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Abstract 
The environmental bioavailability of contaminants, rather than their total 
concentrations in the soil compartment play a decisive role for the risks associated 
with contaminated sites. Various soil constituents and abiotic conditions have strong 
influence on bioavailability, which may vary substantially between different locations. 
It is therefore necessary to site-specifically use tools that reflect the fractions of 
contaminants that are available to biota and pose the highest potential environmental 
risks. Bioassays provide integrated toxic responses which include effects from 
unknown contaminants or combinatory toxic effects from mixtures of contaminants. 
Thus, biological effect data greatly contribute to establish more realistic exposure and 
risk-scenarios at contaminated sites.  
 

The work underlying this thesis presents possible techniques for high capacity 
screening for site-specific hazards at contaminated areas. By combining rapid water 
extractions and cell-based in vitro designs measures of the toxic potential in soils was 
obtained. Toxicologically bioavailable fractions of mixed metal pollution, including 
arsenic, were primarily investigated in this thesis. In two of the studies, environmental 
availability and toxicological bioavailability of arsenic was explored in CCA-
contaminated soils. Application of cell-based in vitro screening techniques was also 
conducted at a metal contaminated industrial site to obtain spatial distribution of 
toxicity. Multivariate association techniques were employed in the interpretation of 
environmental exposure and cytotoxicity data.  
 

It was shown that cell-based in vitro systems for both basal cytotoxicity and specific 
end-points targeting arsenic could assess the toxic potential from extracts obtained by 
several water-based extraction techniques including Pressurised Liquid Extraction 
(PLE). The cell-based in vitro systems were found to add important information on 
the site-specific differences in arsenics genotoxic potential from CCA-contaminated 
soils. The results highlight the importance of taking speciation and toxicological 
bioavailability into account in the risk analysis, rather than to base risk estimates on 
total load of contaminants. The presented screening approach was successfully applied 
at a metal polluted industrial site where spatial distribution of toxicity was obtained. 
PLE extraction also provided means for combined toxicological and chemical 
screening of explosives in soils from live-fire training ranges. Multivariate association 
techniques highly facilitated the interpretation of complex environmental data. The 
PLE was found to be a rapid extraction technique that has sufficient environmental 
relevance to be used in environmental impact analyses. It was also concluded that 
other cell-based in vitro systems that target specific toxic effects have large potential for 
being used in screening for a variety of environmental chemicals.  
 

Keywords: Environmental availability, Environmental bioavailability, Toxicological 
bioavailability, mixture toxicity, hazard screening, contaminated soils, heavy metals, 
arsenic, CCA, explosives, soil extraction, water extracts, cell-based in vitro tests, 
cytotoxicity, genotoxicity, PLE, MVDA, PCA, PLS. 



Sammanfattning 
 

Föroreningars biotillgänglighet snarare än deras totala koncentration i markmiljön styr 
den risk som kan förknippas med förorenade områden. Biotillgängligheten är ofta 
långt från 100% p.g.a. en rad olika bindningsytor och processer i jorden som reducerar 
biotillgängligheten. Således kan biotillgängligheten variera kraftigt mellan olika 
förorenade platser och även inom samma plats till följd av de specifika förhållanden 
som råder på respektive plats. Tillämpning av biologiska indikatorer som ger ett mått 
på den samlade giftigheten från biotillgängliga föroreningar är därför viktiga verktyg i 
platsspecifika exponerings- och farobedömningar. Många biologiska tester är ofta 
laborativt intensiva och dyra och lämpar sig mindre väl i testning av ett stort antal 
prover vilket är önskvärt om en tillräcklig geografisk täckning ska uppnås över ett 
förenat område. Testsystem som har kapacitet att hantera många prover till en rimlig 
kostnad är därför mycket användbart för screening i ett inledande skede av en 
miljöriskanalys av ett förorenat område. 
 
Föreliggande avhandlingsarbete presenterar möjliga lösningar i att kombinera snabb 
vattenextraktionsmetodik med cellbaserade in vitro system för platsspecifik toxikologisk 
faroscreening av metallförorenade områden. Metodiken erbjuder hög kapacitet för 
många jordprover. Tillämpning av metodiken har gjorts mot huvudsakligen 
metallföroreningar, inklusive arsenik. I två delarbeten studerades två modelljordar från 
CCA-förorenade fastigheter avseende tillgänglighet och giftighet av framför allt 
arsenik. Vidare studerades om det med applicerad metodik gick att illustrera geografisk 
utbredning av toxicitet, mätt i cellbaserade in vitro system, som biotillgängliga 
föroreningar uppvisar på ett metallförorenat industriområde. Slutligen studerades 
lämpligheten i att använda PLE för kombinerad kemisk och toxikologisk screening av 
jordar från militära skjutfält som var förorenade med explosivämnen. 
 
Cellbaserade in vitro system för mätning av både generell toxicitet och mer specifika 
effektmarkörer för arsenik visade sig användbara vid mätning från flera vattenbaserade 
extraktionsmetoder, inklusive PLE (trycksatt vätskeextraktion). Resultaten visade på 
PLEs tillämplighet som en snabb extraktionsmetod med bibehållen relevans för 
miljöanalyser. Applikation av cellbaserade in vitro system på vattenextrakt från 
förorenad jord gav värdefull information bl.a. om platsspecifik genotoxisk potential 
där specieringen av arsenik hade avgörande betydelse i en fallstudie med CCA-
förorenade jordar. Vattenextraktion av jordprover kombinerat med cellbaserade in vitro 
system kunde också ge en geografisk bild av den omedelbara faran från biotillgängliga 
metallföroreningar inom ett industriområde. Vattenextraktion med PLE visade sig 
även användbart för screening av explosivämnen där extrakten direkt kunde användas 
för såväl kemisk karakterisering som för toxikologisk analys. Även andra typer av in 
vitro system än de som användes i detta arbete har stor framtida potential för 
tillämpning i faroscreening av ett stort antal olika typer av miljöföroreningar.  
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1. Introduction 

A dramatic increase of industrial activities from late 19th century until today 
has led to extensive environmental pollution world wide. However, it was not 
until environmental awareness increased in the latter half of the 20th century 
that serious concerns were raised on a political level and preventative measures 
began to be applied. The knowledge acquired regarding specific effects that the 
pollutants can have on ecosystems and human health, has led to increasingly 
strict chemical control and environmental legislation globally. However, we still 
have a burdensome legacy from the past that will continue to pose threats to 
the environment and human health for a long time. A common environmental 
issue worldwide is soil contamination. In Sweden there are an estimated 
number of 80 000 contaminated sites (Österlund, 2006a). Using the Swedish 
risk classification strategy, MIFO (SEPA, 1999a), approximately 11000 of these 
sites have been classified into four risk classes to date. Classes 1 and 2 are 
considered to pose very great and great threats to the environment and human 
health, respectively, while classes 3 and 4 are of less concern. Some 1500 class 
1 and 15000 class 2 objects have been estimated (Österlund, 2006a). The 
political goal of achieving a “toxicant free environment” is included among 16 
environmental objectives for sustainable development, which were decided by 
the Swedish parliament in 1999. In brief, this ambitious goal states that “the 
environment shall be free from contaminants that has been created or 
extracted by the society and which can threat human health or the biological 
diversity”. The deadline for this work is set to year 2050. Taking into account 
the average cost of 35-40 MSEK (Österlund, 2006a) for remediation of a single 
contaminated site, the total cost for this task is obviously high. It is therefore 
highly important to identify optimal approaches and tools for assessing the 
risks associated with contaminated sites in order to promote sound decision 
making, cost-effectiveness and prioritization. 

For decades the most common legislative approach to risk assessments of 
contaminated sites, has relied upon measurements of total concentrations of 
contaminants in soil relative to national guideline values. However, this 
approach has recently been criticized as an inaccurate measure of potential risk 
(Harmsen et al., 2005). The conventional approach based on guideline values 
may therefore provide insufficient estimates of the true risks posed by 
chemicals to the local ecosystem and community because contaminants never 
exist in 100% bioavailable forms; the proportion of contaminants that are 
available to cause harm to biota are much smaller due to sorption processes in 
soils (Alexander, 2000). The potential chemical risks may thus be poorly 
characterized because neither the bioavailability of pollutants nor their toxic 
effects can be accurately deduced from measurements of total concentrations 
of chemicals in field samples (Debus and Hund, 1997, Wahle and Kördel, 
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1997). Furthermore, total concentrations of individual contaminants, or classes 
of contaminants, provide no indications of potential interactions between 
different contaminants, although the effects of mixtures of contaminants may 
be more toxic than the summed theoretically predicted effects of the individual 
contaminants (Carpenter et al., 2002, Fulladosa et al., 2005). Therefore, 
chemical analyses of contaminants should be combined with biological 
evaluations of toxicity to obtain more realistic exposure- and risk-scenarios at 
specific sites. Consideration of integrated effects and bioavailability is likely to 
result in better estimates of the risks that harmful agents may pose at specific 
sites. 

The work underlying this thesis presents possible solutions in using in vitro 
designs for high capacity screening for site-specific hazard at contaminated 
areas. In chapter 6 of this thesis it is also described how the presented 
methodology can be implemented in a tiered approach in environmental risk 
assessment. The work primarily focused on metal pollution, except in the 
studies described in Paper IV, where novel approaches in the extraction of 
explosives were explored. Globally, heavy metal pollution is one of the most 
widespread pollution problems, and is the dominating class of contaminants 
present at prioritized objects in Sweden (Fig. 1a), and arsenic is the  dominating 
element in this contaminant class (Fig. 1b). Studies described in Paper I and II 
focused on assessments of wood-impregnation sites, where arsenic was the 
main contaminant, albeit in mixtures with other metals. 

 

 

 

 

 
Figure 1. a) Dimensioning of different classes of contaminants at prioritized objects in Sweden. 
b) Dimensioning of heavy metals at contaminated sites in Sweden (derived from Österlund, 
2006b) 

Ideally, the methodology may be useful in pinpointing aspects that require 
further attention at early stages of risk assessments of metal polluted sites. One 
motive is to reduce the numbers of samples that need to be subjected to 
further chemical and biological analysis, which in turn will reduce the costs of 
the investigation. The methodology underlying this thesis is based on a few 
basic principles that are closely linked to bioavailability and are described in 
Fig. 2.  
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Figure 2.  Generic scheme of the assessment of bioavailability using soil water extracts and 
cells in culture. The relation between contaminants different availability stages are defined by 
their environmental availability, environmental bioavailability and toxicological bioavailability. 
The topics and methods used in Paper I-IV in terms of availability estimations are shown 
below. 

