessment has
to be followed into the next tier. When the presence of unacceptable risks cannot
be reputed in the final tier, unacceptable risks cannot be excluded, the total assess-
ment is also finished and Risk Management needs to follow the tier-based Risk
Assessment. Given the nature of a tiered approach, in each step the assessment
becomes less conservative, is based on more site-specific information and, hence, is
more complex, time-consuming and often more expensive. The philosophy behind
this is: simple when possible (only the first tier) and more complex when neces-
sary (higher tiers). A tiered approach is an efficient way of risk assessing, without
compromising scientific integrity.

A tiered approach often starts with a generic Risk Assessment, that is, comparing
measured value with Soil Quality Standards (screening levels). The purpose could
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be, for example, to separate risk factors into two classes, namely, ‘no unacceptable
risks’ and ‘further research needed’. In this further research stage, fine-tuning of
risks is performed in one or more higher tiers. Another option is the tripartition
of risk classes in the first tier, namely, ‘clearly no unacceptable risk’, ‘clearly an
unacceptable risk’ and an intermediate class. Obviously, the fine-tuning in higher
tiers needs to occur in the last (intermediate) class.

1.8.7.4 Weight of Evidence

There is no uniform definition of Weight of Evidence (WOE), but it refers to multiple
lines of investigation, for which the results are combined to improve the reliability
of an assessment. The principle behind the Weight of Evidence approach is that
when several uncertain results are combined, the overall result is less uncertain.
Weight of Evidence is a popular tool used in forensics (e.g., Balding 2005). Since
Risk Assessment typically is associated with uncertainties, WOE is often used,
although the term ‘evidence’ usually must not be taken literally. Most approaches
concern a more qualitative way of combining the results of the multiple lines of evi-
dence. Smith et al. (2002), for example, described a quantitative Weight of Evidence
approach to predict the risk at potentially contaminated sites on the Great Lakes in
the USA.

Weed (2005) described three kinds of ‘evidence’ in the Weight of Evidence
approach. The first is metaphorical where Weight of Evidence refers to a collection
of studies. The second is methodological where Weight of Evidence points to dif-
ferent methodologies. In the third, the author referred to theoretical evidence where
Weight of Evidence serves as a label for a conceptual framework. As a practical
recommendation, it was stated that the WOE concept and its associated methods
should be fully described when used.

1.8.7.5 Decision Support Systems

In standard works (e.g., Finlay 1994) a Decision Support System (DSS) is often
rather broadly defined as a computer-based system that aids the process of decision-
making. In the field of risk-based soil quality assessment, a Decision Support
System is a methodology, often in the format of a user-friendly computer program,
for which the generated outcomes are linked to concrete (regulatory) consequences
for contaminated site management. It generally combines Risk Assessment tools
with political positions. Decision Support Systems often have a relatively large
degree of objectivity and are, hence, rather rigid to use.

DSSs have some advantages. First, using DSSs is more efficient than an ‘open’
site-specific Risk Assessment, since many of the choices on Risk Assessment tools
(models, equations, input parameters) have already been made. For the same reason,
it improves uniformity. Second, it facilitates communication, at least when DSSs
have been described in detail.

An example of a DSS is the procedure used in the Netherlands (Dutch Soil
Protection Act) to determine the urgency of remediation, based on site-specific risks
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for human health, the ecosystem and contaminant migration in the groundwater
(Swartjes 1999).

For more detailed frameworks for contaminated site management, see Vegter and
Kasamas (Chapter 23 of this book) from the viewpoint of policy makers and regu-
lators; Schelwald-Van der Kley et al. (Chapter 24 of this book), from the viewpoint
of the industry as an important stakeholder; and Nathanail (Chapter 25 of this book)
with regard to the management of Brownfields.

1.9 Sustainability

Sustainability relates to a specific state that is able to continue indefinitely. A very
workable and often-cited definition of a sustainable development is the definition of
the General Assembly of the United Nations (United Nations 1987), often referred
to as the Brundtland Commission, that is, ‘a development that meets the needs of
the present without compromising the ability of future generations to meet their own
needs’. The good thing about this definition is that it focuses on future continuation
(future generations must meet their own needs), but also offers a realistic perspective
for the present (meeting the needs of the present).

This view of sustainability accounts for the major pitfall for contaminated site
management, that is, the sole focus on short-term benefits, since spreading the
benefits over longer time spans is a luxury that is not always permitted. In the so-
called ‘Rio declaration on environment and development’, the outcome of the 1992
United Nations Conference on Environment and Development (UNCED) in Rio
de Janeiro (often called the Earth Summit) (United Nations 1992), the principle of
sustainability was further stressed on the widest international scale possible.

The Cradle to Cradle Concept, which was introduced by a designer-chemist duo
(Braungart and McDonough 2002), goes one step further. This concept is not limited
to preservation, but rather focuses on improvement in the quality of life. The motto
‘the waste of today must be the food for tomorrow’ illustrates the idea of the Cradle
to Cradle Concept. Although the authors aroused a lot of scepticism—according to
criticasters the idea was too general and the authors did not specify the road map
towards this ideal world perspective—their philosophy opened the way to many
discussions on improving long-term care for the planet, including the world’s soils.

With regard to contaminated site management, it seems wise not only to focus on
the time factor, but also to incorporate the undesired shifting of problems to other
places. In fact, the character of contaminated sites (more specifically, contaminated
groundwater), that is, a dynamic system with migration of contaminants, forces the
risk assessor to account for off-site risks. As a consequence, the wider definition of
sustainability used in this book is: a development that meets the needs of the present
at a particular site and without compromising (or with improvement on) the ability
of future generations to meet their own needs, and also in the wider surroundings.
From this perspective the plea for a regional-scale approach (see Section 1.7.8) is
justified.
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Parallel with the increase in anthropogenic pressure on the environment,
including the soil, sustainability has gained enormously in popularity. The basic rea-
son for this is that history has proven that successful cultures have eventually been
wiped out by their own success. This phenomenon seems to relate currently to most
developed countries, since human presence, activities and production have already
impacted many natural resources which were in equilibrium for long time frames.
A highly contemporary example is the increase in the immission of substances into
the atmosphere, leading to climate change. It seems that without sensible human
interference the indefinite maintenance of a stable climate suited for human survival
is not guaranteed.

Like the climate, soils are also strongly impacted by human activities. Obviously,
human interaction with soil has a huge economic potential and should not be
avoided. Sustainable soil management, however, implies that human interventions
should adapt to the rhythm of natural soil processes. A healthy soil ecosystem, with
appropriate resilience and recovery abilities, is generally considered to be an indi-
cator of sustainable soil quality. Many processes that lead to soil contamination
typically are not sustainable, since the soil ecosystem is often not able to respond
properly. Without regulations, important soil processes will not continue optimally.
More than that, several human activities might lead to an irreversible elimination
of specific soil organisms and, hence, block ecological processes, more or less the
opposite of sustainability.

An important aspect of sustainable contaminated site management relates to
prevention of soil contamination. Jenck et al. (2004), for example, claimed that
‘industrial sustainable chemistry’, with process design and new equipment lead-
ing to minimal immissions, is seen worldwide today. They illustrated this statement
with several current industrial case studies.

1.10 Actors Involved

1.10.1 Decision-Makers and Regulators

Ideally, contaminated site management needs to be regulated in acts or laws.
Therefore, decision-makers must form the basis of any (national or regional) frame-
work for contaminated site management, which is generally based on risk-based
soil quality assessment nowadays. Many European countries, the USA, Australia,
Canada, and some Asian, South American and African countries have enacted legis-
lation on contaminated sites. The structure of involvement and responsibilities of the
government differ among countries, not least of all because the size of the countries
differs. Bigger countries, such as Canada or Spain, for example, have legislation
at the provincial level. There also are countries that have national legislation with
specifications at the provincial level.

A typical task for decision-makers, in close cooperation with scientists, is the
selection of protection targets and the determination of protection levels. Another
important task for decision-makers concerns the indication of the level of desired
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conservatism/precaution, for example, protection of the average human being, or
protection of all human beings. Usually, the protection levels and the level of
desired conservatism need to be determined in agreement with other existing
laws. Although decision-makers play a crucial role in the definition of boundary
conditions and degree of desired conservatism, it is essential that they unbias-
edly commit themselves to the scientific part of the Risk Assessment and Risk
Management.

Except for following fixed protection levels, decision-makers have other options
for soil quality appraisal. These options are mainly implemented when defining
the end goal of Risk Management, for example, through remediation. First, they
can relate the acceptable soil quality to background concentrations, independent
of associated risks. From the point of view of efficiency, an elegant procedure is
to base the end goal on the ALARA (As Low As Reasonably Achievable) princi-
ple, using Best Available Technologies (BAT). This means that risk reduction is
performed up to a concentration level, possibly with a maximum value that is
‘good enough’, for which the costs ‘are reasonable’. Obviously, the determination
of ‘reasonable costs’ in relation to the improvement of soil quality is a subjec-
tive process. A special level of protection, not directly related to risks, is based
on the stand-still principle, generally applied to assess the appraisal of groundwa-
ter quality or soil material transposition. According to this principle the soil quality
may not deteriorate, in other words, contaminant inputs must equal contaminant
outputs.

An approach that decision-makers can choose to follow is the precautionary
principle (Raffensberger and Tickner 1999), especially in case of lack of scien-
tific consensus. This principle is morally and politically based, and states that if
an action or process has adversely impacted human health, the burden of solving
the problem falls on those who caused the problem. At the 1992 United Nations
Conference on Environment and Development (UNCED) in Rio de Janeiro (often
called the Earth Summit) (United Nations 1992), the precautionary principle was
advocated with regard to environmental protection. When applying the precaution-
ary principle to contaminated sites, decision-makers can decide, for example, in the
case of doubt about the risks involved, that the polluter is responsible for (financing
the) elimination of the contaminants.

