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Executive Summary

The overarching goal of the STAR Work Package 4 "Radiation Protection in a Mixed
Contaminant Context" is to determine if radiation protection criteria for wildlife are robust,
even within a mixed contaminant context.

Within this framework, we have critically reviewed existing approaches, methods and tools
developed in ecotoxicology for assessing exposures, effects and risks in a mixed contaminant
context and evaluated their applicability for radioecological research and radiecological risk
assessments.. The scope of the review is limited to multiple contaminant conditions (e.g.
metals, organic contaminants as part of the mixture that includes radiation or radionuclides)
and not to the wider context of multiple stressor conditions. A review of identified scenarios
where such multiple contaminant conditions, may occur has been performed.

We have reviewed approaches and tools for assessing the impact of co-contaminants on
environmental availability and uptake of contaminants of interest and theoretically evaluated
their usefulness for conditions that include radionuclides. Speciation models are well
established tools for predicting the chemical speciation of metals and radionuclides. The
application of selected chemical speciation models to two test scenarios suggested that co-
contaminants would not significantly affect the speciation (and hence environmental
availability) of uranium or thorium. Models were also tested for radium and polonium, but the
lack of available thermodynamic data excluded speciation prediction for these elements.

The modelling of contaminant bioavailability is most advanced for metals, where the Biotic
Ligand Model (BLM) provides an established framework for understanding and predicting
how the medium chemistry affects bioavailability. Examples of BLM models are presented.
The structure of the BLM lends itself well to evaluate the influence of co-contaminants on the
uptake and toxicity of the metal of interest, including radionuclides. Currently it has only been
applied in a few cases as a tool to understand (non-radionuclide) metal mixture effects.
Nevertheless, extension of the approach to understanding the effects of mixtures of
radionuclides and metals is considered feasible.

Approaches and tools to assess or predict the effect of contaminant mixtures have also been
reviewed. Their advantages and disadvantages and applicability in the context of assessing
effects in relevant mixed contaminant scenarios that include radionuclides have been
evaluated. In particular component-based approaches are described: principles of
Concentration Addition (CA) and Independent Action (I1A) are presented for their application
to descriptive data (dose-response curves) and to dynamic and integrated DEBtox (Dynamic
Energy Budget Model) approaches to assess effects of mixtures. Further, a number of whole
mixture approaches is described. A comparative overview of the different methods, data
requirements and applicability of these different approaches and their capacity to identify and
predict mixture effects is provided. All the concepts considered have advantages and
limitations for effects assessment of situations where radionuclides are present in the mixture.

Finally, an overview of the state of the art on Ecological Risk Assessment (ERA) of mixtures,
including radionuclides, has been provided. ERA principles for chemicals and radionuclides
are summarized. A general overview of different ERA approaches to deal with mixtures is
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presented, with their application in ERA assessments illustrated by some examples of
application to mixtures. No comprehensive guidelines for the ecotoxicological assessment of
chemical mixtures have yet been developed. Currently, regulation for mixtures is poorly
developed and mainly concerns humans. There seems to be consensus that ERA approaches
based on component-based approaches (CA and IA) assuming no interactions between
substances are valuable as a first tier approach to mixtures risk assessment, and CA appears a
pragmatic and defendable default conservative approach. There remains, however, a need to
consider uncertainty and variability within this modelling framework. For the generalization
of this framework, there is still a clear need for a comprehensive classification scheme for
contaminants (including exposure to ionising radiation or radionuclides) to support
application of CA/IA models.

Both from the exposure/effect analysis and the risk assessment perspective, the challenge with
mixtures remains to identify the cases where interactions, especially synergistic interactions,
occur. To achieve this there is a need for a mechanistic framework that accounts for mixture
interactions at different process levels, e.g. absorption, metabolism, target site, physiological
process. For nuclides, mechanistic models are an option if some co-contaminants are proven
to affect bioavailability, toxicokinetics or detoxification of radionuclides. As for other
toxicants, toxicokinetic rather than toxicodynamic mechanisms would seem to be more likely
sources of toxicologically significant interactions. This is also a domain where experimental
research and modelling development would be needed to explore the possibilities for
interactions with various relevant chemicals. As mixture science and risk assessment
develops, the identification of assessment factors and uncertainty and validation exercises
with real mixture scenarios are also major challenges.
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OM: Organic matter

OSPAR: European Oslo and Paris Commission
PAH: Poly aromatic hydrocarbons

PBPK Physiologically Based Pharmacokinetic
PBTK: Physiologically Based Toxicokinetics

PCB: Polychlorinated biphenyl

PCDDs: Polychlorinated dibenzo-p-dioxin

PCDFs Polychlorinated dibenzofuran

PEC: Predicted Environmental Concentration
PFOS: Perfluorooctane sulfonate

PG: Phosphogypsum

PNEC: Predicted No Effect Concentration
PNEDR: Predicted No Effect Dose Rates

pT: Toxic potency

QSAR: Quantitative structure—activity relationships
QSPR: Quantitative structure—property relationship
REACH Registration, Evaluation and Authorisation and Restriction of Chemicals
RPF: Relative potency factor

RQ: Risk Quotient

SF: Safety Factor

TD: Toxicodynamic

TEF: Toxicity equivalency factor

TEQ: Toxicity Equivalent

TIE: Toxicity Identification Evaluation

TK: Toxicokinetic

TmoA: Toxic mode of action

TSP: Two-step prediction

TU: Toxic Unit

TUS: Toxic Unit Summation

US DOE: United States Department of Energy’s
UVCB: Ultraviolet light of short wavelength (C) or medium wavelength (B)
WET: Whole Effluent Testing

WHAM: Windermere Humic Aqueous Model

YES: Yeast estrogen screen

Explanation of Terms

For explanation of terms we refer to Van Gestel et al. (2011) Mixture Toxicity: Linking
Approaches from Ecological and Human Toxicology.
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1 Objectives and Scope

The overarching goal of the STAR Work Package 4 "Radiation Protection in a Mixed
Contaminant Context" is to determine if radiation protection criteria for wildlife are robust,
even within a mixed contaminant context.

To achieve this goal four specific objectives are pursued:

1. Critically review existing approaches, methods and tools developed in ecotoxicology
for assessing exposures, effects and risks in a mixed contaminant context and evaluate
their applicability for radioecological research and radioecological risk assessments.

2. Test and improve selected ecotoxicological approaches and tools for reliable
radionuclide (bio)availability and exposure assessment under mixed contaminant
conditions, and improve the understanding of underlying mechanisms and processes.

3. Apply selected approaches developed in ecotoxicology to assess the impact of mixed
contaminant conditions on radiation induced effects, and improve the understanding of
underlying mechanisms and processes.

4. Ildentify appropriate tools for Ecological Risk Assessments (ERA) of mixtures
containing radionuclides, assess the degree of conservatisms and apply selected ERA
methods to a limited number of case studies.

This Deliverable deals with the first objective.

The issue of multiple contaminants has been addressed in a number of international projects
(e.g. NoMiracle (Lokke, 2009), BEAM (Backhaus et al., 2000), PHIME (2011)) and reviews
(Kortenkamp et al., 2009; Van Gestel et al., 2011).

We have built on the outcomes of these programmes and reviews to critically evaluate how
readily these mixed contaminant approaches can incorporateionisingradiation or exposure to
radionuclides as one of the stressors. The scope of the review is limited to multiple
contaminant conditions and not to multiple stressor conditions (which would also include
stressors like temperature, UV-radiation, salinity).

Following an introductory chapter (Chapter 2), the review was organised around three areas,
targeting different aspects of multiple contaminants.

In Chapter 3, we reviewed approaches and tools for assessing the impact of co-contaminants
on environmental availability and uptake of the contaminants of interest and theoretically
evaluated their usefulness for conditions that include radionuclides.

In Chapter 4 approaches and tools to assess or predict the effect of contaminant mixtures were
reviewed and their advantages and disadvantages and applicability in the context of assessing
effects in relevant mixed contaminant scenarios that include radionuclides were analysed.

Chapter 5 discusses the general ecological risk assessment framework and methods for
mixtures and how these methods can be applied when radionuclides are in a mixture.

The conclusions are presented in Chapter 6.
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In Annex 1, scenarios are described where radionuclides occur together with conventional
contaminants. Annex 2 presents the detailed geochemical speciation results. An overview on
how mixture risk assessment (both human health and ecological) is dealt within a regulatory
context is presented in Annex 3.
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2 Introduction

2.1 General issues of multiple contaminants

Increased industrialization and population densities have led to humans and the environment
being exposed to a multitude of contaminants, for which little is known about their combined
health and ecological consequences. In Europe roughly 150 000 chemicals were preregistered
for a later full registration within REACH (Registration, Evaluation and Authorisation and
Restriction of Chemicals, Backhaus et al., 2010). Although contaminants never occur in
isolation, their legislation is largely based on studies that examined the effects caused by
single contaminants, not mixtures. Kortenkamp et al. (2010) reviewed the regulations
concerned with chemicals and found that only four pieces of European legislation address
mixture toxicity (See also Annex 3). The task of assessing health and ecological risks from
even single contaminants is overwhelming: most chemicals on the European market today
have never been tested for their effects on health and the ecosystems. In the 12 years prior to
the instigation of REACH only 140 chemicals have been subjected to detailed risk assessment
(European Commission, 2003).

Interestingly, REACH excludes radioactive contaminants and the derivation of environmental
radiation protection criteria by international organisations (e.g. IAEA, 1992; ICRP, 2008;
UNSCEAR, 2008). The EURATOM projects ERICA (Larsson, 2008) and PROTECT
(Howard et al., 2010) are based on studies that considered radiation as the sole contaminant,
in isolation to other stressors. Thus, there is a large void in our understanding of contaminant
mixtures that include radiation or radionuclides. However, there is considerable evidence
from research on non-radioactive contaminants that (1) the effects of multiple contaminants
are frequently additive; (2) effects induced by a combination of stressors contaminants can
differ from the sum of the individual effects and (3) compounds can exert effects in mixtures
at concentrations in which the single contaminants do not show effects (Kortenkamp et al.,
2007; Baas et al., 2010b).

2.2 Scenarios where radionuclides occur together with other contaminants

Other contaminants commonly occur in situations where radionuclides are generally the key
focus of attention. For example, routine liquid releases from nuclear power plants contain a
substantial array of chemicals (e.g. Cu, Zn, boric acid, ammonium, morpholine, lithine,
hydrazine, Fe) as well as radionuclides (Garnier-Laplace et al., 2008). An analysis of the
ecological impact of the releases showed that there was very little potential impact of the
discharges, with the contribution from chemical contaminants relatively more important than
that from radioactive substances (Garnier-Laplace et al., 2008). Additionally, liquid releases
from nuclear power stations constitute a complex mixture of contaminants and other stressors
as they also alter the temperature and pH of receiving rivers.

High-level radioactive waste disposal involves chemical contaminants in many components.
As an example, the zirconium alloys and spent fuel contain constituents that include virtually
the entire periodic table, whilst the waste containers contain Cr, Ni, Zn and the over-pack
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contains Cr, Ni, Mn, Pd, To, Mo. All these elements may potentially be released to the
environment after disposal (Harju-Autti and Volckaert, 1995).

Uranium mining and milling has resulted in an important legacy of contamination that
includes ?*®U-series radionuclides mixed with, among other components, a series of different
heavy metals, residues from chemical treatments (e.g. barium). As an example, acid rock
drainage in a discrete catchment area of the former uranium mining site of Ronneburg,
Germany, lead to surface waters enriched in Fe, Ca, Mg, Al, Mn, SOy, Si, Cu, Zn, Ni, Cd, Cr,
U and rare earth elements (Geletneky et al., 2002). A series of other trace elements such as
As, Cd, Cu, Ni, Pb, Mo in elevated levels were seen together with Al, Fe, Mn and U and Th
and their progenies in waters from U mining sites in Central Asia (Salbu and Stegnar, 2011)

The NORM (Naturally Occurring Radioactive Materials) industry is also an important source
of mixed contamination with U- and Th-series radionuclides and heavy metals. Tayibi et al.
(2009) reported on the chemical composition of phosphogypsum (PG), a by-product of the
phosphate industry. Apart from relatively high levels of U-series radionuclides, high total
concentrations of Ag, Au, Cd, Se, some light earths and Y were reported in PG from different
origins. Some PG additionally showed elevated levels of As, Ba, Cr, Pb and Hg. .Reservoir
sediments contaminated with Cd, Ag, Bi, Sb, Pb, Zn, U, W, Mb, Cu, TI, Cr, resulted from
historical tin mining, but also from Cu, W, Mo, Bi and Ag mining in Erzgebirge, Germany
(Mdller et al., 2000).

In addition to the above controlled and planned releases of radionuclides by industries,
radionuclides have been released to the global environment following a series of historic
events, including nuclear weapon tests, use of depleted uranium ammunition, nuclear
weapons accidents, nuclear reactor accidents (Chernobyl, and recently Fukushima) and
dumping of nuclear waste at sea. Adding to the list is the use of radionuclides for medical
purposes, research, or specific uses in the industry. This shows that radionuclide releases in
the environment are expected to occur in extremely various situations where other
contaminants are present.

Ecosystems are also clearly exposed to combinations of anthropogenic and natural stressors
such as excess UV, sub-optimal temperature, pH or nutritive status and predation. Though
outside the scope of this study it is worth alluding to this issue since ecotoxicological effect
studies often expose test organisms under optimal environmental conditions and results
obtained may differ from those in the natural environment. Organisms in their natural settings
rarely experience optimal conditions, but are forced to cope with sub-optimal conditions or
even with severe environmental stress due to events as flooding and drought. Whether
interactive effects are common in natural settings and whether these are predominantly
synergistic or antagonistic is a key unresolved question. Holmstrup et al. (2010) reviewed
more than 150 studies to provide a synthesis of existing knowledge on the interactions
between effects of “natural” and chemical (anthropogenic) stressors. Stressors considered in
these studies included heat, cold, desiccation, oxygen depletion, pathogens and
immunomodulatory factors combined with a variety of environmental pollutants. Synergistic
interactions were reported in more than 50 % of the available studies. Antagonistic
interactions were also detected, but in fewer cases.
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2.3 Multiple contaminants and how they may affect exposure, effect and risk
assessment

Although most scientists acknowledge that contaminant mixtures within the environment are
the norm, rather than the exception, relatively few researchers properly study the effect of
combined stressors. Instead, the vast majority of research and Ecological Risk Assessment
frameworks are focused on single contaminants in isolation from all others.

In ecotoxicology, models have been developed for assessing metal availability and some of
them have been tested for mixtures of metals. For example, the Biotic Ligand Model (BLM)
has been proposed as a tool to quantitatively predict the manner in which water chemistry
affects the biological availability of metals in aquatic systems. Because of its mechanistic
fundament in dealing with the interaction of components, the BLM approach has the potential
to significantly advance risk assessments of metal mixtures (Chen et al., 2010). Chen et al.
(2010) evaluated the validity of the BLM for bioaccumulation assessment of Pb and Cu
present as a metal mixture. Biotic ligand models in combination with geochemical speciation
models (e.g. CHESS (van der Lee and De Windt, 2002); Geochemist’s Workbench (GWB),
2011) could be valuable tools for assessing the influence of mixed contaminant conditions on
radionuclide environmental availability. These different models and tools for availability and
uptake assessment and their applicability in a mixed contaminant context where radionuclides
are involved are reviewed and discussed in Chapter 3.

Effects and ecological risk assessments under multiple stressor or mixed contaminant
exposure conditions are a major challenge (Eggen et al., 2004). Because there is an unlimited
number of mixture combinations and organisms, it is not feasible to experimentally
investigate the adverse effects caused by each combination. Instead, two main approaches
exist; top-down assessment of whole mixtures and bottom-up assessments starting with
individual components of the mixture.

When there is only interest in the toxic effect of the entire mixture, the top-down approach
can be used during which the entire mixture is tested without identifying the type of
interactions between the individual chemicals. The data from these toxicity tests can
subsequently be used for risk assessment for that specific situation (Groten et al., 2001).
However, this approach will not identify the chemicals responsible for interactionsor whether
there are any non-additive effects.

In the bottom-up approach, the combined action of the components in the mixture is assessed.
This approach is mostly used for risk assessment of simple mixtures with a known
composition. Firstly, knowledge on the toxicity and mode of action of the individual
components is required. Then different mathematical models can be used for predicting the
combined effects based on the known individual effects (Groten et al., 2001). Based on the
dose-response curves and ECy-values of the individual toxicants, two generally accepted
reference models "concentration addition” (CA) and "independent action" (I1A) can be used
for the prediction of the combined toxicity effects. The assumption of both models is that no
interacting effects are present. Although both concepts operate differently they both require
that the composition of the mixture (i.e. the exposure)is precisely known both qualitatively
and quantitatively (Backhaus et al., 2000).
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Interactions between pollutants in a mixture may occur in four ways: pollutants may (1)
influence each other's mobility in the environmental media and hence, each other's availability
to organisms; (2) block or enhance each other's uptake into the organism (toxicokinetic-
absorption interactions); (3) once inside the organism, block or enhance each other's
detoxification (toxicokinetic-metabolism interactions); (4)alter the nature of their toxic
actions, and/or impacting on repair capacities (toxicodynamic interactions). The primary
molecular and cellular effects of the many agents potentially involved in combined effects are
numerous and diverse. For example, the mode of action may be genotoxic or non-genotoxic
and they may interact via different pathways and through different mechanisms.
Understanding the effects of chemical mixtures in real ecosystems requires knowledge of how
biological and non-biological parameters may affect interactions for all of the four interaction
types listed above.

Generally, CA and IA models are used to describe and predict mixture effects based on single
time-point dose-response data and evaluate if observed effects deviate from CA or IA. The
aim of biology-based approaches such as the Dynamic Energy Budget theory (DEB) (Jager et
al., 2010) is to use the time and concentration dependent data to extract information on the
underlying mechanisms of mixture toxicity. It is therefore necessary to understand effects of
single compounds in sufficient detail before attempting a biology-based analysis of
contaminant mixtures. To this complex dynamic data set, CA/IA is then applied. Chapter 4
gives a comprehensive overview of effect assessment methods for mixture exposure
conditions.

In the last decades, risk assessment has become a commonly used approach in examining
environmental problems caused by human activities. Within an ERA perspective, the global
objective is to estimate the adverse effects on the ecosystems resulting from anthropogenic
activities either quantitatively or qualitatively. Ecological Risk Assessment of mixtures is still
under development and in Chapter 5 different ERA approaches to mixtures are discussed,
including when considering radiation. In ERA in general as well as in our specific case, there
are two main challenges in the applicability of the ERA methods:

(1) Which ERA methods should be applied to perform, for instance, a Cumulative Risk
Assessment including radionuclides? How can we rank the different contaminants to identify
the main contributors to the risk?

(2) What is the degree of conservatism of the method applied? In the case of mixtures, there
should be some degree of confidence that there are no substantial synergisms occurring that
would jeopardize the assumption of addition for the different groups of contaminants.
Alternatively, a conservative safety factor may be applied. Effects studies are generally
performed under controlled laboratory conditions and a number of lower tier (screening) ERA
steps (further explained in Chapter 5) are based on these effects data.

It should be emphasised that there is a major difference in experimentation and ERA.
Experimentation must and should be the best approach possible to increase understanding of
the (mixture) effects, while ERA may result in the application of methods which have been
shown “to work”, while certainly not understood. In ERA, an approach may be practicable
and valid to rank, while almost nothing is understood why exactly.
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2.4 Radiation in a multiple contaminant context

A lack of knowledge about complex mixtures of contaminants is among the major challenges
facing the environmental sciences (Eggen et al., 2004) since both the short- and long-term
human and ecological risks from chronic exposures to contaminant mixtures are unknown. In
the framework of radiological protection of the environment, data are needed to determine
whether, and to what extent, radiation should be considered in a multiple pollution context
(Bréchignac and Doi, 2009). Recent consideration has been given to the issue under the
umbrella of the IUR (2011) and IAEA EMRAS Il (IAEA, 2011) working groups on Multiple
Stressors. Vanhoudt et al. (2012) reviewed studies in which combined effects of radiation and
other stressors on non-human biota were evaluated and determined if the effects observed
were generally additive, synergistic or antagonistic. The approach and findings of the review
are summarized in Section 4.7.2 of this report.

Our overarching goal within Work Package 4 is to determine if radiation protection criteria
for wildlife are robust, even within a mixed contaminant context.We intend to evaluate
whether radiation protection criteria for wildlife need to consider contaminant mixtures by
first determining if interactions exist among several plausible mixtures. If no interactions
occur then consideration of mixtures may not be required. If, however, significant interactions
do exist, then additional consideration may be required when evaluating protection criteria for
radiation in the presence of other contamination.

Radiation (or ionising radiation) is here defined as every form of radiation capable of causing
ionisations and excitations by energy transfer from the radiation field to matter or tissue.Both
electromagnetic and particulate radiations act on cells to cause free radicals and subsequent
molecular damage through direct as well as indirect actions.

International recommendations and guidelines on international level and a comprehensive
system to protect the environment from ionising radiation are being developed. As a
consequence, radiation protection criteria for wildlife have been derived using a number of
approaches (IAEA, 1992, ICRP, 2003, 2007, 2008; UNSCEAR 1996, 2008; Garnier-Laplace
and Gilbin, 2006; Andersson et al., 2008). These protection criteria derived by different
organisations, can be considered as Predicted No Effect Dose Rates (PNEDR). The values
derived by different organisations differ in protection target and the value of the PNEDR; the
exact definitions and the values themselves are summarised in Andersson et al.(2008).

It may be of interest to evaluate the robustness of radiation protection criteria applied to a
single, specific radionuclide. Using aradioactive isotope of a given element would hence be
the focus point, thereby considering both the radiation aspect (PNEDR) and the specific
characteristics of the element leading to a chemical effect (with its appropriate physico-
chemical forms, chemical behaviour in environmental media, relevant organisms and
potential chemical effect). This approach could be followed for uranium*for which an

! The naturally occurring element uranium includes 3 radioactive isotopes *2U, U, U, which may, or may
not be in equilibrium. U EQS refers only to its chemical toxicity independent of the isotope considered.
However, radiological vs. chemical risks may change as a function of isotopic composition of U (e.g. depleted vs
natural vs enriched) (Mathews et al., 2009).
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Environmental Quality Standard (EQS) of 5 pg L™has been proposed (Beaugelin-Seiller et al.,
2009a). The evaluation of the robustness of radionuclide-specific EQS in a mixture toxicity
environment is not considered in this review (as it is not considered for human impact
assessment either) except for uranium.
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3 State of the art on approaches and tools for
bioavailability and exposure assessment under mixed
contaminant conditions

3.1 Introduction

3.1.1 Background

Assessment of the risks of exposure of organisms to contaminants in soils and waters largely
focuses on exposure to single contaminants, yet this is rarely if ever the case in the natural
environment, where exposure to multiple contaminants is the norm. Other contaminants
commonly occur in situations where contamination by radionuclides attracts the major focus,
as explained in the introduction and further in this document (e.g. Annex 1).

The effect of exposure to multiple contaminants is an active research area, yet the prediction
of the effects of multiple contaminants is poorly developed. Improving understanding of how
organisms are exposed to multiple contaminants is clearly important. Research over the past
20-30 years has identified the concept of bioavailability as being a key factor determining
exposure to organisms in the environment of both metallic and organic (non-ionic)
contaminants. Despite this, research applying the concept of bioavailability to mixtures of
contaminants remains poorly developed, in part due to the current focus on single
contaminant exposure in risk assessment. The bioavailability of metal contaminants to
organisms has been shown to be controlled by two key aspects of the chemistry of the
medium:

e The chemical speciation of the metal in the medium (e.g. a water, or soil/sediment-
water system). The speciation depends on the releasing source and is controlled by the
chemical composition of the medium.

e The concentrations of elements in the medium that can compete with the contaminant
for uptake by the organism. Greater competition leads to lower uptake of the
contaminant and hence lower toxicity. Again, it is the chemical composition of the
medium and the resulting speciation that influences the exposure to, and toxicity of,
the contaminant.