As a rule of thumb, the bioavailability of contaminants is assumed to be 
strongly associated with their solubility in water (Shea, 1988). In addition to 
solubility limitations, contaminants are also bound and retained in the soil due 
to numerous soil matrix factors, which further alter their bioavailability. The 
portion of contaminants which are not tightly bound in the soil and remain 
available for all fate and transport processes, including interactions with biota, 
can be referred to as the environmentally available fraction (Lanno et al., 2004). 
The major exposure and uptake route for metals to soil biota is via the soil 
solution (Spurgeon and Hopkins, 1996, Hund-Rinke and Kördel, 2003). 
Therefore, the most important part of the environmentally available fractions 
that relates to potential risk and exposure is the fraction dissolved in the soil-
water partitioning, and is here operationally defined as the environmentally 
available fraction (see Fig. 2). Reduced bioavailability can also be caused by 
matrix components within the soil solution. Thus, the environmental 
bioavailability can only be assessed using biological indicators, and the resulting 
bioavailability measurements will only apply to the specific test organism(s) 
used, since uptake patterns differs between different organisms. Further, when 
contaminants are taken up by organisms, they do not necessarily cause adverse 
effects. Contaminants may be detoxified or stored without causing any adverse 
effects to the exposed organism. In order to measure toxicological 
bioavailability, bioassays providing indications of toxic effects, either general- 
or specific toxicity, can be employed (see Fig. 2). However, measures of general 
toxicity do not define a site of toxic action, but the toxic effect merely reflect 
the sum of responses as a result of exposure to the toxicologically bioavailable 
fractions. 

Overall, the bioavailability of contaminants depends on the interactions 
between the soil, soil solution and specific organisms that are exposed to them. 
The fractions of contaminants that are extracted in water-based extractions are 
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directly related to the net effects of soil variables that influence environmental 
availability and bioavailability (Peijnenburg et al., 1997, Sauvé et al., 2000). 
Recently Maxam et al. (2000) and ISO (2006a) proposed screening of soils’ 
toxic potential through water extracts as an adequate approach where 
bioavailability is sufficiently considered. When cells in cultures are exposed to 
water phases containing the environmentally available fractions of 
contaminants, the resulting measures of toxic effects reflects the cellular 
bioavailability of contaminants in chemical forms that can pass through 
biological membranes (see Fig. 2). Since basal cellular structures and functions 
are considered highly conserved biological features, a broad range of toxic 
activities that target basal functions have universal effects on all organisms and 
target tissues (Escher and Hermens, 2002). Therefore, cells in cultures that can 
display a wide range of toxic effects, are useful for screening purposes due to 
their low cost, ease of handling and the possibility of using microplate 
technology,  which enable large numbers of samples to be tested at high 
throughput rates. The purpose of ecotoxicological risk assessments is to 
distinguish between soils that are likely or unlikely to cause harmful effects to 
exposed organisms (Peijnenburg et al., 1999). The primary objective in a 
screening phase is not to obtain an exact quantification of the effects, but 
merely to make a relative comparison of the potential risks between soil 
samples.  

Perhaps the greatest benefit from using biological indicators in early screening 
stages is that interactive effects between different contaminants are taken into 
account, including unknown pollutants, which is often not the case in most 
other approaches. This may prevent both overestimation of risks (which 
reliance on total concentrations can lead to) and underestimation of risks 
associated with interactive effects of mixtures of contaminants. The applied in 
vitro screening approach can be incorporated early in the risk assessment and 
provide a means for identifying hot spots or zones of higher hazard which 
should be characterized in more detail. This is an unprejudiced approach based 
on contaminants’ availability and bioavailability rather than their total 
concentration. A sound sampling strategy that sufficiently covers the 
contaminated site can also provide spatial distribution of toxicity. Such a risk-
based approach should provide greater precision than analyses of soil 
contaminants total concentrations.  

The main aim of this thesis was to identify a rapid and high-capacity test 
approach based on novel extraction methodology combined with cell-based in 
vitro systems, for site-specific exposure and effect assessment as basis for 
hazard screening of contaminated sites. The methods used in the studies 
reported in Papers I-IV represent different links in the chain presented in Fig. 
2, from analyses of total contents to assessments of toxicological 
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bioavailability. In Paper I, a new extraction methodology was applied and 
compared to pore water and conventional methods for measuring 
environmental availability. In addition, the applied extraction technique was 
also related to uptake in earthworm in order to assess its environmental 
relevance by exploring the relationship to environmental bioavailability. In 
Paper II, cell-based in vitro systems are involved in the characterisation of toxic 
effects from soil extracts. In Paper II, a sensitive in vitro assay is specifically 
chosen for targeting arsenic genotoxicity. In Paper III, in vitro screening is 
performed in a case-study for a metal contaminated site in order to establish 
spatial distribution of toxicity. An increasing body of scientific evidence 
indicates that site-specific measures that describe more realistic risk-scenarios 
are needed to reduce uncertainties in risk assessments of contaminated sites. 
Consequently, work has been initiated to set standards for guidance on how to 
perform specific tests using a limited number of established methods for 
assessing bioavailability (ISO, 2006a). This should eventually provide valuable 
guidance on procedures that authorities should implement in risk assessments, 
and the co-herent regulatory framework for contaminated land. However, 
methods for assessing availability issues and risks at contaminated sites still 
require further research and development. The work underlying this thesis is 
intended to contribute to that research.  
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2. Metal pollution 

2.1. Sources of metal pollution 

From lake sediments and conserved ice layers in arctic regions, significant 
metal pollution on a global scale can be traced as far back as the rise of the 
Roman Empire (Renberg et al. 1994, Nriagu, 1996). This was linked to the 
development of more sophisticated mining techniques which became a 
prerequisite for a higher living standard (Nriagu, 1996). Since ancient times, 
metal recovery techniques have developed substantially and today immense 
amounts of metals are extracted and used in various technical products. Metal 
emissions predominantly enter the environment via human activities (including 
mining, smelting, metal processing and combustion of fossil fuels), and also to 
some degree via natural processes including erosion of ore bearing rocks, 
wind-blown dust, volcanic activity and forest fires. Metal pollution is of 
substantial environmental concern because of the intrinsic toxic properties of 
metals (see section 2.2). In addition, human beings are located at the top of the 
trophic chain and thus are sensitive to these contaminants due to possible 
bioaccumulation and biomagnification. 

2.1.1 Metal pollution from wood-preservation 

Metals have been extensively used in pest control as toxic components in 
fungicides, insecticides, pesticides, herbicides and wood-preservatives. In 
countries with intensive forest industries, e.g. Sweden, wood-preservatives 
containing a technical mixture of Chromium (Cr), Copper (Cu) and Arsenic 
(As), commonly abbreviated as CCA, are the most frequently used agents for 
wood-preservation (Hingston et al., 2001). In Sweden, at approximately 300 
sites CCA-preservatives have been used for wood-impregnation (SEPA, 
1999b). These activities from years 1900 to 1992 have consumed an estimated 
amount of 15800 tonnes of As, 8800 tonnes of Cu, and 9500 tonnes of Cr 
(SEPA, 1999b). CCA-preservatives have to a large extent replaced their organic 
predecessors, pentachlorophenols and creosote. These organic compounds 
were also largely used in wood-preservation, but have now been banned due to 
their potential carcinogenicity to humans.  The use of CCA and other As-based 
chemicals as wood preservatives has caused widespread metal contamination in 
soils around the wood preservation sites due to dripping from freshly 
impregnated wood, spills, losses while handling the raw materials, deposition 
of sludge and leaching from the piles of impregnated wood at these sites 
(Bhattacharya et al., 2002). When released to soils, As seems to have higher 
mobility in soils than Cr and Cu (Stillwell and Gorny, 1997, Ruokalainen et al., 
2000, Dobran and Zagury, 2006, Kim et al., 2007). Further, the high toxic 
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potential of As is often of primary concern at CCA-contaminated sites, 
although Cr and Cu are also toxic elements and can sometimes cause severe 
groundwater pollution (Hopp et al., 2006). Papers I and II in this thesis 
specifically address issues related to CCA and discuss the hazards from CCA-
contamination in soils focusing on As. The toxicity of As is emphasized in 
section 2.2.1.   

2.2 Toxicity of metals 
Metals are natural constituents of the environment and many are essential 
for living organisms. Actually, 17 of 30 elements considered to be essential 
are metals (Koropatnick and Zalups, 2000). In contrast, some metals do not 
have any known biological role, as is the case for cadmium (Cd) and 
mercury (Hg). For essential metals there is a spectrum of levels ranging 
from deficiency, which can impair important cellular functions, through levels 
required for maintaining homeostasis (physiological balance) to excessive levels 
that can have toxic effects on the cells (Fig. 3). 
 
 
 
 
 
 
 
 
Fig. 3. Overview of dose-dependency for metals essentiality 

Increasing evidence suggests that multifactorial mechanisms lie behind metal-
induced toxicity and genotoxicity (Ercal et al., 2001). Disruption or inactivation 
of essential cellular components and generation of reactive oxygen species 
(ROS)  that cause damage to DNA, proteins and lipids are examples of the 
toxic actions generally shared by metals (Kasprzak and Buzard, 2000, Valko et 
al., 2005). Several metals have high affinity to low-molecular weight thiols and 
protein sulfhydryl groups, which thus play major roles in the distribution, 
transport and action of many metals (Lash, 2000). The tripeptide glutathione is 
generally present in millimolar concentrations in mammalian tissues and 
accounts for approximately 90% of all non-protein sulfur (Hultberg et al., 
2001). Hence, glutathione is an important physiological ligand in the protection 
of cells against metal toxicity. Another important protective mechanism against 
metal toxicity is the metal storage abilities of metallothionein, a cystein-rich 
protein containing sulfhydryl groups that is involved in the homeostatic 
control of Zn and Cu (Uriu-Adams et al., 2005). This protein also has binding 
affinity for other metal cations and can relieve oxidative stress induced by 
increased levels of toxic metals. Increased levels of metallothionein have been 
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observed in various organisms under oxidising conditions and exposure to 
numerous environmental toxicants (Uriu-Adams et al., 2005). Other systems 
involved in the protection against ROS include the enzymes superoxide 
dismutase, catalase and glutathione peroxidase, and endogenous antioxidants 
such as vitamin E, ascorbic acid, and cysteine (Ferrari et al., 1991). 

2.2.1 Toxicity of arsenic 

Arsenic (As) is a metalloid but is generally referred to as belonging to the group 
of heavy metals. As, which can be present in both inorganic and organic forms, 
exists in oxidation states -3, 0, +3 and +5. The dominating species in the 
environment are the inorganic oxyanions arsenate (AsV) and arsenite (AsIII), 
originating from the dissociation of arsenic acid (AsO(OH)3) and arsenous acid 
(As(OH)3), respectively. Arsenate dominates in acidic, oxidizing environments, 
while the trivalent oxyanion arsenite, may reach significant levels at more 
alkaline and reducing conditions (Balasoiu et al., 2001). Reversible 
transformations between inorganic and methylated arsenicals can also be 
mediated via microbial processes in contaminated soils (Turpeinen et al., 2002).  

Inorganic arsenic is classified as a human carcinogen (IARC, 1987). Several 
independent studies have found relationships between chronic arsenic 
exposure and increased incidence of certain cancers. Most epidemiological 
studies have focused on occupational exposure or exposure to As-
contaminated drinking water. Groundwater pollution may occur where high 
As-levels are naturally present in the bedrock, which is a huge problem in parts 
of Asia e.g. India, Bangladesh and Vietnam (Smedley and Kinniburgh, 2002). 
Inhalation of high doses of arsenic can cause tumours in lung tissue while oral 
intake may induce skin, bladder, liver and kidney cancers. Significant evidences 
of arsenic carcinogenicity towards humans have been acquired, but 
contradictory the same results have been difficult to show in animal toxicity 
models (Hughes, 2002).  