Along with the definition of protection levels, the decision-makers also have the
duty to communicate them. It is often asserted that the political underpinning of
these protection levels is based on coincidental aspects and very often not made
transparent. In the most extreme case, protection levels that the scientists (arbi-
trarily) derive are implemented in soil quality assessment frameworks, since ‘they
are the only levels available’ in the view of the decision-maker. Moreover, there
is a risk that a specific degree of conservatism ‘slips’ into the Risk Assessment,
since the scientists use the parameters that are available, without initially focussing
on a specified degree of conservatism. It is important that all policy decisions
are clearly specified in reports underlying, for example, Soil Quality Standards,
Decision Support Systems, etc.
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1.10.2 Scientists

Successful management of contaminated sites, whether on a local, regional or
national scale, relies on understanding and applying a large and multi-disciplinary
knowledge base that straddles the natural, physical, engineering and social sci-
ences within a practical, commercial and political context (Pollard et al. 2002b).
Scientists play a principal role in Risk Assessment procedures. Human Health Risk
Assessment, Ecological Risk Assessment, Groundwater-related Risk Assessment
and Food Safety-related Risk Assessment are based on a number of scientific Risk
Assessment tools; these are an equation, a description, a database, a model, an
instrument, a protocol, or a table. Basically, the scientists are responsible for the
objective development and application of Risk Assessment and Risk Management
tools.

It is difficult to profile the ideal risk assessor, since in an overall Risk Assessment
several technical disciplines are needed. Moreover, specific social competencies
are required. For this reason, most Risk Assessment projects are performed by
a multi-disciplinary team, rather than by one single person. The basic kinds of
expertise that are essential for risk-based soil quality assessment are soil sci-
ence, (soil) chemistry/geochemistry, (geo)hydrology, toxicology and biology. Other
kinds of expertise that support the Risk Assessment and Risk Management process
are mathematics, information technology, statistics, geology, geography, and law.
Moreover, any Risk Assessment team benefits from people with a social science
background; these are people with communication knowledge or skills. Moreover,
people with creative qualifications can make significant contributions to original
site-specific Risk Management solutions, with a good balance between quality and
cost-efficiency. In rare cases, technical expertise and communicative and creative
qualities are combined in the same person.

1.10.3 Decision-Makers Versus Scientists

Procedures for risk-based soil quality assessment are based on scientific Risk
Assessment tools and policy decisions. Since these elements are interwoven, the
derivation of these procedures concerns a co-production between scientists and
policy makers. As early as 1983, a good partnership between science and decision-
makers was seen as an essential element of Risk Assessment (US National Research
Council 1983). In most countries, however, there is no clear boundary between
the tasks of policy makers and scientists. However, the relationship between
decision-makers and scientists is crucial for a successful and efficient procedure
for contaminated site management. Scientists need the policy makers for the defi-
nition of the problem formulation and the definition of the boundary conditions for
Risk Assessments. Decision-makers, for their part, need the scientists to explain
the possibilities for and exact meaning of protection levels, and the uncertain-
ties involved, and to elaborate on technical procedures, models, protocols and
related Soil Quality Standards. Although decision-makers and scientists usually
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have a common background, that is, academic study in a related technical field,
the interest and mentality of both groups is often very different. Moreover, optimal
co-ordination requires frequent communication, which is hampered by a physical
separation of working places. Even more importantly, mutual communication is not
implicitly productive and the significance of it, therefore, is often underestimated.

Souren (2006) investigated the role of scientists and policy makers in the
derivation of Soil Quality Standards in the Netherlands in the period 1971-
2000. She concluded that in general policy makers do have sufficient scientific
knowledge to understand the scientific procedures used to derive Soil Quality
Standards. At the same time, the author concluded that most scientists understand
policy-making.

1.10.4 The Risk Assessor

Risk Assessment is often said to be the scientific part of the contaminated site
management framework and an objective procedure. That might be true for a large
part. However, compared to other scientific disciplines, Risk Assessment involves
quite as many subjective decisions. An important example of a subjective judge-
ment is the interpretation of measured soil concentrations, certainly in the case of
heterogeneously contaminated sites. One risk assessor might focus on the highest
measured value, while another assessor will use the average of all samples in the
Risk Assessment. In the latter case, it might make a difference whether this individ-
ual decides on the arithmetic or geometric mean, which might differ with a factor
of up to 10. Ideally, these decisions are protocolised. However, using margins in
many decisions (such as the decision on which value to take for the ‘representa-
tive soil concentration’ in the example shown above) could actually improve the
Risk Assessment. For example, in an early tier of Risk Assessment and when the
risk assessor’s estimate is that risks are acceptable, the risk assessor might delib-
erately focus on the highest concentration. In that case, the most likely outcome
is ‘risk acceptable and case closed’, on the basis of a limited effort and budget. In
other cases, for example, when the layout of the site shows different uses such as
green shoulders and paved areas at a business park, the risk assessor might derive
an average representative concentration, only valid for the green shoulders. In this
case, since no vegetables will be cultivated on the shoulder, this average soil con-
centration will be good enough to investigate the possibilities for the development
of typical shoulder vegetation. Using the margins in an intelligent and responsible
way, in fact, makes Risk Assessment a creative and challenging process.

The risk assessor needs to accompany the technical Risk Assessment with three
very important activities. First, the risk assessor should always relate the purpose of
the Risk Assessment to the choices he or she has to make. Second, the risk assessor
should incorporate uncertainties in every step of the Risk Assessment. Third, and
last but not least, the risk assessors should make every choice, as well as the exact
meaning of the Risk Assessment results, transparent. Moreover, during the whole
process, communication with decision-makers and stakeholders is essential.
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The quality of a Risk Assessment and the uniformity of the results are of utmost
importance for a justified risk appraisal and a sensible way of spending the available
resources. Clearly, all stakeholders benefit from sound decision-making, based on
systematic and ‘smart’ Risk Assessment. This ‘smart’ Risk Assessment requires a
knowledge base and creativity. Creativity is hard to steer, but the knowledge level
of risk assessors could be approved by, for example, auditing systems, courses and
exchange of state-of-the-art Risk Assessment tools. Some countries have auditing
systems and most countries that have a policy on soil quality organise courses on
Risk Assessment.

1.10.5 Project Managers

Project managers are, of course, of crucial importance in any project. The role
of contaminated site project managers, certainly for bigger projects, requires spe-
cial attention. This role is complex, though interesting, for several reasons. First,
a project manager needs to be able to at least have an overview of the scientific
knowledge of Risk Assessment tools. Because of the multi-disciplinary character of
Risk Assessment, this overview often requires the ability to make a broad scientific
interpretation on the part of the project manager. Second, the relationship between
scientists and decision-makers or regulators traverses the whole Risk Assessment
and even more the Risk Management process. Some projects lack efficiency, and
often quality, because of the fact that decision-makers are unable or unwilling to
use the scientific knowledge they need for sound decision-making. Analogously,
scientists often are not capable, nor trained, to include ‘soft’ decision-making fac-
tors into their investigations, such as decisions on boundary conditions related to the
degree of conservatism or specific political requirements in their Risk Assessments.
It is the role of a project manager to bring together the political starting points
and boundary conditions and the scientific elaboration of Risk Assessment tools,
throughout the whole development of the project. Third, the project manager needs
to have above-average communication abilities in order to be able to deal with the
multi-stakeholder character of contaminated site projects. This has two different
purposes, that is, the project must benefit from the knowledge and interest of all
available stakeholders, and the stakeholders with less knowledge, such as land own-
ers or inhabitants, need to be informed about developments that often affect their
living environment and their well-being. Management involves different roles, both
technical and social, which include aspects of work relationships as well as personal
relationships. This includes safe-guarding (e.g., of the time schedule, the budget),
motivating participants, team building and the optimal distribution of working tasks.
It is often claimed that the creation of a good social atmosphere also stimulates the
more technical performances of a project.

One interesting issue concerns the role of women in Risk Assessment and Risk
Management, and, particularly, in project management. In the ‘Rio Declaration
on Environment and Development’, the outcome of the 1992 United Nations
Conference on Environment and Development (UNCED) in Rio de Janeiro (United
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Nations 1992), the vital role of women in environmental management and devel-
opment was stressed. Many studies addressed and many books have been written
about the role of women in project management. The success of a female manager
very much depends on factors other than gender, such as personality, age, expe-
rience, team structure, complexity and interest in the project. Of course, female
managers also have disadvantages compared to male managers. Some men, for
example, find it difficult to work under the supervision of a female (Fairhurst 1993),
while some women are uncomfortable supervising men (Williams and Locke 1999).
But, otherwise, women tend to be more relationship-oriented (Fairhurst 1993).
Although it would be beyond the scope of this book to make a full analysis of
all these factors, it can be stated that some typical female characteristics are ben-
eficial for team building and successful communication and, hence, for Project
Management.

1.10.6 Major International Institutions

Some major international institutions provide crucial information on Risk
Assessment and Risk Management related to contaminated site management. Their
reports are important for at least two reasons. First, the scientific basis of these
reports is generally high. Second, using procedures from these institutions improves
general use and harmonisation of Risk Assessment tools, while at the same time
large-scale use improves the status of these procedures. Without the pretence of
being complete, some crucial institutions are mentioned in this section. Since it
is hardly possible within the scope of this book to enlarge upon all the relevant
topics these institutions have dealt with and are dealing with and to describe the
many crucial reports available, it is simply advisable to browse the Internet sites for
information on specific topics. To facilitate this process, the institutions are briefly
introduced in the footnotes in this section.

Some of the important international institutions are the World Health
Organisation (WHO),? the International Programme on Chemical Safety (IPCS),?
and the European Centre for Ecotoxicology and Toxicology of Chemicals

2The World Health Organisation (WHO) is the directing and coordinating authority for health
within the United Nations system. It is responsible for providing leadership on global health mat-
ters, shaping the health research agenda, setting norms and standards, articulating evidence-based
policy options, providing technical support to countries and monitoring and assessing health trends
(http://www.who.int).