Prediction of the influence of metal bioavailability on toxicity thus requires the prediction of
both chemical speciation and the influence of the medium on contaminant uptake. For non-
ionic contaminants, which comprise a large proportion of organic contaminants,
bioavailability is generally considered to relate to the “freely dissolved’ fraction, while uptake
is generally considered to relate to the tendency to partition into and accumulate in the fatty
tissues of organisms. The latter distinction is not applied in radioecology.

Exposure to multiple contaminants adds a layer of complexity to the picture. Contaminants
may affect each other’s chemical speciation, and may compete for uptake to the organism.
Where exposure to mixtures of contaminants is to be considered, it is thus important to
understand the extent to which the contaminants influence each other's speciation and thus
their exposure.
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3.1.2 Objectives

The objective of this chapter is to assess the current state of knowledge on whether, and how,
the presence of multiple contaminants in a system influences the bioavailability of
radionuclide contaminants and hence the exposure of organisms to these radionuclides. We
will evaluate tools that can predict the effect of co-contaminants on bioavailability. We also
consider whether these tools are appropriate to also assess the influence of co-contaminants
on radionuclide bioavailability and hence exposure and/or to what extent these models should
be adapted.

As a preliminary test we have assessed the applicability of geochemical speciation models to
relevant environmental scenarios involving radionuclides, and evaluated how well such
models can integrate the effects of multiple contaminants on speciation of a selection of
elements including radionuclides of interest (i.e., U, Th, Pb, Ra, Po). The aim of this exercise
was to specifically identify gaps in the models’ capabilities with a view to identifying
potential research studies to address these deficiencies.

3.1.3 Scope

The scope of this chapter is to review existing approaches for assessing the influence of co-
contaminants on the exposure of organisms to radionuclides. We concentrate on contaminants
and not on other stressors (such as pH, temperature, drought, predation). In terms of co-
contaminants, we review approaches for assessing the bioavailability of both organic and
inorganic contaminants.

3.1.4 Definition of terms

Chemical speciation. According to the IUPAC (International Union of Pure and Applied
Chemistry) chemical species of elements are “‘defined as to isotopic composition, electronic
or oxidation state, and/or complex or molecular structure’” and refers to ‘the chemical form or
compound in which an element occurs in both non-living and living systems. It may also refer
to the quantitative distribution of an element.”(IUPAC, 1997).

Bioavailability concerns the tendency of an element or compound to be taken up by an
organism from the surrounding environment. Hamelink et al. (1994) consider three aspects of
bioavailability for environmental organisms:

Environmental availability is defined as the supply of contaminant to the organism’s
immediate environment (i.e. from where it may potentially be taken up by the
organism) and the chemical forms in which the contaminant is supplied, i.e. its
speciation.

Environmental bioavailability is defined as the physiologically-driven processes of
contaminant uptake by the organism.

Toxicological bioavailability is defined as the sum of the processes contributing to the
actual toxic effect following uptake, e.g. internalisation, tissue redistribution and
detoxification.
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In this section of the review we are concerned with the first two aspects of bioavailability, i.e.
those which concern the exposure of organisms to contaminants and the resulting uptake. The
third aspect, being concerned with effects following uptake, is dealt with in Chapter 4.

In the broadest terms, bioavailability should refer to the tendency to be taken up by any
possible route. Potential routes include ingestion of contaminated food or water and
subsequent transfer of contaminants across the gut, inhalation and transfer via respiratory
tissues to tissues or binding of the contaminant to external tissues such as gills or the
skin/dermis, followed by transfer to tissues.

3.1.5 Classification of contaminants

Contaminant chemicals in the environment are extremely diverse in their chemical structure
and behaviour, and in the modes of action by which they exert toxic effects upon organisms.
It is therefore necessary to attempt a broad classification of contaminants according to their
chemical behaviour and toxic mode(s) of action. It is important, however, to appreciate that
the relationships between chemical structure and mode(s) of action can be complex,
particularly for anthropogenically-produced chemicals designed to have specific biochemical
activity, such as biocides, pharmaceutical compounds and nanoparticles.

Chemically, contaminants can be broadly classified as ionic (polar) and non-ionic (non-polar),
although this classification must be used with caution since some classes of contaminant (such
as ionic surfactants) may exhibit both polar and non-polar characteristics. lonic contaminants
are those that can form ionic species in the environment. This includes the majority of
inorganic contaminants, including metals and metalloids. It also includes organic chemicals
that can ionise under environmental conditions. lonic contaminants are typically characterised
by relatively high solubility in water, due to the stabilising effect of the polar solvent water
molecules upon the ions formed. However, ionic contaminants are also characterised by the
tendency to form complexes and ion pairs with other components of environmental systems
such as inorganic and organic ligands (e.g. carbonate, EDTA, humic substances). This
tendency can result in strong removal of ionic contaminants from the aqueous phase, in
systems where strong complexing agents form part of the solid phase. A good example of this
is in soils, which can strongly retain metals by their binding to soil components such as humic
substances and metal oxide and clay minerals, reducing concentrations in the aqueous phase.
The solubility of ionic contaminants such as metals may also be reduced by the formation of
solid precipitates under chemical suitable conditions. For example, the solubility of lead in
soils may be reduced by the formation of the mineral chloropyromorphite (Pbs(PO,4)sCl). All
these processes are highly dependent upon the chemical conditions of the system, in particular
the pH, redox system and the ionic strength.

Numerous anthropogenically-produced organic chemicals are also able to form ions in the
environment, including many pharmaceutical compounds (e.g. diclofenac), pesticides (e.g.
glyphosate) and surfactants (e.g. perfluorooctane sulfonate (PFOS)). For example, the
antifungal and antibacterial compound pyrithione (2-mercaptopyridine-N-oxide; CsHsNOS)
can ionise in water to form a negative ion which can itself then complex with ions of metals
including zinc, copper and cadmium. Depending upon their structure and intrinsic chemical
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properties, such contaminants may exhibit behaviour characteristic of ionic species (e.g. high
water solubility, binding to other ionic species) and of non-ionic species.

Non-ionic contaminants are those that do not form ions under environmental conditions. They
comprise many important classes of organic compound, including polyaromatic hydrocarbons
(PAHSs), polychlorinated biphenyls (PCBs) and dioxins and dioxin-like compounds.
Chemically, they are characterised by low aqueous solubility (hydrophobicity) and a tendency
to associate with other components of the environment (e.g. organic matter in soils) by
hydrophobic mechanisms (Delle Site, 2001).

The chemical behaviour of a contaminant has important implications for its mode(s) of toxic
action towards organisms.

3.2 Modelling of contaminant speciation in the environment

3.2.1 Modelling the speciation of metals and metalloids

The chemistry of metals and metalloids is controlled by their tendency to form complexes
with (i) other ionic species such as H*, COs%, SO,%, (ii) ionic organic species such as EDTA*
and humic substances, (iii) solids possessing charged functional groups, such as iron oxide
and silica, and (iv) solids possessing structural charge, such as clays. The possibility of
undergoing oxidation-reduction reactions and of forming solid precipitates also exists. In this
context, chemical speciation refers to the distribution of an ionic element among its possible
different forms. One central aspect of the speciation of ionic elements is that competition for
the formation of complexes is common. Therefore, the speciation of major elements such as
Na, Mg, Al, K, Ca, Fe, Mn as well as total organic carbon (TOC) must be considered when
studying the speciation of trace elements (into which category contaminants will almost
always fall).

Thermodynamic equilibrium is the state at which the forward and backward rates of each
chemical reaction pairs in the system are equal, and thus the composition of the system is
invariant in time. Conceptually, complete thermodynamic equilibrium is only attainable in a
closed system, while environmental systems are open. Nevertheless, equilibrium modelling is
useful for predicting and understanding the behaviour of ionic chemicals in the environment,
because the composition of some environmental systems may approach equilibrium provided
that the residence time of the reacting components is large enough relative to the timescale of
the reaction or reactions under consideration. This condition is most likely to be satisfied for
systems of large volume with relatively small inputs and outputs, particularly the oceans,
large lakes and groundwater systems. In many other systems, reactions may be sufficiently
fast that the assumption of equilibrium is a reasonable approximation. For some reactions, the
attainment of true thermodynamic equilibrium is sufficiently slow that for practical purposes
equilibrium can be assumed to involve metastable intermediate species. The precipitation and
dissolution of solids is good example of this. For some reactions, such as processes in mixing
zones such as estuaries and those involving the precipitation/flooding and dissolution of
solids, the thermodynamic equilibrium is too slow to be applicable. In such cases, transient
intermediate species being highly toxic to fish can be produced, as well documented for Al
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and Fe in estuaries (Rosseland et al, 1992), although thermodynamic equilibrium modelling
would predict good water quality conditions.

Speciation models for metals and metalloids are well-established tools, and there are many
models available for use. Models available include MINTEQA2, MINEQL+, Visual
MINTEQ, WHAM, ECOSAT, WATEQF, ALCHEMI, PHREEQC, The Geochemist’s
Workbench (GWB), CHESS and EQ3/6.

Inclusion in speciation models of all important ligands that can bind ions is important. Humic
substances (humic and fulvic acids) form the most important class of organic ligands in soils
and waters. They bind cationic metal species, in many cases significantly influencing the
aquatic and soil speciation of the metal. There is also increasing evidence that they can play a
role in the speciation of anionic species (e.g. molybdate, arsenate). Humic substances are
chemically complex and heterogeneous and consequently require special consideration in
models.

Specific submodels have been developed over the past 20 years to simulate the chemistry of
humic substances. Two distinctive approaches have been taken to simulate their chemical
heterogeneity:

1. The discrete site approach. This considers binding to occur at an array of specific
binding site types, each type having its own distinct ion binding behaviour.

2. The continuous distribution approach. This considers binding to occur to a collection
of sites having a continuous distribution of ion binding strengths.

Currently, Humic lon-Binding Models VI and VII (Tipping et al., 2011) are the most
developed discrete site models for humic substances, while NICA-Donnan (Benedetti et al.,
1995) is the most developed continuous distribution model. Both models are parameterised to
simulate the binding of a large number of cations to humic substances. Each model has a
distinct parameter set for simulating ion binding to humic acids (important in soils) and fulvic
acids (important in soils and waters). An important feature of these models is that they
currently simulate only the binding of cationic species. The binding of anions (e.g. anions of
arsenic, molybdenum, tungsten, technetium) has received little attention. lons such as arsenite
(As(111), AsO3) and arsenate (As(V), AsO4>) have been shown to bind to humic substances,
but as yet no available model includes constants describing their binding.

Similarly, the binding of ions to charged mineral surfaces (metal oxides and clays) is
important in the speciation of ionic contaminants in soils and bottom/suspended sediments in
aquatic systems. For surfaces that possess functional groups that can bind ions, a closely-
related family of models (the surface complexation models) have been developed over the
past 30-40 years. These models all simulate the specific binding of ions to surface groups in a
similar manner, but differ in the simulation of the resulting electrical charge at the surface,
and how this influences the ionic binding.

Equilibrium chemical speciation models have some clear advantages over simpler methods of
simulating the behaviour of ionic chemicals in the environment. For example, the partitioning
of metal between the dissolved and suspended particulate forms in water could be described
by a single partition coefficient (Kg). However, Ky is essentially a descriptive rather than a
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predictive parameter, and varies according to the chemical composition of the system. Use of
a chemical speciation model instead of a K4 can take the effect of chemical composition into
account but they require more data than empirical models. In response to this, some
researchers have derived semi-empirical models that predict K4 as a function of key chemical
properties of the system (Tipping et al., 2003; Groenenberg et al., 2010).

Depending upon the system to be simulated, equilibrium speciation models may not
necessarily be able to provide a physico-chemically realistic description of the speciation, due
to the existence of processes that are insufficiently rapid for a reasonable description using
equilibrium modelling. Examples of such processes include the weathering of minerals in
soils, and oxidation-reduction reactions. Many speciation models allow oxidation-reduction
reactions to be simulated at equilibrium, but in reality they are generally slow in comparison
to reactions not involving changes in oxidation state.

3.2.2 Modelling the chemistry of organic contaminants

The chemistry of organic contaminants tends to be dominated by low aqueous solubility and
consequent strong sorption to solid phases such as organic matter in soils and sediments.
Efforts to model their chemistry (and also their bioavailability and toxicity) are driven in part
by the need to assess the behaviour of hundreds of man-made contaminants, with new
compounds being continuously developed and released into the environment. There is thus an
emphasis on deriving chemical properties (such as soil organic carbon-water partition
coefficients, Koc) from molecular structure (e.g. Kahn et al., 2005), rather than considering
how the chemistry is influenced by factors such as the pH of the medium and the presence of
other contaminants, and how the presence of the compound might affect the chemistry of
other contaminants (particularly ionic ones). Work has also been done on how the
composition of organic matter in soils affects adsorption (e.g. Kubicki and Apitz, 1999).
Some work on competition between organic compounds for sorption to soil (and how this
affects bioavailability) has been done (Haws et al. (2006) review the available data) and
interpreted in terms of competition for binding sites on soil organic matter. Non-ionic
chemicals also bind to humic substances in water (e.g. Kim and Kwon, 2010; DePaolis and
Kukkonen, 1997; Durjava et al., 2007) and Koc values for some compounds have been
derived.

Modelling studies of non-ionic contaminants that progress beyond simple calculations of
partitioning coefficients appear uncommon. Lee and Kuo (1999) presented a mechanistic
sorption model to describe the influence of dissolved organic matter on the partitioning of
highly hydrophobic compounds between the aqueous and particulate phases in waters. Kipke
and Di Toro (2011) have developed a model for the binding of organic contaminants to
dissolved organic carbon (DOC) using a linear salvation energy relationship model whereby
the coefficient of partitioning to DOC is predicted as a linear function of five properties of the
organic chemical. The model was able to predict partitioning largely to within an order of
magnitude for a number of natural organic matter types. There is also evidence that the
electrical charge on natural organic matter, which is a function of its ionic chemistry, alters its
binding affinity for organic chemicals by changing the hydrophobicity of the natural organic
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matter (Galle et al., 2005; Gadad et al., 2007) although such knowledge has not yet been
incorporated into models.

Similarly, studies looking at the combined behaviour of ionic and non-ionic contaminants in
the environment are rare, and studies modelling such interactions could not be found in the
literature. As an example, Xu et al. (2007) studied the effect of copper on the binding of two
phthalate compounds to sediments in the presence of dissolved organic matter. The
partitioning of the phthalates to the sediment was influenced by their binding to dissolved
organic matter, which acted to retain them in the solution phase. Addition of copper increased
the binding of the dissolved organic matter to the sediments and consequently influenced the
binding of the phthalates.

3.2.3 Dynamic modelling

To quantify the spatial and temporal interactions of radionuclides and co-contaminants (both
chemical, and interactions in terms of effects on organisms), chemical models need to be
incorporated into models of contaminant transport. Depending upon the nature of the
processes and interactions that need to be simulated, submodels for non-equilibrium processes
may need to be incorporated into the code. Examples of coupled speciation-transport models
for ionic contaminants include models that simulate accumulation of contaminants in soil and
their leaching to surface water and groundwater on a catchment scale, and models that
simulate transformations within water bodies (particularly lakes), including water-column-
sediment transfers. For non-ionic contaminants, models tend to be focused on predicting
concentrations across environmental compartments at different scales to enable hazard and
risk assessment. Because non-ionic contaminants may be volatile and subject to long-range
atmospheric transport, models need to be capable of operating at large (regional, hemispheric,
global) scales.

3.2.4 Choice of chemical models for assessment

Chemical models for ionic species are well-developed in comparison with models for non-
ionic species. Furthermore, multiple models are readily available for comparison. Therefore,
our assessment of chemical models will focus on equilibrium models for ionic species. In
selecting a model, it is also important to know whether their supporting databases are
comprehensive for the radionuclides of interest. For thorium and uranium, for example, the
models and associated databases are generally well-developed. For radium and polonium
none of the models contain binding constants, so speciation predictions were not possible. A
more in depth comparison of the models capability to deal with radionuclides was not
performed in the context of this preliminary testing of speciation models.

We have elected to further focus on four speciation models: WHAM, Visual MINTEQ,
CHESS, and GWB, as they are widely used for metal ions and are familiar to STAR
participants.

3.2.4.1 Windermere Humic Aqueous Model

The Windermere Humic Aqueous Model (WHAM) was developed at the former Institute of
Freshwater Ecology (UK) now the Centre for Ecology and Hydrology which is a STAR
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partner. The first version of the model was published in 1994 in two versions specifically
designed for modelling (i) soils (WHAM-S) and (ii) surface waters (WHAM-W). A
subsequent updated version for waters, WHAMG6, was released in 2002
(http://www.ceh.ac.uk/products/software/wham).

The soils version comprised four submodels: (i) cation binding to humic and fulvic acids; (ii)
solution speciation; (iii) cation exchange on a fixed-charge mineral (i.e. a clay); (iv) soil-
porewater partitioning of fulvic acid. In WHAM-S and WHAM-W, the submodel for cation
binding to humic and fulvic acid is Humic lon Binding Model V (Tipping and Hurley, 1992)
(usually abbreviated to Model V), a discrete-site/electrostatic binding model for humic
substances. WHAMG6 contains Humic lon Binding Model VI (Tipping, 1998), a development
of Model V, as well as a surface complexation model and the cation exchanger submodel.
Model VII, the successor to Model VI, has recently been developed.

WHAM was designed as a model for soils and waters where natural organic matter is an
important factor in controlling speciation. The precipitation of solids cannot be simulated by
the model, with the exceptions of iron(l1l) hydroxide and aluminium hydroxide. The model
does not allow redox equilibriums to be simulated; if multiple redox states of an element (e.g.
Fe(Ill) and Fe(lll), or U(IV) and U(VI)) are to be simulated, input concentrations of each
redox state of the element must be input.

WHAM includes databases for the simulation of ion binding to four metal oxides -iron(llI)
oxide (specifically ferrihydrite), an amorphous iron(lll) oxide, aluminium oxide, manganese
oxide - and silica.

3.2.4.2 Visual MINTEQ

Visual MINTEQ is the most readily available model
(http://Iwww2.Iwr.kth.se/English/OurSoftware/vminteq/) that contains a version of the NICA-
Donnan model. The model is a Windows version of the USEPA’s MINTEQA2 model,
comprising a number of linked submodels:

e Solution speciation, including the formation of solid phases and redox equilibriums;
e lon binding to organic matter (either dissolved or in the solid phase), using the NICA-
Donnan model.

Visual MINTEQ also includes submodels for the binding of ions to solids: metal oxides and
clays. Six different types of surface complexation submodel for simulating the binding of ions
to metal oxides are included. The model comes with several databases for ion binding to
different oxide surfaces: ferrihydrite, manganese oxide, goethite (a crystalline iron(l11) oxide)
and gibbsite (an aluminium oxide). Additionally, ion binding to fixed charge minerals can be
simulated.

3.2.4.3 Geochemist’s Workbench (GWB)

The GWB is a sophisticated modelling tool with a wide range of capabilities. It can simulate
equilibrium in the solution phase, including oxidation-reduction and precipitation reactions. It
can also simulate ion binding to mineral surfaces, including ion exchangers (clays). In
principle, any type of surface can be simulated, provided suitable parameters are available. In
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practice, two databases for ion binding to ferrihydrite are available: the database of Dzombak
and Morel (1990), and an expanded version of this database. The model does not have a
component specifically for the binding of ions to humic substances. The model’s capabilities
extend beyond equilibrium modelling to modelling redox disequilibrium, Kinetic processes,
and 1D/2D transport.

3.2.4.4 CHESS

CHESS, which stands for Chemical Equilibrium with Species and Surfaces, is a speciation
model with the following capabilities:

e Equilibrium speciation of ionic species in solution, including the precipitation of
minerals and redox;

e Formation and dissolution of colloids. A colloid is a mineral or organic material (e.g.
ferrihydrite, humic acid) that is in the aqueous phase of the system being modelled,
rather than forming part of the solid phase (e.g. a soil or sediment);

e Binding of ions to minerals, using surface complexation modelling. Three types of
model are available. A mineral may have multiple types of surface group;

e Cation exchange with minerals, including the possibility to define a mineral that can
simultaneously bind ions through both surface complexation and ion exchange;

¢ Kinetic control of mineral precipitation and dissolution.

CHESS has a number of databases for ion binding to minerals and organic materials. The
most comprehensive of these is for ferrihydrite (termed hydrous ferric oxide, HFO in the
model documentation). There are also databases for Aldrich humic acid (AHA), quartz and
silica, although the number of binding constants for these phases is limited.

3.2.5 Application of models to field situations

Application of models to field situation requires input data defining the composition of the
system under study. Depending on the system to be modelled this may include data on the
composition of the solid phase as well as the solution phase. For calculation of speciation in
relation to exposure of organisms to contaminants, if sufficient data are available for the
calculation to be done solely for the solution phase then this is the preferable option, simply
because it is relatively simple.

For exposure (e.g. to apply a Biotic Ligand Model (BLM)in freshwater), then it is preferable
to use the solution phase because using the solid phase is not necessary to calculate the "free"
metal ion concentrations that the BLM uses to predict toxic effect. Of course this depends
upon the medium - the solid phase is a more sensible option to consider in soils and
sediments. But even there, confining speciation calculations to the aqueous phase is preferable
because it requires fewer input parameters and the uncertainty in the result should be lower.
Consideration of the solid phase becomes essential if transport through the environment is
being assessed, but this is not the priority of WP4.

For the calculation of speciation in the solution phase, a number of input variables are
required alongside the concentrations of the contaminant(s) of concern:

e the solution pH;
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e concentrations of major and/or competing ions: Na, Mg, Al, K, Ca, Fe(lll), Cl, NOs,
S04, CO3, PO,

e concentrations of important binding ligands: e.g. humic substances

e concentration of the radionuclide in question.

Where the sorption of contaminants to a solid phase is to be modelled (e.g. for simulating
sediment-solution partitioning in the water column or in soils/sediments), concentrations of
the major binding phases are needed. These may include organic matter, oxides of iron(l1l),
manganese, aluminium and silicon (i.e. silica, quartz)and clays. In the scenarios to be assessed
here, we use chemical data that relate only to the dissolved (filterable) phase, so that there is
no need to consider the role of the non-filterable phase in speciation. The possible presence of
minerals in the filterable phase (e.g. iron(ll11) oxyhydroxides (Lofts et al., 2008)) and their
effects on speciation will be considered if the model has the capability to do this.

3.2.6 Databases for chemical speciation of contaminants

All equilibrium speciation models require databases of binding constants to compute
speciation. Databases are required for:

e equilibrium speciation of ions in solution, including mineral precipitation and redox if
the model is capable of simulating these processes;
e Dbinding of ions to organic matter, oxides and clays.

The models under consideration here are all flexible with respect to database use; so the user
can specify a database to use for a particular purpose (solution speciation, binding to organic
matter, etc.) if multiple databases are available, the databases themselves may be edited to add
or remove specific binding constants, and new databases may be created from scratch.
Considering speciation in solution, the capabilities of a specific model with respect to the
contaminants it can simulate are flexible — if a binding constant for a specific reaction is not
available in any of the model databases, it can be inserted if it is available in the literature or
in another database. Care is needed to maintain, as far as possible, the internal consistency of
the database when doing this, since many binding constants are not derived in isolation but
are calculated in groups from the same set of experimental data. Where this is done, it is
strongly advisable to utilise the entire group of binding constants, rather than individual
values. Some modification may be required to convert binding constants to the format
required by a particular model, but this is not a difficult task with chemical knowledge.

