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Remediation of PCB-contaminated soils — Risk analysis of biological in situ processes
by Arno Rein'

Abstract: Biological in situ measures can be efficient and cost effective options for the remediation of
contaminated sites. However, the accepted application requires a detailed and reliable analysis of
potential impacts. An important objective is to quantify the potential of contaminant degradation and
metabolite formation. This thesis addresses a quantitative multimedia risk assessment. Methodologies
and tools were developed for this objective and applied to evaluate in situ bioremediation of soils
contaminated with polychlorinated biphenyls (PCBs). Soil bacteria in conjunction with plant roots were
addressed (rhizoremediation) with a focus on the use of genetically modified microorganisms (GMOS).

PCBs are known to be harmful compounds that are ubiquitously distributed in the environment. PCB
contaminations in soil and groundwater were identified as important problems. 209 different congeners
are sterically possible, but not all are of environmental significance. PCB congeners of concern were
evaluated with respect to their potential toxicity, environmental occurrence and mobility. For this
objective, congener specific data on the toxicity potential and the frequency in environmental matrices
were collected. To quantify the mobility potential, multimedia modelling was performed applying
deterministic and probabilistic procedures. 56 PCB congeners of concern were evaluated, and
multimedia risk assessments of PCB-contaminated soils should concentrate on this group.

Kinetics parameters were specified for degradation experiments with individual PCB congeners in
solution and different bacterial strains. These laboratory assays were performed with wild-type
Burkholderia sp. strain LB400 and the genetically modified Pseudomonas fluorescens strains F113pcb
and F113L::1180. The F113 derivatives demonstrated a good survival ability in willow (Salix sp.)
rhizosphere (mesocosm experiments). Therefore, and due to high depletion rates, rhizoremediation
with F113L::1180 and willow plants might be a promising approach. Degradation kinetics in soil was
estimated, but it is associated with a high uncertainty. The relation of degradation kinetics in laboratory
(solution) to field conditions (soil) necessitates further research. Results of exemplary modelling were
sensitive to estimated removal velocities, and especially to variable bacterial numbers in soil.

A multimedia model was set up to estimate biodegradation and metabolite formation, fate and
transport of contaminants and risks arising from the exposure to contaminated media. With this model,
deterministic and probabilistic calculations (performing Monte Carlo simulations) were carried out to
generically evaluate rhizoremediation of PCB contaminated soil. Results indicate a clear potential for
risk reduction associated to the use of F113L::1180 and willow plants. PCB was effectively reduced by
the investigated strains but nonetheless, chlorobenzoic acids (CBAs) as degradation products of
concern revealed a high importance for the aquatic pathway (leaching, groundwater transport, mixing
with surface water) and the uptake into plants. Thus, drinking water wells should be located in a
sufficient distance to the source (5 km at least as a conservative estimate for the studied scenario).
However, high uncertainty remains for the degradation potential of PCB mixtures in soils.

Risks associated to the investigated GMOs are expected to be very low. Results of laboratory
experiments with F113 derivatives and field release tests with non-GM F113 strains gave no
significant hint on uncontrolled bacterial spreading. Observed gene transfer rates were very low, as
the introduced bph trait is stably inserted into the chromosome of F113. Potential impacts of GMOs on
microbial soil communities also were very low, but there was a shift in rhizosphere populations.
Uncertainty is given for possible long-term effects, especially for gene transfer processes and impacts
on soil bacteria, and for potential adverse effects on other soil organisms. Potential field release
applications of in situ bioremediation using GMOs require performance control in the source zone (to
ensure the functionality of the degradation process) and compliance monitoring, addressing
contaminants, metabolites and GMOs. Detailed guidelines were compiled for respective tasks.
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Sanierung PCB-kontaminierter Béden —
Gefahrdungsabschéatzung biologischer in situ- Verfahren

Kurzfassung: Biologische in situ- Sanierungsverfahren konnen effektive und kostenglnstige
Optionen darstellen. Die Akzeptanz entsprechender MaRnahmen setzt eine detaillierte und
verlassliche Untersuchung moglicher Risiken voraus. Eine wichtige Aufgabe kommt hierbei der
Quantifizierung des Abbaupotenzials bzw. der Metaboliten-Entstehung zu. Im Rahmen der
vorliegenden Arbeit wurden Methoden und Modellwerkzeuge fir eine quantitative multimediale
Gefahrdungsabschéatzung erstellt. Damit wurde eine biologische in situ- Sanierung kontaminierter
Bdden bewertet, die eine erhdhte Konzentration von Polychlorierten Biphenylen (PCBs) aufweisen.
Das untersuchte Verfahren beruht auf dem Einsatz aerober Bodenbakterien, die im Wurzelraum
bestimmter Pflanzen leben (sog. Rhizoremediation). Einen Schwerpunkt hierbei bildete die
Verwendung gentechnisch veranderter Mikroorganismen (GMOS).

PCBs sind eine wichtige Gruppe von Schadstoffen, die weit in der Umwelt verbreitet sind. PCB-
Kontaminationen in Bdden und Grundwasser haben sich als schwerwiegende Probleme
herausgestellt. 209 unterschiedliche Kongenere sind sterisch méglich, jedoch nicht alle sind von
Relevanz. Umweltrelevante Stoffe wurden hinsichtlich ihres toxischen Potenzial, ihrer Verbreitung in
der Umwelt und ihrer Mobilitat ermittelt. Dabei wurden kongener-spezifische Daten zur Toxizitat und
zur Haufigkeit in Umweltmedien gesammelt und das Mobilitatspotenzial mit Hilfe multimedialer
Modellierung, basierend auf deterministischen und probabilistischen Ansatzen quantifiziert. Die
Untersuchung ergab eine Gruppe von 56 relevanten PCB Kongeneren, die fir
Gefahrdungsabschatzungen PCB-kontaminierter Standorte betrachtet werden sollten.

Fur Abbauexperimente mit einzelnen PCB Kongeneren in Losung und unterschiedlichen Bakterien-
Stammen wurden kinetische Parameter angepasst. Die Experimente erfolgten mit dem naturlich
vorkommenden Stamm Burkholderia sp. LB400 und den GMOs Pseudomonas fluorescens F113pch
und F113L::1180. Die F113-Derivate erwiesen ein gute Uberlebensfahigkeit in der Rhizosphére von
Weiden (Salix sp.; Ergebnisse von Mesokosmos-Experimenten). Dadurch, und durch die hohen
Abbauraten erscheint die Feldverwendung von Rhizoremdiation mit F113L::1180 in Weidenwurzeln
als ein vielversprechender Ansatz. Abbauprozesse im Boden wurden abgeschétzt, gehen jedoch mit
einer hohen Unsicherheit einher. Hinsichtlich der Ubertragung der Abbaukinetik von der Laborldsung
auf Bodenverhaltnisse besteht weiterer Forschungsbedarf. Die Ergebnisse einer exemplarischen
Modellierung weisen eine hohe Sensitivitat ermittelter Abbaugeschwindigkeiten und insbesondere
variabler Bakterienzahlen im Boden auf.