3The International Programme on Chemical Safety (IPCS) was developed and structured on the
basis of recommendations of the United Nations Conference on the Human Environment (1972).
It is a cooperative venture between WHO, International Labour Organisation (ILO) and the United
Nations Environment Programme (UNEP) ILO and UNEP. The two main roles of the IPCS are to
establish the scientific basis for the safe use of chemicals and to strengthen national capabilities
and capacities for chemical safety (http://www.who.int/ipcs/en/).
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(ECETOC).* Some authoritative national institutions in the USA that relate to
contaminated site management are the US Environmental Protection Agency (US
EPA),’ the Agency for Toxic Substances and Disease Registry (ATSDR)® and
The National Environmental Health Association (NEHA).” In Europe, The Joint
Research Centre (JRC)? acts at the level of the European Union. Some important
authoritative national institutions are the National Institute of Public Health and the
Environment (RIVM)? in the Netherlands, The Environment Agency (EA) in the

4ECETOC is a scientific, non-profit, non-commercial trade association with a mission to act as
an independent, credible, peer-reviewed technical resource to all concerned with the identifica-
tion of research needs and provision of scientific rationale for the assessment of health effects
and environmental impact, and thereby to justify the industry’s license and freedom to operate
(www.ECETOC.org).

SThe U.S. Environmental Protection Agency (US EPA) leads the Unitd States’ environmental sci-
ence, research, education and assessment efforts. The mission of the Environmental Protection
Agency is to protect human health and the environment. Since 1970, EPA has been working for a
cleaner, healthier environment for the American people. The EPA headquarters are in Washington,
DC, but there are many other locations, such as regional offices, regional visitor guides, laboratories
and research centres (http://www.EPA.gov).

SThe Agency for Toxic Substances and Disease Registry (ATSDR) is an agency of the U.S.
Department of Health and Human Services. The mission is to serve the public by using the
best science, taking responsive public health actions, and providing trusted health information to
prevent harmful exposures and disease related to toxic substances. ATSDR is directed by congres-
sional mandate to perform specific functions concerning the effect on public health of hazardous
substances in the environment. (http://www.atsdr.cdc.gov/about/index.html).

TThe National Environmental Health Association (NEHA ) had its origins in the state of California,
USA, where it was incorporated in 1937. The original impetus behind the creation of a national
professional society for environmental health practitioners was the desire by professionals of
that day to establish a standard of excellence for this developing profession. NEHA’s mission
is ‘to advance the environmental health and protection professional for the purpose of providing
a healthful environment for all’ is as relevant today as it was when the organisation was founded
(http://www.neha.org/about/neha.html).

8The Joint Research Centre (JRC) is a research based policy support organisation, and an inte-
gral part of the European Commission. The JRC is providing the scientific advice and technical
know-how to support a wide range of EU policies. Their status as a Commission service, which
guarantees their independence from private or national interests, is crucial for pursuing our mission.
This mission is ‘to provide customer-driven scientific and technical support for the conception,
development, implementation and monitoring of EU policies’. As a service of the European
Commission, the JRC functions as a reference centre of science and technology for the Union.
Close to the policy-making process, it serves the common interest of the Member States, while
being independent of special interests, whether private or national.

9The National Institute for Public Health and the Environment (RIVM) is a recognised leading
centre of expertise in the fields of health, nutrition and environmental protection. RIVM’s mission
is to benefit people, society and the environment, matching thier expertise, knowledge and research
with that of colleagues from around the world. The institute works primarily for the Dutch gov-
ernment, but shares their knowledge with governments and supranational bodies around the world.
The results of RIVM’s research, monitoring, modelling and Risk Assessment are used to underpin
policy on public health, food, safety and the environment (http://www.rivim.nl).
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UK and Wales'? and the Flemish Institute for Technological Research (VITO)!! in
Flanders, Belgium.

1.11 Scope of the Book

To sum up the previous sections, this book focuses on the possibilities for inves-
tigating whether ‘there is a problem’ with potentially contaminated sites (Risk
Assessment) and, if so, how to deal with this situation (Risk Management). The
scope of the book is limited to the extent of that part of the earth’s crust that impacts
human health and the ecosystem, that is, the water-saturated upper soil layer and
the groundwater that is within human reach. The book is primarily focused on
procedures for dealing with ferrestrial contaminated sites, not on surface water or
sediments.

The book deals with contaminated sites, either diffusely contaminated or locally
contaminated (although since most chapters deal with tools that can be used for
any type of contaminated site, this distinction is not always relevant). Physical
quality of the soil is not within the scope of the book. Also the risks of radioac-
tive contaminants, endocrine disruptors, microbial contaminants and nanoparticles
in soil or groundwater are not included in this book, since they are of a different
nature and require a different kind of Risk Assessment. This book does not focus
primarily on agricultural practices, therefore, no further attention is given to (the
consequences of) (macro) nutrients (nitrogen, phosphorus, potassium, and sulphur).
However, Risk Assessment tools are described that can be used to assess the risk for
Food Safety.

Since in most countries separate legislation exists for the assessment and control
of occupational risks, this book does not implicitly focus on the risks of humans that
are exposed to soil contaminants during working activities such as digging or other
ground construction works. Many of the tools for Human Health Risk Assessment
that are described in this book, however, could in principle be used for this purpose.

10The Environment Agency (EA) is an executive non-departmental public body responsible to the
Secretary of State for Environment, Food and Rural Affairs and an Assembly-Sponsored Public
Body responsible to the National Assembly for Wales. Their principal aims are to protect and
improve the environment, and to promote sustainable development. The EA is going through
changing times, both in terms of the physical and business environments. Their new strategy builds
on the improvements they have delivered in recent years, but it provides a new framework to guide
our work to protect and improve the environment of England and Wales in the challenging climate
of the next 5 years (www.environment-agency.gov.uk).

UThe Flemish Institute for Technological Research (VITO) has, in its 18 years of existence,
achieved the status of being a key player in the European world of research and development. In the
research domains of environment, energy, materials and remote sensing, VITO’s strength has been
its pursuit of applied and practical research and development which is relevant for industry and
public authorities. VITO expresses its "vision on technology’ through the recommendations given
to clients vis-a-vis technological developments, as well as in the way in which the VITO experts
develop new technology and support companies with their innovation (http://www.vito.be).
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Chapter 2
Characteristics of Natural and Urban Soils

Helmut Meuser and Robert H.M. Van de Graaff

Abstract This chapter deals with soils that have been contaminated by human
activities and soils that have inherent contamination due to natural causes, as well as
soils that may be thought of as contaminated, but where the contaminants are part of
the natural geochemistry, they are completely inert and unlikely to cause any signif-
icant risk to life. Contaminated soils have figured greatly in the mind of the public
since a number of dramatic, highly publicised events occurred in which residential
developments on former landfills caused serious health problems for the inhabi-
tants. Logically, the primary focus of studies and inventories of soil contamination
were the industrial lands, from medieval metal processing to modern day manufac-
turing and storage, war zones and battle grounds. Besides, other factors impacting
contamination potential have to be taken into account, e.g. flood occurrences and
ubiquitous atmospheric deposition. There was a need to define background levels
of all contaminants that can occur naturally in the land or could have been added
by humans. Likewise, a need to discover the mobility and toxicity of the contam-
inants was required to develop Risk Assessment. Finally, chemical affinities and
solubilities of several contaminant groups are discussed.
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2.1 Soils of Contaminated Sites

This chapter deals with soils that have been contaminated by human activities and
soils that have inherent contamination due to natural causes, as well as soils that may
be thought of as contaminated, but where the contaminants are part of the natural
geochemistry comprehensive data about contaminated urban soils can be found in
Meuser 2010.

2.1.1 Natural and Anthropogenic Soils

Soil contamination can relate to all kind of soil materials and the subsequent distri-
bution of contaminants within the soil profile is often controlled by the build-up and
composition of soil layers and horizons. In general, we have to differentiate between
three groups of soils that may have become contaminated:

1. Soils derived from natural parent material, indicating natural pedogenesis, such
as Cambisols, Gleysols, Lixisols, Planosols, Solonchaks, Ferralsols and many
other Major Soil Groupings (FAO 2006; FAO-Unesco 1998). The differentia-
tion between all these Major Soil Groups is based on transformations caused by
their weathering histories and differences between their original parent materi-
als. Also, the movement and accumulation of contaminants in these natural soil
profiles is affected by the horizonation of the profile and the varying permeability
of individual soil horizons.

2. Natural soils under mainly long-term horticultural cultivation (Anthrosols; FAO
2006), which commonly are further specified in, for instance, the German
nomenclature as Hortisols and Treposols (Meuser and Blume 2004). These soils
are the most likely soils to have been treated with high amounts of nutrients,
especially P and N, from farmyard manures and fertilisers, as well as metals
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such as arsenic and copper (from fungicides), and organic contaminants such as
DDT and dieldrin (from pesticides).

3. Urban soils from an anthropogenic origin (Technosols, FAO 2006), usually
deposited, consisting of technogenic man-made material or of both technogenic
and natural material (Deposols in German nomenclature). These soils are very
likely to contain contaminants, as they are often waste soils from excavations
at urban sites and can contain almost anything, from rubble to mine waste and
fly ash.

The second and third group belong to the anthropogenic soils. The FAO-Unesco
(1998) soil classification system World Reference Base (WRB) refers to the second
group as Anthrosols (soils with long and intensive agricultural use), and the third
one is called Technosols (soils containing many artefacts).

The second group, associated with long-term horticultural or agricultural use,
indicates man-made profile changes. The soils, however, are based on natural par-
ent material. Typically, the humic topsoil is deeper than the usually ploughed soil
depth of 30 cm. We can distinguish between several kinds of soils within this group
(Meuser and Blume 2004):

e Garden soil, significant in residential areas with gardens surrounding detached
houses, row houses, or exclusive residences, as well as for allotments. Continuous
organic matter application (e.g., compost, manure), combined with frequent dig-
ging procedures, leads to humic top soils with an enhanced biological activity.
Based upon the German nomenclature, garden soils with a humic topsoil of at
least 40 cm are termed Hortisols. Different from garden soils, there are soils of
cemeteries and churchyards, indicative of deep digging activities to a depth of
180 cm and ultimately humus accumulation.

e Moreover, there are so-called plaggen soils occupying large areas of the northern
parts of Germany and the Netherlands. They result from long-term agricultural
use in time periods between the 14th and 19th century, when farmers used organic
manure only, leading to a raised soil surface in the course of time. They are of
importance at urban sites as well, since they are mostly located close to built-up
areas, in particular in the peri-urban area.