Constants for ion binding to humic substances and mineral surfaces (i.e. oxides) are ‘portable’
between models only if the specific submodel for ion binding is of the same type. So, for
example, since Visual MINTEQ and CHESS both contain the surface complexation model of
Dzombak and Morel (1990), for ion binding to ferrihydrite, constants relating to this
submodel can be used in both Visual MINTEQ and CHESS. On the other hand, binding
constants in Model VI and NICA-Donnan model cannot be transferred from one model to the
other, because the formulation of the models is different, even though they simulate the same
process. In this situation, binding constants need to be calculated for different types of model
independently from the source data on ion binding to the oxide in question.
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Turning to the issue of available databases for the models considered here, the solution
speciation databases currently available for each model are:

e WHAM: a ‘default’ database, compiled in Tipping (1994).

e Visual MINTEQ: a database based on the MINTEQAZ2 model database, updated with
new constants from the NIST thermodynamic database (NIST 46, Critical Stability
Constants) versions 6.0 and 7.0.

e Geochemist’s Workbench: this model is currently supplied with a number of
databases:

(0]

(0}

o

o

thermo.dat - The default database, based on the Lawrence Livermore National
Laboratory (LLNL) thermo dataset.

thermo.com.v8.r6+.dat - an expanded and updated version of the LLNL
database.

thermo_phreeqc.dat - The thermodynamic database from the PhreeqC
speciation model, release 2.8.

thermo_hmw.dat — Data supporting the Harvie-Moller-Weare implementation
of the "Pitzer equations” for calculating models of saline waters.
thermo_phrgpitz.dat — Data from the Phrgpitz speciation model; an extension
of the Harvie-Moller-Weare database.

Databases in the GWB format compiled for modelling radionuclide migration
by the Japan Nuclear Cycle Development Institute (JNC).

The Visual MINTEQ default database.

e CHESS: the model is supplied with a number of legacy databases:

(0}

O 0000 Oo

chess.tdb: the EQ3/6 (V.8-R.6) speciation model database (Wolery 1992). This
database is moderated by disregarding a number of organic redox species and
their derived species.

eq36.tdb: the full EQ3/6 (V.8-R.6) database (Wolery 1992).

minteq.tdb: the MINTEQ speciation model database (Allison et al. 1991).
phreeqc.tdb: the PHREEQC speciation model database.

nea.tdb: the database compiled in the NEA thermochemical database project.
wateq4f.tdb: the WATEQA4F speciation model database.

ctdp_v3.tdb is not supplied with CHESS, but is formatted to work with the
model. It is based on the merger of the irsn_lIre database (Denison, 2002) and
the LLNL database (chess.tdb), compiled in the framework of the Common
Thermodynamic Database Project in 2006 (www.ctdp.org)

ctdp_v3_dong.tdb is the previous database updated with data on ternary
complexation of uranyl, carbonate and alkaline earth metals (Dong and
Brooks, 2006, 2008; Geipel et al., 2008)

3.2.7 Chemical speciation of multiple contaminants

All speciation models are generic frameworks, designed to simulate the speciation of any
ionic elements present in a water (or water-soil, water-sediment) system. Competition among
elements, for example for binding to ligands such as phosphate, carbonate, sulphate or humic
substances, is automatically simulated. The key limitation on what can be simulated is the
availability of binding constants relating to a particular contaminant.
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3.3 Measurement of contaminant speciation in the environment

3.3.1 Metals and metallic radionuclides

Speciation analysis is defined as the analytical activity of fractionating, isolating, identifying
and quantifying one or more individual species, or classes of species, in a sample, and should
include in situ, on line, in laboratory fractionation techniques. Depending on the contaminant
and the environmental compartment, there are a wide range of potential techniques. It is
essential to use speciation and fractionation techniques to obtain information about real-time
distributions of species in waters. In general, fractionation of species should take place in the
field, in situ or at site, to avoid storage of samples, as sorption, aggregation and
sedimentation, changes in pH or redox conditions, and bacterial growth during storage will
influence the distribution of species. Surface water or soil water speciation techniques
typically seek to quantify the free ionic form, the ‘labile’ form, or to fractionate the sample in
terms of size or availability to identify the portion of contaminant that is associated with a
particular class of ligand, e.g. dissolved organic matter. Examples of techniques that seek to
quantify the free ion include ion-selective electrodes (e.g. Vulkan et al., 2000), competitive
ligand exchange voltammetry (e.g. Xue and Sigg, 1999) and the Donnan membrane technique
(e.g. Weng et al., 2001a; Kalis et al., 2007). The efficacy of these methods in application to
natural systems is an area of ongoing research, and questions remain regarding applicability
(e.g. van Leeuwen and Town, 2005). Size fractionation methods include size exclusion
chromatography, ultrafiltration/dialysis (e.g. Singhal et al., 2005) and the family of field-flow
fraction techniques. Size and charge fractionation has frequently been applied and the
combination of these techniques is well suited for speciation in natural water systems.
Examples of size fractionation techniques include field-flow fractionation, which
continuously separates the colloids present in a water body based on their hydrodynamic size.
Lyven et al. (2005) used this technique to show that colloidal-sized uranium in a river flowing
into the Baltic Sea was associated with organic matter. Ranville et al. (2007) applied
asymmetrical flow field-flow fractionation to the speciation of U in groundwaters and showed
that at a pH of around 7.0-8.1, most U was not in the colloidal size fraction but colloidal
fraction was associated with organic matter.

Separation on the basis of charge and/or availability usually aims to separate out the fraction
of the element bound to organic matter, since organic colloids in natural waters usually
possess a negative charge whilst the majority of small solution complexes of metals (e.g. with
CI, COs%) are neutral or positively charged. For example, a well-established separation
method for Al in acidic waters involves passing the sample through a cation exchange column
to separate the relatively labile, positively charged inorganic Al species from the relatively
less labile, negatively charged organically-bound Al (Driscoll, 1984). Unsworth et al. (2005)
used a column resin separation method to quantify the fraction of organically-bound U in
surface waters. Cooper et al. (1995) used anion exchange resin to quantify anionic forms of
Co, Ru, Pu and other actinides in groundwater.

Passive samplers, such as Diffusion Gradient in Thin Films (Zhang and Davison, 1995), may
also be used to quantify metals or metallic radionuclides based on their availabilities. Such
samplers have been applied successfully for heavy metals, such as Cu (Tusseau-Vuillemin et
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al., 2003). Their applicability for uranium measurement in waters (Li et al., 2006, 2007) or in
soils (Vandenhove et al., 2007; Duquéne et al., 2010; Mihalik et al., 2012) has been recently
tested, but requires further development.

A number of speciation techniques exist that appear to have been applied mainly to
radionuclide, particularly actinide, speciation. VValence speciation techniques (e.g. Nelson and
Lovett, 1978) are able to separate species on the basis of their oxidation state, e.g. Pu(lll) and
Pu(IV). Use of advanced spectroscopy techniques has also been carried out. For example, X-
ray absorption fine structure (XAFS) has been used to probe the speciation of Pu (including
its oxidation state) in organic-rich groundwater (Dardenne et al., 2009). Panak et al. (2003)
used time-resolved laser fluorescence spectroscopy (TRLFS) and radiometry to probe the
forms of Am(I11) and Cm(IIl) in the presence of hydroxyaluminosilicate (HAS) colloids.

To describe interactions and transfer of metals and metallic radionuclides in soil-water and
sediment—water systems, impact assessments have been traditionally based on the solid —
liquid distribution coefficient Ky These constants are based on the assumption that
equilibrium conditions are valid in the ecosystems, without taking radionuclide speciation into
account. For most radionuclides, published Kq values vary over several orders of magnitude,
thus the uncertainties associated with impact assessments based on such constants are
correspondingly large. Variations in equilibrium Ky values can be attributed to the variability
in the complexation strength of solid phase and solution ligands across different soil types, i.e.
to the speciation of the metal/radionuclide. The role of organic matter in the porewater can be
of particular importance as it is a strong ligand promoting the desorption from the soil solid
into solution. The variation in partitioning can be quantified using chemical speciation models
(e.g. Weng et al., 2001b), although recently more emphasis has been placed on using semi-
empirical functions to calculate the free metal ion from the soil composition (e.g.
Groenenberg et al., 2010). Such approaches are amenable to use for radionuclides if suitable
data are available for model parameterisation/testing.

Radioactive particles have been released to the environment following a series of historic
events, including nuclear weapon tests, nuclear accidents and dumping of nuclear waste at sea
(IAEA, 2011). The particle composition (radionuclides, isotope ratios, metals) will reflect the
emitting source, while particle characteristics such as size distribution, structure and oxidation
states (i.e. variables that will influencing mobility and bioavailability) will depend on the
release scenarios (Salbu, 2007). Information on the solid speciation of radionuclides within
such particles, and the weathering rates at which radionuclides in labile forms are released, is
important for understanding changes in the radionuclide speciation over time.

The speciation of radionuclides in soil and sediment will depend on species deposited and
transformation processes, both of which will influence the distribution of species in
ecosystems over time. Input of radionuclides in particulate form to soils introduces a time-
dependent aspect to their subsequent behaviour. In contrast to ‘mobile’ forms, the
radionuclides in particles remain inert until weathered into the mobile form. Ecosystem
transfer is relatively fast for mobile species, whereas the ecosystem transfer is delayed if
radionuclides are included in particulates. Weathering of particles will mobilise associated
radionuclides and increases ecosystem transfer over time, i.e. the apparent Ky increases (Salbu
et al., 2007). Thus, particle-contaminated soils and sediments can act as diffuse sources in the
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future. Due to interaction with clays or solid phase organic matter, the mobility of species
may decrease over time depending on binding mechanisms, so the apparent Ky decreases.
This process, sometimes termed ‘aging’, is well known for metals (e.g. Buekers et al., 2008).
Reversibly-associated species can potentially be mobilised due to exchange reactions, while
redox processes or microbial activities are needed for mobilisation of irreversibly associated
species. Thus, the distribution of metals and radionuclides between solid and solution is a
time-dependent process and information on binding mechanisms and kinetics is essential. Itis
therefore highly desirable that the equilibrium Kq constants should rather be replaced by time-
functions in the future.

Chemical extraction of metals and metallic radionuclides is a useful and frequently applied
method to obtain a ‘snapshot’ of speciation in the solid phase. Methods include quantification
of the total ‘geochemically active’ pool, for example by isotopic dilution, or the estimation of
the pools associated with different solid phases, by sequential extraction (Young et al., 2005).
The isotopic dilution method has been applied to a number of ‘common’ metals although its
use is constrained by the availability of a suitable isotope to use as a tracer for the element
considered. Wet chemical extraction methods, intended to extract the ‘geochemically active’
pool (e.g. Quevauviller et al., 1997) are more readily applicable although some doubts remain
regarding their general applicability. Sequential extraction procedures entail the extraction of
the same soil or sediment sample using a series of reagents intended to progressively extract
metal from different binding phases (e.g. organic matter, oxides, carbonates) in the solid
material, typically starting weakly bound metal and progressing through to residual (i.e. inert)
forms. Sequential extraction procedures are most useful when reagents are chosen to
differentiate among binding mechanisms. To identify reversible physical sorption, a
consecutive layer model is assumed and inert non-reacting electrolytes (no change in pH) are
applied. For reversible electrostatic sorption, a monolayer model is assumed and addition of
competing ions (lowering the pH) is useful. For irreversible chemisorption, a monolayer
model is assumed and redox reagents at elevated temperature should be appropriate. Thus, the
fraction of metals/radionuclides which is readily displaced by an inert electrolyte (i.e. H,O or
NH;OAc with pH of soils) can easily be distinguished from that being released after
dissolution due to breakage of chemical bonds induced for instance by redox agents (Salbu,
2000). Therefore, the procedure includes the introduction of reagents with increasing
displacement dissolution power, and results should be interpreted according to the reagents
applied (e.g.pH sensitive) and not according to some presumed solid phases (e.g.carbonates).

There are no known models predicting size, structure or oxidation states of colloids and
particles. Different techniques have been applied to identify the size, structure and oxidation
state, as well particles inhomogeneously distributed. Localised heterogeneities (hot spots) can
be observed in the field by portable alpha, beta and gamma detectors, or in lab by
autoradiography using phosphorous image plates, as a substitute for X-ray and alpha radiation
sensitive films. Following autoradiography, several solid state speciation techniques such as
electron microscopy and synchrotron radiation X-ray microtechniques have proved most
useful (Salbu et al., 2001). Alternative potential solid-state-speciation techniques include p-
PIXE and SIMS providing information on distribution of elements within particles, p-
RAMAN and electron diffraction providing structural information and Electron Energy Loss
Spectroscopy (EELS) providing information on oxidation states. For most of these techniques,
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however, standardisation and calibration with respect to um sized particles are still needed for
proper interpretation of signals. For structure and elemental analysis of submicron particles
such as colloids or nanoparticles Transmission electron microscopy (TEM) interfaced with
XRMA, Scanning electron microscopy (SEM) interfaced with X-ray microanalysis (XRMA),
Synchrotron based X-ray microscopic techniques using microbeams have been applied (Salbu
et al., 2001, Eriksson et al., 2005).

3.3.2 Organic contaminants

Study of the speciation of organic contaminants in the environment has been largely
concerned with the decline in bioavailability and toxicity of persistent organic compounds in
soils and sediments over time following their input (Alexander, 2000). The causal processes
leading to the decline (collectively termed ‘aging’ (similar considerations apply to metals and
metalloid elements; see section 3.1.1)) are not well understood. Some of the variation in aging
across different soils/sediments has been correlated with soil properties (e.g. Alexander,
2000). Solid phase microextraction (SPME) (Arthur and Pawliszyn, 1990) has been
extensively used in the assessment of the “free’ fraction of persistent organic compounds in
porewaters (e.g. Liu et al., 2011).

The binding of organic contaminants to dissolved organic matter has also been a focus of
study, as DOM-binding may affect processes such as loss by volatilization, degradation, and
biotic uptake. Typically, binding is assessed by measurement of the octanol-water partition
coefficient of a contaminant in the presence and absence of DOM (e.g. Burkhard, 2000;
Whelan et al., 2010).

3.4 Bioavailability Modelling

3.4.1 Meaning and implications of bioavailability

Bioavailability refers to the tendency of a contaminant to be able to be taken up by organisms,
leading to its accumulation and/or toxicity. In broad terms, bioavailability refers to uptake by
any route (e.g. ingestion or uptake through the dermis). In practice, the most-developed tools
for predicting bioavailability (such as the BLM) focus on direct uptake of a contaminant from
the aqueous phase in aquatic and terrestrial ecosystems (e.g. via binding to the gills, dermis,
root cells) and we will focus on this type of model. Though this has not been developed and
studied, in principle the BLM approach could also be applied to gut and long.

Research into the direct uptake of ionic and non-ionic contaminants suggests that, broadly
speaking, ionic contaminant bioavailability can be considered in terms of contaminant binding
to sites in or on the organism (the biotic ligand), while non-ionic contaminant uptake can be
considered in terms of the tendency of the compound to partition into a lipid phase,
representing the fatty tissues of an organism. There are of course exceptions; for example,
ionic species can form neutral complexes with ligands that may have a different
bioavailability than charged complexes. However, the available tools for modelling
bioavailability focus on contaminants for which one or other mechanism can be considered
the dominant means of uptake.
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Some important issues are not dealt with in this report, but need consideration in general
exposure and risk assessment. Most bioavailability studies are performed under equilibrium
conditions whereas reality is different. An organism may be exposed to contaminants present
in fluctuating concentrations, with high and low exposure peaks and to continuously different
contaminant ratios. Further when considering the exposure assessment of especially higher
organisms, like mammals, food-chain issues might additionally modify exposure of such
species, next to all other aspects mentioned in this report.

3.4.2 Metal bioavailability: critical evaluation of BLM and empirical bioavailability models

The Biotic Ligand Model (BLM) is a widely recognised predictive tool, used by
ecotoxicologists and proposed for use by some regulatory bodies, which accounts for
variations in metal toxicity with water quality. It is fundamentally a chemical equilibrium
model, based on the assumption that toxicity is determined by the strength of metal binding to
the site of toxicity in organisms. As such, the model combines knowledge on chemistry,
physiology and toxicology, in a simplified way.

3.4.2.1 The Gill Biotic Ligand Model

The first model developed for the interaction between trace metals in water and the gill
surface was the Gill Surface Interaction Model (GSIM) introduced by Pagenkopf (1983). This
was also the first model to account for differences in water chemistry (hardness, pH, trace
metal complexation and gill reactivity) in relation to toxicity of metals. A similar model was
developed for the critical binding sites on algae, called the Free lon Activity Model (FIAM)
(Morel 1983). Both models recognized the importance of DOC in complexing reactions, and
accepted that metals other than free ions (Low Molecular Mass -LMM- ionic species) could
bind to critical sites. As such the GSIM and FIAM are the ancestors of the Biotic Ligand
Model (BLM) (Di Toro et al. 2001; Niyogi and Wood 2004).

The model has been developed for a number of metals and organisms, but the gill is perhaps
the most commonly referred to biotic ligand, largely reflecting the fact that the first
applications of the BLM concept were made to fish. The acute mechanism of toxicity for
many metals (e.g. Pb and Cu) was linked to disruption of ion regulation following
accumulation on fish gills. In developing the model, the concentrations of metals on gills (i.e.
the biotic ligand) of exposed fish were measured and compared to observed toxic effects. The
BLM uses water quality data to predict the degree of metal binding (e.g., Cu and Pb) at the
site of action (e.g., gills), and the level of accumulation is in turn related to a toxicological
response (Paquin et al. 2002; Niyogi and Wood 2004). The BLM model for fish is utilized
within REACH for a series of metals including Al and Fe.

3.4.2.2 Application to other organisms

The BLM has later been applied to other organisms, both aquatic, e.g. Daphnia magna (De
Schamphelaere and Janssen 2002), and terrestrial including plants, invertebrates and microbes
(Steenbergen et al. 2005; Koster et al. 2006; Thakali et al. 2006a; Thakali et al. 2006b). In
these examples there is no explicit identification of the site of action (or the biotic ligand),
hence the model is parameterised by fitting whole organism, water or soil concentrations
directly to the toxicity data. Some of the most comprehensive work has been carried out on
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copper, wherein effects have been compared in two plant species, two invertebrates and three
microbial processes (Thakali et al. 2006a,b). Given the more complex chemical environment
of soils, and the relative lack of chemical data typically available in toxicity studies for
parameterisation of BLMs, empirical approaches to describing the variability in metal toxicity
with soil properties have also been developed (e.g. Lofts et al., 2004; Song et al., 2006)

In the terrestrial environment, work has tended to focus more on the importance of soil
chemistry and metal speciation on bioavailability and toxicity, for example in comparing
metal toxicity to invertebrates in different soils, or on efficiency of metal, including
radionuclide, transfer to plants. In an extensive study on earthworm toxicity, Pb (2,000 mg kg
!y was added to twenty-one soils with a wide range of properties to determine the effects of
soil chemistry on Pb bioavailability and toxicity to earthworms (Bradham et al., 2006).
Earthworm mortality ranged from 0 to 100% acute mortality, and internal Pb concentrations
in earthworms ranged from 28.7 to 782 mgkg™, with a mean of 271 mgkg™. Path analysis was
used to partition correlations in an attempt to discern the relative contribution of each soil
property. Results indicated that pH was the most important soil property affecting earthworm
mortality (p < 0.01) and internal Pb (p < 0.05). Soil pH was related inversely to mortality and
internal Pb, soil solution Pb, and Pb bioavailability. The most important soil property
modifying reproduction was amorphous iron and aluminium oxides (FEAL). Because FEAL
is rich in pH-dependent cation-exchange sites, several soil properties, including pH, FEAL,
and cation-exchange capacity, have a causal effect on Pb adsorption and soluble Pb. Similar
results of variability of toxicity with soil properties were found for Cd, As and Zn (Bradham
et al., 2006). Nevertheless, while the results are of obvious interest and relevance to the BLM
concept, the paper makes no reference to the BLM.

3.4.2.3 The BLM and radionuclides

There is not much literature on the application of the BLM for modelling of radionuclides,
besides a few papers on BLM type models in relation to uranium. Alves et al. (2008)
explained bioaccumulation of uranium in the crustacean Hyalella azteca satisfactorily using a
BLM type saturation model. Fortin et al. (2007) found that the proton-metal competition
described by the BLM was not successful in depicting algae-uranium interactions, although
earlier studies for green algae showed that the accumulation of uranium was correlated to the
free uranyl concentrations as predicted by the BLM and FIAM (Fortin et al. 2004). Similarly,
the effect of varying solution composition on the bioavailability of uranium on excised gills of
the freshwater Corbicula fluminea (Denison, 2004) showed relatively small change as a
function of pH (factor of ca. 2), despite the extremely large changes to the solution speciation
within the range of pH investigated (5.0 to 7.5). Thermodynamic equilibrium modelling,
including uncertainty analysis (Denison et al., 2005), did not allow to conclude on the most
plausible hypothesis for uranium bioavailability (uptake of inorganic uranium complexes,
competition with protons, changes to membrane transport system activity).

3.4.2.4 Application of the BLM in mixture exposures

Some work has been done on the application of the BLM to metal mixtures (Playle 2004;
Birceanu et al. 2008; Borgmann et al. 2008; Hatano and Shoji 2008; Kamo and Nagai 2008;
Chen et al. 2010; Jho et al. 2011). Playle (2004) postulated a theoretical model for metal
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mixtures (up to 6 metals simultaneously) by combining existing BLM’s for single metals in
MINEQL+ to generate predictions on mixture effects using the toxic unit (TU) concept.
Briefly, the authors assumed an LA50 (50% lethal accumulation) when half the gill sites were
occupied by a metal (Paquin et al., 2002), and one toxic unit was defined as the corresponding
LCso, - 50% lethal concentration (See Newman and Unger (2003) and section 4.2.1 for further
discussion of the TU concept). For Pb, half the gill sites in this simulation were filled at an
aqueous concentration of 6.0 uM Pb

The main conclusions from the model simulation were that multiple metal-gill modelling
yields greater than strict additivity at low aqueous metal concentration, less than strict
additivity at high concentrations and strict additivity when the metals sum one toxic unit. The
content of natural organic matter can influence the metal interaction. A test of the model was
performed for the binary exposure to Pb and Cd to rainbow trout (Oncorhynchus mykiss),
where it was concluded that the mixture interacted in a far more complex manner than
suggested by the model (Winter, 2008).

Hatano and Shoji (2008) tested the combined toxicity of Cu and Cd to duckweed (Lemna
paucicostata), assuming Cu®* and Cd®* to bind to the same biotic ligand in competition with
H*. They found that the BLM clearly predicted the toxicity of mixtures of the metals, using
the toxic unit approach. Kamo and Nagai (2008) modified the BLM to be able to predict the
toxicity of Zn, Cu and Cd to rainbow trout (O.mykiss), however, the results were not tested
using live animals, only a theoretical outcome. Jho (2011) proposed a version of the BLM to
predict mixture toxicity of Pb and Cd that assumed that (i)both metals bind to the same biotic
ligand, in competition with Ca**, and (ii) the potency of the metals is the same, i.e. that one
mole of biotic ligand-bound Pb results in the same level of effect as one mole of biotic ligand-
bound Cd. This model was shown to predict mixture toxicity better than a model assuming the
metals to bind to different biotic ligands. However, while the paper builds on the BLM
concept to include competition between both toxic metals and other ions (e.g., Ca*"), it still
makes a key assumption, namely that Cd** and Pb®* are competing for the same biotic ligand
with the same potency (i.e., one Cd ion binding to the BL has the same effect as one Pb ion).
Furthermore, for mixture toxicity it is important to recognize that

a) not all metals may necessarily bind to a common biotic ligand, and so may require
different BLMs when mixture effects are considered;

b) a robust and realistic BLM should be able to account for non-additive effects resulting
from competition among metals at the BLM, butno matter how the bioavailability
modelling is carried out, it will not be able to account for biochemical interactions
between and among individual toxicants in a mixture that may modify the toxic effect
(i.e. non-additive effects of mixtures).

3.4.3 Bioavailability of organic compounds

The tendency of organic compounds (both non-ionic compounds and compounds that may
form ionic species) to be bioavailable has been studied. Studies have largely focused on
compounds that exert effects by narcosis. Since the tendency to cause effects by narcosis is
related to the lipophilicity and hydrophobicity of the chemical, the toxicity of sets of narcotic
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compounds to a particular organism is related to their octanol-water partition coefficients
(Kow). The latter can be considered to be a measure of the tendency of each compound to
dissolve in water or an organic solvent (hydrophobicity)and thus is related to the tendency to
partition and accumulate in fatty tissues (Di Toro et al., 2002).