The genotoxic action of arsenic is not yet fully surveyed. The direct mutagenic 
action from arsenicals is weak and only occurs at highly cytotoxic 
concentrations, but other effects leading to cellular damage have been reported 
which may contribute to arsenics carcinogenic potential (Hartwig et al, 2002, 
Klein et al. 2007). Indirect genotoxic effects via the inhibition of DNA repair 
processes have been reported at non-cytotoxic concentrations (Asmuβ et al., 
2000). Thus, arsenic exhibits co-mutagenic properties which may have 
important toxicological implications during exposure to mixtures, which 
frequently occurs, e.g. at contaminated sites. Exposure to mixtures of arsenic 
with other metal toxicants, many of which can induce generation of ROS, may 
result in toxic interactions that are not easy to predict from results of chemical 
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analysis solely. In Paper II, a sensitive bioassay, based on arsenic’s presumed 
mode of genotoxic action, was used to assess arsenic’s genotoxic potential in 
soil water extracts. 

The acute toxicity of trivalent arsenicals is generally higher than pentavalent 
forms, both regarding inorganic and organic species. Organic arsenicals have 
previously been considered low-toxic (Gochfeld, 1995). However, recent 
studies have demonstrated severe toxic action from trivalent 
monomethylarsonic acid (MMAIII) and dimethylarsinic acid (DMAIII)  in vitro 
(Styblo et al., 2000) and for MMAIII in vivo on hamsters (Petrick 2001). The 
metabolism of arsenic is important for understanding the mechanisms behind 
its toxicity. After cellular uptake AsV is transformed to AsIII and sequentially 
methylated in several steps to dimethylarsinious acid (DMAV). Previously it was 
believed that the methylation of inorganic As primarily acted as a 
detoxificiation mechanisms but the recent toxicity data questions this theory 
(Styblo et al., 2000, Petrick et al., 2001). DMAV is the dominating metabolite 
found in urine from both animals and humans exposed to arsenic and can be 
rapidly excreted by most mammals. However, the transformation to DMAV 
includes several steps via other methylated arsenicals including MMAIII, 
monomethylarsonous acid (MMAV) and dimethylarsinic acid (DMAIII). These 
metabolites can also appear in urine among exposed individuals as well as AsV 
and AsIII (Hughes, 2002). The metabolic transformation of arsenic is not fully 
understood and varies between different mammalian species, population 
groups and individuals (Vahter, 2002).  

The mechanisms behind As systemic toxicity mainly involve the inhibition of 
enzymes containing sulfhydryl groups, for which AsIII has a high affinity. More 
than one hundred different enzymes have been shown to be inhibited by AsIII 
(Thomas et al., 2001), which may for example cause disturbance to Krebs cycle 
or redox-balance. AsV toxicity is related to its resemblance of the phosphate 
anion and its replacement in numerous biochemical reactions including 
uncoupling of in vitro formation of the essential energy molecule adenosine 
triphosphate (ATP, Clarkson, 1993). Acute syndroms from arsenic intoxication 
involve stomach pain, vomiting, diarrhea, blood in the urine, chock, coma and 
finally death. The lethal doses for humans range from 1-3 mg/kg (Ellenhorn, 
1997).
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3. Risk assessment of  contaminated sites 
The general risk assessment of chemicals is conducted in a stepwise approach. 
The process begins with hazard identification and problem formulation, 
progresses into effects and exposure assessments and is finished by risk 
characterisation, which results in an estimate of the incidence, severity and 
likelihood of adverse effects to occur. The results obtained in these procedures 
serve as the basis for further decision making (Chapman and Wang, 2000). 

In hazard identification qualitative data are gathered concerning the toxicants 
under consideration, their intrinsic toxic properties and the conditions in which 
their adverse health effect may be exerted. The hazard identification relies on 
available toxicity data for various types of adverse effects, e.g. birth and 
neurological defects, or their carcinogenic potential for human health, and data 
on lethality, reproductive or growth effects on ecological receptors. It is 
important to note that a toxic substance does not constitute a risk unless there 
is exposure to this specific chemical, which distinguishes risk from hazard (van 
Leeuwen and Hermens, 1995).  

The effect assessment involves a description of the quantitative relationship 
between the level of exposure to the degree of toxic effect. Data bases with 
results from extensive laboratory toxicity testing serve as a foundation for 
establishing no-effect concentrations for most chemicals. By applying safety 
factors for the amount of uncertainty that exists between species, population 
and individuals, predicted no effect concentrations (PNECs) have been 
derived. These are applied in ecological risk assessment and compared to 
predicted environmental concentrations (PECs) which are established in the 
exposure assessment for different compartments, e.g. water, air, soil and sediment. 
PECs can either be predicted via modeling or established through chemical 
analysis of environmental samples which provide measured environmental 
concentration (MEC).  The risk characterisation compiles the information in the 
previous steps into ratios of PEC/PNEC-values. A value above one indicates a 
risk for adverse effect to occur and is not an absolute measure of risk, however 
serve as a tool to make relative risk comparisons (van Leeuwen and Hermens, 
1995).  

Similar to PNECs, for generic hazard assessment of contaminated sites, 
maximum permissible concentrations (the Netherlands, Crommentuijn et al., 
2000) or the Swedish generic guideline values (SEPA, 1996, 1999a) have been 
derived. Swedish guideline values found in MIFO (SEPA, 1999a) are mainly 
based on Dutch guideline values derived from extensive lab toxicity testing of 
single inorganic and organic substances. Values have been derived for both 
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human health risk and ecotoxicological effects, and in MIFO the lowest of 
these pairs of values was chosen for each substance (SEPA, 1996). Since it is 
an impossible task to test all biological species or chemicals, extrapolations and 
generalizations are often made by applying safety factors in a conservative way. 
Dutch intervention values are assumed to protect 50% of species while 
Swedish values were set more conservatively by adopting limits that were half 
the corresponding Dutch values (SEPA, 1996). It has been found that there 
can be large deviations between data extrapolated from laboratory tests to field 
conditions and data obtained in the field (Van Gestel, 1996). There are several 
reasons for this, including differences in availability to test organisms and 
consequently toxicity in different soil types. Furthermore, newly added 
chemicals in laboratory tests tend to have higher mobility than the same 
chemicals in field soils (which have been subject to sorption processes for 
longer times, with consequent reductions in bioavailability; Van Gestel, 1996). 
However, generic guideline values are set under the assumption that 100% of 
the contaminants present are available for uptake and display toxic action. That 
approach will likely lead to overestimation of risks as issues on reduced 
availability are not taken into consideration (Alexander, 2000). Alternatively, it 
may also lead to underestimation of risk since the guideline values are set for 
individual contaminants and do not consider interactive toxic effects in 
complex mixtures. Owing to the relative ease of chemical analysis (Peijnenburg 
et al., 1997), and large amounts of toxicity data available for single substances 
produced using validated methodology, it has been tempting to establish 
environmental quality criteria based solely upon total concentrations. Thus, the 
most common legislative approach to risk assessments of contaminated sites 
relies upon measurements of total concentrations of contaminants in soil 
relative to national guideline values (Alexander, 1995, Harmsen et al., 2005, 
Lundgren et al., 2006). The research field on bioavailability is still under 
development and new methods are continuously being presented in the 
scientific literature. Some of these, with focus on methods describing metal 
bioavailability, are discussed in chapter 4. 
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4. Assessment of  bioavailability  
The definition of bioavailability is not a trivial issue and varies among different 
professionals. The general environmental scientist may refer to bioavailability 
as the accessibility of a substance for assimilation and potential toxicity. For 
the mammalian toxicologist, bioavailability is the term used to describe the 
availability of a chemical to cross the cell membrane and enter the cell 
(Alexander, 2000). In practice, bioavailability can be assessed via two 
complementary approaches. Firstly, chemical methods (section 4.2) involve 
extractions of the soil for determination of the mobile, environmentally 
available fractions of contaminants that are partitioned from soil to the soil 
solution, thus representing the fractions of contaminants that are potentially 
available for uptake (Peijnenburg et al. 1997). However, besides sorption of 
contaminants to solid soil surfaces, the actual bioavailability is affected by soil 
constituents and conditions in the soil solution (section 4.1). Secondly, 
complementing the chemical methods are biological test methods (section 4.3). 
Whatever definition of bioavailability is used, the only way to directly measure 
bioavailability is to use a target organism. Besides the uptake (environmental 
bioavailability), biological tests also measure the toxicological bioavailability i.e. 
the absorbed mixture of contaminants that reach and interact with sites of 
toxic action (Lanno et al., 2004). This includes unknown contaminants which 
chemical analyses fail to detect. Hence, an operational definition of 
bioavailability would be the amount of a chemical that is taken up by a test 
organism resulting in either accumulation (environmental bioavailability) 
and/or toxic effects (toxicological bioavailability) within the time that the test 
is conducted from the unit of soil that is assessed (Harmsen et al., 2005). In the 
present thesis, toxicological bioavailability is defined according to Harmsen et 
al., 2005).  

There are significant differences between metal/metalloids and organic 
chemicals in terms of bioavailability and the way they interact with the soil 
matrix and matrix-dwelling organisms (Chapman and Wang, 2000). Besides 
specific receptor-mediated toxic action, the vast majority of hydrophobic 
organic chemicals interact with lipids, both internally and in biomembranes, in 
a non-specific toxic manner causing baseline toxicity, also referred to as 
narcosis (Escher and Hermens, 2004). However, the modes of toxic actions 
that are critical, e.g. disruption of membrane integrity or more specific 
activities, are not easily assessed, especially for mixtures of contaminants that 
contain reactive and multifunctional compounds. 

The bioavailability of organic chemicals in their neutral form is strongly 
associated with their lipophilicity/hydrophobicity, which enables them to 
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readily diffuse through the lipid bilayer of biomembranes. Organic forms of 
metals, e.g., methylmercury, butyl- and phenyl-tins or alkylated lead, have a 
similar behavior. Elemental forms of metals have very low bioavailability, but 
they are much more readily bioavailable in ionic states as dissolved metals or 
metalloids, depending on their ability to cross biomembranes, which may be 
facilitated by a variety of mechanisms. These mechanisms include co-transport, 
active and passive transport mechanisms, and passage through proteinaceous 
ion channels, which all are important for maintaining the cellular homeostasis 
of metal ions (Shafer, 2000). Transport-proteins are not believed to have the 
same specific structural requirements for their substrates as enzymes and 
receptors. Hence, most metal cations can form metal-ligand complexes that 
resemble endogenous structures which enable membrane transport. For 
example divalent cations displace essential divalent cations while oxyanions, 
e.g. arsenate and vanadate, can mimic phosphate, and thus can be transported 
via the endogenous pathways responsible for transporting these species 
(Clarkson, 1993). Selected methods for assessing metal bioavailability are 
discussed in sections 4.2 and 4.3.  