Generally, the cultivated soils of concern show enhanced contaminant concentra-
tion due to atmospheric input (air pollution) and artificial amendments like sewage
sludge or ashes. For instance, many urban garden soils have been fertilized with
ashes derived from domestic home heating processes, leading to a high concen-
tration of heavy metals compared with neighbouring cropland sites (Meuser and
Anlauf 2007) (Fig. 2.1).

Anthropogenic soils, or Deposols, can be subdivided according to distinct kinds
of deposits (Fig. 2.2). In the landscape, deposits consisting of mining heaps, waste
landfills, dumps, and linear structures such as dikes, dams, and sound-isolating earth
walls, are easily recognisable. The fill materials, however, result from excavations
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M cropland, Dresden

H garden soil, Dresden
Bcropland, Essen

M garden soil, Essen

mg/kg

Fig. 2.1 Pb, Zn and Cu content (mg kg~!) of garden soils compared with neighbouring cropland
sites in Essen and Dresden, Germany (Meuser and Anlauf 2007)

Deposits
Fills
=) Mining heaps =) Natural depressions
P | \Waste landfills = | Quarries, sediment pits
= | Dumps - | Industrial excavations
-> Dikes, dams, walls -> Bomb craters

Fig. 2.2 Overview on distinct kinds of deposits

or refilling of former depressions. Consequently, they do not have to be recognis-
ably similar to the materials in their natural source areas. Fills are associated with
former usually watery natural depressions (swamp, peat land), quarries (sandstone,
limestone et cetera), and pits (sand, clay, loam, marble), leading to a general rais-
ing of the natural ground level (Nathanail and Bardos 2004). Occasionally, they are
located in industrial areas, where excavation has taken place, or they are the result
from warfare such as bomb craters.
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During the Balkan War in 1999, strategically important targets were destroyed,
but also collateral damage (e.g., treatment facilities for waste and wastewater, fer-
tilizer plants) was of importance. Regardless of the nature of the targets, a release
of hazardous substances into the environment, particularly into the soil, had to be
expected. Furthermore, attention must be paid to unexploded bombs and landmines
indicating a serious redevelopment problem. In agricultural land, a rapid refill of
bomb craters with distinct and partly unknown materials had to take place in order
to grow staple food crops. A single 500 pound explosive bomb is able to cause a
bomb crater up to 14 m wide and 9 m deep. No one knows the number of bomb
craters in European countries resulting from the Second World War, but most of the
craters were refilled rapidly without any knowledge about the materials that were
used. The number of these craters could be high. For instance, it is assumed that in
the Indochina conflict 25 million craters were caused by air raids (Genske 2003).

The frequency of technogenic materials occurring in deposited soils (termed
Deposols) is variable, but some general principles are possible to report. The
frequency decreases with increasing distance from the urban agglomerations, in par-
ticular city centres. Nevertheless, even in the countryside former excavated areas
had been refilled with anthropogenic materials in order to level the soil surface or to
improve the physical soil quality in wetlands, for construction purposes. Therefore,
deposited soils that contain transported technogenic materials from other sites far
away can be present in almost every area.

Considering the soil inventory of the German city of Muenster (Fig. 2.3), soils
in the city centre as well as in industrially and administratively used areas reveal
a lot of deposited materials, while garden soils dominate the residential areas, and
particularly allotments. Furthermore, soils from deposited material can be found in
parks (refilling processes after the Second World War) and sports fields consisting of
man-made, compacted soils to enable sports activities (Meuser 2007). Craul (1992)
reported that in the U.S. capital Washington D.C., located in a coastal area, approx-
imately 81% of the area is disturbed and 14% must be classified as fills. A park
soil survey in the city of Hamburg, Germany, showed 26.5% deposited soils, 26.5%
containing natural material and an additional 20.5% with a mixture of both natural
and technogenic material (Ddumling 2000). In the city of Stuttgart, Germany, 53%
of the upper 100 cm of the systematically investigated soil revealed more or less
technogenic ingredients (Stasch et al. 2000).

In parks and lawn areas that surround houses, often beautifully landscaped with
flowers and ornamental shrubs, deposited soils may only be covered by a thin humic
topsoil layer. In parks of Washington D.C., the thickness of the humic top soils range
between 6 and 35 cm (Craul 1992). It is easier to understand that contaminated
sites are associated with derelict and abandoned areas. These areas are normally
recognisable by visible ecological and social impacts such as unvegetated soils, sub-
sidence, ruined buildings, absence of infrastructure, unsightly neighbourhood, and
poor housing, respectively.

The example of man-made, compacted soils on the sports fields, mentioned
above, demonstrates the different soil functions found in urban areas. Apart from the
natural functions of soil, such as providing a medium for plant growth, a recycling
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Fig. 2.3 Percentage of deposols, garden soils (Hortisols based on German nomenclature) and
natural soils according to the use in Muenster, Germany (Meuser 2007)

system for nutrients, a system for water supply and purification, and a habitat for soil
organisms, soils serve as an engineering medium on which to base such structures
as roadbeds, building foundations, and sport parks (Brady and Weil 2008).

The land use type may also be decisive with respect to soil contamination.
Biasioli et al. (2008) mentioned that the concentrations of the typical anthropogeni-
cally impacted metals, copper, lead, and zinc, exhibited their highest values in
ornamental gardens and at roadsides in the city centre and residential areas, fol-
lowed by open spaces (parks) and ultimately riverbanks. This phenomenon was
found through analysis of soils in completely different European cities (Ljubljana,
Slovenia; Seville, Spain; Torino, Italy).

2.1.2 Imported Filling Materials

Soils made up of imported materials are frequently contaminated irrespective of the
kind of material deposited. Independent of the reasons for mound construction and
refilling processes it should be taken into consideration that not only natural mate-
rials have been used. To the contrary, waste products including potentially toxic
substances are generally utilised for mounds and fills, possibly for disposal of these
unwanted materials. In Table 2.1 several technogenic components are listed that
can be expected in heaps and fills (Meuser 1996). Technogenic material is com-
pletely artificially produced (e.g., slag), or at least anthropogenically changed or
manipulated, like coal gangue.
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Table 2.1 Material compositions of heaps and fills

Main component group

Component group

Examples

Construction rubble

Slag

Ashes

Mining waste

Housing/industrial debris

Asphalt debris

Iron works
Steel works
Heavy metal works

Foundry

Hard coal-fired and lignite
coal-fired power station

Garbage incinerator

Coal mining waste

Ore mining waste

Brick, mortar, concrete,
plaster
Bitumen and tar asphalt

Blast furnace slag, sand and
pumice of iron works

Slag of steel smelting
furnace

Lead slag, copper slag, zinc
slag

Slag and sand of foundry

Fly ash, bottom ash

Fly ash, bottom ash
Coal gangue
Ore gangue

Refuse Household refuse Glass, metal, paper,
ceramics, organic
garbage, wood, bulky
refuse

Industrial refuse Dross, cinders, salt slag,
other specific waste of
industrial processes

Sludge Sewage and wastewater Sewage sludge

works
Harbor and river dredging Harbor and river sludge
Solution mining Ore and salt mining sludge
Meuser (1996)

The use of such materials as mono-substrates can be supposed to be relatively

rare. In most of the cases, mixtures of technogenic and natural materials are typical
for deposited soils. Therefore, deposited soils with a high material heterogeneity
and lithologic discontinuity, which reveal great vertical and spatial variability, make
survey and sampling difficult.

2.2 Inherited Geochemistry

This section deals with abundances and the sometimes elevated concentrations of
trace elements in natural materials (Krauskopf 1967; Reimann and De Caritat 1998)
that may be erroneously considered to be contaminated sites. In the great majority of
cases where “unusually” high concentrations of heavy metals have been found, their
solubility and mobility are extremely low so that ecological impacts are negligible.
In some cases, however, such as the high nickel concentration in soils formed on
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serpentine rock, the vegetation has evolved to cope with the higher availability of
nickel. Reimann and de Caritat (1998) warn that locally elevated concentrations of
a specified element in a rock type will have an influence on all media that interact
with that rock, such as soils, groundwater, vegetation and wind blown dust. Likewise
their readers are told to treat so-called “average” data on concentrations for specific
media with care as the sampling and analytical methods are often unknown.

Metals and metalloids and other trace elements vary greatly in natural abundance
in different geological materials (Krauskopf 1967; Reimann and De Caritat 1998),
as shown in Table 2.2.

Basalt-derived soils in low rainfall climates that have not undergone much leach-
ing invariably are high in calcium (Ca) and magnesium (Mg) as well as in several
metals, such as cobalt, chromium, copper, iron, manganese, nickel, and vanadium.
Other rock types such as granites or shales have substantially lower metal concen-
trations, but in the soils that formed on these rocks these metals often have been
translocated to the subsoil. High arsenic is common in soils on the edges of certain
mineralised ore bodies. Another example of naturally elevated metal concentrations
is the high zinc soils in parts of the Netherlands and Belgium. Their abundance in
soils derived from these lithologies is determined by the abundance in the parent
material, but strongly affected by subsequent weathering and geochemical pro-
cesses, as well as by the mixing that occurs when unconsolidated earth materials
undergo transportation by wind, water or ice sheets.

Weathering processes operating on fresh rocks as well as previously weathered
geological materials will transform and release many or most of these elements,
with secondary minerals forming and capturing particular trace elements in their
lattices, according to their geochemical affinities. In high rainfall areas, well weath-
ered basalt soils have undergone high losses of silica, calcium and magnesium, but
the heavy metal concentrations have remained high due to their transformation to
low-solubility oxides/hydroxides.

Large areas of the world are covered in geologically recent (Holocene) alluvial
or windblown sediments or glacial morainic materials. Loess and morainic deposits
are widespread in Northern North America, Northern Europe and Northern Asia.
These consist of transported soils, having often a mixed geological origin and having
undergone relatively little weathering, as they tend to be of Post-Glacial age and,
hence, are younger than 12,000-16,000 years. All the great mountain belts and hilly
areas of the world are affected by continuing erosion exposing freshly weathered
soil material on slopes and colluvial mantles.