3.5 Overview of exposure scenarios for radionuclides and co-contaminants

3.5.1 Introduction

As mentioned in the introduction, there are many situations where the environment is
impacted by both radionuclides and conventional contaminants. For a number of exposure
scenarios we have reviewed the type sand quantity of radionuclides and co-contaminants
released to the environment. Additional information is provided to allow an appreciation of
the environmental relevance of these releases and the resulting environmental concentrations.
The different industries reviewed were: uranium mining and milling, nuclear fuel production,
nuclear power plants, reprocessing plants, nuclear waste disposal and the NORM industry.
For hospitals no relevant information on released co-contaminants could be found.

A further motivation for the review was to select mixtures of interest for further experiments.
Four criteria were considered:

e the capacity of the co-contaminant(s) to modify the chemical speciation in the medium
and bioavailability of the radionuclide(s) of interest;

e the possible toxicokinetic and toxicodynamic interactions between the co-
contaminant(s) and the radionuclide(s);

e the mode of action of each co-contaminant(s) and the radionuclide(s), either similar or
dissimilar;

¢ the environmental relevance of the co-contaminant(s) and the radionuclide(s) based on
either the quantity released per year by the nuclear industry or the possibility to exceed
environmental guideline values (such as PNEC).

To begin with we will focus on the quantity of radionuclides and chemicals released by the
nuclear power plant industry. We also give additional information on the environmental
relevance of these releases.

Important exposure scenarios for contaminant mixtures with radionuclides occur from
industries that release multiple contaminants. However, man and environment may also
become exposed to an increasing contaminant background through diffusive contamination.
There are many published examples of Hg from coal combustion, pesticides, endocrine
disruptors, etc. that are ubiquitous in developed countries and that are commonly found in
humans. These now constitute a ”"new background” to which ionizing radiation can interact.
These elevated background contaminants are possibly as important to investigate as are the
co-contaminants that come from a single (nuclear) facility. This is, however, not evaluated in
the present report.
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3.5.2 Comparison of contaminant releases and environmental relevance for a number of
scenarios.

It is clear from the studies discussed that many co-contaminants are present and should be
considered when assessing the potential impact from nuclear fuel production, nuclear power
plants and reprocessing plants. However the extent to which environmental guideline values
are exceeded seems to be small although a detailed survey of all EU countries is beyond the
scope of this review. For the French case, only Cu and to a minor extent, hydrazine, might
exceed the (French) environmental guideline values and this only for the nuclear power
plants.

For low, medium and high level waste disposal, the expected environmental concentrations
are much lower than the guideline values and as such all these co-contaminants released are
not expected to affect the impact from radionuclides or ionising radiation. Also for
radionuclides the levels are extremely low and no impact is expected.

For the uranium mining and milling industry as well as for NORM industries, where
radiological impact is linked with U and Th-series radionuclides, the picture is different. It is
clear from a partial review of co-contaminants in the uranium mining and milling industry,
that heavy metals (Cd, Cr, Cu, Pb, Zn, ...) or metalloids such as As may be present at
concentrations higher than the guidelines. Additionally, other elements such as Ba, Fe, Al, F,
Cl, Se may be of concern. The actual contaminants of concern will be highly site specific.

For the NORM industry, concentrations exceeding the guideline values have mostly been
reported for heavy metals (e.g. Cd, Cu, Pb, Zn, ...). For the oil and gas extraction industry
significant releases of organic components as well as scale inhibitors have been reported.

3.5.3 Preliminary tool testing: can we use geochemical speciation models to evaluate the
effects of multi-contaminants on radionuclide availability

3.5.3.1 Scenarios selected

As stated above, levels of co-contaminants present in the environment are highest for the
uranium mining and milling industry. We therefore selected these sources as they represent an
important case for evaluating whether co-contaminants would impact the speciation and hence
environmental availability of the radionuclides of interest using the selected geochemical
speciation models.

We selected two case studies for which we had relevant and adequate information on
environmental characteristics to perform geochemical speciation calculations. The two test
cases were also rather different in chemical composition: the French Ritord scenario and the
Beaverlodge Lake in Canada. The Ritord scenario has high levels of Mn and Ba and also high
levels of Fe and Al for which monitored surface water values were above French guidelines
values. Therefore, Fe and Al could also be considered as contaminants. The Ritord ecosystem
has a slightly acid pH. For the Beaverlodge lake case there are high heavy metal
concentrations (As, Ba, Cu, Ni, Pb, Se, Zn) in an ecosystem which is alkaline and has a high
carbonate content (providing a contrast to Ritord).
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3.5.4 Detailed description of scenarios

3.5.4.1 Ritord

The Ritord basin is situated in the Limousin region of France and contains several closed
uranium mines. Chemically treated mine waters are discharged to surface water at two
locations within the catchment, following chemical treatment. For this scenario we chose a
single water sample, taken on 18" June 2009, downstream of the uppermost mine water
discharge. The chemical treatment of the mine water comprises addition of barium chloride to
precipitate radium, aluminium sulphate to co-precipitate iron and uranium, and a flocculating
agent to minimise suspended solids. The physical-chemical data available comprised:

Physical-chemical: pH, temperature, conductivity, dissolved oxygen, suspended particulate
matter, dissolved inorganic carbon, dissolved organic carbon (DOC).

Major and trace ions: sodium, magnesium, potassium, calcium, silicon, ammonium,
chloride, nitrite, nitrate, sulphate, phosphate .

Contaminants: manganese, barium, aluminium and iron (as stated above).
Radionuclides: uranium(and associated daughter products).

Concentrations of major and trace ions, contaminants and radionuclides refer to the dissolved
phase.

The system is slightly acidic (pH 6.4) with moderate hardness (58 mg CaCOs I™) although this
is elevated compared to the upstream unimpacted site (8.8 mg CaCOs I'') as a result of the
mine water discharge. The dissolved organic carbon concentration is also elevated (9.6 vs. 6.3
mg C 1) as is the sulphate concentration (48 mg I* vs. 2.6 mg I™). The dissolved inorganic
carbon concentration is slightly lower downstream of the discharge (2.0 mg I"* vs. 2.4 mg I'").
The water is also enriched in dissolved Ba (224 pg 1™ vs. 7.2 pg 1) and dissolved U (35 pg I
vs. 1.1 pg I'Y). There is slight enrichment in dissolved Al (56 pg I vs. 48 pg 1) and dissolved
Fe is lower (396 pg 1™ vs. 3053 pg I™). There appears to be a loss of dissolved Fe between the
upstream reference site and the scenario site as the mine water discharge increases the ionic
strength of the stream. The decrease in Fe could be attributed to the aggregation of Fe
oxy/hydroxides colloids provoked by the increased ionic strength, and subsequent
sedimentation.

3.5.4.2 Beaverlodge Lake

The location of the scenario is close to Uranium City in northern Saskatchewan, Canada. Past
uranium mining operations have caused contamination of a number of local surface waters
(lakes and streams). The scenario location is at the outflow of Greer Lake, upstream of its
inflow into Beaverlodge Lake, the largest water body in the area. We used mean water
chemistry data for the period July 1% 2003 to 30" June 2004 (Environmental Management
Group, 2004), with the exception of DOC, for which a single monitored value from 2011 was
used since no corresponding data were available for the earlier time period. The chemistry
data comprised the following determinants:
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Physical-chemical: pH, hardness, alkalinity, temperature, conductivity, total suspended
solids, total dissolved solids

Major and trace ions: sodium, potassium, magnesium, calcium, iron, chloride, sulphate,
carbonate, hardness, alkalinity.

Contaminants: arsenic, barium, copper, nickel, lead, selenium, zinc.
Radionuclides: lead-210, polonium-210, radium-226, thorium-230, uranium

Concentrations of major and trace ions, contaminants and radionuclides refer to the dissolved
phase. Each determinant was the mean of between 2 and 11 individual samples. The water
was alkaline with a mean pH of 8.0. Water hardness was moderate (84 mg I as CaCOs) and
the total carbonate concentration was 171 mg I*. Mean water temperature was 1°C.
Concentrations of metals were 1.8, 560, 1, 1, 3, 4.8 and 5 pg I for As, Ba, Cu, Ni, Pb, Se and
Zn respectively so Ba seems to be the main co-contaminant of non-radionuclide origin in the
system. The dissolved organic carbon concentration used was 14 mg C I™.

3.5.5 Evaluation of geochemical model performance

A detailed description of the results of the geochemical speciation model evaluations,
including the assumptions used to make each prediction and a description of the binding
constant databases used, is provided in Annex 2. Here we summarise the most important
results of the speciation analysis in table form and present the main features of the results. The
predicted speciation of U using different speciation models is summarised in Tables 1-5.

Generally, carbonate complexes are important contributors to U speciation, particularly in the
higher pH Beaverlodge Lake scenario (Table 1). In the Ritord scenario (Table 3), hydrolysis
products are also important, along with silicate and mixed carbonate-hydroxo complexes
where the database used allows the formation of such species. Dissolved Organic Matter
(DOM) is relatively unimportant as a complexant in the Beaverlodge Lake scenario, due to
strong competition from carbonate (Table 2). In the Ritord scenario, DOM is predicted to be
more important, but its predicted significance varies considerably among the models (Table 4-
5).

Overall, the effect of co-contaminants on the speciation of the radionuclides of concern was
not significant in the scenarios assessed, except to some extent in the Ritord scenario (Table
5) because of the extremely high Fe and Al concentrations.

e The choice of model and binding constant database has an important influence on the
results. For example: in the predictions made for the Beaverlodge scenario using the
GWB (Table 1), the predicted speciation is highly dependent upon which of the three
binding constant databases (Thermo.com.V8.R6, Thermo.Minteq or NEA/NO3) is
used to make the calculations. When Thermo.com.V8.R6 or NEA/NO3 are used, the
speciation of U is dominated by two carbonate complexes (UO,(COs)s*and
UO,(COs),%). When Thermo.Minteq is used, however, the speciation is predicted to
be dominated by the ternary Ca-UO,CO3; complex Ca,UO,(CO3)s, which is not
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present in either of the other two databases. A similar pattern is seen when comparing
the results of the CHESS predictions using the Chess and Ctdp_v3_Dong databases.
Differences in the predicted speciation may be seen when comparing predictions made
using databases having similar sets of binding constants. In the Beaverlodge scenario
(Table 1), the predictions made by (i) GWB using the Thermo.Minteq database, (ii)
CHESS using the Ctdp_v3_dong database and (iii) Visual MINTEQ using its default
database, all have the same set of possible U complexes forming. However, the
prediction made using the Geochemist’s Workbench and Thermo.Minteq shows a
notably different distribution of the abundances of these complexes, compared to the
other two predictions.

The implementation of dissolved organic matter differs among the models, and this
has an important influence on the results (Table 2 for the Beaverlodge scenario, Tables
4 and 5 for the Ritord scenario). This influence is most obvious in the predictions of
the Ritord scenario. The GWB model was run using either EDTA or citrate as an
analogue for dissolved organic matter, producing very different predictions of its
importance (unimportant using using EDTA, the most abundant complex when using
citrate). WHAM and Visual MINTEQ both allow the simulation of dissolved organic
matter as fulvic acid, which is more realistic than using a simple organic substance as
an analogue. GWB gives very different predictions depending on which analogue is
used (Table 4), with EDTA having little influence on the speciation, but citrate having
a large influence. WHAM and Visual MINTEQ also give contrasting predictions, with
DOM predicted to be less important by WHAM than by Visual MINTEQ. This is due
to WHAM being able to simulate the binding of U to colloidal iron(l11) hydroxide
(FeOx), which Visual MINTEQ does not. Therefore, Visual MINTEQ predicts DOM
complexation to be more important for U than does WHAM. In the absence of co-
contaminants (which are assumed to include Fe(lll)), WHAM cannot form the
Ucomplex with FeOx and predicts that U-DOM complexes will be of a similar
significance as Visual MINTEQ predicts.
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Table 1. Summary of predicted U speciation for the Beaverlodge Lake scenario, including co-
contaminants, in the absence of DOM, by all the model/database combinations used. The numbers are the
% abundance of the species. Only species predicted by at least one of the models to have an abundance of
>19% total U are listed. The term ‘Absent’ indicates that the species in question was not present in the
database used to generate the prediction. The term UO,-FeOx refers to U predicted to be complexed at the
surface of colloidal iron(l11) hydroxide, Fe(OH); ().

Visual

Model GWB CHESS WHAM MINTEQ
Database | Thermo.com.V8.R6 Thermo.Minteq NEA/NO3| Chess Ctdp v3 Dong| Default | Default
UO,(COs)s" 58.0 35 84.4 52.8 1.2 Absent 4.7
UO,(COs),” 40.1 1.6 15.2 44,0 1.0 96.7 (<1)
UO,(OH), 1.3 (<1) (<1) 1.9 (<1) (<1) (<1)
CaUOz(Cog)gz' Absent 2.1 Absent | Absent 56.8 Absent 46.0
Ca,U0,(CO03)3 Absent 92.7 Absent | Absent 40.6 Absent 49.0
UO,CO; (<) (<) (<) (<) (<) 15 (<)
UO,-FeOx Absent Absent Absent | Absent Absent 1.8| Absent

Table 2. Summary of predicted U speciation for the Beaverlodge Lake scenario, including co-
contaminants, in the presence of DOM, by all the model/database combinations for which simulations
including DOM were done. The numbers are the % abundance of the species. Only species predicted by at
least one of the models to have an abundance of >19% total U are listed. The term ‘Absent’ indicates that
the species in question was not present in the database used to generate the prediction. The term UO,-
FeOx refers to U predicted to be complexed at the surface of colloidal iron(111) hydroxide, Fe(OH); (. The
models ‘GWB with EDTA’ and ‘GWB with citrate’ refer to the GWB model using EDTA and citrate as
proxies for DOM.

GWB with GWB with Visual
Model EDTA citrate WHAM | \MINTEQ
Database Thermo.Minteq | Thermo.Minteq | Default | Default
UO,(CO3)s™ 3.6 4.2 Absent 5.0
UO,(CO3)* 1.6 1.9 94.4 (<1)
UO>(OH) (<1) (<1) (<1) (<1)
CaU0,(CO3)s” 2.1 2.3 Absent 46.9
Ca,U0,(CO3)3 92.7 91.7 Absent 46.5
UO,CO3 (<1) (<1) 1.5 (<1)
UO,-FeOx Absent Absent (<1) | Absent
UO,-DOM (<1) (<1) 3.2 1.2
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Table 3. Summary of predicted Uspeciation for the Ritord scenario, including co-contaminants, in the absence of DOM, by all the model/database combinations
used. The numbers are the % abundance of the species. Only species predicted by at least one of the models to have an abundance of >1% total Uare listed. The
term ‘Absent’ indicates that the species in question was not present in the database used to generate the prediction. The term UO,-FeOx refers to U predicted to be
complexed at the surface of colloidal iron(I11) hydroxide, Fe(OH); ). CHESS predictions have been made with precipitation/dissolution equilibria both disabled and

enabled.

Visual
Model GwWB CHESS CHESS WHAM MINTEQ
Database Thermo.com.V8.R6 Thermo.Minteq Chess  Ctdp_v3 Dong Chess Ctdp_v3_Dong | Default | Default

Precipitation disabled Precipitation enabled
uo,** (<1) (<1) (<1) 1.3 (<1) 1.3 (<1) (<1)
UO,0H" 4.5 8.4 2.9 7.1 (<1) 7.1 2.3 9.0
UO,(OH), 79.0 2.4 82.0 10.4 9.1 10.4 (<1) 7.3
UO,CO3 12.1 68.3 10.0 35.4 1.1 35.4 4.1 57.0
UO,(CO3),* 2.5 6.2 1.5 5.5 (<1) 5.5 (<1) 8.8
UO,(CO3)s5" (<1) (<1) (<1) (<1) (<1) (<1) Absent (<1)
(UO,),CO3(OH)35’ 1.3 59 2.9 385 (<1) 385 Absent | Absent
CaU0,(CO3)s” Absent (<1) Absent (<1) Absent (<1) Absent 4.0
Ca,U0O,(COs)3 Absent (<1) Absent (<1) Absent (<1) Absent 3.5
UO,H3Si04" Absent 7.9 Absent Absent Absent Absent Absent 8.5
UO,-FeOx Absent Absent Absent Absent Absent Absent 925 | Absent
(UO,)2Si04.H20 (s) Absent Absent Absent Absent 89.2 Absent Absent | Absent
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Table 4. Summary of predicted U speciation for the Ritord scenario, including co-contaminants, in the
presence of DOM, by all the model/database combinations for which simulations including DOM were
done. The numbers are the % abundance of the species. Only species predicted by at least one of the
models to have an abundance of >1% total Uare listed. The term ‘Absent’ indicates that the species in
guestion was not present in the database used to generate the prediction. The term UO,-FeOx refers to U
predicted to be complexed at the surface of colloidal iron(l11) hydroxide, Fe(OH); . The models ‘GWB
with EDTA’ and ‘GWB with citrate’ refer to the GWB model using EDTA and citrate as proxies for

DOM.

Model GWB with EDTA | GWB with citrate WHAM Visual MINTEQ
Database Thermo.Minteq Thermo.Minteq Default Default
U0, (<1) (<1) (<1) (<1)
UO,0H" 8.4 1.8 2.1 (<1)
UO,(OH), 2.4 (<1) (<1) (<1)
UO,CO, 68.0 14.2 3.8 2.6
UO,(COs),” 6.2 1.3 (<1) (<1)
UO,(COs)5* (<1) (<1) Absent (<1)
(UO,),CO3(0OH)5 5.9 (<1) Absent Absent
CaU0,(COs)5” (<1) (<1) Absent (<1)
CaQUOQ(C03)3 (<1) (<1) Absent (<1)
UO,H;Si0," 7.8 1.6 Absent (<1)
UO,-FeOx Absent Absent 82.2 Absent
UO,-DOM (<1) 80.1 10.8 95.7

Table 5. Summary of predicted Uspeciation for the Ritord scenario, in the presence of DOM, by WHAM
& Visual MINTEQ. The numbers are % abundance of the species. Only species predicted by at least one
of the models to have an abundance of >1% total Uare listed. The term ‘Absent’ indicates that the species
in question was not present in the database used to generate the prediction. The term UO,-FeOx refers to

U predicted to be complexed at the surface of colloidal iron(I11) hydroxide, Fe(OH); ).

Model WHAM Visual MINTEQ
Database Default Default
Co-contaminants Present Absent Present Absent
Uo,™ (<1) (<1) (<1) (<1)
UO,OH" 2.1 (<1) (<1) (<1)
UO,(OH), (<1) (<1) (<1) (<1)
UO,CO, 3.8 15 2.6 (<1)
UO,(CO5),” (<1) (<1) (<1) (<1)
UO,(COs)5* Absent | Absent (<1) (<1)
(UO,),CO3(0OH)5 Absent Absent Absent Absent
CaU0,(COs)5* Absent | Absent (<1) (<1)
Ca,U0,(C0s)3 Absent Absent (<1) (<1)
UO,HsSi0," Absent | Absent (<1) (<1)
UO,-FeOx 82.2 2 Absent 2
Uo,.DOM 10.8 97.3 95.7 99.5

# Not formed since Fe(lIl) was not input to the model
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3.5.6 Discussion and main conclusions

3.5.6.1 Speciation (environmental availability) models

Speciation models are well established tools for predicting the chemistry of metals and
radionuclides assuming thermodynamic equilibrium conditions. A detailed comparative
assessment of models is presented here. As already discussed, models vary in the scope of
chemical species (solution complexes, solid phases, complexes with humic substances and
mineral solids) for which speciation can be simulated. The models chosen for the assessment
here provide a good example of this range of capabilities. To validate the models, however,
experimental data is still needed.

Since the models should all give similar results for speciation in solution (not including DOM
when modelled as humic substances in WHAM and Visual MINTEQ) if identical databases
are used, the comparison of models in the absence of DOM is essentially a comparison of the
databases. So, for example, the WHAM default database and Thermo.com.v8.r6+.dat have
fewer carbonate complexes of U defined than do the other databases, and the predicted
speciation is thus dominated by different carbonate complexes.

In the Beaverlodge Lake scenario, carbonate complexes are predicted to dominate the U
speciation, although the predicted distribution of U among its carbonate complexes depends
on which of these complexes are defined in the database. The predictions made by Visual
MINTEQ and CHESS suggest that the ternary Ca-UO,-CO3; complexes (Dong and Brooks,
2006, 2008) are important, and their incorporation into the other databases should be
considered. The U speciation is consistently predicted to be dominated by carbonate
complexes, even when (for WHAM and Visual MINTEQ) humic substances are included.
This suggests that as this pH, carbonate can compete effectively with humics for U, even
though the DOC concentration in the scenario is relatively high (compared to a global median
of 5.2 mg C I estimated from the data presented by Harrison et al., 2005). This should
however not be taken to mean that binding of U to DOM will generally not be significant.
Goulet et al. (2011) made theoretical predictions of the binding of U to fulvic acid over a wide
pH range, which suggested that the proportion of U bound to DOM will vary with pH, with a
maximum at a pH of approximately 7.4 and, at a given pH, increasing with the concentration
of DOM in the solution. This is borne out by the predictions of WHAM and Visual MINTEQ
for the Ritord scenario (pH = 6.4) where DOM was predicted to be a more significant binding
ligand than was predicted for the Beaverlodge scenario.

In the Ritord scenario, the models generally predict that hydrolysis products and carbonate
complexes are important, although the relative importance of different complexes varies from
model to model. Again, this is a function of the databases, not the specific model. In WHAM
and Visual MINTEQ, DOM is predicted to bind some if not most of the U, but WHAM
predicts that DOM is more important for U binding than does Visual MINTEQ. The reasons
why this occurs need to be investigated; it may be because of differences in the databases for
binding to inorganic ligands between the two models.

Using citrate as an analogue for DOM in the GWB predictions produces a prediction of
extensive binding, but using EDTA does not. This suggests that if an analogue for DOM is
needed it should be chosen carefully as using different organic ligands may produce very
different predictions. The most realistic results will be produced using a model that can
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simulate humic substances, since these organic substances are known to be the most important
organic ligands for metals and metallic radionuclides.

The importance of Fe(lll) and Al as co-contaminants and as influences on metal and
radionuclide speciation is unavoidably complex. Both occur naturally and ubiquitously in
surface waters. Natural concentration ranges of Fe(lll) and Al in freshwaters have important
influences on the speciation of metals (and by extension, radionuclides) as their strong
binding to humic substances makes them important competitors (Tipping et al., 2002). Both
are rather insoluble and Fe(lll) is known to form a colloidal oxyhydroxide in freshwaters,
which itself can influence speciation by binding metals (e.g. Lyven et al., 2003). Although the
solubility of Al in freshwaters appears to be controlled by its oxide (Tipping, 2005), evidence
for the presence of this oxide in freshwaters is not currently available. Contamination of
surface waters by Fe(lll) can occur due to industrial discharges and also due to mining
activities. Excess Fe(lll) in freshwaters will be present as colloids, usually Fe-oxyhydroxide
form and will influence speciation by competing with other ligands, such as DOM and
carbonate, for metals and metallic radionuclides. In this assessment, WHAM predicted that
Fe(lll) oxide may be an important complexer of U. This is, however, not borne out by the
small amount of experimental evidence available (e.g. Lyven et al., 2003). Contamination of
surface waters by Al can occur via industrial discharge, mining activities and also by soil
acidification. Excess Al in freshwaters is also likely to be present in colloidal form although
knowledge about the exact form is poor. In both cases, assuming equilibrium in the water, the
presence of an excess due to contamination should not increase the ‘truly dissolved’ (i.e. non-
colloidal) concentration and thus not increase the competition of these elements for binding to
dissolved ligands.

Overall, the effect of co-contaminants on the speciation of the radionuclides of concern was
not significant in the scenarios assessed, although interactions due to high conc of Fe and Al
cannot be excluded.. This is because competition between multiple metals for binding to a
given ligand tends to become important (and to thus have effects on predicted speciation) only
when the metal:ligand ratios become relatively large, which is not generally the case for trace
metals and metallic radionuclides. Nonetheless, speciation modelling remains important if the
influence of bioavailability on exposure to metallic species is to be addressed.