Ein multikompartimentelles Schadstoffausbreitungs-, Expositions- und Risikoabschatzungsmodell
wurde erstellt, das die Modellierung des Bioabbaus und der Metaboliten-Bildung bertcksichtigt. Mit
diesem Modell erfolgte eine generische Auswirkungsprognose hinsichtlich eines hypothetischen
Feldeinsatzes von Rhizoremdiation mit F113L::1180 und Weidenpflanzen, fir die Sanierung PCB-
kontaminierten Bodens. Entsprechende Berechnungen erfolgten deterministisch und probabilistisch
(Monte Carlo- Simulationen). Die Ergebnisse dieser Abschéatzung sprechen fiir ein deutliches Risiko-
Reduktionspotenzial durch das Verfahren. Dennoch konnte gezeigt werden, dass Chlorbenzoate als
relevante PCB-Abbauprodukte von groRer Bedeutung flr den aquatischen Pfad (Versickerung,
Grundwassertransport, Eintrag in Oberflaichengewésser) und fir die Aufnahme in Pflanzen sind.
Deshalb sollten Trinkwasser-Brunnen eine ausreichende Distanz zum Reaktionsraum aufweisen
(mindestens 5 km in einer konservativen Abschéatzung fir das betrachtete Szenario). Eine hohe
Unsicherheit bleibt jedoch beziiglich des Reduktionspotenzials von PCB-Gemischen in Bdden.

Risiken, die mit einer moglichen Freisetzung der untersuchten GMOs einhergehen erscheinen als
sehr niedrig. Laborexperimenten mit F113-Derivaten und Freisetzungsversuche mit gentechnisch
unveranderten F113-Stammen gaben keine Hinweise auf eine unkontrollierte bakterielle Ausbreitung.
Die beobachteten Gentransfer-Raten waren sehr gering, da die den PCB-Abbau induzierende
Gensequenz stabil in das Chromosom der F113-Stdmme eingefligt ist. Potenzielle Auswirkungen auf
die Mikroflora im Boden sind ebenfalls sehr gering, allerdings wurde eine Verdnderung in der
Zusammensetzung mikrobieller Rhizospharen-Populationen festgestellt. Unsicherheiten bestehen
beziglich méglicher Langzeiteffekte, insbesondere fur Gentransferprozesse und die Beeintréachtigung
natirlicher Bodenbakterien, sowie etwaige Auswirkungen auf andere Bodenorganismen. Ein
potenzieller Feldeinsatz von in situ- Verfahren mit gentechnisch veranderten Bakterien erfordert
umfangreiche MalRnahmen zur Prozesskontrolle und Schutzgutiiberwachung, die sowohl die
Schadstoffe und deren Abbauprodukte als auch die GMOs umfassen. Fir diese Aufgaben wurden
detaillierte Richtlinien erstellt.
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[m/h]

[m/s]

[m/h]

[m/h] or [mm/yr]
[m/h]

[m/h]

[m/h]

[m/h]

[m/h]

[m/h]

[m/h]

[m/h]

[m/h]

[m/s]

[m/s]

[ecm/s]
[different units]
[m/s]

[mg/h]

[m/s]

[m*m?]

[m/h]

[mg h™ mg bacteria™]
[-]

[g/9]

[m]

[9/9]
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Oz
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Source width, x-direction [m]
Source width, y-direction [m]
Given property at temperature T, To [property units]
Diffusion path length in soil [cm]
Diffusion path length in sediment [cm]
Distance below the source [m]
Valency of the ion [-]

Z value of compartment i [mol m™ Pa™]
Distance from the source to the observation location [m]
enthalpy of phase change [kJ/mol]
Standard free energy change of carboxyl group dissociation, substituent j [J/mol]
Entropy of fusion [J mol™ K™]
Internal energy change [kJ/mol]
Enthalpy of fusion (solid to liquid) [kJ/mol]
Parameter related to the inverse of air entry suction [1/ecm]
lon activity on the inside i, outside o of the membrane [-]
Longitudinal dispersivity [m]
Longitudinal, transverse and vertical dispersivity [m]
Source zone depletion coefficient, pathway i [-]
Ambient air mixing zone height [m]

Pore size distribution parameter [-]
Activity coefficient of the non-electrolyte, electrolyte [-]
Growth rate [Liyr]
First-order decay coefficient for chemical [1/s]
Maximum growth rate of bacteria [1/h]
Measured vol. water content at suction h [cm*/cm?]
Measured vol. water content at 330 cm suction [cm*/cm?]
Vapour diffusion porosity [cm*/cm?]
Air-filled porosity [cm*/cm?]
Residual and saturated water content [cm*/cm?]
Water content in sediment [cm*/cm?]
Total soil porosity [-]

Soil water content, water-filled porosity [cm*/cm?]
Calculated mean water saturation [cm®*/cm?]
Water-filled porosity in sediment [cm*/cm?]
Density [kg/m?]
Substituent constant, substituent j []

Lateral dispersion coefficient [m]
Vertical dispersion coefficient [m]

Advective residence time, compartment i (index A for air, Sed for sediment [h]
and W for water)

Abbreviations

1-D, 2-D, 3-D One-, two, three-dimensional

A1016 Aroclor 1016

A1221 Aroclor 1221

A1232 Aroclor 1232

bph Biphenyl

CBA Chlorobenzoic acid

CFU Colony forming units

CO, Carbon dioxide

cocC Contaminants and metabolites of concern
CSM Conceptual site model

DWD Deutscher Wetterdienst (German Weather Survey)
EC Soil exchange capacity

EtOH Ethyl alcohol

EU European Union

FRET Fluorescence resonance energy transfer
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Phenobarbital

Polychlorinated biphenyl
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U.S. Department of Agriculture
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Part | General Introduction

1 Motivation

1.1 Background

Soil contamination by organic pollutants originating from industrial sites, landfills or tanks is a
widespread problem in urban areas. Bioremediation with soil bacteria has extensively been
investigated during the last few decades, as it might be an alternative and less expensive option
compared to traditional cleanup techniques like soil excavation or soil vapour extraction. However,
such biological in situ measures require a detailed and reliable analysis of potential risks. They need
to be performed over long time periods and therefore necessitate accompanying activities, i.e.
performance control (to ensure the functionality of the degradation process) and compliance
monitoring. An important objective is to quantify the potential of contaminant degradation and
metabolite formation.