Elsewhere, large areas of the world, particularly in the continents of Africa, South
America and Australia, consist of old Tertiary-age land surfaces covered by a deep
regolith that is largely in situ. Regolith! is a general term for the layer of unconsoli-
dated (non-cemented), weathered material, including rock fragments, mineral grains
and all other superficial deposits, that rests on unaltered, solid bedrock. Its lower
limit is the weathering front. Soil is regolith that often contains organic material

Oxford Dictionary of Earth Sciences, Oxford University Press, 1999.
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Table 2.2 Average abundance of major and trace elements in major rock types and seawater in
parts per million (ppm)

Element Continental crusts Granite Basalt Shale Seawater
0 46.4 x 10%. - - - 857,000
Si 28.2 x 10* 32.3 x 10* 24 x 10* 23.8 x 10* 3.0

Al 8.2 x 10* 7.7 x 10* 8.8 x 10% 8.0 x 10* 0.01

Fe 5.6 x 10* 2.7 x 10* 8.6 x 10% 4.7 x 10* 0.01

Ca 4.1 x 10* 1.6 x 10* 6.7 x 10* 2.5 x 10* 400

Na 2.4 10* 2.8 x 10* 1.9 x 10* 0.66 x 10* 10,500
Mg 23 x 10* 0.16 x 10* 4.5 x 10* 134 x 10 1,350

K 2.1 x 10* 3.3 x 104 0.83 x 10* 2.3 x 10* 380

Ti 5,700 2,300 9,000 4,500 0.001

H 1,400 - - - 108,000

p 1,050 700 1,400 770 0.07

Mn 950 400 1,500 850 0.002

F 625 850 400 500 1.3

Ba 425 600 250 580 0.03

Sr 375 285 465 450 8.0

S 260 270 250 220 885

C 200 300 100 1,000 28

Zr 165 180 150 200 -

A 135 20 250 130 0.002

Cl 130 200 60 160 19,000

Cr 100 4 200 100 0.000,05
Rb 90 150 30 140 0.12

Ni 75 0.5 150 95 0.002

Zn 70 40 100 80 0.01

Ce 67 87 48 50 52 % 1070
Cu 55 10 100 57 0.003

Y 33 40 25 30 0.000,3
Nd 28 35 20 23 9.2 x 107¢
La 25 40 10 40 1.2 x 1073
Co 25 1 48 20 0.000,1

Sc 22 5 38 10 0.000,04
Li 20 30 10 60 0.17

N 20 20 20 60 0.5

Nb 20 20 20 20 0.000,01
Ga 15 18 12 19 0.000,03
Pb 125 20 5 20 0.000,03
B 10 15 5 100 4.6

Th 9.6 17 22 11 0.000,05
Sm 73 9.4 5.3 6.5 1.7 x 107°
Gd 73 9.4 5.3 6.5 2.4 x 107°
Pr 6.5 8.3 4.6 5 2.6 x 107°
Dy 5.2 6.7 3.8 45 2.9 x 107°
Yb 3 3.8 2.1 3 2.0 x 107°
Hf 3 4 2 6 -

Cs 3 5 1 5 0.000,5

Be 2.8 5 0.5 3 6 x 1077

Er 2.8 3.8 2.1 2.5 24 x 107
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Table 2.2 (continued)

Element Continental crusts Granite Basalt Shale Seawater
U 2.7 4.8 0.6 3.2 0.003

Br 2.5 1.3 3.6 6 65

Sn 2 3 1 6 0.000,8
As 1.8 1.5 2 6.6 0.003

Ge 1.5 1.5 1.5 2 0.000,06
Mo 1.5 2 1 2 0.01

W 1.5 2 1 2 0.000,1
Ho L5 1.9 1.1 1 8.8 x 1077
Eu 1.2 1.5 0.8 1 4.6 x 1077
Tb 1.1 1.5 0.8 0.9 —

Lu 0.8 1.1 0.6 0.7 4.8 x 1077
Tm 0.25 0.3 0.2 0.25 5.2 x 1077
1 0.5 0.5 0.5 1 0.06

Tl 0.45 0.75 0.1 1 <0.000,01
Cd 0.2 0.2 0.2 0.3 0.000,11
Sb 0.2 0.2 0.2 1.5 0.000,5

Bi 0.17 0.18 0.15 0.01 0.000,02
In 0.1 0.1 0.1 0.05 <0.02

Hg 0.08 0.08 0.08 0.4 0.000,03
Ag 0.07 0.04 0.1 0.1 0.000,04
Se 0.05 0.05 0.05 0.06 0.000,4

Au, Pt metals, Re and Te are less than 0.05 ppm in rocks and less than 0.000,01 ppm in seawater.
Inert gases He, N, Ar, Kr and Xe are not listed as they only occur in seawater at low concentrations
Krauskopf (1967)

and is able to support rooted plants. The lower part of a weathering profile is called
saprolite” or the chemically rotted rock in situ.

Depending on the climatic regime that exists in a region where rocks or soils
continue to weather, the chemical transformations of mineral parent material are
affected by the complete or partial removal, or merely local translocation, of sol-
uble minerals and by the pH of the system. Rocks and soils consist largely of
silicate minerals. Their transformations to secondary minerals and solutes are rea-
sonably well known and documented. McBride (1994) summarises these weathering
environments as follows:

o Strongly alkaline, confined environments: Smectite clays and other silica-rich
silicate minerals are formed and potassium, calcium and magnesium salts may
accumulate.

o Moderately alkaline, weak-leaching environments: The most soluble by-products
of weathering are removed, such as the base metals and some of the silica, but
secondary clays as smectites and illites remain.

21bid.
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e Acidic, strong leaching environment: The ultimate end products formed after pro-
longed weathering include kaolinite clay, alumina (bauxite) and iron hydroxides
and oxides.

Weathering, leaching, pH and internal (within soil profile) translocation in all
three environments affect also the distribution and mobility of those chemical
elements such as cadmium and lead that are recognised as contaminants, regardless
of whether they were native or have been added by mankind.

Most of Northern and Western Europe are in the third class of environments
(acidic, strong leaching environment). But they still have youthful landscapes and
soils, as they are post-Glacial and rainfall is sufficient to bring about leaching and
soil pH will be lower than 6, unless the parent lithology is calcareous or the soils
have been amended by concrete, mortar or other technogenic materials. Southern
Europe is characterised by weak leaching environments, and, where erosion and
sedimentation is active, by youthful landscapes also. The environments of China,
Canada and much of the United States of America occupy all three classes, and on
the whole may also be interpreted as youthful landscapes due to active erosion.

The Australian continent has examples of weathering environments that origi-
nally were acidic and strongly leaching, but due to their ancient origin and changed
climate are now confined or weakly leaching, thus preserving characteristics that
belong to the distant past. It also contains strongly alkaline confined environments.

On a much more detailed scale, the Holocene soils of the Netherlands, which are
largely alluvial and glacial terminal morainic sediments and peat deposits, have been
subdivided into four broad soil categories in order to understand the characteristic
trace element background concentrations. They have been found to display specific
geochemical affinities.

Figure 2.4 showing the generalised soil map of the Netherlands may be compared
to the generalised soil map of the area around Melbourne, Victoria, Australia, in
Fig. 2.5.

The soils around Melbourne are mapped on the basis of underlying geological
parent materials, with an overlay of weathering history and soil development, i.e.,
soil age, and represent local regoliths. Thus, the red loams and the brown loams over
clay are ancient well-leached, acidic deep soils. They were formed on Pliocene-
Eocene basalts during a former wet and warm climate, and where the present
climatic regime produces some 850 mm yr~! rainfall and 1,060 mm yr—! evapo-
ration, with the main rainfall occurring during the colder winter months. Thus the
weathering and soil formation goes back to the early Pleistocene at the least.

In the far west of the Melbourne map, the heavy clays on Quaternary basalt
all have strongly alkaline and sodic sub-soils with lime accumulations at 0.5 m or
deeper, because there can be no significant leaching with an annual evaporation of
more than 1,600 mm and annual rainfall of 550 mm.

Deep sands free of lime are Pleistocene windblown highly leached and acidic
sand sheets with podzol profiles, while the deep sands with lime are young Holocene
calcareous dunes, whose carbonate content derives from seashells.
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Fig. 2.4 Generalised map of dominant soil types in The Netherlands, as an example of a soil map,
based on main soil texture classes (Fraters et al. 2001)

Light grey loams over clay are profiles having generally abrupt textural increases
from A to B horizon in profiles formed from mainly Silurian interbedded shales,
mudstones and sandstones and are probably older than Holocene. They are more
acidic in the high rainfall eastern zone than in the lower rainfall central northern
zone. These major mapping units have distinct geochemical assemblages in terms
of heavy metals.

Soil contamination generally is a superimposed change of the natural soils.
Over and above the natural geochemical characteristics of soils, the Old World
has received anthropogenic additions of trace elements, as has been the case ever
since ores were first smelted to make metal atmospheric deposition of metals. Even
in the Greenland ice cap there are traces of lead derived from the Mediterranean
smelters. Industrialisation took off on a grand scale more than two centuries ago and
contributed more atmospheric deposition of inorganic contaminants. Agricultural
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Fig. 2.5 Main broad, geologically-related soil types of the Melbourne Metropolitan area, as an
example, and surroundings. The East-West width of the map is approximately 60 km. From west
to east there is a rainfall gradient from about 550 mm yr—! to more than 1,150 mm yr~!, and
evaporation from about 1,600 mm yr~! to 1,100 mm yr~! (details not clearly visible; both graphs
are meant to give a general insight into soil maps)

use of copper, arsenic and lead in pesticides has also been intensive. In contrast, the
Australian continent has been too distant from these industrial sources to have been
significantly affected and Australia’s own industrial and agricultural development
has made much less of an imprint in terms of these inorganic contaminants. However
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close to the main urban centres anthropogenic contamination is superimposed on the
natural system.

Figure 2.6 illustrates the ranges of trace elements that can be found in min-
eral soils. It is probably based on data obtained in North America, and takes no
account of the particular soil (weathering) environments from which the samples
were collected.

In many countries methods and criteria for assessing impacts on human health,
ecology and groundwater have developed. Thus, Soil Quality Standards based
mainly on total concentration were carried out.