Considering the further use of speciation models within STAR, all the model/database
combinations used in this assessment have advantages and disadvantages. These largely relate
to (i) the comprehensiveness of the different databases, (ii) the ability to simulate
complexation to humic substances (dissolved organic matter) and mineral oxides, and (iii) the
ability to simulate oxidation-reduction and precipitation reactions.

The most comprehensive model used here is Visual MINTEQ, which can simulate
complexation to humic substances and mineral oxides, oxidation-reduction and precipitation
reactions. The other models have a lower level of capability in this area. WHAM can simulate
complexation to humic substances and mineral oxides, but cannot simulate oxidation-
reduction and has limited ability to simulate precipitation. GWB and CHESS have limited
ability to simulate humic substances, but can both simulate oxidation-reduction and
precipitation equilibria. In application to field situations, the modelling of complexation to
humic substances has been shown to be of great importance (Tipping, 2002) and so modelling
should include this if possible. The importance of oxidation-reduction and precipitation
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reactions in surface water conditions is debatable. Redox couples (of which Fe(ll)-Fe(ll1) is
generally the most important in surface waters) are frequently far from equilibrium, and so
speciation modelling predictions including redox need to be interpreted with care. In practice,
separate determination of the different oxidation states (e.g. Fe(I1)/Fe(l11), NH4/NO,/NOs3) and
input as separate species is preferable to direct prediction of redox speciation. Similarly,
careful consideration is needed of mineral precipitation. The most thermodynamically stable
precipitates are not necessarily those that will dominate if precipitation occurs, since
amorphous forms of a mineral (e.g. iron(lll) oxide) may only slowly transform to more
thermodynamically stable forms.

Under laboratory conditions (e.g. mixture toxicity experiments using a radionuclide and a
metal) it is advantageous to simplify the chemistry by not including DOM in the exposure
solutions unless the specific effect of organic matter on toxicity is to be studied. In this
situation, the choice of model becomes less critical. If validation of an exposure model against
field conditions is done (e.g. by exposing the test organism to the toxicant mixture in natural
water) then the choice of model becomes more critical, since complexation by dissolved
organic matter will have similar importance to the field conditions.

The advantages and disadvantages of each model and database outlined above are generally
applicable to the radionuclides considered here, namely uranium, thorium radium and
polonium. The models are generally well-developed with respect to uranium and thorium. The
comprehensiveness of the different databases used varies with respect to dissolved complexes,
so that different models give different predictions of solution speciation. Those databases that
incorporate the most recent developments in knowledge about solution species (e.g. Dong and
Brooks, 2006; 2008; Geipel et al., 2008 for UO,*") are the most comprehensive. In applying a
particular model to speciation prediction, consideration needs to be made regarding the
possible updating of the database to reflect the latest knowledge. Similarly, the models that
can simulate binding to humic substances are parameterised with relatively recent data for
both uranium and thorium and constitute the state of the art in the field. Binding to iron oxide
is also considered, although in the case of both WHAM and Visual MINTEQ the binding
constants are estimated, rather than being based on measurements. Such measurements do
exist in the literature (Mahoney et al., 2009 reviewed the available data) and could be used to
calculate binding constants.

The situation with regard to Ra and Po differs from the other radionuclides. None of the
databases contain binding constants for either element, with the exception of an Ra-acetate
complex in ctdp_v3 dong.tdb database. Hence speciation prediction was not possible.
Clearly, it would be advantageous to develop such knowledge. In the first instance, the
importance of speciation for exposure could be assessed by considering the (radio)toxic action
of the element. Since both Ra and Po have radioisotopes that are alpha emitters and deliver
the greatest dose internally, then the effect of speciation on uptake (as exemplified by the
BLM) would be likely to exert an influence on exposure. Thus, steps may be required to
establish relevant binding constants. One potential route is to estimate constants by analogy
with chemically similar elements. This is likely to be more productive for the Group Il
element Ra, as knowledge of the chemistry of the other Group I1 elements is extensive. For Po
the situation is less clear. As a Group 16 element its nearest chemical analogue is the semi-
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metallic tellurium, yet the increase in metallic character moving down the periodic table to Po
implies that extrapolation of chemical behaviour would need to be done with care.

3.5.6.2 Bioavailability models

The modelling of contaminant bioavailability is most advanced for metals, where the BLM
provides an established framework for understanding and predicting how environmental
chemistry affects toxicity. The structure of the BLM, whereby metal ions compete with other
solution ions for uptake by the organism at a specific uptake site (the *biotic ligand’) lends
itself well to extension to the uptake and toxicity of multiple metals. The success of the BLM
in describing patterns of metal toxicity suggests that the study of the effects of
metal/radionuclide mixtures on organisms needs to consider the BLM as a means to
rationalise observations into a coherent framework. Thus far, relatively little study has been
done on the application of the BLM as a tool to understand (non-radionuclide) metal mixture
effects. Nevertheless, extension of the approach to understanding the effects of mixtures of
radionuclides and metals is certainly feasible. Some key points can be made regarding the
suitability of the BLM as a tool for such work:

e The scope of applicability of the BLM needs to be considered. To date, BLM
application has been solely to cationic metals. Exploration of the applicability of the
BLM to anionic metals (e.g. Mo, As) would be essential to establish its general
usefulness (or not) for such species.

e The mode of action of the radionuclide needs to be considered in deciding whether the
BLM is an appropriate tool to use. If the radionuclide exerts an effect solely via an
external irradiation, then the BLM is not appropriate, since the exposure will not be a
function of either the environmental availability or environmental bioavailability of
the radionuclide, but simply of its external concentration. On the other hand, if the
effects are exerted either partly or totally following uptake of the radionuclide
(internal irradiation and/or specific chemical toxicity of the element), the BLM may be
an appropriate tool to describe the variability in uptake and consequent toxicity.

e Prior to applying a BLM to mixtures of metals/radionuclides, it is important to
parameterise the model for the individual components of the mixture to provide a
robust basis for extending the model application to the effects of the mixture itself.

e There may be a need to carefully consider the usefulness of the BLM for specific
radionuclides. In the first instance the availability of speciation (i.e. environmental
availability) knowledge needs to be assessed. In this review we have assessed
exposure scenarios containing radionuclides (Ra, Po) for which speciation data are
lacking. This would hamper the development of BLMs for such radionuclides, since
prediction of the speciation in the medium is an essential part of BLM development.

Compared to metals, the bioavailability of organic compounds has been little studied,
although there is evidence that the medium chemistry can influence uptake and toxicity, for
example by the binding of organics to DOM. Knowledge of exposure mechanisms is best
developed for non-polar compounds that exert narcotic (baseline) toxicity, and less developed
for other classes of compounds (i.e. ionic organic compounds), which are likely to exhibit
more complex uptake behaviour. In the first instance, study of the effects of radionuclides and
organic compounds would most usefully utilise an organic compound or compounds that have
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the simplest chemistry, since (i) there is more likely to be information on the bioavailability of
such a compound, and (ii) the mechanism of uptake is likely to be simple. A non-polar
organic compound would thus be the best choice for study.
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4 State of the art on approaches and tools for effects
assessment under mixed contaminant conditions

4.1 General Introduction

4.1.1 Obijectives and chapter content

The aim of this chapter is to give an overview on how effect assessment in multiple
contaminant situations is performed nowadays and how to apply this within a radiological
context.

In the introduction a short overview will be given initially describing general effects
following exposure to ionising radiation. Section 4.2 will deal with the two most commonly
used component based reference models namely concentration addition (CA) and independent
action (1A) with their weaknesses and strengths and possible deviations from these models.
The section will end with an overview of different experimental designs used to test CA/IA.
The next section (4.3) will focus on whole mixture approaches including Whole Effluent
Testing (WET), Effect-Directed Analysis (EDA) and Toxicity Identification Evaluation (TIE).
These are so-called diagnostic approaches that include a step-by-step assessment of toxicity of
an environmental sample and that have close connection to approaches used in risk
assessment as described in Chapter 5. This is followed by section 4.4 which describes an
overview of the use of bioassays and biomarkers in radioecology. Section 4.5 is dedicated to
toxicokinetic (TK) applications that include the fate of toxic components into the organism,
from the point of absorption to its internal distribution, metabolism and final excretion. This
section is closely related to the review on exposure (Chapter 3)but is included here as it leads
directly to the toxicodynamic (TD) approaches of a toxic mixture (4.6). TD approaches
incorporate how components affect the organism over time. Dynamic Energy Budget (DEB)
theory will also be discussed. DEB provides a conceptual framework which specifies how
energy is taken from food and allocated to growth and reproduction. Finally, in the general
discussion(4.7), we will consider issues such as quality criteria and data demands needed for
the different approaches.

4.1.2 Short description of mode of action of ionising radiation

Radiation is the physical process in which energetic particles or energetic waves move
through a medium. lonising radiation is any kind of radiation that when it interacts with
material can induce (directly or indirectly) ionisation in which energy is transferred from the
radiation field to the material. One can distinguish different types of ionising radiation and of
importance here is the difference between alpha, beta and gamma radiation. Alpha
(configuration of a He nucleus) and beta (electron or positron) radiation are particles whereas
gamma radiation consists of waves. The distance radiation penetrates through a medium
depends on its energy and mass. As such, shielding from alpha particles, being the heaviest,
can be achieved by a piece of paper, from beta particles by aluminium and for gamma rays
lead is needed. This also indicates that alpha particles are not harmful to organisms as long as
they are outside as they cannot penetrate trough the outer (dead) cell layer. However once
taken up, alpha particles form a greater risk. Within radiology the term relative biological
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effectiveness (RBE) is formulated as the relative amount of damage that a fixed amount of
ionizing radiation of a given type can inflict in an organism. The ICRP has defined standard
RBE values independent of tissue type. For gamma and beta radiation these are set at 1
whereas for alpha it is set at 20.

Biological effects induced by ionising radiation in organisms originate from the deposition of
energy from the radioactive material to biomolecules (e.g. DNA, proteins). lonising radiation
can be genotoxic as it interacts with DNA either directly, by deposition of energy in the DNA
molecule, or indirectly by formation of free radicals that via recombination produce reactive
oxygen species (ROS) leading to excitations and ionisations. As for a great number of other
biotic stressors, ROS can be formed, for instance, through the radiolysis of water. Hence,
ionising radiation can lead to DNA lesions, including oxidised and methylated bases, DNA
adducts, and single- and double stranded breaks (Streffer et al., 2004). Indirect effects of
oxidative stress can alter protein and lipid structure and/or function. Organisms respond to
this interaction by inducing DNA repair mechanisms, but if DNA damage remains unrepaired
or is misrepaired DNA mutations are sustained as single base substitutions, small deletions,
recombinations or chromosomal aberrations. Depending on the nature and location of these
mutations, this can lead to the cell death (apoptosis or necrotic), hereditary effects or
stochastic effects. Radionuclides can exert an effect either via external irradiation and/or
internal irradiation following the uptake and accumulation of radionuclides (especially
important for alpha and beta emitters). In the second case, in addition to the understanding of
the radiation mode of action, knowledge on bioavailability and toxicokinetics will be
necessary for an appropriate description of the overall toxicity.

For protection of wildlife and ecosystems population linked individual endpoints (morbidity,
reproductive capacity, mortality) are required and not, for instance, DNA damage, which can
be rather considered as an early marker of a potential effect. Chapter 4.4. describes several
endpoints and bioassays/biosensors.

4.1.3 Short description of mode of action of toxic compounds

Modes of toxic action fall into two classes,: non-specific and specific. Non-specific toxicity
results from the accumulation of a compound in the lipophilic layer of cell membranes,
resulting in a disruption of the membrane integrity (Maier et al., 2009). The non-specificity of
this toxicity mechanism describes the general tendency of a compound to disrupt the cell
membrane integrity due to its general lipophilicity, rather than to any specific chemical
properties that it possesses. This mode of action is usually described as narcotic, or baseline.
As would be expected, non-specific action is an important toxicity mechanism for non-polar
compounds, which have high hydrophobicity and lipophilicity. Specific toxicity, on the other
hand, results from the binding of a contaminant to a specific target or target(s) within the cell,
such as proteins and nucleic acids. The specific mode(s) of action of a particular contaminant
are highly dependent upon its chemistry, which dictates the specific molecular targets within
the cell to which it might bind. Classification of organic contaminants on the basis of mode of
action generally utilises four categories (Verhaar et al., 1992):

e Non-polar narcotics act non-specifically by accumulating in the lipid phase of cell
membranes.
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e Polar narcotics display greater toxicity than expected on the basis of simple narcosis,
yet there is no evidence of reaction with specific receptors. Exact mechanisms of
toxicity are unknown. Polar narcotics have greater bipolarity and/or hydrogen bond
donor acidity (Penttinen, 1995) than non-polar narcotics.

e Non-polar reactive compounds react non-selectively with chemical structures within
cells (Vaal et al., 1997);

e Specific reactive compounds react specifically with certain receptor molecules within
cells.

Trace elements are typically considered separately from organic compounds with respect to
their mode of action. They may have a number of modes of action and multiple trace elements
may share similar modes of action, such as the induction free radicals, production of ROS and
subsequently of oxidative stress (Shanker, 2008).

4.2 Component-based modelling concepts and deviations of these reference models

4.2.1 Concentration addition (CA) and Independent Action (1A) as reference models

One of the key goals of mixture toxicology has always been to be able to predict
quantitatively the effects of a mixture from knowledge about the toxicity of the individual
components. Two concepts that have been used for this purpose are Concentration Addition
(CA) and Independent Action (IA). These models allow the calculation of expected effects
based on the dose-response curves of the individual compounds. CA is sometimes called
“dose additivity”, “Loewe additivity”, “additive joint action” or “similar joint action”,
whereas IA is also referred to as “Bliss independence”, “effect multiplication”, “Abotts
formula” or “response addition”. These concepts describe a quantitative relationship between
single substance effects and the toxicity of the mixture composed of these chemicals. Both are
so-called component-based approaches since they need toxicity information of the individual
components in order to enable predictions on mixture effects,. The main assumption made for
both CA and IA is that the toxic components in the mixture do not show interacting effects,
i.e. they exert their toxic effects without enhancing or diminishing each other’s toxicity. In
addition, the mode of action of each compound is considered the same at all doses. A major
difference between the two concepts is that CA assumes similar modes of action for the
different toxicants, while 1A assumes dissimilarity in the mode of action of the different
toxicants in the mixture.

In Concentration Addition the toxicants are assumed to have the same mode of action or act
on similar physiological processes or systems within an organism. Thus, all components in
the mixture behave as if they were simple dilutions of each other. The joint effect is equal to
the sum of the concentrations of each chemical expressed as a fraction of their own individual
toxicity (Greco et al., 1992; Warne, 2003; Backhaus et al., 2004). It is written mathematically

as follows:
n
Ci
=1
z ECxi
=1
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with ¢; the exposure concentration of chemical i in the mixture which elicits x % effect, ECy;
the concentration of chemical i alone which would elicit x % effect (e.g. ECso when x = 50
%).The ratio ¢i/ECX; is called a toxic unit (TU) and was introduced by Sprague in 1970, when
he measured water pollutants. One toxic unit (1 TU) is the concentration of a chemical that
corresponds to the selected toxic effect (e.g. X = 50 %).

Hence, the joint load or joint concentration of the mixture given in a common unit can be
rewritten as follows:

i:TUi =TU,,

i=l

Knowing or estimating the shape of a typical dose-response curve on the organism or system
from which the EC values have been derived, an effect estimate of the XTU can be made.

The concentration of a mixture giving x % effect can be found by rewriting the overall
equation of TU as follows with p;the relative fraction of chemical i in the mixture:

n -1
i
l
l

—

The concept of Independent Action, on the other hand, is based on the assumption of each
compound acting on a different system/receptor (dissimilar mode of action) independently,
while contributing to a common response. The concept was developed for binomial responses
and is based on the probability of a chemical having an effect on an individual or target. For a
binary mixture this would mean that the mixture effect of chemical A and B is the sum of the
individual effects (E) of A and B minus the portion of the population in which toxicities
overlap:

EA,B =Ea+Eg - (EA * EB)

This means, if chemical A causes 20 % mortality and chemical B 70 % mortality, the mixture
effect of these two chemicals is not 90 % but 76 %. For a multicomponent mixture this
relationship can be expressed as follows:

(1) Emix =1-(1-E(c1)) (1 -E(c2))...(1 - E(cn))
(2) Emix :1_H[l_ E(Ci )]
i=1
with Enix being the expected effect of the mixture, n the number of mixture components, and

E(ci) the effect of the i™ mixture component if applied alone in the concentration (Backhaus et
al., 2004; Altenburger and Greco, 2009).
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In addition to CA and IA, the concept of effect summation can also be found in the literature.
Effect summation is based on the idea that the total effect of a given mixture equals the sum
of the effects of the individual components. However, this concept lacks a sound scientific
background. It is actually based on the idea that dose-response curves are linear and do not
follow a sigmoidal curve. It would, for example, mean that a mixture composed of 10
compounds, each present at a concentration causing 50 % effect if applied singly, would
provoke 500 % effect if applied together, which is clearly impossible (Backhaus et al., 2004).

4.2.2 Requirements for data and knowledge on Mode of Action

To calculate a mixture toxicity expectation according to CA or IA, one needs to know the
concentration (or dose) of each of the toxicants in the mixture as well as their toxicity — so
concentration-response (or dose-response) curves are needed for the individual components. It
IS important that the endpoints as well as the test species are the same for each toxicant
(Warne, 2003). In addition, specifically for IA the effects of each single compound at the
specific concentration in the mixture need to be known .

To calculate expected mixture toxicity according to CA or IA the dose-response curves of the
single compounds are normally fitted with a sigmoidal regression curve like logit-,
loglogistic, Weibull or other models. For the actual prediction of the mixture toxicity only the
fitted curve-parameters are used and not the original data. A good and meaningful fit of the
data is therefore essential for a good prediction. Scholze and co-workers described a general-
best-fit method for the estimation of dose-response curve using a pool of 10 different
regression functions (Scholze et al., 2001). Hence, for the use of this kind of models it is
highly recommended to obtain the best set of parameters for the sigmoidal regression curve.
STAR Deliverable 5.1 (Garnier-Laplace et al., 2011) describes in detail the methodology to
derive dose-response curves.

Knowledge on the mode of action of the components of the mixture is required for the CA or
IA approaches to be representative as a tool to assess the toxicity of the mixture. The term
mode of action describes the key events and processes starting with interaction of a compound
with a cell via operational and anatomical changes, resulting in the toxic effect. Mechanism of
action implies a more detailed understanding and denotes the molecular sequence of events
starting from the absorption of the toxicant to the production of the biological response. In
other words, it includes the understanding of the causal and temporal relationships between
the different steps leading to a certain biological response (US EPA, 2000, Borgert et al.,
2004). If the mechanism of action is known, the mode of action is also known but not the
other way around. Although in theory this is simple, in reality the mode of action is often not
known or the observed effect is a sum of responses induced by the toxicant in the organism.
As such a clear mechanisms-mode of action relationship rarely exists.

An expert group convened by the International Life Sciences Institute (ILSI) has defined that
chemicals act via a common mode of action if they (i) cause the same critical effect, (ii) act on
the same molecular target issue, (iii) act by the same biochemical mechanism of action, or (iv)
share a common toxic intermediate (Botham et al., 1999; Mileson et al., 1998; Botham et al.,
1999). If the CA approach is applied for a mixture in which the toxicants act via different
biological mechanisms and interact with one another, then the predicted toxicity may not be
realistic (William, 2005; Mason et al., 2007).
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A so-called Two-step prediction (TSP) model can be applied to deal with mixtures containing
components that have similar and dissimilar mode of action (Ra et al., 2006). This model
implies that the CA model and the 1A model are applied in a stepwise manner. Firstly, the CA
model is applied to all the chemical groups within the mixture that have similar modes of
action. The concentration-response curves predicted by the CA model are subsequently
imported in the 1A model as if they came from a single chemical.

It is important to bear in mind that a contaminant (or radiation stress) may have multiple
Modes of Action, and these may shift over time, especially when primary lesions over time
elicit series of secondary lesions. ince results from CA/IA do not differ too much, often the
more conservative CA is used in risk assessment purposes.

4.2.3 Use of Concentration Addition and Independent Action approaches

The CA and IA approaches provide a more environmentally realistic alternative for assessing
possible environmental and health effects than do single-substance toxicity tests by reducing
uncertainties (Warne, 2003). The main reason for using these models is to make predictions
about the combined effect of chemicals when only effect data for the individual chemicals are
available, which is often the case (Greco et al., 1992; William, 2005). The CA approach has,
for example, been useful in predicting pesticide mixtures, the contribution of identified but
untested components in sediment contaminations, the combined effects of mixtures of
components having similar endocrine-disrupting potencies, and effects at the level of
functional community properties (Altenburger and Greco, 2009).

The basic principles of CA are used for risk assessment purposes as described in Chapter
5.2.3 in methods like hazard index (HI), relative potency factor (RPF) and toxicity
equivalency factor (TEF) (U.S. EPA, 2000).

Comparing the use of both models, it appears that CA is the more dominantly used model.
Independent action is applied when the mixture is relatively simple, say < 10 components, and
the compounds are very different in their properties. However, Porsbring (2009) found that 1A
was better than CA for dissimilarly acting pharmaceuticals and personal care products. In
complex mixtures with many compounds in low concentrations it sometimes seems that the
assumption of independently acting chemicals loses its meaning. This phenomenon in which
many compounds at low concentrations seem to cause a non-specific toxic effect (base-line
toxicity) and that I A can no longer be applied was called the Funnel Hypothesis by Warne and
colleagues (2003).

The principle of strict independent effects may only rarely hold true due to converging stress
signalling pathways. In addition, when predicting possible mixture effects using both 1A and
CA models, in most cases CA provides the more conservative mixture toxicity estimate,
although predictions were generally similar or even identical. Therefore, in mixture
Ecological Risk Assessments CA has mostly been indicated as the more broadly applicable
option (see Chapter 5.2.3). Theoretically (assuming infinitely steep dose-response curves for
the single components) the ECs, value predicted by CA and IA will maximally differ with a
factor that equals the number of toxicants in the mixture with CA being the more conservative
(for reference see Backhaus et al 2010). However, in reality dose-response curves are not
infinitely steep and CA and IA predictions are often close together. In a study base on a large
number of binary mixtures for fish, algae and daphnids the difference in predictions by both
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concepts did not exceed a factor of four (Backhaus et al., 2010). For chemicals inducing dose-
response curves with a log-logistic slope around one, the predictions of 1A and CA are even
the same (Dreschner et al., 1995, Cedergreen et al., 2005, 2008).

4.2.4 \When co-contaminants in a mixture interact

The main assumption of CA and IA is that toxicants do not interact, in other words, the
presence of compound A does not influence the presence or toxicity of compound B. Hence,
these models cannot explain observed interactions and they do not incorporate the fact that
mixture effects can differ in time (Baas et al., 2007) and endpoint considered (Cedergreen et
al., 2007) or that there may be dose-dependent variation in interactions. Compounds may,
however, influence each other’s uptake, distribution, metabolism or excretion (kinetics) or
they might affect their effect on receptor, cellular target or organ. The net result of an
interaction between co-contaminants can be that the toxicants act synergistically meaning that
the toxicity of the mixture is greater than expected according to the reference model or
antagonistically when the toxicity is lower than expected according to the reference model.
An additional difficulty is that whereas toxicity data on individual compounds are often
available, relevant and reliable data on interactions are mostly lacking (Borgert, 2007).
Approaches to predict the interacting effects are in need of mechanistic information about the
toxicity of the individual components. In terms of mechanistic understanding, interactions
between different toxicants may occur at different levels.