Polychlorinated biphenyls (PCBs) have been identified as important contaminants frequently found in
sediments and in soil of former landfills, and they also were detected in groundwater in considerable
concentrations. PCBs are a complex group of synthetic organic compounds that have been produced
in large amounts from 1930 to the late 1970s. Due to the thermal and chemical stability, and their
dielectric properties they have been widely applied in a variety of industrial products and processes.
Numerous toxic effects on different organisms have been identified for these compounds, and PCBs
are known to be persistent and ubiquitously distributed in the global ecosystem (Safe 1994, McFarland
and Clarke 1989, Meijer et al. 2003).

1.2 Microbial degradation of PCB in soil

Microbial degradation of PCB in contaminated soil has been subject of extensive research (e.g.
Furukawa and Matsumura 1976, Unterman 1988, Leigh et al. 2006). In the environment, PCBs are
degraded by aerobic bacteria through the biphenyl catabolic pathway, following a cometabolic process
(Seeger et al. 1995, Abramowicz 1990). Most studies centred on Burkholderia sp. strain LB400
(formerly Pseudomonas sp. LB400) which was isolated from PCB contaminated soil (Bopp 1986). This
strain is reported to oxidise a wide range of PCBs, including congeners containing up to 6 chlorines
(Bedard et al. 1986, Bedard 1990, Gibson et al. 1993).

As a major problem for the application of microbes for in situ bioremediation, effective degrader strains
revealed a decline in survival and degradation activity after introduction into soil. These difficulties can
be met by periodic reinoculation or continuous addition of specific substrate (e.g. biphenyl) in order to
impose positive selection (Barriault and Sylvestre 1993). The maintenance of such procedures might
be limited, however, when applied in practise at contaminated sites. This accounts for technical
difficulties (necessity of repeated application) or the potential toxicity and low water solubility of
biostimulating substances such as biphenyl (e.g. Leigh et al. 2006).

1.3 Rhizoremediation using genetically modified PCB degraders

An alternative solution is to insert the genes encoding the biphenyl (bph) pathway into a host that is
known to possess a high survival capability in specific soil compartments. As a natural environment for
in situ bioremediation in soil, the rhizosphere has been identified as an ideal compartment. Among
other factors, this can be assigned to cosubstrates that biostimulate degradation activitiy of microbes
(e.g. Olson et al. 2001, Fletcher and Hedge 1995). In fact, the root zone of plants is a hot spot of
bacterial activity (e.g. Aragno 2005, Walton and Anderson 1990). Plants may reduce off-site leaching
of contaminants, aerate the soil and release compounds via the roots that selectively foster
microorganisms (Amos and Younger 2003, Fletcher et al. 1995, Gibson et al. 1993). Furthermore, the
dispersal of the introduced strain in soil is enhanced (Villacieros 2005). Thus, rhizoremediation, i.e. the
use of microbes in conjunction with plants is a promising bioremediation strategy (Trapp and Karlson
2001, Leigh et al. 2006, Yee et al. 1998). Efforts have been undertaken to expand the degradation
capacities of rhizosphere-competent bacteria (Villacieros 2005, Brazil et al. 1995, Yee et al. 1998). A
number of plant-microbe consortia was tested recently (e.g. Ryslava et al. 2003, Demnerova et al.
2005).
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Pseudomonas fluorescens F113 has originally been isolated from sugar beet rhizosphere (Shanahan
et al. 1992). It is known as an excellent coloniser of several plant rhizospheres, such as those of sugar
beet (Shanahan et al. 1992, Delany et al. 2001), tomato (Simons et al. 1996), pea (Naseby and Lynch
1999) and alfalfa (Villacieros et al. 2003). Derivatives of strain F113 with rhizoremediation ability were
genetically constructed. In a first step, genes encoding the bph pathway were cloned from LB400 and
inserted into in an environmental useful transposon (Dowling et al. 1993). Then the bph-cassette was
chromosomally integrated into F113 to generate F113pcb (Brazil et al. 1995) and F113L::1180
(Villacieros 2005).

2 Objectives

The aim of this thesis is to develop strategies and tools for a quantitative risk assessment of in situ soil
bioremedation, considering contaminations that are characterised by complex mixtures of organic
compounds. As an important aspect, the use of genetically modified microorganisms (GMOSs) is
addressed (F113 derivatives), as potential impacts arising from the deliberate release of GMOs hardly
have been analysed to date. The developed approaches are adopted for a preliminary estimation of
impacts arsing from a potential field application of GMO-based rhizoremdiation for PCB contaminated
soil. In this study, the following research questions are addressed:

e What are the criteria to determine target compounds within contaminant mixtures, i.e.
constituents that are of environmental relevance? Which PCB congeners should be addressed
for multimedia environmental risk assessments?

e How can contaminant breakdown and metabolite formation due to microbial activity be
quantified and what are the key factors to estimate the time frame of the bioprocess? Which
PCB congeners are degraded by the investigated bacterial strains and what are the kinetics
parameters?

« Can risks associated to PCB contaminated soil efficiently be reduced by applying the
projected rhizoremediation system? Will there be uncontrolled spreading of the GMOs or
impacts on soil ecosystems? Which parameters are sensitive to an appropriate risk estimation
and where are uncertainties?

« What has to be considered for preparing, controlling and monitoring field release applications
of genetically modified bacterial strains used for in situ bioremediation?

3 Structure of the thesis

This thesis is divided into six main parts. Part Il provides a strategy to evaluate environmentally
relevant compounds present in contaminant mixtures, and this strategy is applied to identify PCB
congeners of concern. Part Il includes a literature review on toxicity and environmental frequency of
PCBs and provides a dataset on physicochemical properties. Multimedia modelling is performed to
estimate PCB mobility. Part 1l investigates the degradation of PCB congeners in laboratory
experiments for different bacterial strains. It presents a methodology to quantify the bioprocess and
exemplarily estimates degradation kinetics for lowly chlorinated PCB mixtures. Part IV develops a
multimedia model to estimate contaminant degradation and metabolite formation, fate and transport
(mass fluxes and concentrations in various environmental matrices) and risks for receptors exposed to
contaminated media (human health and ecological receptors, different exposure routes). Chemical
risks for a potential field application of GMO-based rhizoremediation are evaluated for a generic
scenario. GMO dispersion, gene transfer and potential effects on indigenous microbial communities
are investigated in laboratory experiments and a field release trial (non-GM F113 strains). Part V
provides a monitoring guideline for the safe and efficient use of in situ soil bioremediation utilising
GMOs. Part VI gives general conclusions of this thesis and an outlook on future studies, referring to
the research questions posed in Part I. Cited literature is given in the Overall references list, except
for resources referring to the physicochemical database (presented in Appendix A). An Abstract is
provided in English and German (Kurzfassung) at the beginning of the present thesis, along with
Acknowledgements.
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Part Il