4.1 Factors influencing metal retention and bioavailability in 
soils 

For inorganic metal forms, it is the soluble, free hydrated ion that is considered 
to be taken up in biota (Rensing and Maier, 2003). Soil processes and various 
factors in soils have strong influences on the metals ̦ speciation. Soils have very 
complex structures, consisting of different types of minerals and organic 
matter. These exist in varying proportions that reflect the origin of the parent 
rock material and organic residues from which they form (McBride, 1994). The 
dominating anions in soil minerals are oxides, which together with metallic 
cations, e.g. Si(IV), Al3+, Fe2+/3+ and Mg2+, form the structure of most soil 
minerals. Via ionic interactions, negatively charged mineral surfaces can 
electrostatically attract and incorporate metallic cations in the soil structures. 
The clay-sized mineral particles (<2µm) have very high surface areas and are 
therefore of particular interest for the reactivity and retention of metal 
pollutants in soil. Like clay minerals, organic matter, especially the humus 
materials, also have high surface areas with negative charges, consisting mainly 
of carboxylic- and phenolic functional groups. Humus, which originates from 
the decomposition of biological material (plants, animal, microbial) is 
important for retaining soil nutrients and can provide strong binding surfaces 
for metals and organic pollutants (McBride, 1994). The latter are mainly 
associated with organic material. The soils ̦ ability to reversibly absorb various 
cations in mineral and organic matter structures is commonly quantified in 
terms of cation exchange capacity (CEC). Thus, the magnitude of the CEC is 
important for metal retention in soil and, consequently, metal mobility is highly 
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pH-dependent, i.e. protons may replace metal cations at the negative binding 
sites. The pH is the single most important environmental parameter for soil to 
soil-solution partitioning of metals, followed by the CEC and the soil ̦s 
contents of metal oxides (Sauvé et al, 2000). Unlike unspecific cation exchange, 
Fe-, Mn- and Al-minerals can specifically adsorb metals more strongly, even 
towards irreversibility (McBride, 1994). In soil solutions, dissolved organic 
carbon (DOC), complex binding inorganic ligands (e.g. Cl- and HCO3-) and 
activities of competing cations such as Ca2+ are important for metal 
bioavailability. Generally, metal solubility increases as pH falls, however, DOC 
leachability increases with increase in pH and may consequently increase the 
mobility of metals bound to DOC. In contrast to divalent metal cations, the 
mobility of As (and other metal/metalloid oxyanions) is generally increased 
with higher pH. This effect is counteracted by the fact that under low pH and 
reducing conditions, AsV is reduced to AsIII, which has higher mobility in soil 
(Xu, 1991). Ionic strength and redox conditions are important variables for 
metals ̦ chemical speciation, but their effects are not always easily interpreted 
(Peijnenburg and Jager, 2003). 

4.2 Chemical measures of metals ̦ environmental availability 

The widely adopted sequential extraction scheme proposed by Tessier et al. 
(1979) suggests that metals partitioning from a solid matrix into solution under 
environmental conditions can be divided into five fractions, namely 
exchangeable, bound to carbonates, bound to Fe- and Mn-oxides, bound to 
organic matter, and residuals. The first exchangeable fraction refers to the 
easily soluble and readily environmentally available fraction of metals. This 
fraction is assessed by extraction in water or weak salt solutions in order to 
simulate soil pore water. The second, third, and fourth fractions are those 
fractions that may be environmentally available due to changes in 
environmental conditions. Carbonate-bound metals may be released under 
more acidic conditions and their release is simulated by lowering the pH via 
additions of acid to the extraction solution. Fe- and Mn-oxide bound metals 
may be released under anoxic conditions, which are simulated by adding a 
reducing agent to the solution to decrease the redox-potential (Eh). Organic 
matter may be degraded under oxidising conditions, which can lead to further 
releases of metals, and can be simulated by adding an oxidising agent to 
increase the Eh. The residuals are not considered to be released under normal 
environmental conditions. Thus, different single extraction procedures can be 
used depending on whether the readily environmentally available fractions of 
contaminants are to be described or the aim is to represent a worst-case 
scenario in which all of the potentially environmentally available and possibly 
bioavailable fractions of metals are to be measured.  
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During the last decade several chemical methods have been proposed as means 
to obtain measures of biologically relevant fractions of soil contaminants. 
Surrogate methods for this purpose may be very useful in screening and risk 
evaluations of metal polluted sites. In general, two approaches can be 
distinguished. The first involves various soil extraction schemes whereby 
extracted amounts (environmentally available fractions) are related to biological 
responses or uptake and the methods that provide the best correlations are 
recommended. The second approach is to use bio-mimetic methods in which a 
chosen exposure route is simulated in the chemical extractions, and the 
resulting data are validated against true uptake data aquired using a target 
organism (Alexander et al., 2003).  

4.2.1. Extractions of metals using weak salt solutions  

Mild extraction schemes using weak salt solutions originate from agronomic 
science and have been employed for decades by agronomists for assessing 
plant availability and possible deficiencies of important nutrients and trace 
elements (Ure, 1996). More recently these schemes have also been used to 
predict metal phytotoxicity in higher plants (Alexander et al., 2003).  Amounts 
of metals extracted by weak salt solutions have been shown to correlate well 
with amounts taken up from soil by several organisms. Furthermore, Conder 
and Lanno (2000) showed that amounts of Cd, Pb, Zn extracted with 0.1 M 
Ca(NO3)2 were more strongly correlated to metal-induced toxicity in 
earthworms than total Cd, Pb, Zn soil concentrations. Smit et al. (1997) found 
good correlations for the EC50-values of the springtail Folsomia candida to both 
0.01M CaCl2 and water extractable concentrations of Zn. Peijnenburg et al. 
(1999) found that 0.01 M CaCl2 extractions could be used to discriminate 
between soils in which bioaccumulation of Pb did, and did not occur in the 
oligochaete worm Enchytraeus crypticus. In addition, 0.01 M CaCl2 has found to 
be a more suitable extraction medium for determining soil metal availability 
than the commonly used salts NaNO3 (0.1M) and NH4NO3 (1M), partly 
because of its more appropriate extraction capacity and low salt content, which 
facilitates subsequent chemical analysis (Pueyo et al, 2004). Houba et al. (1996) 
proposed that 0.01M CaCl2 should be used as a universal single extraction 
medium for assessing metal availability, due to its low cost, ease of use, and the 
resemblance of the concentrations of metals in the resulting extracts to soil 
pore water concentration of various metals and nutrients, including phosphate.  

The similarity of the mobility of phosphate and arsenate is advantageous for 
arsenic studies. On the basis of these findings 0.01M CaCl2 extraction was used 
in the studies reported in Paper I and II as a recognized method for 
comparison to the less conventional PLE method. The low salt content also 
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enabled the extracts to be tested for both basal cytotoxicity and genotoxicity to 
cell cultures (Paper II). 

4.2.2 Physiological extraction tests  

Humans may unintentionally ingest soil from dust and unwashed fruit or 
vegetables that have be grown on contaminated land. The hand-to-mouth 
activity of children may also result in incidental soil ingestion. Small children 
also go through a phase in their life in which they intentionally want to taste 
soil. This is referred to as pica behaviour and, although unusual, children can 
ingest as much as 10-13g of soil/day (Calabrese et al., 1989). It is therefore 
important to consider this exposure route in risk assessments of contaminated 
sites. The metals that are percieved to pose the greatest and most frequent risk 
to human health are Pb and As (Schoof, 2004). In the USA it has been 
estimated that the costs arising from Pb-poisoning in children amount to 
billions of dollars, and that the soil is one of the major remaining sources of 
exposure (Ryan et al., 2004). The default value for children’s soil ingestion that 
the U.S. Environmental Protection Agency (US EPA) uses in its risk 
calculations is 200 mg/day (US EPA, 2002). Often, a fixed value for 
bioavailability is assumed in risk calculations for this exposure route. However, 
to increase site specific relevance of such data, intestinal uptake can be assessed 
for the actual soils to be studied. In a feeding study with monkeys, the actual 
bioavailability of arsenic was found to be only 10-30% of the soil content, and 
thus  was about two-fold lower than the bioavailability in drinking water 
(Freeman et al. 1995). The intestinal uptake of contaminants from soil has 
usually been estimated from in vivo studies in animals, and extrapolated to set 
human risk limits. However, for both practical and ethical reasons, various 
extraction procedures using gastrointestinal tract conditions have been 
developed in attempts to predict and replace in vivo tests. 

Ruby et al. (1996) presented a physiologically based extraction test (PBET), 
which imitates the release of Pb under stomach and intestinal conditions. This 
test was validated using Sprague-Dawley rats as model organisms and the 
results showed an in vitro to in vivo linear correlation of 93% for Pb. The 
bioavailability of As was slightly overestimated when validated against uptake 
in rabbit and primate models (Ruby et al., 1996). Later, Rodriguez et al. (1999) 
developed an improved in vitro gastrointestinal (IVG) test and found good 
correlations between the extracted bioaccessible fractions of As and uptake in 
dosing trials with juvenile swine. The term bioaccessibility is used to define the 
fractions of As (or other elements) that are dissolved in the stomach and are 
available for uptake during transit through the small intestine (Ruby et al., 
1996). The method by Rodriguez et al. (1999) was used in study I for 
comparing relative amounts of bioaccessible As in two CCA-contaminated 
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soils to obtain additional information on the soil ingestion exposure route. 
Large differences were found between the two soils in this respect, even 
though the total load of As in the soils was similar. The extracted and 
bioaccessible fractions were 43.8±3.9% of the total contents for soil F 
(Forsmo) and 19.4±2.6% for soil R (Robertsfors). These findings illustrate the 
usefulness of such tests to provide site-specific information that can be used to 
improve the precision of input data in risk assessments of contaminated sites.  

4.2.3. Passive extraction 

A recently developed technique for passive sampling and extraction of labile 
metal species is diffusive gradient in thin films (DGT, Zhang and Davison, 
1995). DGT-devices can be deployed to measure metal concentrations in the 
soil solution over time. In such devices, a thin film of polyacrylamide gel and a 
layer of ion-exchange resin are used to sample labile species solely via 
molecular diffusion, which provides opportunities for site-specific applications. 
The DGT-method has been successfully applied in investigations of 
contaminated soils for predicting uranium availability to ryegrass (Vandenhove 
et al. , 2007) and availability of Zn to grass and lettuce (Koster et al, 2005). 
However, the latter cited authors stated that the method did not provide 
additional information on metal bioavailability compared to the more 
commonly used CaCl2 extraction and pore water concentration analyses.  

4.2.4. Water extraction and PLE 

The soil to soil water partitioning of metals is important for their uptake in 
biota and the pore water pathway is the single most important exposure route 
(ISO, 2006a). Thus, an adequate way to measure the mobile and 
environmentally available portion of metals is to use water as a solvent in the 
extraction. Besides the soluble fractions of contaminants, colloidal and particle 
fractions are important because of their implications for the dispersal of 
contaminants into groundwater. Water extractions of soil can be conducted in 
several ways with various conditions, extraction times and liquid-to-solid ratios; 
however the common aim is to resemble field pore water concentrations. A 
major advantage of using pure water in the extraction is that it can easily be 
combined with various toxicity bioassays of the soil water extracts without 
interactions that may be present when additives are used in the extraction 
medium. Several water-based extraction tests have been standardized as 
appropriate in environmental impact assessments for metals. However, due to 
the vast number of different procedures, calls have been made to harmonize 
extraction and leaching tests (Quevauviller et al., 1996).  
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The pressurized liquid extraction (PLE) technique can be used to extract, 
rapidly (in approx. 20 min.) and reproducibly, large numbers of samples with 
minimal operator supervision. An advantage of using PLE, over a batch 
extraction procedure, is that it provides clear extracts since standard protocol 
include an in-built filtration step. Batch extraction procedures result in soil 
slurryies, which requires both high-speed centrifugation and filtration prior to 
analysis. From a practical perspective, if a strong centrifuge is not available, the 
filtration step may be very time- and filter consuming since small soil particles 
in the extracts tend to rapidly clog the filters.  