For CA, the easiest way to identify interactions is shown by the sum of the TU defined as in
section 4.2.1 not equallingone. Similarly, the fraction (p;) of each chemical can be defined by
the ratio of the dose in the mixture (cx) and the effect dose of each chemical used alone which
causes the same magnitude of effect as the mixture (ECy). As such if in the studied mixture
the sum of TU observed deviates from the theoretical one it is said that there is an interactive
mixture effect. As such the mixture is additive when the sum of TU equals the predicted one,
synergistic when it is smaller than 1 and antagonistic when it exceeds one (Groten et al.,
2001). Jonker and co-workers (2005) presented a MIXTOX model based on CA and IA able
to characterize mixture interaction effects by quantifying the degree of deviations of the data
from either reference model(Jonker et al., 2005). This model allows for characterizing dose-
dependent and dose-ratio dependent interactions in addition to synergism or antagonism. A
drawback of this model is that it is heavily data-demanding as it builds upon data obtained
through a surface design as described in 4.2.7 and in practice it is hard to reproduce dose-ratio
or dose-level dependent interactions (Cedergreen et al., 2007).Alternatively, a biology-based
approach can be used to describe the toxic effects of mixtures on growth, reproduction and
survival over the life cycle such as the dynamic energy budget (DEB) theory that is further
explained in 4.7(Baas et al., 2009b; Jager et al., 2010).

4.2.5 Limitations of Concentration Addition and Independent Action

One limitation intrinsic to the bottom-up approach used in the CA and IA concepts is that all
the chemicals in the mixture need to be characterised with respect to their concentrations and
toxicities in order to calculate the mixture toxicity. It may not be possible to obtain all this
information when dealing with mixtures that are not created in the laboratory and with
components for which toxicity is not characterized (Warne, 2003). Besides, it is not always
easy to determine the mode of action of the different compounds. Also contaminants can be

[STAR] 56/244
(D-N°:4.1) — Critical review of existing approaches, methods and tools for mixed contaminant exposure, effect and

risk assessment in ecotoxicology and evaluation of their usefulness for radioecology
Dissemination level: PU
Date of issue of this report:29/02/2012


http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

present in different physico-chemical forms such as ionic and particles, the form will depend
the amount of the contaminant taken up and can influence the effects under mixture
conditions. Sometimes the observed toxicity may not match the predicted effect because the
concentrations used in a toxicity test do not always reflect the actual bioavailable
concentrations of the chemicals (Warne, 2003).

As indicated above, CA and IA approaches assume no interaction. This implies that when a
mixture effect is measured an interaction can be defined as a deviation of the predicted value
but chemical-chemical interactions cannot be predicted by CA/IA. Therefore CA/IA have
only limited predictive power to describe interactions. In a real environmental mixture
situation the concentrationsor the speciation of different compounds are not always stable nor
are all compounds present simultaneously. This complexity of sequential exposure scenarios
and assaying time-dependent effects cannot be considered within a CA or 1A model based on
simple (one endpoint and one exposure point in time) concentration effect dose-response
curves as described above. For example, possible recovery during exposure-free times is not
considered (Altenburger and Greco, 2009). The dynamic DEBtox model as described in 4.6 is
specifically developed to address changes in time and to integrate different endpoints.

CA and 1A are concepts based on pharmacological assumptions about sites and modes of
actions of substances (similar mode of action for CA and dissimilar for 1A). However, in
toxicology and ecotoxicology such knowledge is often missing for most chemicals. Hence,
assumptions on specific types of combined action are often difficult to draw. For example, an
antagonistic combination effect, assessed on the basis of CA, might, at the same time, be
quoted as synergism with respect to IA. The minimum requirements are that if reporting on
synergistic/antagonistic interactions, reference should always be made to the reference model
with which it is compared. To validate experimental results and to allow for precautious
assessments, Drescher and Boedeker (2003) suggested that the relationships between CA and
IA should be considered. They have shown that the relationships between CA and IA depend
on the distribution functions, the corresponding slope parameters, and on the concentration of
the mixtures..

Finally, when measuring end-points at organism level such as mortality, reproduction or
growth rate, only the net effect of the toxicity is assessed which does not always account for
all processes at sub-organism level (e.g. nervous system, cardiovascular system). These
systems can each show a different toxicity response or sensitivity and the effect in one
subsystem might influence that in another (de Zwart and Posthuma, 2005).

4.2.6 Effects of low doses in mixtures

From an environmental toxicological as well as risk assessment perspective, it is necessary to
know whether or not toxicants each present at a concentration indicated as an individual
threshold or No Observed Effect Concentration (NOEC)might still have a contribution to the
overall toxicity of the mixture.

As indicated above, CA builds on the idea that the mixture components act as if they were
dilutions of the same compound. Hence, according to CA all components contribute in
proportion to their own potency to the total effect and it does not matter if the concentration is
below the threshold or not. As stated by Backhaus and co-workers (2010) “it doesn’t matter
for the overall toxicity if only one compound is present at a concentration ¢ — or whether 100
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compounds are present each at a concentration ¢/100.” Experimental evidence for the
contribution of components present in low, individually not significant, effective
concentrations to the overall mixture toxicity has been gathered by different authors and is
reviewed by Kortenkamp et al.(2007; 2009). This has been called “Something from Nothing”
by Silva et al. (2002).

In contrast, for dissimilarly acting compounds the theoretical concept of IA states that the
resulting combined effect is calculated from the effects caused by the individual toxicants.
However, although compounds might be present at a very low concentration determined as a
NOEC this does not exclude that there is a small effect of the compounds at that
concentration, only that it is not significantly distinguishable from the control (Backhaus et
al., 2010). ANOEC is an experimentally derived concentration of a compound at which, in a
given experimental design and for a given endpoint, no significant effect compared to the
control could be detected. And this has its shortcomings. To give an example, take 100
chemicals each of them inducing a 1% effect instead of 0% at their NOEC, then the combined
effect (found by filling in the 1A equation) would mount up to 63% of a maximally inducible
effect. Similarly, if each of the 100 toxicants is provoking only 0.1% effect, still 9.5% can be
expected (Kortenkaemp et al.,, 2009; Backhaus et al., 2010).Kortenkamp and coworkers
(2007, 2009) summarized a number of studies on mixtures of dissimilarly acting compounds
present at threshold values and showed that clear joint mixture effects sometimes above 50%,
were detected in different studies.

In summary, possible mixture effects can only be excluded a priori, if all components in the
mixture are acting completely independently and if all of them are present at concentrations
that definitely produce “absolutely no effect”(Backhaus et al., 2010), these concentrations
might however only exist in theory.

4.2.7 Experimental designs for component based approaches

One of the objectives of component based approaches is to analyse whether the toxicity of a
mixture composed from single known toxicants, deviates from the predicted mixture effect by
CAJ/IA. Several specific designs have been described to analyse deviation from expected
mixture effects. The final choice of the experimental set up is limited amongst other things by
the number of experimental units that can be handled. An overview of common used
experimental designs (full factorial, surface, isobolic, fixed ratio, “A in the presence of B” and
point design) is given here.

"Full factorial design" permits the investigation of both the effects of individual chemicals
and their interactions. To describe the mixture concentration-response curves, the number of
concentrations of each component is defined and then all the possible combinations are tested.
The experimental effort required for providing enough data increases exponentially with the
number of components in the mixture. Even if only 2 concentrations per component are
assayed, the number of test groups needed is still 2" (e.g. for a mixture with 6 components, 2°
= 64 test groups are needed). To reliably estimate the slope of a concentration-response curve
for a single chemical, usually 5 or 6 concentrations are assayed. In addition, the experimental
design must consider the concentration range and distribution of concentrations to ensure that
relevant concentrations are tested. The application of this design is, therefore, restricted to
combinations of just few chemicals.
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A more suitable design for multi-component mixtures analysis is the fractionated factorial
design (also known as screening design), since only a fraction of the possible treatment
combinations of the components is tested. The resolution of the experiment will decrease as
the number of fractions of tested combinations is reduced. A key point of the design is to
identify the most important combinations to be tested. This design is particularly appropriate
for screening studies or experiments with more complex mixtures.

"Isobolic designs” do not determine the full concentration-response curves, but select
concentration combinations on the bases of isoboles. An isobole is an isoeffective line
through the concentration-response surface, defined by all the concentration combinations of
the components of the mixture that produce an identical mixture effect.

In classical isobolic designs, one or several points on the isobole are experimentally described
and then compared with the predictions obtained from the concentration addition (CA)
reference model. The number of test group required is calculated with the formula k (n + j),
where k is the number of concentrations tested per concentration-response curve, n the
number of components in the mixture and j the number of points on the isobole to be
investigated.

The major advantage of isobole designs is their ability to detect interactions between the
mixture components, i.e. mixture ratio-dependent deviations between the observations and the
predictions made with the reference model. For binary mixtures visual representation is easy.

"Fixed ratio designs" require less experimental effort than factorial designs, and are applied
when the interest is restricted to a specific ratio between the toxicants. In this design, the
mixture of interest is analysed at a constant ratio of its components, while the total dose of the
mixture is systematically varied. Hence, a concentration-response curve of the mixture is
recorded, which can then be analysed in the same way that a concentration-response curve for
a single chemical, comparing the observed data with the prediction made using the reference
models (CA or IA). The number of test group needed is defined by the formula k (n+1),
where K is the number of concentrations tested and n the number of components.

The main advantage of this design is that the experimental results can be conveniently
visualized and interpreted, even for mixtures of many components. However, if only one ratio
is tested, no statement on mixture-ratio-dependent deviations from the conceptual
expectations can be made.

The design “A in the presence of B” can only be used for binary mixtures. The aim of the
study is to analyse the shift of the concentration-response curve of one compound, caused by
the presence of a fixed background concentration of a second chemical. To compare the
experimental observations with the predictions made using CA model, the number of test
groups needed is k.3; while for comparing with the predictions made using 1A model, k.2+1
test groups are needed.

Finally in a "point design” only one mixture concentration is tested and its effects are
compared to the effects that the individual components provoke when applied singly at the
concentration at which they are present in the mixture. This design requires n+1 test groups,
not counting any control. In some circumstances, the visible deviations between observed and
predicted effects may not be relevant. For example, in concentration-response curves with
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steep slopes, small shifts in the concentrations applied due to experimental manipulation,
might lead to significant changes in the observed effects. The point design allows comparison
of the observed effects with those predicted by the 1A model. One particular application of the
point design is to analyse a situation in which all the components are present in a
concentration that is presumably below a pre-defined threshold and to see whether the
mixture still provoke clear effects.

Of the above mentioned designs, the more frequently used are isoboles, point and fixed-ratio
design, while full or fractionated factorial designs are rarely applied due to their high data
demand.

4.2.8 Use of CA and IA approaches in mixtures including radiation or radionuclides as one
of the components

In the framework of the IAEA EMRAS Il programme and the IUR mixture toxicity
workgroup, a review was made specifically focussing on studies that included radiation or
radionuclides in the mixture (Vanhoudt et al., 2012). The review concluded that CA or IA
have hardly ever been used to calculate mixture effects or as basis to identify possible
interacting effects between radiation or radionuclides and other contaminants or
environmental factors. Moreover, in most studies the erroneous concept of effect summation
was used as the basis to indicate if synergistic or antagonistic interactions were present in the
mixture. Clearly, within radioecology the concepts of CA/IA are currently not as well
established as in (eco)toxicology.

4.3 Whole mixture studies: top down approach

Whole mixture approaches are used when only fragmented knowledge of the mixture
components is available, or when the identification of the component(s) that mainly
contribute(s) to the mixture toxic effect is not of concern. The studies can be done to assess
which adverse effects are induced by the mixture and to quantify their magnitudes, without
trying to determine the components of the mixture responsible of this toxicity, or the
interactions between the components of the mixture (synergism, antagonism, etc.). The results
obtained in these studies are exclusively applicable to the actually investigated mixture, and
cannot be extrapolated to other mixtures. Moreover, since the exposure situation in the
environment is highly dynamic, frequent re-testing of the mixture of concern is needed. This
approach is often used for site-specific and retrospective studies.

Bioassays or biosensors can be used to reliably estimate the toxicity and potential risk of
complex mixtures, when information is lacking on the mechanisms of their components (see
section 4.4).These methods do not provide information on the nature of the components in the
mixture responsible for its toxicity, nor on the interactions between the components of the
mixture.

Another possibility to determine the toxicity of a whole mixture is to use data available for
sufficiently similar mixtures. This approach is not frequently used in ecotoxicology, although
in human toxicology it is often applied. A key point of this approach is to determine the
degree of similarity between the mixtures, based either on their components and the
proportions of them within the mixtures, or on the origin of the mixtures (source, process of
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production). Since there is no specific guidance to determine the similarities between
mixtures, expert judgment and statistical tools have to be applied.

4.3.1 Whole mixture tests

The simplest whole mixture studies test the effect of a whole mixture, regardless of its
physical or chemical composition, on an organism or biological endpoint to assess whether or
not it is toxic. These types of mixture tests have mostly been used for testing the toxicity of
effluents, for example, toxic effects of a facility’s waste water on different aquatic organisms,
and are formally called Whole Effluent Toxicity testing (WET) (US EPA, 1991/505/2-90-
001). WET tests are effect based approaches that are simple, holistic, cost efficient and
conducted under controlled (laboratory) conditions. In addition, this approach does not require
mixture specific methodologies. However, it also has several limitations such as that the
mixture itself needs to be available for testing and as such, the obtained results are only
applicable to that specific mixture. It does allow testing for unknown toxicants, but it does not
provide any identification of the toxicants inducing the effect or to identification of interacting
effects. This also implies that this approach is largely unsuitable for prospective approaches.
The usefulness of WET testing and its correspondence to field conditions in has been
reviewed by (Chapman, 2000) and Sarakinos et al. (2000).

Without any identification of the components of the mixture, the toxicity found in WET
testing approaches is hard to interpret further. Some whole mixture studies, besides
quantifying the toxicity of the mixture, aim to identify the compounds, or group of
compounds, within the mixture that are responsible for the observed toxicity, and quantify
their contribution to the overall toxicity of the mixture. To do so, biological and chemical
analyses are combined with physico-chemical manipulation and fractionation techniques. In
all cases, conclusions about causality are reached using either recombination of specific
compounds in the mixture, calculations, or field methods (or a combination of these). The
assumption is usually that Concentration Addition applies to the mixture toxicity observed.

The concentrations of mixtures and the ratios of their components in an environmental sample
can vary on a small spatial scale. Thus, a pooled sample can be used to represent an ‘average’
concentration. Alternatively, a single sample is taken and assumed to be ‘representative’ of
the area.

There are two main types of whole mixture studies that go beyond the mere quantification of
the toxicity of a complex environmental sample and aim at identifying the key toxic
compounds causing the effect. Both approaches have been developed for effect and risk
assessments of environmental samples; TIE (Toxicity Identification and Evaluation) and EDA
(Effect Directed Analysis). They are quite similar, but use slightly different paths in reaching
the same targets of characterizing, identifying and confirming the cause of detrimental
biological effects (Bakker et al., 2007). TIE procedures sequentially extract components from
the mixture, and test the toxicity of the remainder to determine the cause of toxicity in the
removed fraction of the sample. EDA procedures test the toxicity of the extractions to
determine the toxic components of the mixture. Another difference between the two is that
TIE usually only employs in vivo tests with whole organisms, whereas EDA uses a broader
range of test systems also including in vitro receptor activation assays (Kortenkamp et al.,
2009). In general, EDA is considered analytically better, while TIE is more ecologically
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relevant. Neither method takes into account potential changes in mixture ratios that might be
seen in the field at different places, times, season, or in different organisms. Further details of
each approach are given below.

TIE (Toxicity Identification and Evaluation)

This method was first developed for the characterization of waste water effluent and is used
by organisations such as the US EPA and OSPAR. There are, therefore, quite specific method
descriptions available. TIE-type methods usually use mostly in vivo bioassays and or simple
bioassay/biomarker tests (e.g, Microtox). The sequentially simplified fraction is used in the
toxicity testing. The procedure is as follows:

1. A very rough assessment of the toxicity of the mixture is performed, using the whole
mixture on a bioassay or several bioassays (see Section 4.4). ldeally, a range of
different organisms covering a range of trophic levels should be used (e.g. an alga, a
crustacean and a fish), and a range of acute and chronic tests should be done.

2. A sequence of chemical extractions and biotests is performed until the most toxic
(groups of) chemicals are identified by the toxic response disappearing from the
remaining fraction:

e Chemical extraction/fractionation methods are used to selectively remove
different groups of potential toxicants (e.g. metals, dioxins, PAHS) or single
compounds. Those that have an effect on the overall toxicity are
identified/screened using e.g. GC-MS, LC-MS, HPLC.

e The remaining fraction is used for bioassays that are as ‘relevant’ as possible to
the environment under consideration (in practice these are usually standard in
vivo bioassays).

3. Confirmation of the mixture effect is attempted by comparing the effects of the
components with the effects of the mixture in one or several of following ways:

e Recombining the different fractions of the original mixture and testing again.

e Creating an artificial mixture of the components in the same combination as
the original mix.

e Calculating the predicted effect of the mixture from the effects of the
components, usually with the assumption of CA.

EDA (Effect Directed Analysis)

In EDA, the total extracts, fractions, and individual chemicals identified are all used in the
toxicity tests. The focus is more on the chemical characterisation and extraction. The principle
of EDA is to use the response in a biological (test) system to direct the analytical pathway
towards identifying the chemical compounds causing this response (Bakker et al., 2007). EDA
is less widely used in risk assessment and the method is less standardised than TIE. The
procedure is as follows:

1. Insome cases, a toxicity test on whole mixtures is first done using bioassays.
2. A sequence of chemical extractions and biotests is performed to determine the
components that are most toxic in the mixture:
e Toxicity tests are performed, usually using cell based in vitro bioassays and
biochemical tests with biomarkers, biosensors and immunoassays, though in vivo
tests may also be used. These are done with the total extracts, fractions of the
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mixture and individual chemicals identified. A wide range of different tests is used,
preferably those that are sensitive to a narrow range of toxicants. In this way, a
response in a biotest can be linked to the analytically identified chemicals. This step
can also include the use of quantitative structure—activity relationships (QSAR).

e The chemical composition of the mixture is determined using extractions and
analytical chemistry, with the focus on potentially toxic components. The chemicals
of potential concern may be first indicated through bioassays.

3. A ‘copy-mixture’ of the identified toxic components is biotested to confirm the
toxicity of the determined mixture. This is compared to the results from the single
component tests and mixture toxicity evaluated, usually with the assumption of CA
and effect summation.

4.3.2 Drawbacks of TIE and EDA approaches and their relevance for studies of mixtures
including radiation

Extraction can chemically alter thespeciation and bioavailability of the substances in the
remaining test mixture. It can also be difficult to find a suitable ‘control’ against which to test
the mixture (e.g. a matrix that is uncontaminated, but otherwise chemically/structurally
similar). In addition, EDA is rather an artificial system with great analytical power, but
limited ecological relevance. Thus, it is challenging to confirm hazards resulting from key
toxicants identified by EDA under realistic exposure conditions and for higher biological
levels, such as whole organisms, populations and communities (Brack et al., 2008). It also
requires sophisticated preparative and analytical tools to identify the pertinent compounds
(Bakker et al., 2007).

Extraction usually focuses on organic compounds and excludes polar metals since metals are
difficult to separate from a mixture. Most radionuclide species are charged, and polar reagents
(e.g., acids) are needed for extractions. Most radionuclides (like metals) are not in an organic
form and will therefore probably also not be suitable for extraction with non-polar agents.In
all extractions, the yield must be determined and the fractions or the remaining solution
defined, however, the interpretation of the extracted fraction is often complex. This is more of
a problem in EDA where the extracted fractions are tested than in TIE where the remaining
mixture (including metals, radionuclides etc.) is tested. Separately extracting radionuclides
isotopes from their stable isotopes is a huge challenge. Lastly, as mentioned in Section 4.4,
bioassays specific to radioactivity do not exist and thus can at this point not be used to narrow
down the toxicant/biotest combinations.

4.4 Biological testing of mixtures

Within toxicology, biological testing indicates testing the effect of a toxicant on a specific
endpoint and organism or biological agent. Biological testing is also used to test single
chemicals, and as such many standardised methods have already been developed. However,
the focus in this section is their use in radioecology and in testing mixtures. Most of the
biological tests have been developed using aquatic test systems. Tests may be acute (endpoint
often mortality, LCsp) or chronic exposures (growth, fecundity, fertility) and cover a wide
range of species and in vitro bioassays. Effect concentrations are usually expressed as %
dilution of the mixture. More details of whole mixture approaches are given above. It is
generally known thatbiological species differ from each other in their sensitivity towards a
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toxicant. Hence, there is no such thing as the ideal biotest or the most sensitive test-species. In
the case of radionuclides this can certainly be an issue as radiosensitivity varies extensively
between species (see deliverable 5.1 of STAR WP5, Garnier-Laplace et al., 2011).

Many terms can be found in the literature to describe different categories of biological testing
(e.g., biotests, bioassays, biomarkers, biosensors), but there is often overlap in the use of these
terms, particularly the word ‘bioassay’. In addition, some biological reactions can be used as
bioassays, biomarkers or biosensors, depending on the application/method. The terms
mentioned are defined below.

Bioassays: Bioassays are tests that attempt to determine the relative
strength/potency/biological activity or the nature of a substance by comparing its effect on a
test organism / living cells with that of a standard preparation. When testing an unknown
mixture, a variety of tests is usually performed, to cover a wide range of taxonomic groups
and biological reactions and thus increase the chances of detecting toxicity. A distinction is
made between in vivo bioassays that have a whole organism as the test subject and in vitro
ones that include cell-lines subcellular responses, etc.. An overview of some common used
bioassays is given in Table 6. In contrast to in vivo bioassays, the methodology for in vitro
tests is less well standardised.

Table 6. Examples of in vivo and in vitro bioassays

in vivo in vitro

Invertebrates inhibition of bacteria Vibrio fischeri
e.g. Daphnia, Hyalella, Artemia, Mysidopsis, (Microtox)

nematode

Fish enzyme induction e.g. EROD, cytochrome
e.g., trout, minnow, zebrafish, medaka P450, CYP1A

Single-celled algae aryl hydrocarbon receptor (AhR) agonists

e.g., Scenedesmus, Selanestrum using the DRCALUX assay

Algae and plants mutagenic activity using the Mutatox assay
e.g., Ceramium, Champia parvula, Lemna

Embryo tests endocrine disruption assays, €.g. oestrogen

e.g., sea urchin, Crassostrea (oyster), FETAX receptor (ER) agonists using the yeast

. . . oestrogen screen (YES) and androgen
E;(Er}(;pus embryo), fish embryo toxicity test receptor (AR) binding assays

fish or mammal cell-based cytotoxicity
assays

genomic microarrays (toxicogenomics)
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Biomarkers: A biomarker can be defined as a biological parameter that can be measured in a
given subject and is in some way related to a biological effect (Durante, 2007). Their
abundance or level of expression can in some cases be quantitatively related to the level of
exposure, and can either indicate exposure levels (e.g., chemical metabolites) or effects (e.g.,
CYP1A enzyme levels). Biomarkers are used in field studies, laboratory effect studies (as
bioassays) and have been incorporated into biosensors. Some can be quite difficult to couple
to a specific chemical (e.g. in a field or multiple stressor environment) (see Forbes et al.,
2006) and are more indicators of general stress in an organism/biological system. Brooks
(1999) distinguished three different classes of biomarkers: exposure, sensitivity and disease.
For exposure biomarkers a dose-response relationship can be established. Biomarkers of
sensitivity are genetic markers associated with an increase in individual susceptibility towards
e.g. radiation. Finally, biomarkers of disease are those biological events that can be used to
anticipate the diagnosis of a specific illness. The latter class of biomarkers is in our objective
not relevant.

Biosensors: Finally biosensors are analytical devices that both assess toxicity of a mixture and
extract quantitative analytical information of single compounds in the mixture. They include
biological material (e.g. tissue, microorganisms, cell receptors, enzymes) (or a mimic, e.g. of
a membrane) with a physico-chemical detector component (transducer). Specific compounds
(e.g. dioxins) trigger a biological or biochemical response (e.g. production of a protein,
switching on/off a gene, enzyme action) that creates a signal (e.g. luminescence, electron
production or consumption) that is then transformed by the transducer using e.g. optical or
electrochemical methods into a measurable signal (e.g. change in light, colour, numbers etc).