Abstract

A strategy is presented to identify environmentally relevant compounds present in contaminant
mixtures. This strategy was applied to the group of polychlorinated biphenyls (PCBs). PCBs are
known to be harmful compounds that are ubiquitously distributed in the environment. 209 different
congeners are sterically possible, but not all are of environmental significance. In this study, PCB
congeners of concern were evaluated with respect to their potential toxicity, environmental occurrence
and mobility. Congener specific data on the toxicity potential and the frequency in environmental
matrices were derived from an extensive literature study. To understand the environmental fate of
contaminants, multimedia fugacity modelling was performed concentrating on contaminant partitioning
from soil into the air and water (deterministic and probabilistic calculations). Data on physicochemical
properties and their temperature dependency were collected for all 209 congeners and adjusted to be
internally consistent. Measurement uncertainty of physicochemical properties and variability due to
their temperature dependency were found to significantly influence the modelled results. Also
environmental input parameters such as advective residence times, soil properties and meteorological
data revealed a high influence on the variance of estimated environmental concentrations.
Considering potential toxicity, environmental frequency and the mobility potential as criteria, 56 PCB
congeners of concern were evaluated. For multimedia environmental risk assessments of PCB-
contaminated sails, it is recommended to focus on these congeners.
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1 Introduction

In many cases, soil contaminations are characterized by complex mixtures of organic compounds. For
the remediation of respective sites, biological in situ measures might be an option as they can offer an
efficient degradation performance at comparatively low costs. An important task is to identify target
constituents within the contaminant mixture present at a site (Part 1). In this part of the thesis, an
identification procedure for relevant compounds is presented that is based upon their toxicity potential,
the environmental frequency and the mobility tendency. These compounds should be reduced by the
applied clean-up measure in order to achieve a significant risk reduction. The strategy was applied for
polychlorinated biphenyls PCBs, but it also can be used for other contaminant groups.

PCBs have attracted concern because of the ubiquitous distribution, their persistence in the
environment and their potential for harmful effects on human health and ecosystems (Part I).
Furthermore, many of those compounds bioaccumulate and biomagnify in environmental matrices
(such as sediments, fat tissue, etc.; e.g. Campfens and Mackay 1997). PCBs have been shown to
cause cancer in animals. In addition, a number of serious non-carcinogenic health effects in animals
are reported (Safe 1994, US HHS 2000, WHO 1993). Few PCB congeners exhibit acute toxicity
(McFarland and Clarke 1989, Bright et al. 1995), but exposure may result in chronic adverse effects
on survival, growth and reproduction (Suedel et al. 1997). For the prediction of effects, congener-
specific toxicities have to be considered (Schweitzer et al. 1997).

Among the 209 possible PCB congeners, not all are of environmental concern. In the past, PCBs were
applied as technical mixtures with a different degree of chlorination and released into the environment.
These mixtures are characterized by different congener patterns with 60 to 80 congeners being
present in relevant amounts (e.g. Frame 1996). Natural aerobic biodegradation was observed to
rapidly reduce lowly to moderately chlorinated PCBs (e.g. Furukawa 1986, Bedard et al 1986), and
also dechlorination processes (in an anaerobic environment) might change the PCB congener pattern
(e.g. Brown et al. 1987, Quensen et al. 1988).

However, some compounds potentially present at a contaminated site may be immobile whereas
others readily partition from soil into other environmental media like the air or the hydrosphere where
they pose a threat to human health or ecosystems. Multimedia environmental prediction is an
essential approach for obtaining information on this issue, as measured results specific to the large
amount of PCB congeners cannot be obtained with reasonable efforts. Among others, multimedia
models based on the fugacity concept (Mackay et al. 1992) have variously been used by the scientific
community and regulatory bodies, considering different compounds (e.g. Arp et al. 2005, Hsieh et al.
1994, Achten et al. 2002 and EUR 2002, US EPA 1998a).

In this study, toxicological data from various studies were compared and data sets on the
concentration in different environmental media (e.g. soil, sediments and fat tissue of organisms)
analysed. The fate and transport behaviour of PCBs were evaluated with multimedia environmental
modelling. One focus of this investigation was aimed on the uncertainty and variability of the required
input parameters. To account for measurement uncertainty of physicochemical properties, an
extensive literature study was performed for all 209 PCBs to gather data on water solubility, vapour
pressure, Henry’s law constant and other parameters. The data were compared and adjusted to be
internally consistent. In addition, the temperature dependency of these properties was studied, as
varying temperatures can significantly influence the environmental behaviour of contaminants.

As a next step, detailed information on best estimate values and statistical characteristics for
environmental input parameters was collected. These parameters cover spatial dimensions and
properties of the modelled region and meteorological data (e.g. wind speed, rain rate, soil properties),
which are subject to considerable measurement or estimation uncertainty and also may show
temporal and/or spatial variability. For the estimation of related parameters like intermedia exchange
velocities, several methodologies were compared.

Level lll calculations following the fugacity approach were employed to evaluate general tendencies of
PCB congeners to partition from soil into the air and into the water compartment (deterministic and
probabilistic calculations). Generic modelling was performed with a data set of environmental
parameters that is specific to the Upper Rhine region of South West Germany. This region was
chosen as it is well characterized by a number of monitoring surveys. Thus, the considered database
reflects natural parameter ranges and variations that can be observed under realistic conditions.
Based on a probabilistic sensitivity analysis, the model was carefully parameterised. Finally, PCB
congeners of concern were classified according to their environmental significance.
Recommendations are given for the risk assessment of PCB contaminated sites.

5
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2 Data and methods

2.1 Potential toxicity

Data on the potential toxicity of PCBs were derived from a literature review. The evaluation of PCB
congeners of toxicological concern was based upon a study of McFarland and Clarke (1989) following
the structure-activity relationship. Other investigations considered were those addressing acute or
direct toxicity (McFarland and Clarke 1989, Bright et al. 1995, Suedel et al. 1997, Bergen et al. 1996),
the potential to promote tumours and a number of other health effects (US HHS 2000).

2.2 Environmental occurrence

For some PCB congeners of toxicological relevance, very low quantities in environmental samples are
reported. To identify congeners of concern with respect to environmental frequency, literature studies
were performed. Data were collected for PCB congener patterns in different environmental matrices,
such as soils, sediments and other environmental samples (animal tissues, human fat and milk).