PLE was originally developed for extracting organic compounds using organic 
solvents (Richter et al., 1996). However, it has also been used for other 
environmental applications, e.g. analysis of organometallic compounds (see 
Schantz, 2006, for a review of PLE applications). PLE was also used in 
analyses of explosives in the studies described in Paper IV (Ragnvaldsson et al., 
2007). PLE offers opportunities to vary extraction parameters in terms of the 
solvents, temperatures and pressures used, all of which affect recovery values. 
The elevated temperatures and pressures of PLE water extraction procedures 
enhance the solvent’s contact with the analytes, and increase their solubility 
(Richter et al., 1996). Theoretically, it is therefore possible to extract 
environmental contaminants at levels exceeding their maximum water 
solubility at room temperature. PLE at the higher temperature settings viz. 
150°C may therefore be defined as extracting potentially available portions of 
metals, thus providing “worst-case assessments” of leachable 
metals/metalloids in water, without altering the pH. However, although 
extraction efficiency is enhanced at elevated extraction temperatures, it is 
important not to alter either the matrix components of the soil or the 
speciation of target analytes, which may decrease the relevance of the 
environmental analysis. During PLE water extraction, organic matter have 
been found to be stable up to 150°C (Schwesig et al. 1999) and inorganic and 
organic arsenic species up to 180°C (Schmidt et al., 2000). This was an 
important consideration in the studies described in Papers I and II, in which 
arsenic was the main contaminant investigated, since alteration of the species 
composition during extraction should be avoided wherever possible.  

To address the possibility to estimate the environmentally available fractions of 
different metals, in study I, a series of extraction methods, including PLE, was 
explored using field soil samples from two CCA-contaminated sites in Sweden. 
Environmentally available fractions of arsenic, including its common species 
arsenate and arsenite, as well as other toxic metals were analysed in the soil 
extracts. Comparison of different extraction methods in terms of extractability 
and extraction profiles was made to soil pore water concentrations. Furter, 
comparison of profiles of extracted amounts of metals was made to the uptake 
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of contaminants in the earthworm Eisenia fetida, which was used in the as a 
reference measure of the actual environmental bioavailability. PLE at different 
temperature settings (150°C, 100°C and 50°C-designated PLE150°C, 
PLE100°C, and PLE50°C, respectively) and the more conventionally used 
methods, batch extraction in water and 0.01M CaCl2 (see section 4.2.1) were 
included and explored considering their extraction efficiency and extraction 
pattern of environmentally available portions of metals. The batch extraction 
method with water is used to characterize leaching behavior of metals in waste 
material (SIS, 2003), and the most utilized way to produce extracts for 
ecotoxicological testing (Hund and Traunsburger, 1994). It is performed with a 
liquid to solid ratio of 10 (L/S-ratio=10) and has recently been identified as the 
test with the broadest applicability for generating appropriate eluates for 
ecotoxicological characterisation of soil materials (ISO, 2006b).  

Table 1 shows the extraction yields (%), extractable amounts (µg/g soil) and 
the extract concentrations (µg/L) of arsenic obtained by the water based 
extraction methods and 0.01 M CaCl2 used in Paper I for the two test soils. 
The method providing the highest extraction efficiency was PLE150°C which 
was 4-7-fold more effective than PLE100°C and batch extraction in water, 
which were similar in extraction strength for both soils, extracting 1.55 to 2.84 
µg As/g dry weight (d.w.) soil. PLE50°C and batch extraction with 0.01M 
CaCl2 also had similar extraction strength; being 3-6-fold (0.17-0.51µg As/g 
d.w. soil) lower than PLE100°C and batch extraction in water. As expected, 
the amounts of arsenic extractable by pore water had the lowest values, 0.03- 
and 0.003 µg As/g d.w. soil in soil F and R, respectively. The higher L/S-ratio 
and dilution effects in the batch extraction procedures also result in lower 
concentrations of arsenic compared to the PLE procedures, which have lower 
L/S-ratios during extraction. It is also notable that all of the extraction 
methods presented in Table 1 extract much less than the 100% of total As, 
which is often assumed to be environmentally available in risk estimations 
based on total concentrations. 
Table 1. The extraction yield (%), extractable amount (µg/g d.w.soil) and the extract 
concentrations (µg/L) of arsenic obtained from water-based extraction methods and 
earthworm in Paper I for two soils from CCA-contaminated sites. The total As concentration 
as measured by acid digestion is included at the top of the table. *µg/g d.w. tissue. 

 

 
Conc. As Conc. As 

% µg/g d.w.soil µg/L % µg/g d.w. soil µg/L
Total (acid digestion) 100 276 - 100 311 -
PLE150°C 3.9 ± 0.5 10.74 ± 1.32 2506 ± 189 3.5 ± 0.22 10.9 ± 0.7 2528±61
PLE100°C 1.03 ± 0.4 2.84 ± 1.10 777 ± 212 0.50 ± 0.11 1.55 ± 0.33 415±48
PLE50°C 0.19 ± 0.06 0.51 ± 0.17 146 ± 41 0.054 ± 0.006 0.17 ± 0.02 47.7±5.4
Batch 0.97 ± 0.04 2.69 ± 0.12 269± 10 0.63 ± 0.53 1.95 ± 1.64 196±134
CaCl2 0.17 ± 0.0003 0.47 ± 0 47.0 ± 0 0.15 ± 0.005 0.47 ± 0.02 47.3±1.3
Pore water  0.011± 0.0002 0.03± 0.0005 129± 2.6 0.001± 0.0001 0.003±0.0003 8±1
Worm 0.015 ± 0.003 0.04 ± 0.008 55.2±17.7* 0.0064 ± 0.003  0.02 ± 0.009 23.3±16.1*

Soil F Soil R
Extractable As Extractable As
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All of the extraction methods were also compared in terms of the co-
variation of a group of extracted metals (Astotal, AsIII, AsV, Cd, Cr, Co, Cu, 
Pb, Ni, and Zn), and to the concentrations of metals found in earthworm 
tissue. A Pearson product moment correlation analysis, based on the 
amounts (µg/g soil d.w.) extracted by each method, was performed (SPSS 
14.0). The resulting Pearson correlation coefficients, R2, are presented in 
Table 2 for soil R.  

As can be derived from Table 2, all the water based extraction methods 
significantly correlated to the amounts of metals extracted by pore water. The 
strongest correlations to the amounts of metals in earthworm tissue (Worm, 
soil R) were found for the pore water (Pore water, soil R). These findings 
indicate that there was a close relationship between dissolved metal 
concentrations in the pore water and the metals that are environmentally 
bioavailable to the earthworms. In addition, significant correlations to the 
earthworm (Worm) levels were found for concentrations extracted by all of the 
other water-based extraction methods, indicating that they also have predictive 
capacity for the fractions that are environmentally bioavailable to earthworm 
(Table 2). The extraction efficiency varied between methods, and was clearly 
higher for PLE150°C, PLE100°C and batch extraction in water than both pore 
water and earthworm (exemplified for As in Table 1). Nonetheless, the 
correlations to the patterns of elements found pore water and in earthworm 
tissues and suggest that these methods extract metals from the same 
environmentally available pool of elements from the soil matrix. Thus, 
PLE150°C, PLE100°C and PLE50°C water extraction, batch extraction in 
water and 0.01 M CaCl2-solution may all provide useful useful indications of 
both the environmentally available and bioavailable pool of elements. 
 

Table 2. Correlation coefficients R2, from Pearson product moment correlation analysis based 
on extracted amounts (µg/g soil d.w.) from different extraction methods used in Paper I. * and 
** indicate that the values were statistically correlated with ≥ 95- and 99% certainty, 
respectively.  

 Soil R PLE150°C PLE100°C PLE50°C Batch CaCl2 Pore Water Worm
PLE150°C 1.000 0.600** 0.335** 0.622** 0.337** 0.301** 0.267**
PLE100°C 0.600** 1.000 0.890** 0.857** 0.900** 0.897** 0.787**
PLE50°C 0.335** 0.890** 1.000 0.763** 0.998** 0.978** 0.816**
Batch 0.622** 0.857** 0.763** 1.000 0.767** 0.740** 0.584**
CaCl2 0.337** 0.900** 0.998** 0.767** 1.000 0.986** 0.821**
Pore Water 0.301** 0.897** 0.978** 0.740** 0.986** 1.000 0.865**
Worm 0.267** 0.787** 0.816** 0.584** 0.821** 0.865** 1.000   

Further, in Paper I, differences in arsenic speciation in the extracts from the 
same soil obtained by the different methods were found. However, regardless 
of the extraction method, these all reflected differences in speciation between 
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the two soils that can probably be explained by differences in the abiotic 
conditions at the two sites.  

In Paper III, PLE150°C was used to increase the water extraction yields of 
metals, and thus the likelihood of detecting toxic effects and relative 
differences in hazards between the soil extracts. Paper III demonstrated that 
high temperature PLE in combination with high-capacity cell-based bioassays 
may be a useful screening approach for pinpointing aspects and potentially 
adverse effects that require further characterization and quantification. Table 3 
presents extraction yields for Cd, Pb and Zn from Paper III for 46 soil samples 
and data on soil water extraction from two other published studies. The 
extraction yields from three extraction procedures for assessing metal mobility 
(batch extraction with 0.01M CaCl2, water, and 0.10M acetic acid) are 
compared to PLE150°C water extraction from large datasets on soil extraction 
of metals. The extraction efficiency of the three metals varies significantly, 
mainly due to pH variations in the soils. Extraction yields are lower when water 
or CaCl2 solutions are used in the extraction (Table 3). The high temperature 
PLE procedure and acetic acid extraction give slightly higher extraction yields 
representing closer to worst-case scenarios for the metals ̦ mobility (Table 3).  
 