It should also be noted that the entire focus is always on the known contami-
nant metals or metalloids and takes no account of other elements or soil properties
that play a major role in immobilising the contaminant elements. Likewise, the role
of substances like chloride, which can render metals such as lead much more sol-
uble and mobile by complexation, or soil pH which also affects speciation and
mobility, is ignored in these criteria. All soils are, as it were, regarded as being
a “standard soil” in Dutch practice. The exclusive focus on those elements that
are known or suspected to be of public health and ecological significance resulted
in establishment of companies that carry out contamination assessments and site
remediation, determining only those elements in laboratory analyses. Therefore
intelligent assessment is deprived of relevant information.

Figure 2.6 was taken from Mitchell (1965). The stippled sections indicate
more unusual concentration values. Certain extremely high values from localities
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Fig. 2.6 The ranges of trace elements that can be found in mineral soils (Mitchell 1965)
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influenced by ore deposits have been ignored. The arrows represent maximum lim-
its for clean fill set by the EPAV.? Figure 2.6 clearly shows that “background”
concentrations vary enormously, because the data represent a very large range of
soils of different derivations without necessarily the ecology dependent on these
soils showing any toxicity symptoms. Therefore total concentrations per se have no
informative content with regard to ecological toxicity. Hodson et al. (Chapter 16 of
this book) give a detailed analyses of bioavailability.

In layered and faulted geological materials it is common to find that preferred
pathways for groundwater seepage have created zones of high accumulation of
iron and associated trace metals and metalloids rendering the concept of natural
background concentrations unworkable. These fracture zones often develop high
concentrations of ferruginous material. Similarly, the process of vertical leaching of
rainwater through a soil profile, especially if it contains layers of contrasting perme-
ability, will distribute trace elements in a non-uniform manner through the profile.

Moreover, in Australia, the sharp boundary between a lighter-textured topsoil and
a clay subsoil, in soil profiles that are commonly called Duplex profiles (Northcote
1960), often becomes a localised periodic low redox/high redox zone where fer-
ruginous gravels form by accretion of iron oxides/hydroxides on existing nuclei.
These become sites of preference for the accumulation of arsenic, vanadium, nickel,
chromium, cobalt and other metals if present in the material. For other kinds of
soil profiles one often finds that native inorganic contaminant concentrations form
a depth function similar to a chromatogram, in much the same way that calcium
carbonate and gypsum accumulate at a preferred depth in the soil profile.

Clearly, for these regolith bodies, which can have such complicated contaminant
distributions, it is not logical to maintain individual background concentrations for
trace elements to be used in soil related policy. However, so long as environmental
regulators in Australia continue to rely on single background concentration stan-
dards to determine where further investigations and assessments are required, then
the risk assessors must be free to apply the guidelines intelligently and the regulators
must be open to scientific argument in individual cases.

2.3 Contaminant Behaviour in Soils

2.3.1 Chemical Affinities and Solubilities

Contaminants occur in many soils as a result of having been added to the soil by
mankind or due to inherited geological processes. An understanding of the origin
and mobility of contaminants is essential in making judgements on their human
health and ecological impacts. In this section the characteristics of contaminant
groups is described in terms of affinities and solubilities.

3Environment Protection Authority, Victoria, Australia.
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2.3.1.1 Acids and Bases

Acids and bases all are capable of dissociating in water and affecting the pH of the
soil. They are usually highly soluble in water, even if they are weak acids or bases,
and therefore they are mobile. By affecting the pH of the soil, they can change the
solubility and mobility of contaminants, particularly heavy metals and metalloids.
Soils with a significant cation exchange capacity (CEC) can adsorb a high amount
of the proton, H*, and other positively charged molecules. By the same token, high
CEC soils can buffer external acidifying and alkalifying input better.

Liquid acidic chemical wastes that may have been applied to the soil include
diluted HCI, H>SO4, H3PO4 and organic acids such as acetic acid. Alkaline liquid
wastes include Na(OH) solutions, other caustic solutions, hydrazobenzene solu-
tions, or solid phase burnt lime CaO. These compounds can have large effects on
the permeability of the soil and its shrinkage properties, as well as cause direct dis-
solution of the soil (Dragun 2007). Depending on the soil type, extreme changes in
soil pH also can destroy living organisms.

Soils may become very acid, anthropogenically, by long-term and copious use
of certain fertilizers like ammonium nitrate, ammonium sulphate, and monocalcium
phosphate (MCP) as autotrophic bacteria convert the ammonium ion to 2H* and
NOs3™, and as the MCP hydrolyses to form dicalcium phosphate and phosphoric
acid. Mine wastes or dredged soils that include sulphide minerals, such as pyrite,
FeS,, can also create extreme acidity through oxidation of the S to SO42~. This
process is called “acid sulphate soil formation” and can lead to extremely low pH
values that are lethal to plants and soil organisms and can cause acid runoff that
might kill fish and other aquatic life forms. Such an oxidation process was already
identified in the eighteenth century by the Swedish botanist Linnaeus (1707-1778).
However, soil minerals such as carbonates, alumino-silicate clays and oxide and
hydroxide minerals can act as buffers to excessive acidity by reacting with the H*
ions, dissolving and forming water and very weak acids.

Soils affected by extreme acidity can be neutralised by a variety of liming mate-
rials such as calcium oxide, calcium hydroxide, calcium carbonate, and dolomite.
Extreme alkalinity can be neutralised by adding elemental sulphur, aluminium
sulphate, or calcium polysulphide.

2.3.1.2 Water-Immiscible Contaminants

Water-immiscible contaminants include petroleum hydrocarbons such as NAPL,
LNAPL, DNAPL. In an extensive discussion of this topic, Dragun (2007) states
that the molecular structure of these contaminants is the chief determinant of the
strength of adsorption as structure determines the molecular volume, often also the
water solubility, the octanol-water partition coefficient, and the vapour pressure. The
larger the molecule, the smaller will be its polarity, and the more important will be
the van der Waals forces’ attraction to the solid phase surfaces. This is also the case
for very large water soluble organic molecules. Hydrophobicity is another important
factor governing adsorption to soil surfaces. Hydrophobic (lipophilic) contaminants
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tend to adsorb strongly to the soil’s organic matter. Molecular charge and hydro-
gen bonding are given as the third and fourth major factors in adsorption. Organic
molecules possessing an intrinsic positive or negative charge are adsorbed to cation
or anion exchange sites on the soil particles. The hydrogen bond is where a hydrogen
atom acts as a bridge between two electronegative atoms, one on the contaminant
and the other on the adsorptive surface. The strength of adsorption of a contaminant
is inversely related to its availability and mobility in the soil.

The majority of cases of soil contamination with these contaminants are the
result of industrial land use, such as petrol stations, fuel and oil depots, et cetera,
where tanks were leaking or spills occurred. However, river deltas are the natural
environment where buried organic materials often are transformed into petroleum
hydrocarbons so that low concentrations of these contaminants and their derivatives
can occur naturally in the soil. Marine hydrocarbon seeps that are the main source
of floating tar and tar in sediments are mentioned by Dragun (2007) and are not
uncommon.

Organic lipophilic contaminants that enter the soil in much smaller quantities,
but nevertheless are of great importance, include a wide range of pharmaceutical
products, some of which are used in bulk in animal husbandry and are applied to the
soil in manure (Kiimmerer 2001, Kiimmerer 2004).

2.3.1.3 Metals and Metalloids — Trace Elements

Metals and metalloids that are used as catalysts and pigments and for electrolytic
plating and in other objects that are composed of metals are mostly in ionic form,
but can also be in elemental form, as contaminants in the soil. The most common
ones are: silver (Ag), arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu),
nickel (Ni), lead (Pb), tin (Sn), (vanadium) V and zinc (Zn). Their mobility and
bioavailability depend on their speciation which in turn depends on the soil pH
and on the concentration in the pore water of anions like chloride. Chloride ions
are capable of complexing some metals to form highly soluble negatively charged
anions, for example PbClg”. Thus, the presence of sodium chloride in pore water
affects the mobility of lead. Copper can be complexed to dissolved soil organic
carbon (DOC) and is then as mobile as the DOC. The solubility of the DOC, in turn,
is affected by the calcium concentration in the pore water (Romkens 1994).

However, several metals and metalloids also occur naturally in all geological
materials, rocks as well as soils, to varying degree, depending on their chemical
affinity to various minerals, varying presence in magmas, varying enrichment by
hydrothermal processes and varying history of weathering. Man-related soil con-
tamination with most of the metals mentioned above generally poses a much greater
environmental risk than natural geochemical accumulation.

2.3.1.4 Salts and Bases of Metal Alkaloids and Boron

Apart from trace elements, consideration must be given to other inorganic contami-
nants, particularly bases of metal-alkaloids and nutrients.
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Sodium chloride (NaCl) is widely used in industrial and domestic settings, as
well as for de-icing agents on roads. High concentrations of highly soluble salts
present deleterious conditions to plants, whether the result of human activities or
the salts have accumulated naturally. There is an extensive literature on this sub-
ject starting with a classic publication by the US Salinity Laboratory (1954) and
the no less classic theoretical understanding of soil colloidal systems, according
to the Donnan and Gouy Double Layer Theories (Babcock 1963). Also a lot of
modern literature on the effects of salt in soil is available, including a plethora of
modern handbooks, such as by Tanji (1990), and various publications from authors
published in the FAO Series of Irrigation and Drainage Papers.

The most common contaminant within this category is sodium chloride, but other
chloride salts, sulphate salts, carbonates and hydroxides can also profoundly alter
and damage the soil, as well as destroy biological life in the soil. Soil salinisation is
the most well known form of contamination by salt. Much salt turns up in sewage
and other wastewater flows and if these are subsequently applied to soil in irrigation
water, significant soil deterioration and losses of productivity will take place, along
with other ecological damage.

High salinity causes high osmotic tension in the pore water, making it more
difficult for plants to extract water from the soil. Moreover, high chloride concentra-
tions can be toxic in their own right. Salinity is normally measured as the electrical
conductivity (EC) in uS cm™~! in a saturation extract or, in some countries, in a
soil-water mixture, usually at a ratio of 1 part soil and 5 parts de-ionised water. Less
soluble salts, such as gypsum (CaSO4.2H;0), have a maximum solubility of the
order of 20-30 me L™! in non-gypsiferous soils and do not increase the EC of the
pore water to unacceptable levels.