2.3 Mobility and transport potential - physicochemical properties of PCBs

The behavior of organic compounds in the environment is largely controlled by their relative
tendencies to partition into air, water and organic phases such as lipids, waxes and natural organics
matter. These tendencies can be described by solubility in water, octanol-water partition coefficient,
vapor pressure and Henry's law constant. Furthermore, values of solubility in octanol and the octanol-
air partition coefficient are given for many compounds. For PCBs, physicochemical properties were
derived from literature studies and estimations.

The following sources were used to gather data and further literature: a) database within the computer
program EPI Suite 3.10 (US EPA 2003), b) online database CHEMFATE (see reference list), ¢) online
resource Physical Chemical Property Data (see ERG database in the reference list). For some
compounds without experimental data, approximated values are cited in the above databases. If more
recent publications were found, these values were taken into consideration for the present study. In
case that more than one measurement was found for a given property, either a typical value was
chosen or the mean or median of all measurements were calculated. Additionally, and for compounds
without any cited data, estimations were performed with EPI Suite 3.10 and (for vapor pressure
estimations) according to Falconer and Bidleman (1994). Selected literature values and estimations
for all 209 PCBs are provided in Appendix A, Tab. A1. Data for all PCB congeners were gathered in
order to avoid data gaps (meeting the uncertainty given for environmental congener patterns).

2.3.1 Internal consistency

Taking into account all available data, inconsistencies are likely to occur. E.g., measured Henry's Law
constants may deviate from those calculated from measured vapour pressure and water solubility.
Therefore, values of vapour pressure, water solubility, solubility in octanol, Henry’'s Law constant,
octanol-water and octanol-air partition coefficients were screened and adjusted using a procedure
developed by Beyer et al. (2002), resulting in a consistent set of physicochemical data that considers
all available information. Adjusted physicochemical properties for all PCB congeners, together with
details on the deviation from selected literature values are presented in Tab. A2 (Appendix A).
Evaluative steps for the adjustment are described in the following.
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a) Transformation of measured and estimated values into units of [mol/m®] or dimensionless
partition coefficients

S, = P° (1 Sa, Sw: solubility in air and water [mol/m?]
AORXT R: universal gas constant, R = 8.3145 kJ mol” K’
T: absolute temperature [K]
S, = Swat (2) PS: saturation vapour pressure [Pa]
M Swat: concentration in water [mg/L]

M: molecular weight [g/mol]
Kaw: air-water partition coefficient [-]
H: Henry's law constant [Pa m® mol™"]

Kaw =

RxT O

b) Calculation of liquid state values as recommended by Mackay (2001)

Liquid or subcooled liquid properties were used in quantitative structure-property relationships. The
subcooled liquid state is related to the solid state with the fugacity ratio F:

S
CS = C_L (4) c3: solubility of the compound in a subcooled liquid state [moI/m3]
* F C54: solubility of the solid [mol/m?]

The fugacity ratio can be estimated from the melting point and the entropy of fusion (Reid et al. 1987):
f., fs: liquid and solid fugacity
F= fL_ —ASi (Ty 1 (5) A4Sy entropy of fusion [J mol K]
=T T eXp R T T: system temperature [K]
Tw: melting point [K]

If no measured or correlated value was found, a value of 56.52 J/mol-K was assumed for the entropy
of fusion (Yalkowsky 1979).

¢) Relation and adjustment of properties

Fundamental thermodynamic relationships between physicochemical properties enable to derive
properties from each other as follows (according to Cole and Mackay 2000):

log Kaw =log Sa- log Sw (6) Kow: octanol-water partition coefficient [-]

log Koa =log So- log Sa (7) So: solubility in octanol [mol/m3]

log Kow = log Sow - log Swo (8) Koa: octanol-air partition coefficient [-]

log So/Sw =log So- log Sw (9) Sow, Swo: solubility in octanol saturated with water,

solubility in water saturated with octanol [mol/m3]

The ratio So/Sy in Eq. (9) can be regarded as the partition coefficient between pure octanol and pure
water, which however is not necessarily equal to the Koy (Beyer et al. 2002). Calculated values of Koa
that are derived from Koy and Kay were shown to consistently deviate from measurements (due to
differences between pure and water-saturated octanol). A rough estimated is given by:

log So/Sw = log Kow—0.117 for log Kow<4 (10)
=1.35 x log Kow— 1.58 for log Kow >4

Inserting values for all three properties into one of Eq. (6) to (10) typically result in a deviation (e.g.
inserting Kaw, Sa and Sy, into Eq. 6). After calculating this deviation, a quantity for adjustment can be
determined. In addition, uncertainty factors may be applied to properties which are known to be more
accurate than others (see Beyer et al. 2002). When data for 3 or 4 of the six partitioning properties
from Eq. (6) to (10) is available, all values can be related to each other in one constraining equation. If
more than 4 values are available, two equations are necessary to relate all properties. For the latter
case Beyer et al. (2002) developed a numerical iteration procedure and an analytical approach
(presented as an spread-sheet based tool at (http://www.usf.uos.de/projects/elpos) along with a
description; this tool was used in the present study).

In addition to adjusted properties, minimum and maximum values were evaluated for Ky, Sw, Sa and
Kow according to Eq. (6) to (10) taking into account all selected literature values. The evaluated data
set finally consists of adjusted (most probable) values and minima and maxima (Tab. A2).
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2.3.2 Temperature dependency

Temperature is an important parameter influencing the environmental behaviour of contaminants.
Most physicochemical data relate to a standard temperature of 25 °C, but also temperature dependent
data sets have recently been compiled by several authors (e.g. Falcooner and Bidleman 1994,
Bamford et al. 1999 and 2000, Shiu and Ma 2000a and b, Staudinger and Roberts 2001). In many
cases, the relationship between physicochemical properties and temperature can be described by a
modified van’t Hoff equation (Boethling and Mackay, 2000):

n x(T) “inx. + AH X(T), Xo: given property at temperature T, Ty
o 11 (11) T, To: system and reference temperature [K]
R x [T - T] AH: enthalpy of phase change [kJ/mol]
0

For calculations, AH is commonly kept constant over the entire considered temperature range.
Nevertheless, it has to be noticed that it is applicable only within relatively small temperature variations
(Shiu and Ma, 2000a, Boethling and Mackay, 2000). Shiu and Ma (2000a and b) discuss limitations of
Eq. (11) and report alternative expressions for a range of organic chemicals.