Table 3. Comparison of extraction yields of Cd, Pb and Cd from Paper III, and two other 
studies containing large datasets on soil extraction; data derived from [a] Rieuwerts et al. 2006, 
and [b] Karhu et al.2005. 
Method/extractant Sample Soil pH L/S Ratio Total Cd Cd yield Total Pb Pb yield Total Zn Zn yield

mg kg-1 % mg kg-1 % mg kg-1 %
PLE150°C mean 46 soils 6.2 ˜ 8 242 5.8 75 1.0 83 9.9
water 20min [Paper III] range (n=46) 4.6-9.9 50-804 0.5-19.8 7-609 0.0-4.4 26-368 0.10-79
Batch extraction mean of 36 or 83 soils 5.0 8 0.9 1.8* 66 0.09 63 0.006
0.01M CaCl2 2h [a] range (n=36/83*) 4.0-6.0 0.2-1.3 0.3-82* 35-162 0.003-7.010-115 0.001-0.07
Batch extraction mean 60 soils 7.9 10 2.8 0 114 0.05 244 0.19
water 24h [b] range (n=60) 5.5-8.4 1.0-13.2 0.0-2.4 50-653 0.0-0.6 100-1198 0.02-2.1
Batch extraction mean 60 soils 7.9 10 2.8 22.9 114 0.7 244 9.7
0.10M CH3COOH 16h[b] range (n=60) 5.5-8.4 1.0-13.2 3.8-41.5 50-653 0.0-2.5 100-1198 0.070-28
* The average yield also included subsoil samples from the same location where the metal concentration were in the same range as in the topsoil  

In Paper IV, PLE150°C was applied with another purpose, namely 
environmental screening of explosives at army live-fire training ranges. The 
results demonstrated that the PLE150°C soil water extracts could be used 
directly for both chemical analysis and for measuring the toxic potential of the 
soils in bioassays. Otherwise, the widely adopted way of testing the toxic 
potential from soil samples contaminated by organic pollutants, e.g. explosives, 
have involved vigorous extractions in organic solvents (Sunahara et al., 1998).  
In order to ensure biocompatability prior to toxicity testing, evaporisation of 
the organic solvent extract and final transfer to DMSO is necessary before a 
small fraction of DMSO is mixed in water based exposure medium. In this 
context, high temperature PLE water extraction may be useful for obtaining 
extracts that contain concentrations of organic contaminants that are close to 
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their maximum water solubilities. Thus, hazard screening of soil samples from 
live-fire training ranges could benefit from using PLE150°C as a rapid 
technique to, in a single step, produce extracts for both direct assaying of 
toxicity and chemical analysis. This may accelerate the hazard screening and 
reduce the initial costs of investigating a large contaminated site. 

 

4.3 Biological methods 
4.3.1. Standardized ecotoxicological methods 

Among ecotoxicologists there is a general consensus that the data on 
ecotoxicological effects in soils are too limited to predict the hazards posed by 
chemicals in the environment (Van Straalen and Løkke, 1996). PNEC-values 
derived from laboratory tests using artificial soil have limited value due to the 
complexity and variation at different contaminated sites. In addition, 
ecotoxicological databases only include data on a few out of the immense 
numbers of species present in the ecosystems. Thus, it should be 
acknowledged that no single biological test can predict the chemical hazards 
for all other species in the environment (Bierkens et al, 1998, Breitholtz et al., 
2006).  

However, testing for hazardous effects can be performed on a selection of 
different target organisms and effect endpoints that are presumed to be 
important for well-founded decisions. At contaminated sites, a site-specific 
approach would be to assess bioavailability and adverse ecological effects in 
field monitoring of species present at the site and to subsequently test field 
samples in a variety of representative ecotoxicological bioassays. To ensure 
good coverage of several toxic responses, it has been suggested that a range of 
end-points and several organisms representing different trophic levels in the 
food-chain should be included in test batteries (Hund and Traunsburger, 1994, 
Bierkens et al., 1998, Jones et al., 2006).  

Recently, guidance documents recommending standard ways to assess soil 
quality using ecotoxicological methods have been released (ISO, 2006c). These 
documents contain proposals for testing both whole soils and soil extracts,  
including the use of test batteries for acute, chronic and genotoxic effects in 
microflora, plants, crustaceans, algae and various soil-dwelling organisms in 
order to identify the most sensitive trophic level and to characterize toxic 
effects. However, the extent to which these recommendations will be adopted 
in routine risk assessments of contaminated sites largely depends on legislative 
requirements and the regulatory framework adopted by each country. A 
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common obstacle is the cost of performing toxicity tests on a large number of 
soil samples, especially those involving long-term, laborious tests such as the 
earthworm (ISO, 1998) and collembola (ISO, 1999) tests for reproduction 
effects,  with durations of eight and four weeks, respectively.  

In order to reduce the number of samples that need to be subjected to in-
depth ecotoxicological testing, tiered approaches for toxicity testing have been 
be suggested (Bengtsson et al., 1989, Jensen and Pedersen, 2006, Doull et al., 
2007). Tiered strategies involve fast, simple tests initially that have high 
capacity for testing many samples (screening). Later tiers are intended to 
provide more detailed toxicological characterization. The first tier commonly 
measures acute toxicity in order to describe the immediate hazard that different 
samples or substances pose. Based on the findings in the first tier, other 
endpoints and bioassays with increased complexity are applied in subsequent 
tiers to provide deeper characterization, e.g. of long-term chronic effects, such 
as mutagenic and reproduction effects.  

 4.3.3. Cell-based in vitro systems for screening 

In vitro cell systems for measuring responses to xenobiotics have been widely 
investigated as alternative ways for testing the toxicity of chemicals. Since basal 
cellular structures and functions are highly conserved biological features, a 
broad range of toxic effects that target basal functions are universal in all 
organisms and target tissues (Escher and Hermens, 2002). However, the 
development and application of such systems to environmental risk assessment 
have been limited (Walker et al., 1998). Cell-based systems in environmental 
applications can be listed according to cell-type, e.g. bacteria, yeast, algae and 
tissue culture cells (Rogers, 2006). The most commonly used test system for 
environmental screening purposes has been the commercially available 
luminescent marine bacteria Vibrio fischeri, especially the trademarked 
Microtox™, which has been used to test more than 1500 substances (Walker et 
al., 1998).  

Recently, Fent (2003) suggested the use of cultured mammalian cells as tools 
for the ecotoxicological characterization of contaminated soils. Their use can 
be justified under the hypotheses that changes in cellular response are also of 
obvious relevance to effects seen at the population level and that cellular 
toxicology provides an important link in understanding toxic modes of action 
and toxic effects (Fent, 2003, Moore et al, 2004). Several studies have also 
demonstrated the utility of mammalian cells for assessing the toxic potential in 
contaminated soils. For example, Berthe-Corti et al. (1998) used human 
fibroblasts and hamster V79 cells for determining basal cytotoxicity and 
mutagenicity, respectively, of extracts from soils contaminated by explosives. 
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Further, Fent (2004) used the induction of CYP1A as measured by EROD 
(ethoxyresorufin O-deethylase) activity in mammalian cells as a sensitive 
biomarker for detecting effects from bioavailable PAHs in landfill leachates. 
Furthermore, Witte et al. (1996) showed that mammalian cells can be used in 
screening for combinatory effects caused by mixes of environmental 
contaminants. In addition, Xiao et al. (2006) presented the utility of 
mammalian cells for soil toxicity screening on a regional scale. 

For both economic and ethical reasons there is increasing demand to restrict 
the use of laboratory animals in toxicity testing. In vitro cell systems have been 
proposed as substitutes for a number of toxicological end-points, but most of 
these systems are still under development and validation (Worth and Balls, 
2002). Progresses in this field have been made and as an example, sufficient 
predictability from in vitro experiments to in vivo has been presented for acute 
toxicity (Ekwall, 1999, Halle, 1998). For chronic effects it has proved more 
difficult to find cell systems that are sufficiently predictive (Fent, 2003).  

In vitro screening tests have limitations in predicting in vivo effects, but aware of 
these limitations, they are valuable tools in yielding qualitative or semi-
quantitative data related to hazards. The effects seen at the cellular level are 
often, however, not necessarily seen at higher levels of biological organisation 
(Fent, 2004). Since no intracellular concentrations are measured in the cell-
based in vitro methods used in this thesis, the adverse effects in the cells 
operationally function as relative measures of toxicological bioavailability of 
toxic agents to cells in soil extracts. One limitation of cultured cells that should 
be mentioned is that when environmental extracts are mixed in growth media 
before exposure, components in the medium may act as binding surfaces for 
soluble contaminants and alter their bioavailability. This is troubling when 
estimating the nominal effective concentrations of a given toxicant (Seibert et 
al., 2002).  

It has been suggested that basal cytotoxicity tests using mammalian cells are 
very useful in screening of large numbers of chemicals for their intrinsic 
toxicity (Balls and Fentem, 1992). The cited authors also stress that results 
obtained are highly reproducible, both within and between different 
laboratories, and usually irrespective of the type of cell used. For basal 
cytotoxicity detection of contaminants, the widely applied neutral red 
incorporation (NRI) assay (Borenfreund and Puerner, 1985) and the mouse 
fibrocyte L-929 line was used in the studies described in Paper II, III and IV. 
The NRI cytotoxicity assay measures cell survival/viability and is based on the 
ability of viable cells to incorporate and bind neutral red (NR). NR is a 
supravital, cationic dye that readily penetrates cell membranes by non-ionic 
diffusion and accumulates intracellularly in lysosomes, where it binds with 
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anionic sites in the lysosomal matrix. Alterations of the cell surface or the 
sensitive lysosomal membrane lead to lysosomal fragility and other changes 
that gradually become irreversible. Exposure to toxic xenobiotics may result in 
such changes, manifested in reductions in the uptake and binding of NR.  

Sauvant et al. (1997) showed that the NRI assay with L-929 cells (and the MTT 
reduction assay), more sensitive indications of the toxicity of 16 inorganic 
metal salts in aquatic solutions than a set of other cellular bioassays. In addition 
to covering effects on basal cellular functions, NRI also allows for detection of 
effects on specific cellular function e.g. cell membrane integrity and lysosomal 
functions which enhances sensitivity. In addition, NRI in L-929 cells (IC50 in 
vitro, mmol L-1) also had predictive power (correlation coefficient r =0.496, 
p=0.05) in ranking toxicity compared to a rat model (ID50 in vivo, mmol L-1)  
for the same 16 inorganic substances (Sauvant et al., 1997). Thus, L-929 NRI 
assay was chosen as a suitable, sensitive screening test in detecting metal 
pollution that was toxicologically bioavailable to these cells in water extracts, 
with presumed relevance also to higher biological taxa.  

In Paper III, the microbial V. fischeri light inhibition assay, modified for use 
with 96-well microplates was compared to L-929 as a screening tool for finding 
toxicologically bioavailable metals on a site polluted by metals originating from 
pyrotechnical activities. The biochemical mechanism behind the V. fischeri assay 
is related to the bacterium’s light production and metabolism. The light is 
produced when the enzyme luciferase catalyzes the oxidation of riboflavin 
phospate, which is an energy demanding processes. Consequently, exposure to 
toxic substances that disturb the bacteria’s metabolism will result in reduced 
light production (Kaiser, 1998). It was concluded that these systems were 
similar in their toxic response and ability to pin-point zones of increased metal 
toxicity, and both seemed to be suitable as screening tools for the task. 