Biosensors thus differ from bioassays in that the transducer is an integral part of the analytical
system, and that they can extract quantitative chemical information. They are thus a useful
analytical tool, but their ecological relevance is difficult to determine. Examples of biosensors
include microarrays (e.g. DNA microarrays, protein microarrays, cellular microarrays etc.)
that are 2-D surfaces coated with a range of different biologically reactive molecules (e.g.
proteins, DNA sequences) that respond to an external signal/stressor and produce a
measurable response such as fluorescence. These can be used for screening a range of
potential biochemical responses simultaneously. Other biosensors identify more specific
biochemical reactions, such as cytochrome P450 production.

4.4.1 Applicability to radioactive mixtures

The mode of action of radiation is described in the introduction of this part of the review.
Typically radiation will induce DNA damage as well as oxidative stress responses. As these
are rather general toxic responses there is to date no such thing as a specific biomarker for
radiation stress. However, here we have tried to make an overview of different studies that
aimed at identifying radiation specific biomarkers or markers that distinguish between
radiosensitive and radioresistant species. Examples of biomarkers of both exposure and
sensitivity that can be utilized within both human and ecological toxicology to identify the
response to ionising radiation, ranging from molecular, cellular and organism levels are given
in Table 8. We have classified the biomarkers according to whether they test for DNA
damage and repair, oxidative stress or general stress responses. This table was compiled after
a literature study, but is not complete.
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Table7. Overview of biomarkers of both exposure and sensitivity that can be utilized within human and ecological toxicology to identify the response to ionising radiation.
This table was built from the data gathered in deliverable 5.1 of the STAR project (Garnier-Laplace et al. 2011)

Biomarker Method/assay Tested endpoint Correlation with dose or radiation | Species tested Reference
sensitivity
DNA damage and repair mechanisms
Antibody fluorescence imaging, | DNA damage (Double strand | Sensitive to and correlating with degree | Human but gamma-H2AX | Redon et al., 2011; Kuo and Yang,

against Gamma- | Western blot, 2-D gel | breaks) of damage phosphorylation  site has | 2008

H2AX electrophoresis, flow been shown to be highly | Pereiraetal., 2011
cytometry conserved throughout
ELISA eucaryotes
High-throughput
Cytogenic Chromosomal aberrations | Genotoxicity Validated correlation with long-term | Human blood Durante, 2007
biomarker morbidity endpoints like risk to induce | Turtle Ulsh et al., 2003
cancer Deer Ulsh, et al. 2004
Mitochondrial Sequence analysis DNA mutation Not sensitive enough for environmental | Compost worm  (Eisenia | Wilding et al. 2006
DNA mutation relevant concentrations fetida)
frequency
DNA strand | Alkaline comet assay DNA damage Significantly higher levels of DNA | Eggs/larval of Zebrafish | Simon etal., 2011
breaks and damage in all y-exposed embryos, but | (Danio rerio)
alkali labile no dose(rate)-response relationship was
sites observed..
No relation between Comet assay | Shoots and roots of | Vandenhove et al., 2006
parameters and radiation dose observed | Phaseolus vulgaris
with plants
Oxidation of | 8-oxo-guanine DNA damage and repair Not clear whether good biomarker due | Numerous, including | Collins et al., 1996

DNA and DNA | analysis, GC-MS, Fpg- to high background (Collins et al., | Compost worm (Eisenia | Hertel-Aas et al., 2011
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strand breaks modified Comet-assay) 1996) and variable response in different | fetida)
worm generations (Hertel-aas et al.,

2011)
Oxidation of | 8-oxo-guanine detection | DNA damage and repair Linear relationship with gamma- | Species? Bruskov et al., 1999
DNA and DNA | with antibodies irradiation dose and sensitive (Bruskov
strand breaks et al., 1999)
Repair capacity | Comet assay DNA damage and repair Correlate with chronic exposure Numerous Plappert et al., 1997
of blood cells Including blood cells of | Hertel-Aas et al., 2011

chronic (Chernobyl)
exposed people
Cytogenic DNA repair human Abdel-Rahman and El-Zein, 2011
endpoints
Methylation Bisulphite  sequencing, | Reduced transcription through | Relation between radiosensitivity and | Human gliomas Liu et al., 2009
status of DNA | RT-PCR gene silencing of protein | methylation status of ERCC1 (excision
Methylation specific-PCR | involved in DNA-repair repair cross complementing protein 1)
Western blotting promotor

Mutations at minisatellites expanded  simple  tandem | Untargeted effects associated with Humans Dubrova, 2003
tandem repeat and expanded simple | repeats, microsattellites radiation exposure including Fish Tsyusko et al. 2006
loci of DNA tandem repeats genomic instability, bystander effects,

and transgenerational

effects

Oxidative stress

Antioxidants and | Spectrophotometric Oxidative stress No correlation between oxidative stress | Bacteria Shashidhar et al., 2011
antioxidant assays of enzyme tolerance and gamma radiation resistance
enzymes activities (POD, SOD,

catalase)
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Carotenoids levels

Fe/Mn ratio Atomeric  Absorption | Protection of proteins and DNA | Inverse correlation between [Mn]/[Fe] ratio | Bacteria: Deinococcus, | Confalonieri and Sommer, 2011;
Spectrometry for oxidative damage and level of protein oxidation (Confalonieri | Thermophyllus Shashidhar et al., 2011
and Sommer, 2011)
No direct correlation with radiation
resistance (Shashidhar et al., 2011)

General stress responses

Heat Shock | Antibody  detection: | Stress induced proteins Lewis et al. 1999

Proteins Western blot

Transcriptomic Microarray Changed gene expression Acute exposure was comparable to | Arabidopsis Vegetative or | Kim et al., 2007; Kovalchuk et al.,
changes etc,.. other abiotic stressors whereas chronic | during flowering 2007

exposure revealed a complete distinct
gene expression profile

Down regulation of growth/rhythm
responses and  up-regulation  of
defence/stress  regulation in  post
irradiation reproduction state (Kim et

al., 2007) Olsvik et al, 2010
Acute gamma exposure, Atlantic salmon (Salmo
Gamma + Al + Cd exposure of fish salar)
Radiation GS-MS Changed metabolite abundance | Dose and time dependent, cross-species | Rat, cell and mouse Coy, 2011; Johnson et al., 2011;
metabolomics QTOFMS Some could be linked to food | (Johnson et al) Lanz et al., 2009
deprivation and  starvation
(Johnson et al., 2011)
Proteomics Proteomic signal Proteomic changes in gills Proteomic changes correlated to direct | fish Smith et al. 2011.

irradiation and to bystander signals
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4.5 Toxicokinetics

Toxicokinetic (TK) models aim to predict the time course of chemical concentrations in
organisms, taking into account the way chemicals are absorbed, distributed, metabolized
and excreted. This includes knowledge of many of the physiological and biochemical
pathways involved in these processes. TK models have been used for human
toxicological studies, where it is ethically not feasible to test compounds on humans and
hence there is a need for informed extrapolation from data obtained on surrogate species
(e.g. rats). For ecotoxicity studies, the same problem applies for protected species, as it
is impossible to test them. Furthermore, several non-human species may be studied to
take into account biodiversity in ecosystems and TK models may be useful to
extrapolate from one species to another.

In the case of mixture studies, compounds may interfere with each other’s uptake (see
Chapter 3.4) or, in the case of organic chemicals, transformation which may affect
several target sites of action. With respect to uptake, metals and polar organic
compounds occur as charged entities and they require mediated transport, such as ion
channels or specific carrier proteins or enzymes. When present in a mixture, they can
compete for the routes of mediated uptake. Neutral organic substances diffuse across the
lipid bilayer of biological membranes and are therefore assumed to have less potential
to interact during uptake.

Once inside the organism, chemicals may end up in metabolically inactive parts of the
body, such as fatty tissues for organic chemicals or granules for metals. For the fraction
of compounds that is not stored in an inactive form, the rate of overall accumulation in
specific tissues depends on processes such as biotransformation or excretion.
Compounds in mixtures may affect the biochemical reaction of another compound, e.g.
enzymatic transformation for organic chemicals or binding to proteins for metals. For
organic chemicals, the biotransformation to metabolites adds more complexity, as such
metabolites may have a different toxicological profile than their parents. The same
complexity may be expected from radioactive decay products leading to mixtures of
radionuclides.

Interactions between metals have been commonly observed in organisms and several of
them involve metallothionein, a protein which plays an important role in the
sequestration of heavy metals. For example, Martin-Diaz et al. (2005) have shown that
the amount of metallothioneins induced in the shore crab by heavy metals can lead to a
synergistic or an antagonistic response to binary mixtures of these metals.

Two toxicokinetic modelling approaches are commonly used: data-based toxicokinetic
(DBTK) modelling and physiologically based toxicokinetic (PBTK) modelling. DBTK
models simply describe the experimental kinetic data (e.g. tissue concentrations in
function of time) whereas PBTK equations describe the mechanistic processes involved
in uptake, distribution, metabolization and excretion. For ecotoxicity studies, DBTK
models have been widely used. PBTK models have been developed to a lesser extent
but only in vertebrates where physiological parameters are available or at least, can be
inferred. For invertebrates, the metabolic and physiological information is often not
available and furthermore, it is difficult to measure chemical concentrations at the tissue
level which limits the fitting of these models.
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PBTK models have been developed for trout (Law et al., 1991; Nichols et al., 20044,
2004b), starry flounder (Namdari, 1998), salmon (Brocklebank et al., 1997), channel
catfish (Albers and Dixon, 2002) and beluga (Hickie et al., 1999). When the
physiological parameter values are not available, allometric scaling techniques can also
be applied or measured. To our knowledge, PBTK models have never been applied to
mixture studies in the context of ecotoxicology or radioecology.

One-compartment DBTK models were used to study metal-radionuclide interactions
(Fraysse et al., 2002). Asiatic clams and zebra mussels were exposed to *>'Co, **"Ag
and **Cs, in mixtures with Zn, Cd or Cd+Zn. Zn and the Cd+Zn treatment increased the
UmAg uptake in mussels and clams and also increased the '°™Ag depuration in
mussels, but not in clams. Hence, species specificities may occur in terms of
metallothionein regulation that may explain these differences.

Uranium-selenium mixture toxicity experiments were also performed on daphnids and
revealed an antagonistic effect, most probably due to toxicokinetic interactions between
uranium and selenium uptake (Zeman, 2008). Baas et al. (2007) also used a one-
compartment model for the analysis of time-series survival data for the springtail
Folsomia candida, but without taking into account the toxicokinetic interactions.

TK interactions between metals and organic compounds have also been shown. For
example, in the amphipod Hyalella azteca, chlorpyrifos enhances the accumulation of
methylmercury, but as methylmercury presumably forms a chlorpyrifos-MeHg
complex, the toxic effect (acetylcholinesterase inhibition) is reduced (Steevens and
Benson, 1999).

4.6 Toxicodynamics including Dynamic Energy Budget

4.6.1 Physiology Based Toxicokinetics and Toxicodynamics (PBTK/TD)

Toxicodynamics is the study of the toxic actions on living systems, including the
reactions with, and binding to, cell constituents, and the biochemical and physiological
consequences of these actions (IUPAC, 1997b).

The ecotoxicological approaches to toxicodynamics rely on the basic concept of
individual tolerance, where an adverse effect is assumed to occur in an organism when
its internal concentration exceeds a certain critical level. This concept is closely linked
to the critical body residue (CBR) approach. This approach leads to classical S-shape
dose-response curves, from which values such as LCsy or ECso can be obtained.

The CBR approach has been applied to mixture toxicity of narcotic chemicals at a single
time-point (e.g. Van Wezel et al., 1996; Leslie et al., 2004). For multiple time points,
the CBR concept has been applied to the effect of mixtures on survival, by using a one-
compartment TK model linked to a fixed CBR to describe LCso (McCarthy et al., 1992).

The stochastic approach of Bedaux and Kooijman (1994) has been extended to mixtures
by Baas et al. (2007). They analysed survival data for 6 binary mixtures of heavy metals
using the springtail Folsomia candida, over a period of 21 days. The approach used is a
combined TK/TD approach, allowing the fit of the survival data for all time steps
simultaneously. For sub-lethal endpoints, the studies of Van Gestel and Hensbergen
(1997) and Jonker (2003) showed that the apparent mixture interactions change with
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time. Different interactions were also observed by Zeeman (2008) for the toxicity of a
mixture of U and Se on the daphnids, depending on the endpoint studied. The statistical
analysis method of Jonker (2003) was applied to fecundity measurement, concluding to
an antagonistic effect, whereas no interaction was observed on growth. These
conclusions emphasize the need for more mechanistic models to understand this
behaviour.

Recently, to support a better mechanistic understanding of interactions in mixture
toxicology, a framework to support experimental studies to investigate the basis of
observed interactions was proposed by Spurgeon et al. (2010). In this paper, in addition
to classical TK/TD modelling approaches, omics (toxicogenomics, proteomics,
metabolomics) are proposed to identify similarly and dissimilarly acting chemicals in
support of mixture assessment. Another promising approach is the use of energetic
metabolism, as described in the Dynamic Energy Budget (DEB) theory below.

4.6.2 Dynamic Enerqgy budget model including the effect of toxicants (DEBtox)

Authors have suggested the use of DEBtox models to mechanistically interpret effects
of mixtures of compounds within the framework of the Dynamic Energy Budget theory
(Baas et al., 2010a, 2010b). The DEB theory describes how organisms acquire energy
from food and allocate it to somatic growth, maintenance, maturation and reproduction.
DEBtox models examine how contaminants accumulate in organisms, causing
perturbations in one or several DEB-related processes (STAR Work Package 5 — Task
3). How toxicants accumulate in organisms over time is described assuming a simple
two-compartment model (with intake and elimination Kinetics and dilution process due
to somatic growth).Effect intensity is expressed through a stress function *“s”
proportional to the (scaled) internal concentration ““c’” above a threshold level known as
the “NEC” (for No-Effect Concentration)?.

s=0 if c<NEC

s :i(c—NEc) if ¢ > NEC

Cr

Possible perturbations (e.g. increase of 1+s, decrease of 1-s) in DEB-related processes
(referred to as “Modes of Actions”) include decrease in energy intake through nutrition,
increase in somatic maintenance, in maturity maintenance, in costs for growth, increase
in costs for egg production etc. causing observed reductions in body size, reproduction
or survival (Jager et al., 2004).

The approach has already been successfully applied to a range of chemicals
andbiological species to understand effects of mixtures on growth, reproduction and
survival (Baas et al., 2007, 2009a, 2009b, 2010b; Jager and Kooijman, 2009; Jager et
al., 2010). In a mixture context effects on organisms result from the combined
individual actions of each single compound composing the mixture. Figure 1 shows the
structure of the DEB approach for mixture toxicity.

Note that other mechanisms of toxicity induction specifically designed for radiation emitters, need to be explored,
assuming that effect intensity is correlated to either instantaneous dose rate, cumulated dose or a level of cumulated
damage subjected to repairing processes.
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Figure 1. Modelling approach, including a toxicokinetic module as a first step, followed by a
description of how processes are affected by each toxicant and a feedback on the kinetics as a result
of observed effect on growth (from Jager et al., 2010).

Each component of the mixture has its own toxicokinetics module, which implies that
exposure to a constant mixture composition will generally lead to a time-varying
mixture inside the organism. For predicting possible mixture effects, DEBtox uses the
principles of CA and IA (Jager et al., 2010), although the DEB theory implies a certain
degree of interaction among the different metabolic processes. Thus, although different
toxic components may have independent toxicokinetics for example, any effect on
growth induced by one component will influence the toxicokinetics of all components
indirectly. One strength of the approach is to distinguish toxicants which interact at the
toxicokinetics level from those which interact at the toxicodynamics level. Mixture
components may interact within an organism through one or several modes of action
and one or several target sites:

e two components A and B of a mixture may act through different modes of action
(necessarily through different target sites), each of them affecting their specific
target DEB parameters through independent stress functions s, and sg (with their
own parameters);

e two components A and B of a mixture may act through a same mode of action
and may still affect the common DEB parameters independently through
different target sites and independent stress functions s, and sg, with an effect
intensity of

(1-sa)x(1-sg)or(1+sa)x(1+sg)
The underlying idea is similar to the concept of IA for single dose-response

curves;
e two components A and B of a mixture may act through a same mode of action

and a same target site. In such case, the common stress function s.. affecting
DEB parameters is proportional to the concentration c. calculated as:

C. =Cp +WB -Cp
where ca and cg are the (scaled) internal concentrations of A and B and Wj is the
weight factor for compound B relative to the (arbitrary) reference compound A
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(Jager et al. 2010). This in its turn is similar to the additivity principle that is also
behind the concept of CA for single dose-response curves.

Table 8. List of studies using DEB-tox for the description of combined exposure of toxicants

Tested species Type of mixture Endpoints Conclusion Reference
flour beetles mixture of poly | Survival Good predictions of the | Baas et al.,
(Triboliumcastaneum) aromatic ob_served effects of a | 2010b
hydrocarbons mixture of four PAH
ETITQ:SO)]L actiozame sha_ring of the NEC for
various PAHs
fathead minnows 14 PAH mixture | Survival Same  conclusions as | Baas et
(Pimephalespromelas) with known Kow above al.,2009b
values and
references
therein
fathead minnows Survival Application of the hazard | Jager  and
(Pimephalespromelas) modf-zl from DEBtox to Kooijman,
survival data. Different | 2009 and
modes of action resulted | references
in different patterns in the | therein
parameter estimates.
collembolan cadmium (Cd), | Survival Agreement between | Baas et al.,
(Folsomia candida) copper measured and calculated | 2007
(Cu), lead (Pb), survival data.
and zinc (Zn) Slight antagonistic effect
for Cu/Pb. No interaction
for others.
Waterflea in situ exposure | Survival Correct prediction for 34 | Baas et
(Daphnia magna) - 10 (PA!—L_ metals, out of 37 cases: predict | al.,2009a
day old pesticides,  salts, th_e effect of_a complex
pH, oxygen) mixture given the
chemical composition of
the water, and identify
which chemical or group
of chemicals was
responsible  for  the
observed mortality
waterflea  (Daphnia | pyrene and | partial life- | assumption of additivity | Jager et al.,
magna) fluoranthene = | cycle provides an excellent | 2010
narcotic mode of | experiments | description for the
action, with | (growth, mixture effects on growth
negligible reproduction, | and reproduction, and do
metabolization survival) not suggest any form of
interaction. Model
predictions  are  less
convincing for survival
data.
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The DEB allocation rules specify the consequences of these changing parameter values
over the life cycle, resulting in predictions for survival, growth and reproduction. DEB
theory also provides a way to analyse effects on other endpoints such as respiration or
product formation (see Baas et al. 2009b, 2010a). A mixture analysis in DEB context is
therefore conceptually quite straightforward. The DEB framework was successfully
applied to assess effects of complex mixtures on survival and binary mixtures on
survival in species such as the springtail (Folsomia candida), fathead minnows
(Pimephalespromelas), the flour beetle (Triboliumcastaneum), the nematode
(Caenorhabditis elegans)and the microcrustacean Daphnia magna (Table 8). The recent
study from Jager et al. (2010) was the first to apply a biology-based approach for
mixture toxicity of multiple endpoints over the life cycle on daphnids for two PAHSs.

DEB theory offers an approach which integrates both toxicokinetics and
toxicodynamics within a single consistent framework for analysing mixture effects. As
stated above, effects of a mixture are predicted based on the same underlying theory of
additivity as used for CA/IA for simple dose-response curves.CA and IA are classically
applied to descriptive dose-response curves (dealing with one single endpoint and one
single time point), DEBtox will integrate interacting or independently acting effects as
dynamic processes affecting growth and reproduction over time. As such mixture-
DEBtox has the ability to elucidate in which major processes possible interactions take
place. This information can help to further target investigations in causes of
interactions.

DEBtox integrates organism biology and makes the link between sub-lethal effects on
different endpoints, such as feeding, maintenance, growth, maturity and reproduction,
analysing interactions independent of exposure time. Key biological mechanisms
underlying observed interactions can be identified, improving our understanding and
description of mixture toxicity both at the sub-individual level (identification of
metabolic modes of action), the individual level (effects on life history traits) and higher
levels of biological organisation (coupling of DEBtox outcomes with population
dynamics using Leslie matrices).

The key strengths of DEBtox approaches can be summarised as follows (i) DEBtox
provides a single framework to interpret different endpoints independent of exposure
time, (ii) sub-lethal effects can be studied, (iii) the focus of the study is the individual
and not the toxic compound, and (iv) DEBtox opens possibilities to extrapolate to
different species and to population effects. Its greatest drawback is the high data-
requirement necessary to parameterise the model both for the organism as for the
toxicant.

4.7 General discussion

4.7.1 Comparing different approaches: Challenges and knowledge gaps

For the different approaches described above, Table 9gives a comparative overview of
the different data requirements, applicability and capacity to predict mixture effects.
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Table 9. Overview of the different approaches reviewed

Component-based approach

Whole mixture approach

CAVJI1A for single endpoint dose-
response curves

mixDEBtox

WET, TIE, EDA

Specific data
requirements

- Dose-response curve of individual
toxicants (if not CA/IA lose their

capacity to predict)

- Concentrations of all toxicants in

-Parameters describing growth,

survival, reproduction of
individual species
-Parameters  describing  toxic

Toxicity measurements
entire mixture

on

the mixture effects of individual toxicant
- Monotonic dose-response curves |- Concentration of all toxicants in
the mixture
Applicability No specific assumption on biotest| Only applicable for those species
(species and | or toxicant needed for which DEBtox is
toxicants) parameterised and toxicants for

which a toxicokinetic module has
been developed

- Whole mixture is tested; as
such results only applicable to
that specific mixture

- ldentification of different
toxicants and of effect
contributing toxicants by TIE
or EDA depends on available
fractionation techniques

Predictability Can predict effect concentrations or
effects of mixtures but limited to
tested exposure situation (time,

endpoint, ecotox test)

Can predict effect for mixtures
and generalize for unknown
exposure situations (e.g. time
varying or food limitation) at
individual level

Normally only testing effect
of a known mixture without
prediction towards unknown
mixtures. Aim of these tests it
to find toxicant contributing
mostly to effect.

No predictive power.

Interactions are here also defined
as deviations from what is
expected according to additivity
of similar or dissimilar acting
compounds. In addition as
interaction will change one or
more parameters, mMixDEBtox
gives the possibility to analyse
the observed interactions based
on the biological mechanisms or
pinpoint interactions, that can be
readily explained by, e.g. the
toxicokinetics.

Measuring
interactions

Conceptually CA/IA assume non-
interacting compounds; as such
interactions can be defined as
statistical deviations from predicted
effects according to CA or 1A

Indications of interactions are
given by comparing effect of
fractions with effect of total
mixture

Mode of action | Do not give any indication on MoA | Gives indication on which
individual endpoint is affected
(physiological MoA e.g.

reproduction,...)

which
mixture

Indication to
component in
contributes to effect

As described by Kortenkamp et al. (2009) and Backhaus et al. (2010), a number of
empirical and conceptual knowledge gaps of mixture toxicity approaches can be
defined. For all component based approaches detailed information on the composition
of the mixture of interest is required. In practice, this is almost never available to the
extent required and criteria are therefore needed to identify the relevant components and

their chemical speciation in a mixture.

The general concepts of CA and IA start from distinguishing the mode of action of the

different compounds. Experimental evidence

indicates that the similarity or
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dissimilarity of the toxic mode of action of a compound is a valid criterion for selection
of the appropriate concept for a given mixture (Backhaus et al., 2010). However, for
many environmental relevant mixtures knowledge about the mode of action is scarce
and the mode of action can be species specific as well as endpoint specific. Moreover,
as already mentioned, many contaminants have several modes of actions or mechanisms
of action. Hence, criteria to select either CA or IA to use are not evident and generally
both concepts are applied. Since results of CA and IA are generally not too different, the
more conservative CA approach is applied for risk assessment purposes.