For solubilities, the temperature dependency is better expressed in terms of internal energy change,
AU (Atkinson and Curthoys 1978, Goss and Eisenreich 1996). Values found in literature for AH
(enthalpy of solution in water and enthalpies of air-water, octanol-water and octanol-air phase
changes) are assumed to be actually heats of solubilisation AU (Beyer et al. 2002). Heats of
vapourisation 4AH,p as obtained from Falcooner and Bidleman 1994 were transformed into heats of
phase transition (4U,) to be applicable to air solubility:

AUp = AHyp - AUy (12) deviation AUy = 2.391 J/mol

The difference between 4Hyp and 4U, is temperature dependent but can be regarded nearly constant
over a limited temperature range. A linear regression of AU, versus 1/T showed a deviation of —2.391
J/mol from AH,p over a temperature range from 0 to 30 °C. This value changes for a different
temperature range, and the error of the regression increases for larger temperature ranges (Beyer et
al. 2002).

Temperature coefficients of water solubilities applying to the solid phase have been converted to apply
for the supercooled liquid state according to Dickhut et al. (1987):

AUy = AUys — AUgs  (13) AUy enthalpy of fusion (solid to liquid) [kd/mol]
AHgs = Ty X ASqys (14)  Ty: melting point [K]
ASys: entropy of fusion [kJ mol'K™]

Similar to the physicochemical properties, heats of phase transfer can be related to each other (see
Beyer et al. 2002 for further details). Adjustments have been made accordingly, using the spreadsheet
tool cited in the previous section. When no measured data were found, an average value for PCBs of
AUy, = 20 kd/mol was assumed (according to Shiu et al. 1997) and AUg set to zero (following Beyer et
al. 2002).

2.4 Multimedia environmental modelling

- Air ohase The modelling of multimedia partitioning of PCBs was
C/\_D 1AIR “yerbeol carried out with Level Il calculations (Mackay 2001,
Mackay et al. 1996a). This procedure accounts for
partitioning kinetics, in addition to contaminant loss due
to advection and degradation in the various phases.
Calculations were performed in 4 bulk environmental

- Air phase

- Water phase @
- Solid phase

- Water phase . . . .
2 WATER - Suspended compartments (air, water, soil and sediments) with
sediment phase § g ,hcompartments as shown in Fig. 1.

e Fi'sh phasg,

- Water phase -
- Solid phase 4 SEDIMENT Fig. 1: Compartments considered for Level Il modelling.
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Partitioning is described by Z values (fugacity capacities), which express the affinity of a chemical for
each environmental phase (Mackay et al. 1996a). l.e., a partition coefficient can be described by the
ratio of two Z values (Mackay 2001). For Type 1 chemlcals (most organic compounds, including
PCBs), the fugacity approach is followed. Z values [mol m” ® Pa'] must be defined for all environmental
media. Bulk Z values are calculated using the Z values for the pure phases and the volume fractions
of the subcompartments as decribed in detail by Mackay et al. (1996a). In general fugacity is referred
to as equilibrium criterion Q [Pa] which is related to the concentration C [moI/m ] as follows:

Ci, Z;: concentration and Z value of compartment i

C, =Q, xZ, (15)
Qj: equilibrium criterion of bulk compartment j

Situations are considered where a chemical is continuously discharged at constant emission rates E
[mol/h] into the 4 bulk compartments. Q values are calculated specific to the bulk compartments as a
function of E and so called D values (see Mackay et al. 1996a for respective mass balance equations).
D values consist of parameters for intermedia transport (see Tab. 1) and for degradation and
advection (Dgjand Daj). The latter are defined as follows:

De =V, xZ; xk, (16)  Dgj: degradation D value for bulk compartment j [mol Pa™'h™]
k;: first-order degradation rate constant [1/h]
Dy =G, xZ, (17) DA, advection D value [moI Pa'h’]
G;: advective flow rate [m /h]
with G, = V_ (18) V volume of bulk compartment j [m ]
T, T j: advective residence time [h]

Tab. 1: Intermedia transport D value equations according to Mackay (2001), A: interfacial area, Q: scavenging
ratio, vg: volume fraction of aerosols, Z-value subscripts: A air, W water, Q aerosol, E soil, P sediment solids, S
suspended sediment. U: intermedia transport parameter as defined in Tab. 8, Us denotes Ug in Mackay (2001),
other U-values denoted according to Mackay et al. (1996a).

Compartments Process Intermedia transport D values
Air(1)-Water(2) Diffusion Dv = 1/[1/(A12U1Za)+1/(A12U2Zw)]
Rain dissolution Drw2 = A12U3Zw
Wet deposition Dowz = A12U3X Q X Vg X Zg
Dry deposition Daop2 = A12Us X Vo X Zg

Transport Air-Water
Transport Water-Air

D12 = Dy+Dgrw2+Dgp2+Dow2
D21 = Dy

Air(1)-Soil(3) Diffusion De = 1/[1/(A13U7Za)+1/(A13UsZa+A13UsZw)]
Rain dissolution Drws = A12UsZw
Wet deposition Dows = A13Usz X Q X Vg X Zg
Dry deposition Daps = A13Us X Vg X Zg

Transport Air-Soil
Transport Soil-Air

D13 = Det+Drwa+Dgps+Dows
Da1 = De

Soil(3)-Water(2)

Soil runoff
Water runoff
Transport Soil-Water

Dsw = A13U12Ze
Dww = A13U11Zw
D32 = Dsw+Dww

Transport Water-Saoil D23 =0
Sediment(4)-Water(2) Diffusion Dy = A24UgZw
Deposition DDS = A24U92p

Resuspension

Drs = A24U10Zs

Transport Sediment-Water D24 = Dy+Dps
Transport Water-Sediment D42 = Dy*+Drs
The equation system for the Level lll modelling was set up in a Microsoft Excel spreadsheet.