In Paper II, in addition to the L-929 NRI assay, a specific cell assay for 
detecting arsenic-induced genotoxic effects of soil extracts reflecting the soils 
genotoxic potential, was selected. Besides acute cytotoxic effects that arsenic 
may cause (Fischer et al., 1985), AsIII can exert genotoxicity via DNA-repair 
disturbing processes at non-cytotoxic concentrations (Asmuß et al., 2000). 
Therefore, a bioassay using DNA-repair deficient Chinese hamster ovary cells 
(CHO-cells) was applied as a sensitive tool to detect toxicologically bioavailable 
AsIII in soil extracts. The CHO-cell battery included one wildtype-cell line 
(AA8) , and three genetically modified pheno-types (UV4, UV5 and EM9) that 
are deficient in different DNA-repair mechanisms initially described by 
Thompson et al. (1980). In Paper II, the basic hypothesis was that the two 
model soils, which contained similar levels of arsenic contamination, would 
exhibit differences in contaminant availability and integrated toxicity due to soil 
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matrix effects that affected the availability, arsenic speciation, acute toxicity and 
genotoxicity. By using the basal cytotoxicity to assess toxicologically 
bioavailable fractions of toxic elements some differences were found between 
the two soils, although the findings were slightly inconclusive at that stage. 
However, the data from the DNA-repair deficient CHO-cells revealed large 
differences in the genotoxic responses to water extracts of the two soils (Fig.4).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Dose response curves from the genotoxicity cell assay in Paper II after exposure to soil 
extracts from soil R (a and b) and soil F (c and d) produced using PLE at 50°C. Fig 4a and 4c 
show total dissolved arsenic exposure concentrations (ng/mL) along the x-axis. The same 
toxicity data are shown in fig. 4b and 4d with AsIII-concentrations along the x-axis to illustrate 
the relationship between AsIII-concentrations and the genotoxic response in the AsIII-sensitive 
DNA-repair deficient cell types UV5 and EM9. The whiskers on the data points in Fig. 4b and 
4d show ±SEM, and cases where growth of the mutants significantly differed from that of the 
wild type, AA8 at the p<0.05, p<0.01, and p<0.001 levels that are indicated by the asterisks (*, 
** and ***, respectively). 

As shown in Fig. 4, significant differences in genotoxic responses could be 
related to differences in levels of AsIII- and AsV-species in the soil extracts 
which were very important factors in the interpretation of toxicity data. In 
summary, the results presented in Paper II illustrate that neither the total 
concentration of contaminants in the soils, nor the environmentally available 
fractions of contaminants were good predictors of the toxic potential of these 
two CCA-contaminated soils. However, as concluded in Paper II, 
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concentration differences of the most important toxicant, AsIII, could be 
detected using a specific end-point for toxicological bioavailability. In tandem 
with the chemical speciation analysis, these were shown to be useful tools for 
the hazard assessment of the CCA-contaminated soils.  
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5. Relating biological effects to exposure of  soil 
contaminants 
To address the connection between biological effects and information on 
identified substances, multivariate data analysis (MVDA) can be used (Groten 
et al., 2001). MVDA techniques include methods such as Principal Component 
Analysis (PCA) and Partial Least-squares Projections to Latent Structures 
(PLS). PCA is a classification technique, commonly used for chemical data, 
which explores the systematic structure within a particular set of data (the X 
matrix). PLS is a multivariate regression technique that can reveal relationships 
between different datasets (matrices X and Y), for example a set of chemical 
data (X) and a set of biological effect data (Y). These methods can handle large 
datasets and explore multivariate relationships. Both PCA and PLS can be 
visualized in two-dimensional plots which greatly facilitates the interpretation 
of complex datasets. 

5.1 Multivariate data analysis 

PCA finds dominant patterns and systematic variation in single data sets 
(Wold, 1987, Eriksson et al., 1999). PCA calculates principal components (PCs) 
(vectors) with closest fit to an infinite number of variables, where the highest 
degree of explanation is found is the first PC, second highest in the second PC 
etc. An overview of PCA including three variables is seen in Fig. 5.  

 

 

 

 

 

 

 

Fig. 5. An illustration of PCA based on three variables, i.e. m1, m2 and m3. The results from 
PCA can be visualized in so-called score plots and loading plots from interpretation of the 
relationship between objects and variables, respectively. 
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From a dataset with n observations and m variables, each variable is treated as 
an axis in m dimensions. Each observation can then be plotted as a point in 
this space (Fig. 5a), thus forming a swarm of observations in the space. PC1 
will be calculated and positioned so that the distances between the objects and 
the vector are minimized, thus finding the closest fit and explaining the 
maximum amount of variation. PC2 is calculated orthogonally to PC1 and 
placed according to the remaining highest variation (Fig. 5b). The number of 
significant PCs are determined by cross-validation (Wold, 1978) in order to 
avoid over-fitting of the model. Mathematically, PCA decomposes a data 
matrix X, comprising of n observations and m variables, into the two matrices 
T (observation-related) and Pٰ (variable-related) and E which are referred to as 
scores, loadings and residuals, respectively according to eq. 1. 

XTP = TPٰ + E       (Eq. 1) 

When the first and second PC have been calculated they define a model plane 
which can be plotted two-dimensionally to find how t-coordinates of 
observations (scores) are distributed and how these are related to each other. 
This is called a score plot (Fig. 5c). Observations in the score plot positioned 
adjacent to each other have similar properties in the descriptive variables. 
Similar to a score plot, the p-values for variables (loadings) can be plotted 
versus each other and visualized in a loading plot (Fig. 5d) that describes the 
relationships between the variables included in the PCA. Variables positioned 
close to each other are correlated and vice versa. The scores and loadings can 
be interpreted together by superimposing the score plot onto the loading plot. 
By doing so, it is possible to determine which variables have the largest impact 
on the possible clustering of objects found in the score plot. 

PLS is similar to PCA in that it describes dominant trends and patterns in a 
data matrix. In addition to PCA, PLS can simultaneously calculate separate 
principal components in two separate sets of data, often denoted a descriptor 
matrix, X and a response matrix, Y. The PLS regression model seeks the 
maximum correlation between the X- and Y-matrix and can be, similar to 
PCA, visualized in a score- and a loading plot. The score plot in PLS are 
derived by plotting the scores from X (t) and Y (u) to each other, resulting in a 
score plot representing observations in both the X- and Y-matrices. The 
loading vectors, w for the X-matrix, and c from the Y-matrix, are plotted to 
each other in a loading plot to show how variables are distributed to form 
quantitative relationships between the X- and Y-variables. More detailed 
description of the PLS procedure can be found elsewhere (Geladi and 
Kowalski, 1986, Eriksson et al., 1999).  
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5.2 Multivariate exposure-effect associations 

In Paper II, PLS was used to explore the relationships between the chemical 
constituents of soil extracts (descriptors, X) and levels of inhibition in a set of 
bioassays (responses, Y). The PLS procedure has previously been used for 
similar datasets (Dunn III et al. 1984; Tysklind et al. 1992, Eide et al., 2002, 
Bergknut, 2006). Besides the L-929 assay for detecting basal cytotoxicity, a 
battery of Chinese hamster ovary cells (CHO-cells) was utilized for detecting 
genotoxic effects, thus representing the Y-response variables in the PLS 
modelling. Fig. 6 shows the loading plot from Paper II for loading vectors 1 
and 2.  

 

 

 

 

 

 

 

 

 

 
Fig. 6. Loading vector 1 versus loading vector 2 from the PLS model, which included two 
principal components (R2X=0.62, R2Y=0.50 and Q2=0.38), showing correlations of metal 
concentrations in the extracts, and abiotic factors (DOC, pH, L/S ratio, conductivity), to the 
growth inhibition of the L-929 and CHO cell lines AA8, UV4 and UV5. The proportion of the 
variance in the X and Y variables explained by PC 1 and 2 is indicated by the values shown on 
the horizontal and vertical axes, respectively. Higher concentrations of dissolved elements 
(increases in the values of PC 1 and PC 2) are associated with higher cytotoxicities in the 
different cell types (increases in the values of PC 1 and PC 2) 

The PLS analysis revealed the most important variables for explaining the 
outcome of the cytotoxicity assays. AsIII followed by Zn and Pb were most 
strongly linked to the measured basal cytotoxic effects, which mainly separate 
the variables in the first loading vector. Although indirectly linked via the ratio 
of AsIII/AsV, the AsIII-concentrations in the extracts were interpreted as most 
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important for the outcome of the genotoxicity assay, in which UV5 was the 
most sensitive mutant to AsIII-exposure in the water extracts. Genotoxic effects 
were also observed for the EM9 mutant, albeit less strongly. UV5 and to some 
extent EM9 deviate from the other cell types, illustrating their different 
responses to the chemical constituents of the extracts. Their deviating 
responses were also supported by the dose-response curves presented in Fig. 4 
and in Paper II. Interestingly, low non-cytotoxic Co concentrations were also 
correlated to the genotoxic responses, suggesting that AsIII and Co may 
synergistically disturb DNA-repair mechanisms in UV5 and EM9 cells. Fig. 6 
also shows that low pH and high DOC concentrations increased the metal 
mobility. In Paper III, pH and DOC concentrations were also included in the 
PLS modelling of a dataset consisting of data from 46 soil samples. A similar 
impact on metal mobility of pH and DOC to that described in Paper II was 
found. As discussed in section 4.1, these are important environmental variables 
to consider in assessments of the risks posed by metal contamination in soils. 
In analogy to Paper II, it was also found that dissolved fractions from a group 
of metals were related to the measured cytotoxic effects in the two bioassays 
used in study III. Both Papers II and III show the complexity of exposure 
situations at contaminated sites, involving effects of several elements including 
indications of synergistic effects (Paper II). The presented findings suggest that 
assessments of hazards and risks associated with contaminated sites may 
benefit from the use of multivariate association techniques.  
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6. In vitro hazard screening tests implemented in risk 
assessment  
By using a cell-based system for bioavailability estimations of environmental 
contaminants, indications of hazard can be obtained. Such estimates can be 
regarded as relative measure rather than absolute measures of risk. However, 
compared to measures of total concentrations in relation to guideline values, 
which do not consider bioavailability at all, screening tests provide more 
precise risk-based estimates, which can facilitate decisions regarding further 
investigations of contaminated sites. Chemical analyses of total concentrations 
of contaminants have severe drawbacks in predicting complicated interaction 
effects of chemical mixtures, which are often present at contaminated sites. 
Interactive effects and unexpected effects of unknown contaminants are 
considered even by using simple in vitro screening test for acute toxicity. 
However, currently available and future developments of in vitro assays, also 
allow the use of specific cell-based bioassays in tailor-made test strategies to 
address site–specific problems. A proposed screening test approach which can 
add input in the exposure and effect assessment of contaminated sites is shown 
in Fig. 7.  

Soil sampling (100 samples)

Screening of acute toxicity in vitro of soil 
water extracts

0-20% effect 20-50% effect >50% effect

Water-based extraction

Site-specific
risk factors

Preventative
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Tier 1 (Screening) Tier 2 Tier 3
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Test set of 5 samples/effect level.  
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Effects on 
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Fig. 7. A proposed screening strategy containing examples of cell-based in vitro and in vivo tests 
for hazard identification at contaminated sites. 
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In order to obtain sufficient spatial coverage of an average sized site, a 
hypothetical number of 100 soil samples are taken. Surface soil sampling is 
most practical, and may also offer the best prospects for finding the highest 
levels of metal pollution (Schulze et al., 1997, Sterckeman et al., 2000, Hopp et 
al., 2006) as well as organic pollutants (Armitage et al., 2006) since many 
contaminants are strongly associated with soil organic matter found in the top  
layer in undisturbed soils. However, the vertical distribution of contaminants in 
soil may vary between different sites. For example, where contaminated filling 
materials have been used, the distribution of contaminants is likely to be more 
homogenous. In addition, more mobile contaminants e.g. chlorophenols 
(Persson et al. 2006) may not be found at the soils top layers due to their 
higher mobility. Therefore, in any given investigation of a contaminated site, 
the potential for vertical dispersal of contaminants to groundwater reservoirs 
should be estimated.  