Irrigation with naturally saline river water or groundwater, similarly without
adequate leaching and replacement of sodium by added calcium (gypsum), will
salinise and destroy the soil as a medium for plant growth (Tanji 1990; US Salinity
Laboratory Staff 1954). Accordingly, irrigation can cause detrimental contaminant-
like impacts. Application of high concentrations of potassium salts to the soil, often
as carbonate or of potassium or sodium hydroxide as caustic cleaning agents, like-
wise can destroy the soil structure, permeability and its capacity to support plant
growth.

High concentrations of sodium or potassium salts can produce a bad impact on
soils if leaching takes place with low salinity water and without replacement of the
monovalent cations by divalent cations, e.g., Ca?* through an increase in shrink-
swell potential, an increase in clay dispersion and a decrease in structure stability
and hydraulic conductivity.

In general, elements usually considered as nutrients, such as boron, can trans-
form into a contaminant with respect to concentration and solubility. Boron is often
found in soils at elevated concentrations in Australian soils in low rainfall regions
(McBride’s strongly alkaline, confined environments). In these cases the boron
occurs as a water-soluble form. Total element analyses carried out for contamination
assessments may also find elevated boron, but if a hot water extraction yields a low
boron result, the boron will be in the soil as the mineral tourmaline, which is one of
the most stable, weathering-resistant minerals in the mineral kingdom.
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Man-made salinity is widespread in most dry regions of the world where irri-
gation is carried out. In Australia it also is very common where removal of the
original vegetation of woodland or native scrub and perennial herbaceous ground
storey plants has led to decreased evapo-transpiration, increased rainwater acces-
sions to the groundwater, rising groundwater tables and capillary transport of salt
to the soil surface. This process is called “dry land salting” to distinguish it from
irrigation salting.

2.3.1.5 Nitrogen and Phosphorus

Similar to some compounds mentioned above, even macronutrients such as nitrogen
and phosphorus may behave like a contaminant.

Nitrogen as a biologically vital element will occur in a very large number of natu-
ral organic materials. In mineralised form as ammonia, ammonium, nitrite or nitrate
it is highly soluble in water and mobile, but in water ammonium acts like a cation
and is subject to the same exchange processes as other cations. When adsorbed as
exchangeable cation it is not mobile, but easily exchanged with other cations. All
mineral forms are subject to a wide range of biochemical processes that can reduce
the oxidised forms to Ny (denitrification), oxidise the reduced forms (nitrification),
and convert them to new organic contaminants.

Phosphorus as another vital element in living systems has a somewhat simpler
chemistry in the soil, as in mineralised form it occurs only as the phosphate (POi_)
anion in soil. Like nitrogen, it also occurs in organic contaminants. The phosphate
anion is strongly adsorbed in most soils by the coatings of ferruginous material
around soil particles, and it can form low-solubility compounds with aluminium
hydroxide, iron oxy-hydroxides and calcium. The most common phosphate soil
minerals are fluorapatite (Cas(PO4)3F), hydroxylapatite (Cas(PO4)30H), variscite
(AIPO4.2H;0) and strengite (Fe3+PO4.2HzO) and all have very low solubility.
Therefore, phosphate is generally only slightly mobile in soils which contain signif-
icant amounts of clay, the above mentioned oxy-hydroxides or calcium carbonate.
The maximum solubility of these phosphates is when the soil pH is around 6.5 (Wolt
1994).

The most discussed aspect of excessive concentrations of N and P in the soil
concern the off-site impact. An example in the case of nitrogen is the risk to the
groundwater quality and to streams and lakes from the inflow of high N seepage,
and in the case of phosphorus the risk of high-P contaminated soil particles washing
off the land with runoff to adjacent open water bodies. However, there are also
other risks. Clay-sized soil particles become increasingly dispersive and mobile with
increased sorbed P (Giszczak et al. 2006). Thus they can move more easily within
the soil and over the soil surface with runoff. Likewise, Zhang et al. (2003) found
that colloidal iron oxides in sandy soil became much more mobile in the pore water
as the amount of sorbed P increased and that other trace elements followed the trend.

Smil (2000) quotes a 1977 survey by Frissel and Kolenbrander (1977) which
showed that continuing applications of manures and fertilisers to agro-ecosystems
created annual surpluses of P in the soil of 40 kg ha~! in the Netherlands, 30 kg ha™!
in France, 25 kg ha~! in Germany and 10 kg ha~! in England.
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Excessive phosphorus, if plant-available, that is more soluble, can create defi-
ciencies of iron, manganese and zinc for plants by forming poorly soluble
phosphates of these important trace nutrients.

The global nitrogen cycle has been grossly altered by industry and agriculture
(Vitousek et al. 1997). Much increased nitrogen inputs into the soil system has
caused serious soil acidification, loss of calcium and magnesium and increases of
nitrogen in the groundwater and open water bodies.

Excessive plant-available nitrogen, for example as nitrate, tends to accelerate the
oxidation of organic matter in soils and reduce the quality of the soil as well as pro-
ducing more greenhouse carbon dioxide. In ecosystems where the nitrogen content
of the soil is limiting plant growth, adding nitrogen can lead to more sequestration
of carbon through increased photosynthesis. Nitrogen toxicity often leads to stunted
growth and abnormal deep green foliage. Specific ammonium toxicity causes roots
to become affected and brown with necrotic tips, while leaves can develop necrotic
lesions and chlorosis (Wong 2005).

In Australia, large regions have been adversely affected by the use of super-
phosphate to promote the growth and productivity of clovers, especially subclover
(Trifolium subterraneum) on soils with low cation exchange capacity and low cal-
cium. The increased production of nitrogen by the clover, and its conversion to
nitrate when organic matter decomposes, led to increased loss of calcium when the
nitrate is leached out. The soils in these regions often became so acid that the clovers
would cease to grow and pasture productivity dropped dramatically, while the cost
of liming vast areas became a limitation. The process of soil acidification that is
affecting millions of hectares in Australia became a prominent agricultural issue in
the 1980s and 1990s (Coventry 1992; Coventry and Slattery 1991; Helyar 1991,
Helyar and Porter 1989). In terms of many metals, increased soil acidity tends to
increase their mobility.

Britto and Kronzucker (2002) discovered that many plants are sensitive to very
high ammonium concentrations in the soil and that these plants are pumping out the
NH,™" after having at first absorbed it at high rates. The removal of the NH4* from
the cells requires a great amount of energy and this energetic cost is the cause of a
toxic shock.

2.3.1.6 Contaminants from Hospital Effluents and Sludges Discharged on Soil

A special but probably widespread type of soil contamination occurs when either
treated hospital wastewater or sludge from hospital and municipal sewage treat-
ments plants is discharged on the soil. The application can occur in rural and urban
areas. Accordingly, it should be taken into account in relation to the urbanized areas
as well.

Kiimmerer (2001) reviewed the range of pharmaceuticals that are excreted by
patients and unused medicines that are disposed of in wastewater in hospitals. To this
should be added the personal care products like shampoos and soaps that likewise
find their way into the wastewater and other segments of the environment (Klaschka
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et al. 2004), such as soils, lake or sea sediments, groundwater and surface water. This
section concentrates on general rules about the behaviour of hospital contaminants
once they have been dispersed in the soil based on the available research papers
consulted.

Halling-Sgrensen et al. (1998) reviewed the occurrence, fate and effects of
pharmaceuticals in the environment, concentrating on the aquatic environment
including the groundwater. The majority of their literature sources dealt with the
biological impacts on living organisms in media where the effects were quickly
discovered, such as fish farms, or observed by purposeful testing on Daphnia,
algae, various microbial organisms and agricultural crops. Thiele-Bruhn (2003) and
Hamscher et al. (2004, 2005) surveyed the fate of pharmaceutical antibiotics in
soils.

The behavior of pharmaceutical drugs in the environment has been summa-
rized by Velagati as follows (verbatim):

e Most pharmaceutical drugs are resistant to partial or complete mineraliza-
tion through biodegradation. Small chain peptides and other natural products
may be mineralized and are, therefore, an exception. Aerobic-anaerobic
cycles of biodegradation may enhance biotransformation and, in combina-
tion with photodegradation, may enhance the potential for depletion.

e Most pharmaceutical drugs are resistant to degradation through hydrolysis.

e In general, pharmaceutical drugs are mostly very poorly soluble in water
and have high partition and adsorption coefficients. These properties con-
tribute to strong adsorption to organic matter and the potential for bioac-
cumulation and bioconcentration. They are very strongly bound to sludge
in the Publicly-Owned Wastewater Treatment Systems (POWTP), and to
soil. Such properties also make them unavailable for microbial degrada-
tion (aerobic and anaerobic biodegradation) and also for hydrolysis and
photo-degradation.

e When bioavailable, pharmaceutical drugs appear to biotransform and min-
eralize in soils more rapidly than in water because of the diversity of
microorganisms present in soils (fungi, bacteria, and actinomycetes). Poor
biotransformation observed under aerobic conditions in the POWTP is likely
to be due to the lack of such diversity (very few fungal and actinomycetes
populations) in microbial populations.

Taken from “Behavior of pharmaceutical drugs (human and animal health)
in the environment”, by Ranga Velagati, PhD, Director, Pharmaceutical
Manufacturing  Support Group, Analytical-Biochemistry Laboratories,
Columbia, Missouri. Published in Drug Information Journal, Vol. 1, pp.
715-711, 1997.




112 H. Meuser and R.H.M. Van de Graaff

Some antibiotics, e.g. the macrolides, are usually very poorly soluble in water
but some are completely water-soluble or dissociate at typical soil pH values. Once
adsorbed to the soil’s solid phase, desorption often shows a hysteresis, meaning
the adsorption curve and desorption curves are different, with the latter showing
incomplete desorption.