Deterministic calculations with the most probable input parameters were performed and, in addition, a
probabilistic approach (Monte Carlo simulations) was carried out using the software package Crystal
Ball (Decisioneering 2001). Required input parameters comprise:

a) chemical specific input (physicochemical properties, first order degradation rate constants)

b) compartment dimensions and properties (area and depth, volume fractions of
subcompartments, density, fraction of organic carbon, advective residence time)

c) intermedia transport parameters U

Methodologies to determine intermedia transport parameters U are presented in the following.
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2.4.1 Air - water exchange

Mackay and Yeun (1983) performed experiments in a wind wave tank with 11 organic compounds of
varying Henry’s law constants to evaluate liquid- and vapour-phase mass transfer coefficients (MTC).
They found the following relationships for the air side MTC over water ky (U;) and water side MTC kyy
(U,) [m/h]:

k,, =107°+0.0462 xU" xS, A‘°-67 (19) U’ friction velocity [m/s]
’ SCia, SCiw: Schmidt-number of compound i in air
kyw =107 +0.0034 xU " xSc,,, °° (20)  and water, respectively [-]

The friction velocity U’ can be estimated from the wind speed measured at 10 m height u;g [m/s] as
follows (Mackay 2001):

U" =0.01x(6.1+0.63xu,,)"° xu,, (21)

The Schmidt number in water Sc;y, is defined by the relation between the temperature dependent
kinematic viscosity of water v (T) [cm2/s] (assumed to be approximately the dynamic viscosity of
water) and the molecular diffusivity of compound i in water D;, [cm?/s] (Schwarzenbach et al. 2003):
SCiy =VWD—(T) (22)  with vy (T)=0.0175xeT (23

The Schmidt-number in air Sc, ranges from 0.6 for water to about 2.5 (Mackay 2001). The relation of
diffusivities D; and D; of two substances i and j in the same medium can be approximated from the
relation of molar mass M (Tinsley 1979). Schwarzenbach et al. (2003) recommend to estimate D;,,
from the diffusivity of CO; in water :

iw

Mo, (24)  with Dgopw = 1.92 x 10° cm?/s
M.

D, w = Dco2 W

Substituting typical values for the Schmidt number and taking into account other studies, Mackay
(2001) suggest the following simplified correlations for kyx and kyw:

kys =3.6+5xu,,'"? (25)
Ky =0.0036 +0.01xu,,"? (26)

An alternative approach is presented by Schwarzenbach et al. (2003) to estimate v;, and v,
(corresponding to kys and ky, respectively):

D ¥ (27)  Dyawera = 0.257 cm?/s, molecular diffusivity of water in air
Via 7| g =2 XV ater a D, .: diffusivity of compound i in air [cm%/s]
water . Vwatera: €Xchange velocity of water in air [m/h]

with D, . = Dyater.a X /% (28) and V.o o =0.2%xU,, +0.3  (29) Uio [M/S], Visatera [CM/S]
i
V. = & ) XV (30)  vcoaw: exchange velocity of CO, in water [m/h]
iw 600 CO,,w

with asc= 0.67ifupg<4.2mls (31)
0.50ifup>4.2m/s

0.65x 10 if up < 4.2 m/s
and Veozw= (0.70 X Uy-2.68) x 107 if 42 m/s <uyr<13m/s (32)
(1.64 x u;0-13.69) x 107 if 4us0 > 13 m/s

Data on the rain rate (Us) can be derived from climatological surveys. For the dry deposition velocity of
aerosols (Uy), 10.8 m/h is assumed by Mackay (2001). Trapp and Matthies (1998) suggest a velocity
of 3.6 m/h, correlating to relatively fast deposition near the emitting source.

10



Part Il

2.4.2 Air - soil exchange

Mackay and Stiver (1991) and Mackay (2001) consider 3 diffusive processes (based on the approach
of Jury et al. 1983 and 1984): a) diffusion in the air boundary layer, b) vapour diffusion in soil air pores
and c) liquid diffusion in soil water.

Mackay et al. (1992 and 1996a) consider the air side MTC over soil (boundary layer) kga (U;) to be
equal to the air side MTC over water U; (see above). In contrast, Mackay and Paterson (1991) and
Mackay (2001) assume a lower velocity, with U; being one third of U;.

Vapour diffusion in soil air pores ksa (Us) [cm/s] is calculated from molecular diffusivity in air Bya
[cm2/s] and the diffusion path length in soil Y3 [cm] according to Mackay et al. (1992) and Mackay
(2001):

Kgn = I?(MA (33) Y diffusion path length in soil (1/2 soil depth) [cm]

3
Considering vapour diffusion porosity 8, and tortuosity effects, By, is estimated with the model of
Millington and Quirk (1961), as recommended by Jury et al. (1983):

3/10/3 (34) Ba: molecular diffusion coefficient in air [cm2/s] (corresponding to Dj,,
Bua = Ba 92 as defined previously)
T 6;: total soil porosity [cm*/cm?]

Liquid diffusion in soil water ksyw (Ug) [cm/s] can be estimated similarly from molecular diffusivity in
water By [cm2/s] (Mackay et al. 1992 and Mackay 2001), again using the Millington-Quirk (1961)
tortuosity model:
Buw 9v1v0/3 Bw: molecular diffusion coefficient in water
Kew = v (35) with  Byw =By 7 (36)  [cm?/s](corresponding to D)
8 T By: water-filled porosity [cm3/cm3]

Capillary flow of water will contribute to transport in soil, probably dominating over diffusion (Mackay et
al. 1992). For evaluative purposes, the latter therefore suggest a factor of 5 to be applied to the liquid
diffusion in water, calculated with Eq. (35). The authors recognise, however, that this assumption may
be associated with a substantial error as actual capillary flow rates will vary with rain characteristics
and soil type. Unfortunately, characteristic capillary flow rates are difficult to determine. Nevertheless,
assuming that advection is the overall dominating process (following Mackay et al. 1992), the
infiltration rate can be used as an upper bound estimate for the considered transport process.
Doérhéfer and Josopait (1980) developed an empirical approach for estimating infiltration rates. The
methodology was set up for Northern Germany (a topographically flat area), but is also applicable to
hilly and mountainous regions (Réder 1994). For respective calculations, the studied area is
characterised with respect to a) land use, b) hydromorphic classification, c) soil type and d) hill slope
class. After determining the evapo-transpiration level ET and the drainage quotient ha/hg (according to
Tab. 2 and 3, respectively), the level of infiltration G,; was evaluated as follows:

hy —312.5-ET x25 (37)  hy: rain rate [mm/yr]

G, =1+
it h, /hs x50

According to Dérhéfer and Josopait (1980), a value of 1 for G,; corresponds to an infiltration rate hg of
0-50 mm/yr. All following levels are a multiple of this range (e.g. for a infiltration level G = 9, the
resulting infiltration rate hg is 401-450 mm/yr).

Tab. 2: Evapo-transpiration level ET as a function of soil class and land use. Level 2 corresponds to a evapo-
transpiration rate of 351-375 mml/yr. For every following level, 25 mm/yr is added. T: terrestrial, SH: semi-
hydromorphic, H: hydromorphic.

Soil class Open land Forest
SH H

Sand 3 11

Loamy sand 5 11

Sandy loam 8 11

Loess 7 11

O[N] H

Loam 10 11

2|o|e|o~N|o|H
N
o
N
o

-
o

Clay 11 11

11



Part Il

Tab. 3: Drainage quotient ha/hg as a function of hill slope and hydromorphic class, ha: total drainage, hg:
infiltration to groundwater.