In tier I of the proposed tiered test strategy (Fig. 7) the 100 surface soil 
samples are subjected to water-based extraction and their acute toxicity is 
determined in a cell-based in vitro assay. A range of options are avilable fro 
extracting the soil samples in the first screening step. If a stronger extraction 
technique such as PLE at elevated temperatures is used the results obtained are 
likely to resemble a worst case scenario of the bioavailable contaminants than if  
a mild extraction technique is used, e.g. extraction by a weak salt solution or 
measurements of pore water. However, differences in the relative toxicity of 
the samples are more likely to be detected if a worst-case approach is used, 
with little risk of loosing to much environmental relevance or relationsships to 
environmental availability. If stronger extraction methods are applied, such as 
use of strong acids or other extraction-enhancing additives, a point will 
eventually be reached at which the environmental relevance of derived 
estimates environmental availability becomes minimal. 

The toxicity screening tests of soil extracts from a contaminated site in tier I 
will probably provide a distribution of effect levels, ranging from very low 
toxicity, 0-20% effect, intermediate toxicity, 20-50% effect, up to high toxicity, 
> 50% effect, compared to the untreated controls. Fig. 8, shows an example 
from Paper III of the spatial distribution of toxicity at a metal contaminated 
site as measured by two different tier I bioassays. Based on the toxicity 
screening results, a test set of samples are chosen for chemical characterisation 
of total soil concentrations of contaminants and corresponding water extracts 
for estimating environmentally available fractions of contaminants. The test set 
will only contain a fraction of the 100 samples, thus reducing the number of 
samples that are subjected to chemical analysis. For example, if five samples 
from each effect level are chosen in the test set, 15 soil samples and 15 soil 
water extracts may be subjected to a broad chemical analysis in tier I,  including 
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basic characterisation of variables that are important for the contaminants’ 
availability, such as pH and organic carbon content..  

 

 

 

 

 

 

 

 

 

 

 
Fig. 9. In vitro toxicity distribution at a metal contaminated site according to L929 and V. 
fischeri bioassays described in Paper III. 

By choosing representative samples for each of the effect levels, the analyzed 
parameters’ importance for the in vitro toxicity of the soils extracts can be 
estimated by multivariate analysis methods, e.g. PLS, as described in Chapter 5, 
Paper II or Paper III. Ideally, site-specific parameters that are important for 
the toxicologically bioavailable fractions of contaminants in the 100 samples 
can be estimated using this approach, however by conducting chemical analysis 
of only a small portion of these, thus reducing the initial costs. Existing 
guideline values should preferably be used in conjunction with the results 
obtained in toxicological screening when considering further characterisation 
of possible effects. 

The hazard screening (tier I in Fig. 7) is only the initial step in the risk 
assessment of ecological stressors. From the results of the chemical analyses of 
soil and soil extracts it may be found that environmental contaminants are also 
present that do not exert acutely toxic effects. For example, if poorly water 
soluble contaminants such as dioxins or contaminants that exhibit estrogenic 
effects (xenoestrogens) are detected at elevated levels, bioassays with endpoints 
specifically designed to detect such effects, e.g. assays mediated by the Ah-
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receptor (Fent, 2004, Nording, 2006) and estrogen-receptor (Petit et al., 1997), 
respectively, can be used in tier II (Fig. 7) to determine if they are 
toxicologically bioavailable. However, due to the poor water solubility of many 
organic contaminants, bioassays targeting the effect of these substances must 
have high sensitivity, unless vigorous extraction techniques using organic 
solvents are employed. The hazards posed by organic contaminants with poor 
water solubility, which have not been discussed in this thesis, are often more 
problematic to assess in environmentally realistic concentrations. A review of 
on the issues involved in assessing the bioavailability of organic contaminants 
with focus on PAHs in soils can be found in Bergknut (2006). 

Standardized ecotoxicological bioassays have their given role in the ecological 
risk assessment, as well as field monitoring of tissue levels of contaminants and 
effects found in species abundant at the specific site (tier II and III in Fig. 7). 
The information obtained in tier I screening can facilitate choices of further 
analyses and testing of the more complex, expensive tests on a limited number 
of samples, in which the risk potentials are highest according to the previous 
toxicological and chemical screening. This should substantially reduce the costs 
of an investigation. The more complex tests are used confirm, validate or reject 
results found in the previous tiers (Fig. 7). Only a few of many available In vitro 
designs are presented in Fig. 7, and few were used in the studies this thesis is 
based upon. As mentioned above, the L-929 cytotoxicity test and the V. fischeri 
microbial test can be considered tier I bioassays. Further, as an example of a 
tier II in vitro test, Paper II describes how a genotoxicity assay using DNA-
repair deficient mammalian cells could provide valuable information regarding 
aspects that require further characterisation and the potential risks associated 
with soil contamination from arsenic. The chemical in vitro gastrointestinal test 
used in Paper I for assessing bioaccessibility from oral intake of soil may also 
be useful, and included as a tier II test, in the scheme proposed in Fig. 7 to add 
site-specific inputs in human risk models. 

Similar specific in vitro tools to those presented in Paper II can be used in 
screening for effects from environmental contaminants. Advances in molecular 
biology and the development of various in vitro assays have provided 
opportunities for a variety of possible applications in screening for a broad 
range of detrimental environmental contaminants and toxicological end-points. 
Genetically modified bacteria are commonly used tools, and today assays 
involving the use of bacteria with bioreporter genes can measure sensitive 
responses to both non-specific and specific stressors. For example, bacterial 
assays have been developed for detecting both non-specific for DNA-damage 
and oxidative stresses, and for specific stressors, notably toxic metals such as 
Cd, Cr, Co, Cu, Fe, Pb, Hg, Ni and Zn, as well as several organic contaminants 
including both chlorinated and non-chlorinated aromatics (Rogers, 2006). For 
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detection of endocrine disruptors that have implications to reproductive 
disorders, in vitro assays have been reported for a wide variety of 
environmental contaminants (see review by Giesy et al., 2002). For example, 
estrogens and xenoestrogens activity detected in yeast and human cells 
(Metzger et al., 1988) and an enzyme-linked receptor assay (Seifert et al., 1999). 
In vitro assays have been presented for detecting disruptive effects of phtalates 
on sex hormones for male mouse Leydig cells and female mouse ovary 
granulosa cells (Gunnarsson et al., 2007), and the effects of heavy metals in 
male Leydig cells (Laskey and Phelps, 1991). 

Due to the similarity of basal cellular toxic responses in all organisms (Escher 
and Hermens, 2002), e.g. energy production, metabolism and damage to DNA, 
the results obtained from cell-based in vitro toxicity models have partial 
relevance to the potential risks posed to both to humans and ecosystems. It is 
therefore difficult to distinguish between strictly ecological and strictly human 
risk assessments regarding the use of results from cell-based in vitro toxicity 
tests in the scheme proposed in Fig. 7. The performer of an investigation can 
choose tests that have the highest possible relevance to the target organism for 
which the hazard/risk is primarily being assessed. However, this requires in-
depth knowledge of the contaminants’ toxicology and the availability of the 
appropriate bioassays.  
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7. Concluding remarks and future perspectives 
It has been estimated that 95% of all toxicity testing have been conducted on 
single substances (El-Masri et al., 1997). The issue involving toxicity from 
contaminant mixtures have thus only been sparsely explored, and do to the 
almost unlimited possibilities of chemical combinations it will likely stay so for 
a long time. From this background combined with the complexness in of how 
contaminants interact with the soil matrix when released into the soil 
compartment, it is highly motivated to use biological tests in a site-specific 
manner to obtain more realistic risk scenarios at contaminated sites.  

The current Swedish risk classification approach (MIFO) suggests Microtox® 
to be used as a base test in risk estimations of contaminated soils (SEPA, 
1999a, 1999c). When appropriate, further toxicological characterisation, are 
recommended, namely algae- and mussels test for ground- and surface water, a 
cell-based EROD test for dioxin and dioxin-like compounds and the UMU-C 
test for detection of genotoxic effects. However, although recommended, 
applications of mentioned biological tests have been limited in risk 
classifications and assessments in Sweden. Lundgren et al. (2006) scrutinized 
in-depth risk assessments performed at eighty contaminated sites covering 
most of Sweden. It was found that the use of methods that site-specifically 
considered environmental availability and bioavailability were rare. In one third 
of the cases, leaching test were performed to assess mobility and 
environmental availability of contaminants, and only in thirteen cases, some 
kind of biological measure of exposure was used to reflect site specific 
bioavailability. However, in either case it was not described if these tests had 
any influence on the risk finally derived, or if the results were even used 
(Lundgren et al., 2006). 

It is therefore stressed that the use of various biological tests must gain better 
acceptance and be included in risk estimations at contaminated sites on a 
regular basis. Due to obstacles in high costs, it is doubtful that large batteries 
of different biological in vivo tests will be applied on a sufficient number of 
samples that are required for an appropriate spatial coverage of a contaminated 
site in an unprejudiced manner. On the other, by not including biological tests 
at all, this may lead to severe misjudgement of risk involving overestimations as 
well as underestimations. It is difficult to set a price tag on these issues, 
however, at large sites where remediation costs are high, it seems reasonable to 
put a fair amount of resources into biological testing considering the benefit of 
reaching realistic site-specific estimates of potential risk. 
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In vitro screening strategies presented in the present thesis seem useful, needed 
and are relevant for finding the most contaminated spots or zones and can aid 
in the choice of further investigation of risk. In addition, the proposed strategy 
provides measures of hazard more related to bioavailability rather than the 
total load of contaminants in soil samples. The cell-based bioassays used 
throughout this thesis are only a few examples out of many. Numerous 
publications on how cell-based systems, targeting specific substances and toxic 
mode of actions, are currently presented in the scientific community (see 
examples in chapter 4, 6). Although the applications often are in testing single 
substances in pure solutions, these can advantageously be applied for 
environmental extracts and complex mixtures as well for hazard screening of 
contaminated sites. The recent advances within genome array-based 
technologies may also have applicability in ecotoxicology (Snape et al., 2004) 
and case-studies on contaminated soil have already been presented 
(Eisentraeger et al., 2007). Presently, these techniques are not suitable for 
handling a vast number of samples, but rather to serve as an exploration 
platform for the discovery of new sensitive biomarkers of chemical exposure. 
In the future there may also be introduced new developments of toxicological 
tools that can be applied on-site which would be highly effective. On-site tools 
for rapid toxicity screening would contribute to better precision in risk 
estimations of contaminated sites and at the same time most significantly 
reduce the costs. 
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