There is a range of chemical behaviours described in Thiele-Bruhn (2003),
Hamscher et al. (2004), Hamscher et al. (2005) and summarised by Thiele-Bruhn
(2003). Some important examples of chemical behaviours are:

e The epimers and metabolites of various antibiotics can react in soil quite
differently from the original substances.

e Expandable three-layer* clay minerals possessed much stronger adsorptive power
to aminoglycosides, tetracyclines and tylosin than did the non-expandable illite
and the two-layer mineral kaolinite. Such adsorption could involve inter-layer
adsorption.

e Soil organic matter also strongly sorbs antibiotics, but it also depends on the
amount and its composition.

e The rate of adsorption of most antibiotics in soils is fast, with a specific time
frame mentioned of several hours for efrotomycin and sulfonamides.

e Antibiotic potency is generally reduced by adsorption and hence desorption
reactivates it. Even so, sorption does not totally and necessarily eliminate
antimicrobial activity.

e Mobility and transport in the soil of antibiotics depends obviously on their water
solubility so that those that have low solubility are strongly retarded. To the
extent that there are large pores and preferential flow paths, antibiotics can move
rapidly.

e Degradation of antibiotics in soils can rarely take place through hydrolysis (an
abiotic process) and oxidative decarboxylation and hydroxylation (enzymatic
processes). It has been found that adding manure or sludge with high numbers
of micro-organisms can speed up biodegradation of the antibiotics.

e The degradation of most xenobiotics occurs faster and more completely when the
soil is aerobic than when it is not, and ciprofloxacin, for example, did not degrade
at all under anaerobic conditions.

A number of authors reported concentrations of antibiotics found in soils, mostly
in soils that were fertilised with treated sludge from sewerage systems (Table 2.3).
However, it should not be forgotten that antibiotics will occur naturally in
soils.

4Clay minerals have layered crystal structures comprising octahedral sheets of Al(OH)3; and
tetrahedral sheets of Si;Os. In some, the sheets can move apart to let other ions or molecules
enter.
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Table 2.3 Concentrations of antibiotics encountered in agricultural soils

Compounds and concentrations
Author(s) Medium found

Thiele-Bruhn (2003) Agricultural soil Tetracyclines 450-900 pg kg ™!
Macrolides 13-67 pg kg™
Fluorquinolones 6-52 g kg ™!

Thiele-Bruhn (2003) Soil fertilised with manure Tetracycline average 199 pg kg™
Chlortetracycline 7 pg kg™!
Sulfadimidine 11 pg kg~!

1

Hamscher, Pawelzick,  Sandy soil fertilised with Tetracyclines averages > 150 up to
Hoper and Nau liquid manure 300 pgkg™!
(2004, 2005) Sulfamethazine max. 11 pg kg™!
Beausse (2004) Sludge-treated soils, topsoil Ciprofloxacin and norfloxacin
0-2.5 cm residual 250—300 pug kg~ !,

5 months after sludge disposal

respectively 450 and 350 g kg ™!

2.3.2 Adsorptive Behaviour and Specific Surface Areas

Soils have a major influence on the mobility of contaminants by virtue of their cation
and anion exchange capacity, specific adsorption (chemisorption) through the for-
mation of co-valent bonds between an element and the mineral surface, and solid
state diffusion by the penetration of an element into the pore spaces of a mineral’s
structure (Dragun 2007).

In this section soils and geological materials are classified in terms of adsorptive
behaviour and specific surface areas.

The cation exchange capacity (CEC) of soils depends greatly on the content and
mineralogy of the clay fraction. Generally, younger and less weathered clays have
much greater specific CEC than older and more strongly weathered clays. Where
leaching can occur, weathering often results in a loss of silica from the soil. Thus,
the 2:1 layer type aluminosilicate minerals like smectite, vermiculite may be con-
sidered the less weathered clay minerals, with kaolinite being a highly weathered
clay, and illite occupying an intermediate position. Youthful soils on volcanic ash
deposits often have poorly crystallised clay minerals that have a high CEC. Gibbsite
(y-AL(OH)3) represents a highly weathered aluminium clay mineral. Along with the
loss of silica by weathering, other much less soluble soil minerals are formed and
concentrated in the soil, such as various iron, manganese, titanium and aluminium
oxides, hydroxides and oxyhydroxides (Table 2.4).

The anion exchange capacity (AEC) of mineral soils is dependent on the size
of the area along edges of clay minerals, where permanent positive charges exist,
and on the amount of oxides and hydroxides of aluminium, iron, and manganese,
which can generate both cation and anion exchange due to the adsorption of pro-
tons and hydroxyl ions, and hence on the pH of the soil (McBride 1994; Sposito
1989). Soils displaying both cation and anion exchange, depending on their pH, are
“variable-charge” soils. For example, adsorption of Cr(VI) by aluminium and



114 H. Meuser and R.H.M. Van de Graaff

Table 2.4 Metal oxides, oxyhydroxides and hydroxides found commonly in soils

Name Chemical formula Name Chemical formula
Anatase TiO; Hematite a-Fey O3

Birnessite Nag7Cag3Mn7014.2H>,O Ilmenite FeTiO3

Boehmite v-AIOOH Lepidocrocite ~ y-FeOOH
Ferrihydrite Fe10015.9H,0 Lithiophorite (Al,Li)MnO,(OH),
Gibbsite v-Al(OH)3 Maghemite y-Fe, O3

Goethite a-FeOOH Magnetite Fez04

Sposito (1989)

iron soil colloids becomes increasingly strong with increasing acidity (Loeppert
et al. 2003).

Finally, the organic matter fraction of soils also contributes a major portion of the
soil’s CEC by virtue of the negatively charged endings of these organic molecules,
resulting from the dissociation of hydroxyls from —COOH-groups, while non-polar
organic contaminants can bind to the soil organic matter. Dissolved organic car-
bon can complex certain metals such as copper and make them mobile (Rémkens
1994).

The degree of adsorption is a function of the specific surface area of the soil as
well as of the nature of that surface area, for example the mineralogy of any coatings
that differ from the particle itself, and the presence of micropores in that coating.

It has been known for a long time that heavy metals are strongly adsorbed by
sesquioxides (McKenzie 1980) and by soil minerals with strong cation exchange
or anion exchange capacity. Many metals like barium, cadmium, manganese, stron-
tium, and zinc occur exclusively or generally as cations in the soil solution and
hence are affected by the soil CEC, but others like arsenic, antimony, selenium and
vanadium usually occur in the soil as negatively charged oxy-anions and are sub-
ject to the soil anion exchange capacity. The strength of adsorption is affected by
the pH of the soil, with higher pH increasing the amount sorbed by hematite and
goethite as well as birnessite. Trivedi and Axe (2007) relate the sorption of metals
to the intraparticle diffusion in hydrous metal oxides. Diffusion is a time-dependent
process and in experiments with nickel and zinc it appeared that slow intraparticle
diffusion of the metal ions was the active process. After 4 hours of contact time the
metal ions exhibited a similar local structure to a system aged for 110 days. There
is, however, still very much to be understood of these processes that decrease the
sorption and increase availability of metals in soils. Figures 2.7 and 2.8 represent
adsorption of metals on iron and manganese oxides

Sorption of metals also takes place in nature over the long term. For example,
ferruginous nodules formed in soils by pedogenic processes often have elevated
concentrations of trace elements, such as arsenic, cobalt, copper, chromium, nickel,
vanadium and zinc. Geologic weathering processes that cause an accumulation
of iron oxide-hydroxide similarly are accompanied by enrichment in these met-
als. Some examples of this are provided in the next section, because they can be
considered to be inherited, as opposed to anthropogenic.
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Fig. 2.7 Adsorption of heavy metals on iron oxides as a function of pH, 20 mmol/g added. (a)
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Fig. 2.8 Adsorption of heavy metals on birnessite as a function of pH, (a) 2 mmol g,f1 added, (b)
1 mmol g_1 added (McKenzie 1980)

2.4 Contamination Potential

2.4.1 Soils of Deposited Material and Former Industrial Sites

In the presence of technogenic material, an enhanced contamination potential has
to be taken into account (Nathanail and Bardos 2004). The level of contamination
depends upon the kind of material, the amount of material deposited, and the degree
of weathering. Table 2.5 presents the concentrations of some heavy metals being
concentrated in different sorts of ashes. While the level in coal is low, ashes reveal
higher values, in particular ashes derived from garbage incinerators. Moreover, the
table also illustrates the differences in metal concentrations between the different
kinds of ashes. It shows that metal concentrations in the silty fly ashes exceed clearly
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Table 2.5 Cadmium, lead and zinc content (mg kg™ 1Y of coal and different sorts of ashes (from:
different sources, e.g. Meuser 1996)

Cadmium (Cd) Lead (Pb) Zinc (Zn)
Hard coal (raw material) 0.1 40 50
Bottom ash of coal power stations 2.1 82 72
Fly ash of coal power stations 14 1,080 990
Bottom ash of garbage incinerators 33 2,088 4,538
Fly ash of garbage incinerators 316 6,935 2.1%

the values of the coarse bottom ashes. Accordingly, it can be expected that differ-
ent total concentration might lead to different mobile concentration between the
technogenic materials.

In general, the texture influences the contamination level, since fine earth is
able to adsorb more cations (e.g. cadmium, lead, zinc) than the coarse fractions.
Therefore, some technogenic material consisting of silt or clay may be more
contaminated. For instance, harbor sludge fields in Hamburg, Germany, show dif-
ferent heavy metal values, depending on the texture class (Fig. 2.9). On the other
hand, it should be noted that areas consisting of mixtures between soil and coarse
unweathered technogenic materials such as slag can show a higher contaminant
concentration in the sandy and gravely fraction than in the silty and clayey.

In Table 2.6 the expected contaminant situation related to the different artificial
components is summarized (Meuser and Blume 2004). The most important artifi-
cial component group is construction rubble, derived from buildings that have been
removed. If decontamination of potentially problematic materials with contaminants
and dismantling processes in a controlled manner is not possible, materials passing
the demolition operations continuously contain contaminants, causing enhanced

M total concentration O sandy fraction @ muddy silt
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Table 2.6 Contamination potential of technogenic components

Main component

group Contamination potential
Construction e mixtures generally higher contaminated than single components
rubble e problematical components: concrete based on fly ashes (Pb), asbestos

containing debris (fibres), tubes containing debris (Cu, Pb), debris
influenced by fire damages (PAH)

e tar asphalt generally higher contaminated than bitumen asphalt (PAH,
phenol)

Slag e high heavy metal concentrations in metal works slag
e high Cr and Ni concentrations in steel works