Hydromorphic class Hill slope class

0-0.5° >0.5-3° >3-7° >7-12° >12-25° >25°
Terrestrial 1 1.2 1.5 1.7 1.7 23
Semi-hydromorphic 2 2 2 2 2 23
Hydromorphic 2.5 2.5 2.5 2.5 25 2.5

2.4.3 Soil - water transport

The water runoff rate from soil Uyw (U11) can be determined with the methodology of Ddorhéfer and
Josopait (1980), as described in the last section:

Uww: soil water runoff rate [mm/yr]
Upw =ha—hg with h, =h,/hg xhg (38)  ha: total drainage [mm/yr]

hg: infiltration rate [mm/yr],

determined from G, (EqQ. 36)

ha/hg: drainage quotient [-] (Tab. 3)

As an approximation, Mackay et al. (1992 and 1996a) suggest a water runoff rate Uy of half the rain
rate, whereas Mackay and Paterson (1991) and Mackay (2001) utilise a Uy of 2/5 rain rate.

For the determination of the solids runoff rate Ugy (U1,), Mackay et al. (1992 and 1996a) assume that
the runoff water contains 200 parts per million by volume of solids. Mackay and Paterson (1991) and
Mackay (2001) consider a content of solids in runoff water that is about three times higher.

2.4.4 Water — sediment exchange

To estimate water-sediment transport, diffusion (in the water phase) and deposition are considered
whereas for the sediment-water exchange process, diffusion and resuspension are treated. Mackay et
al. (1992) address the diffusion part with the mass transfer coefficient kr, Mackay and Paterson (1991)
and Mackay (2001) additionally take into account the water side MTC over sediment ksy. Following
the latter concept, the diffusive MTC Ug [m/h] is calculated as follows:

? 1/kSW + 1/kT
B
with  k; = w4 (40) Bwa: molecular diffusion coefficient in sediment [cm2/s]
4 Bw: molecular diffusion coefficient in water [cm2/s]
and Bys =By xa;*l/?’sed (41) By.seq: Water-filled porosity in sediment [cm3/cm3]

Y,: diffusion path length in sediment (1/2 sediment depth) [cm]

Mackay and Paterson (1991) and Mackay (2001) chose a ksw of 0.01 m/h. For sediment deposition,
Mackay et al. (1992 and 1996a) select a rate Upp (Ug) of 5 x 10”7 m/h, corresponding to 5000 m%hin a
lake with 10" m? surface area. This is equivalent to a sedimentation rate of 12 cm® m? yr'1 and
correlates to an upper bound estimation for large lakes (Mackay et al. 1992) that can also be applied
to a aquatic system of rivers and lakes (Mackay 2001). Mackay et al. (1992) assume that 40% of the
sediment mass is buried, 40% is resuspended (resulting in a corresponding resuspension rate Ugs or
Uyo) and 20% is mineralised organic matter OM (approximate OM balance). Mackay and Paterson
(1991) and Mackay (2001) prefer a sediment deposition rate that is about one order of magnitude
lower and a smaller portion of resuspension (about 24%).
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3 Results and discussion

3.1 Potential toxicity

Table 4 shows PCBs of toxicological concern evaluated from the structure-activity relationship, based
upon the study of McFarland and Clarke (1989). This group encompasses 65 PCB congeners. Among
PCBs stimulating the production of bioactivating enzyme systems, the most problematic are those
responsible for the formation of aryl hydrocarbon metabolising mixed-function oxidases (MFOs). A
result can be an increased capacity for bioactivation of otherwise non-toxic foreign compounds such
as certain polycyclic aromatic hydrocarbons (PAH) to cytotoxic or genotoxic metabolites (McFarland
and Clarke 1989). Respective PCBs are summarised in Group | (Tab. 4), representing mono-ortho
and di-ortho congeners that closely resemble 2,3,7,8- tetrachlorodibenzo-p-dioxin in their structures
and toxic effects. Di-ortho PCBs are the most important group for neurotoxic effects (US HHS 2000).
Also included in the evaluated group are PCBs showing strong enrichment in the liver (Ahlborg et al.
1992) or the potential to promote tumours (US HHS 2000, US EPA 1996).

Compared to Group |, Phenobarbital-type (PB-type) inducers have a considerably less potential for
contributing to toxic effects, whereas weak PB-inducers reveal the least potential for toxicity (Group Il
and lll in Tab. 4, respectively).

Tab. 4: PCB congeners of toxicological concern (IUPAC-number), 3-MC: 3-methylcholanthrene-type, MFO:
mixed-function oxidase, PB: Phenobarbital-type.

Group | a) pure-3-MC inducers
PCB 77, 126, 169
b) mixed-type MFO inducers
PCB 37, 81, 105, 114, 118, 119, 123, 128, 138, 156, 157, 158, 166, 167, 168, 170, 189

Group Il PB-inducers
PCB 47, 66, 85, 87, 99, 100, 101, 133, 137, 139, 140, 153, 154, 163, 165, 171, 180, 181, 182, 183, 184,
190, 191,194, 195, 196, 197, 203, 204, 205, 206, 207, 209

Group Il weak PB-inducers
PCB 11, 14, 15, 52, 54, 75, 80, 136, 146, 151, 155, 159

3.2 Toxic potential and environmental occurrence

Different PCB congener patterns are known for contaminated soils, sediments and other
environmental samples (animal tissues, human fat and milk). Frequencies of PCB congeners in
environmental matrices were analysed in terms of relative abundance (percent of total PCBs in a
sample). Table 5 shows PCB congeners that meet the criteria of toxic potential and environmental
relevance (group A to C). Furthermore, congeners are listed for which no toxicity data are available
but a significantly high abundance is reported (group D). In total, 77 PCB congeners are assumed to
be relevant with respect to potential toxicity and/or environmental occurrence.

Tab. 5: PCB congeners of different toxic potential as a function of environmental frequency (data from Alford-
Stevens et al. 1988, McFarland and Clarke 1989, Brannon et al. 1991, Hansen et al. 1997 and Meijer et al. 2003).

Group A 1) reported frequency in environmental matrices: 0.5 % of total PCB or higher
highest toxic PCB 37, 77, 105, 118, 123, 128, 138, 156, 158, 167, 170, 189
potential 2) low frequency (<0.5 %)
PCB 81, 114, 119, 126, 157, 166, 168, 169
Group B frequency: 0.5% or higher
high to PCB 47, 66, 85, 87, 99, 101, 137, 153, 180, 183, 191, 194, 195, 196, 202, 203
moderate toxic
potential
Group C frequency: 