For most approaches information on the dose-response curves of the single toxicants is
required. Again, for some toxicants like pharmaceuticals, extensive data are available.
For others, in particular radiation and many radionuclides, this information is scarce
(see also 4.7.2). In addition, the general concepts can only handle monotonic response
with a typical sigmoidal shape and log-scaled concentration or dose axis. For 1A the
concept implies a response scaled from 0% to 100% but CA also assumes a similar
shape of the dose-response curve due to the premise that all components act as if they
were dilutions of each other. As such, compounds that are stimulating in low
concentrations but toxic at higher concentrations, bell-shaped curves typically for
environmental factors like (e.g., temperature, light) and finally specific biomarkers like
gene expression that can be induced or inhibited depending on the time and compound,
can, currently, not easily be considered. Finding an answer to this will require
adaptations to existing approaches or development of new models. Hormesis, i.e.
stimulatory response at low concentrations of a stressor, also falls in the category of
giving a non-monotonic response. Recently improved statistical models are already
available for coping with hormesis (see Garnier-Laplace et al., 2011).

Whole mixture approaches are normally not conducted with the aim of elucidating
interacting effects or be able to predict mixture effects(Table 9). However, whole
mixture approaches such as TIE and EDA can give an initial indication of the
contribution of a toxicant to the overall effect. As such they have been able to identify
new chemical toxic effects (e.g. organophosphate insecticides, surfactants and treatment
polymers in industrial effluents) (see references in Chapman, 2000). In contrast to
whole mixture approaches, component-based ones can and have been used to predict
mixture effects based on data for the individual compounds as well as to identify
interacting effects as deviations of the general concepts. However, CA/IA do not give
any information on the mechanisms that drive these interactions. The mechanisms of
toxicity and of possible interactions between different compounds require additional,
separate testing.

The strength of models like CA/IA to identify interacting effects as deviations from the
predictions relies on the reproducibility of the (binary) mixture toxicity experiments.
Reproducibility depends on the variance of the endpoint and the tested species, and this
both within and between experiments (Cedergreen et al., 2007). The degree of
reproducibility of deviations from CA predictions of different herbicide binary mixtures
on two different plant species formed subject of a study by Cedergreen and colleagues
(Cedergreen et al., 2007). The main conclusion of that work was that it is not always
that easy to reproduce deviations of the general concepts. The authors warned for
sufficient replication and careful interpretation of the results. A preference for test

[STAR] 76/244
(D-N°:4.1) — Critical review of existing approaches, methods and tools for mixed contaminant exposure,
effect and risk assessment in ecotoxicology and evaluation of their usefulness for radioecology
Dissemination level: PU
Date of issue of this report:29/02/2012


http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

systems with low variability was also given (e.g. Lemna was superior to a more
complex terrestrial plant (Tripleurospermum)) keeping in mind, however, that the
relevance and resemblance to the natural conditions is more prevalent in more complex
systems).

DEBtox will provide an indication of the possible physiological mode of action of a
toxicant or a mixture. For example with DEBtox one is able to tell whether toxicants
mainly induce changes in different life history traits like reproduction or growth. In a
recent study it was investigated for three different toxicants (Cd, fluoranthene (a PAH)
and atrazine (herbicide)) whether or not these physiological mode of actions could be
associated with specific changed gene expression profiles for the different toxicants
(Swain et al., 2010). The authors indicated the possibility of linking information of
DEBtox to that of a mechanistic approach like transcriptomics to identify the mode of
action of toxicants and finally to help in the categorisation of chemicals for risk
assessment purposes. It needs to be emphasized, however, that this study only looked at
individual compounds that were specifically chosen to greatly differ in their mode of
action and hence further work is still needed to generalize these results.

Organisms are not only exposed to mixtures of chemicals simultaneously and constantly
over time. The general models of CA/IA cannot handle sequential or pulsed exposure
profiles. DEBtox, on the other hand, is one of the approaches that aims at including
time-variable exposures and as such has a major additional value. However together
with other approaches that deal with this the development of DEBtox models is still
relatively new. Parameterization has only been done for a limited number of organisms
and even applied to a more limited number of toxicants, as data demand is high to
enable parameterization of the effects of the different toxicants on the growth,
maintenance and reproduction endpoints.

4.7.2 From ecotoxicology to radioecoloqgy

A major objective of this review was to look at the possible applicability of the different
approaches for mixtures having radiation or radionuclides as one of the stressors.
Within the ITUR working group multiple stressors and the IAEA-EMRAS |1 programme
a considerable effort was made to review the approaches and outcome (interacting
effects or not) of the different studies performed to date that included radiation or
radionuclides in the mixture (Vanhoudt et al.,2012). For this review a meta-analysis of
literature on mixture experiments that included radiation or radionuclides as one of the
stressors was performed. Data were collected for plants and animals within terrestrial,
freshwater and marine ecosystems from 35 references. Information was collected on
ecosystem type, species, stressors applied and effects evaluated. All but one study was
laboratory based. Most of the studies investigated two-component mixtures. Exposure
conditions were mostly gamma or X-ray irradiation combined with heat shock or heavy
metals for terrestrial animals; metals, temperature or starvation for freshwater animals;
temperature and salinity for marine/estuarine species. For terrestrial and aquatic plants,
experiments involved one radionuclide or one radiation type in combination with
metals, other radionuclides or radiation types, pro-mutagens and herbicides. About
three-quarters of the papers reviewed suggested some form of interaction of effects
existed among the stressors. From the review it was concluded that although often
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statements about additivity, synergism or antagonism were made, these were mostly
based on the incorrect principle of effect summation or on own judgment of the authors.
In many cases this stems from the fact that the studies were not designed specifically to
investigate mixture or interacting effects. For example rarely dose-response curves for
the single stressors were developed. However, as indicated above, these form, however,
the basic data input for a CA/IA approach. In addition, many studies included
environmental factors such as temperature as one of the stressors. These further
complicate calculations as well as these will not give a monotonic response. However, if
suitable dose-response curves had been established for the endpoints of interest, the
effects of the mixture could have been predicted using CA or IA and statistical analysis
could then have revealed if observed effects were significantly higher (synergism) or
lower (antagonism) than predicted. In conclusion, the review of Vanhoudt et al. (2012)
pointed towards a lack of systematic mechanistic understanding and quantitative
assessments of combined exposures and the resulting possible interacting effects. A
clear need was indicated for further research in the interdisciplinary field of multiple
stressors (including radiation) to allow predictions of the potential presence of
combined effects of low exposure levels on biota.

In the current review an overview was given on the available approaches that can be
used to assess mixtures that contain radiation or radionuclides as one of the
contaminants. As summarised in Table 9 three different groups of approaches were
distinguished: two component based approaches were described one applying on the
general concepts of CA/IA on single time and endpoint dose-response curves, and one
applying them in a toxicodynamic manner (namely DEBtox) and whole mixture
approaches (WET/TIE/EDA). From a radioecological perspective, all three concepts
have advantages but also specific limitations. The whole mixture approaches do not, as
outlined above, have predictive value, but can be useful to identify different (groups of)
toxicants contributing to the toxic effect. Looking at the expected composition of the
different mixtures that arecontaining radionuclides (for an overview see Annex 1), it
will be a challenge to distinguish the possible contribution to the effects observed of the
co-contaminants from that of the radionuclides with these techniques. This is because
the co-contaminants are often metals or other water soluble elements that will be
difficult to separate from the radionuclides by chemical extraction.

The general concepts of CA/IA can easily be applied on mixtures containing radiation
or radionuclides both to assess possible interacting effects as well as to make
predictions on mixture effects if dose-response curves of the different components in the
mixture are available. However, again some points must be made. For radiation and
some radionuclides it has been shown that very high radiation doses are needed to
derive full dose-response relationships (e.g. Garnier-Laplace et al., 2006; Vandenhove
et al., 2009). From an experimental point of view this may be challenging to achieve as
radiation facilities in which such chronic radiation exposure experiments can be
performed are scarce. In addition, for general endpoints like growth it has been shown
that different organisms respond to low doses of radiation by increasing the growth rate
before they show adverse effects (hormesis-like effect) (Upton, 2001; Vanhoudt et al.,
2011a, 2011b) and as such do not deliver monotonic dose-response curves. Belz and
colleagues (2007) studied the effect of hormesis in binary mixtures to see whether or
not mixture effects could still be predicted if an hormetic response was present and on
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the other hand whether the size and range of the hormetic effect could also be predicted
(Belz et al., 2008). From this work it was concluded that hormetic effects appear to be
mostly additive (following CA) and that predicting the hormetic effect within a mixture
seems possible starting from the individual dose-response curves. It was further shown
by Spurgeon and colleagues (personal communication) that the outcome of the dose-
response curve modelled either with the standard or the hormetic models is rarely
qualitatively different. As such the standard dose-response curves can in most cases also
be used.

Finally, the toxicodynamic approaches like DEBtox have been recently successfully
applied to describe the toxicity of chronic uranium exposure over several generations of
daphnids (Massarin et al., 2010). Recent studies have shown the possibility of applying
DEBtox for combined exposures (see Table 8). However, as outlined above the data-
demand for DEBtox is high, especially if parameterization of the organism nor the
toxicants has not yet been obtained yet. For radionuclides, up to date parameterization
has only been done for uranium on daphnids (Massarin et al., 2011) and fish
(Augustine, S, personal communication). Within WP5 of the STAR project an
experimental effort will be done to apply the DEB approach to external gamma for a
freshwater plant (Lemna minor) and a nematode (C. elegans) (see Garnier-Laplace et
al., 2011). As such the success to apply DEBtox to mixtures containing radiation or
radionuclides depends largely on obtaining the necessary data for parameterising the
different toxicants and species. However, the possibility to obtain indications on the
possible mode of action and to derive NEC concentrations from it makes this an
approach of great promise for future effects research as well as risk assessment.
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5 State of the art on regulation and ecological risk
assessment of mixtures

In the last decades, risk assessment has become a commonly used approach in
examining environmental problems caused by human activities. Risk assessment is a
scientific process, carried out to identify and quantify a risk to enable Risk management
decisions to be made. Within an Ecological Risk Assessment (ERA) perspective, the
global objective is to estimate either quantitatively or qualitatively the adverse effects
on the ecosystems resulting from anthropogenic activities.

Risk assessment process is facing the lack of information that makes difficult to obtain a
precise prediction. This can be due to several factors, e.g. low statistical power of data,
insufficient number of observations, imprecision of measurements, spatio-temporal
variability, differences between natural and laboratory conditions, among others. The
reduction of all those uncertainties is generally achievable if sufficient effort is made to
enhance the knowledge, e.g. on exposure pathways and/or effects on ecosystems in a
more realistic manner. However, a more problematic issue is the inadequacy of
conceptual models used to perform the Risk Assessment. One of those potential failures
to consider is the problematic of multiple contaminants: most ERA frameworks are
focused on single type of contaminant (e.g. ERA framework for radioactive substances
recently developed). Such frameworks need to be questioned for their robustness within
the context of mixture, and adapted tools need to be developed and tested.

Regarding multiple contaminants, science evolved in the past years and has developed
potentially useful tools and data. However, transfer of scientific knowledge into
appropriate regulatory approaches is not a trivial task. For instance, the USEPA spent
many years on the development of its guidelines for the health risk assessment of
chemical mixtures. Without the legal mandates laid down in the US American
CERCLA and FQPA, cumulative risk assessment would not have been implemented in
the USA. Conversely, there are no consistent and clear mandates in Europe for taking
mixture toxicity into account, and the numerous pieces of legislation that contribute to
the protection of the environment from chemical risk do not help for the emergence of
an integrated Ecological Risk Assessment framework that allows to take into account all
types of contaminants (see Annex 3for details).

The objective of this section is to give an overview of the state of the art on Ecological
Risk Assessment of mixtures, including radioactive substances. It first recapitulates
Ecological Risk Assessment principles for single contaminants(both chemicals and
radioactive substances). Then, a general overview of different approaches to deal with
mixtures is presented, with their application in ERA assessments and regulation,
illustrated by some examples of application to mixtures, and finally their potential
application to mixtures with radioactive substances.
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5.1 Introduction: the current practices for Ecological Risk Assessment

5.1.1 Ecological Risk Assessment: general framework

Ecological Risk Assessment is defined as a process that evaluates the likelihood that
adverse ecological effects may occur or are occurring as a result of exposure to one or
more stressors (US EPA, 1992). Initially, the development of risk assessment
frameworks was mainly focused on human health protection, and was expanded to
Ecological Risk Assessment with considerable development during the last 3 or 4
decades. Almost all the effort focused on single groups of contaminants (e.g. specific
types of chemicals such as pesticides, biocides... or specific types of releases such as
industrial releases, waste waters...). The main difference between human health
protection and ecological risk assessment is the level of protection goals: for human risk
assessment, protection of individuals/population is the objective, whereas assemblage /
community level issues are generally of concern regarding the protection of ecosystems
(with the exception of the protection of rare and endangered species).

For radionuclides, an ERA framework development was initiated during the last decade:
the ICRP formulated some thoughts concerning protection of the environment from
ionising radiation and initial considerations with respect to a framework for
environmental protection has been included in its Basic Recommendations (ICRP,
2007). Some countries in the meantime had also taken steps in response to
environmental protection legislation by providing guidance on environmental impact
assessments for ionising radiation (Copplestone et al., 2001; US DOE, 2002). At a
regional level, methodologies to assess the impact of exposure to ionising radiation on
flora and fauna in European temperate and Arctic environments have been developed in
two European collaborative projects “FASSET - Framework for Assessment of
Environmental Impact” (Larsson et al., 2004) and “EPIC - Environmental Protection
from lonizing Contaminants in the Arctic” (Brown et al., 2003) respectively. These
studies have been superseded by the project “ERICA - Environmental Risk from
lonising Contaminants: Assessment and Management” wherein ecological risk
assessment methodologies have been developed and issues relevant to decision making
in the context of the management of environmental impacts of radioactivity have been
addressed (Larsson, 2008).

There is currently a general agreement that risk assessment is best addressed in four
steps, (Environment Canada, 1997; US EPA, 1998; EC, 2003b; Suter, 2007; EC,
2003b), where Risk Characterization represents the final integration of the first three
steps in the risk assessment process, namely Problem Formulation, Exposure analysis
and Effects analysis (see Bjork and Gilek(2005) for a comprehensive overview of
Ecological Risk Characterization Methodologies). This framework was initially
proposed almost twenty years ago (US EPA, 1992). Figure 2 shows how this general
Ecological Risk Assessment framework links with Risk Management and
Communication. It is conceptually similar to the approach used for human health risk
assessment of chemicals, offers a simple, flexible structure for conducting and
evaluating Ecological Risk Assessment. Whether for prospective or retrospective
purposes, it was used and developed worldwide for the derivation of many specific
guidelines. For radionuclides, the most widely applied Ecological Risk Assessment
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approaches, namely the ERICA integrated approach (Larsson, 2008) and the United
States Department of Energy’s RESRAD-BIOTA graded approach (US DOE, 2002),
are both largely adapted from this framework.

Ecological Risk Assessment
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Figure 2. Framework for Ecological Risk Assessment (USEPA, 1998)

The probability of overlap between exposure and effect distributions are not very useful
as quantitative predictors of risk in themselves, but rather provide Criteria for the risk
assessor and manager on relative risk and ranking (between stressors, between
scenarios...).Another application of ERA is the quantitative ecological risk analysis
(QERA) defined as the quantitative evaluation of the frequency and consequences of
undesired events, together with a weighting concerning the significance of these events.

The quantitative estimation of the risk to an ecological assemblage is basically given by
the Risk Quotient (RQ), which is the ratio of the Predicted Environmental
Concentration (PEC) and the Predicted No Effect Concentration (PNEC). If the PEC
exceeds the PNEC (i.e. RQ>1), there is considered to be risk of environmental damage
in proportion to the ratio of PEC to PNEC. The calculation of the RQ value is a
stepwise, iterative procedure, generally developed within a tiered approach.

For ionizing radiation, all effects data existing are expressed in terms of radiation
absorbed dose (rate) to which the organism has been exposed (Gy or Gy/time) rather
than the exposure concentration. Radiation dosimetry is therefore essential to convert
activity concentration in a given medium or biota into the quantity of energy absorbed
by an organism from both internal and external sources. The quantitative estimation of
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the risk is thus based on dose (rate) units (D(R)) whether than concentrations (C), and
PEC/PNEC ratio is replaced by PED(R)/PNED(R).

5.1.2 Tiered Approach for an appropriate and efficient use of resources

The use of the ERA framework is generally performed within a tiered approach (Cowan
et al.,, 1995; VanLeeuwen and Hermens, 1992; Solomon et al., 1996; USEPA, 1998;
Solomon et al.,, 1996). The early stages of a tiered risk assessment typically use
conservative estimates for exposure and effects. When a risk has been identified, or
cannot be isolated, subsequent tiers use additional data and tools to address the
uncertainties and fill the gaps of knowledge that were incorporated into the initial
assessment(s). Typical PEC refinement options are based on use of real emissions,
dynamic dispersion, bioavailability,... instead of default, steady-state or equilibrium
transfer values.

Regarding the determination of the PNEC value at the ecosystem level (i.e. for
assemblage/community level issues),one fundamental concept, now widely
scientifically accepted, is the ”species sensitivity distribution” (SSD; Posthuma et al.,
2002), which, for a specific chemical, is a distribution modelling the interspecies
variability of sensitivity in an assemblage of different biological species with respect to
certain observable toxicological endpoints. SSDs thus provide a way, separate from any
use of assessment factors for other purposes, to formally relate the tolerances of tested
species to those of other untested species.

The tiered approach provides a systematic way of determining what level of
investigation is appropriate for a given scenario, minimizing unnecessary investigations
and allowing an efficient use of resources. It requires defining triggers to pass from a
lower to a higher tier (i.e. situations where the assessment needs refinements), compared
to situations where no further action is required (i.e. the assessment gives a sufficiently
accurate risk characterization).

Such an approach was proposed within the ERICA Integrated Approach to assess the
radiological risk to biota, enabling the early screening out of situations of negligible
radiological concern, leaving only those of potential or real concern for more in-depth
assessment or to consult external expertise (Brown et al., 2008 - Figure 3):

e Tier 1 assessments are media concentration based: environmental concentrations
are compared with a conservative pre-calculated concentration limit to estimate
risk quotients;

e Tier 2 calculates dose rates, but allows the user to examine and edit most of the
parameters used in the calculation (concentration ratios, distribution coefficients,
apparent density of soil or sediment, dose conversion coefficients, radiation
weighting factors and occupancy factors);

e Tier 3 offers the same flexibility as Tier 2, but allows the option to run the
assessment probabilistically if the underlying parameter probability distribution
functions are defined.
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5.1.3 Radioactive substances: Adaptation of the ERA framework and Tiered approach

Most countries use the recommendations of the International Commission on
Radiological Protection (ICRP, 2007) and the various safety standards, safety and
technical reports of the International Atomic Energy Agency (e.g. IAEA, 1996, 2002) to
guide the development and formulation of national regulations. In addition to the health
protection of people, the ICRP radiation protection system now addresses specifically
the protection of biota against exposure to ionising radiation (ICRP, 2008).

In Europe this is elaborated at a regional level by a European Basic Safety Standard
(EC, 1996). On 29 September 2011, the European Commission adopted the proposal for
a Council Directive laying down the basic safety standards for protection against the
dangers arising from exposure to ionising radiation®. This includes a chapter on
environmental protection. In line with the new ICRP Recommendations, the objective is
to complement the Revision of the Basic Safety Standards Directive with specific
consideration of the exposure of biota in the environment as a whole. The aims are to
provide a means to demonstrate compliance with environmental criteria and to require
Member States to consider suitable protection of non-human species in their radiation
protection legislation.

Several tools to conduct Ecological Risk Assessment were developed in Europe and
USA, as mentioned above (ERICA integrated approach; RESRAD-BIOTA graded
approach). As mentioned by Garnier-Laplace et al. (2008b), the ERICA Integrated
Approach requires that an assessment screening dose rate is defined for the risk
characterisation within Tiers 1 and 2 (Figure 3). One of the major outputs from the
ERICA integrated approach development was the derivation of such an assessment
screening dose rate for its use in lower-Tier ERA. Species sensitivity distribution has
been used to derive a predicted no-effect dose rate (PNEDR) following EC
recommendations for the estimation of PNEC for chemicals (TGD - EC, 2003b). The
method used was based on the mathematical processing of data (external vy irradiation
effect data on 19 marine, freshwater and terrestrial species were used) and resulted in a
PNEDR of 10 uGy.h™. This dose rate was assumed to ascribe sufficient protection of all
ecosystems from detrimental effects on structure and function under chronic exposure.
The value was weighted against a number of points of comparison: (i) PNEDR values
obtained by application of the safety factor method, (ii) background levels, (iii) dose
rates triggering effects on radioactively contaminated sites, and (iv) former guidelines
from literature reviews.

The screening value derived within the ERICA integrated approach, as for the
methodological frameworks in the TGD (EC, 2003b), does not explicitly account for a
possible combined action of pollutant mixtures. Nonetheless, it is assumed that the
safety factors applied in the effects assessment do cover the possible occurrence of
combined action of pollutants in most instances to a great extent. From a conceptual
viewpoint these factors are equivalent to the “margins of safety” employed in the human

¥ Updated information is available at :
http://ec.europa.eu/energy/nuclear/radiation_protection/radiation_protection_en.htm
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health risk assessment; however it is generally considered that the factors are
expressions of risk, not expressions of safety (Forbes and Calow, 2002).

In the sense of looking at the combined action of radioactivity with other
contaminants/stressors the EU-EURATOM funded project PROTECT (Howard et al.,
2010) did not consider mixture toxicity explicitly. The project, however, provided some
useful observations on approaches to consider environmental impacts of both chemical
and radionuclides within a regulatory context.

Part of the work in PROTECT involved the collation of information, through circulation
of a bespoke questionnaire and interviews within a community of national authorities,
industry and Non-Governmental-Organisations, in relation to application of approaches
to protect the environment from chemical and radioactive stressors (Hingston et al.,
2007). For chemicals, key European legislation is covered in REACH and the Water
Framework Directive (EC, 2000). Whilst the Water Framework Directive makes
passing reference to radionuclides as a possible pressure on water quality there is
limited work being done in this area. Radionuclides are not covered by REACH.

Of further interest from PROTECT was the observation that most respondents
considered optimisation to be important when regulating discharging industries and that
cost-benefit criteria were integral to this (Hingston et al., 2007). Therefore, the
optimisation principle As Low As Reasonable Achievable (ALARA) is often
implemented in this process through studies of the Best Available
Technology/Techniques. The important point is that this view is held for both
radioactive and non-radioactive substances in the licencing of industrial discharges in
some countries. A good example is provided by the ECs Integrated Pollution Prevention
and Control (IPPC) Directive (2008/1/EC), as discussed above, where the Best
Available Technology/Techniques approach is strongly promoted and that is the process
of being implemented in countries like the UK. This integrated approach will definitely
be under application considering the impacts of contaminants, both considering
mixtures of stable and radioactive substances. In the next section, based on the very
comprehensive review of Ragas et al. (2011) on the subject, and its subsequent
presentation during the STAR WP4 meeting (Mol, Belgium, 24-27 may 2011) we will
give an overview of the recent research, guidelines and regulation already proposed for
the implementation of ERA of mixtures. This will be address in the logic of the ERA
framework ((i) problem formulation, (ii) exposure analysis (iii) effects analysis, and (iv)
risk assessment) and will also rank the different methods in the perspective of a tiered
approach.

[STAR] 85/244
(D-N°:4.1) — Critical review of existing approaches, methods and tools for mixed contaminant exposure,

effect and risk assessment in ecotoxicology and evaluation of their usefulness for radioecology
Dissemination level: PU
Date of issue of this report:29/02/2012


http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

EXit «¢

Problem formulation & scoping
Develop a conceptual model

. 1
Flexible management
decision system I

— see text [

1

Preliminary management
decision 1

I

I

Improved preliminary

| |
I
management decision | <:> N Exit
|
[ Yl

(desk based)

|
.

N Exit

g

Tier 1: Screening
Compare to conservative screening value using
highest predicted or measured concentrations

N Exit

i

i

Tier 2: Generic Assessment
Run the screening tool with the default parameters
(may be iterative if have site-specific data)
compare to dose rate screening value

8

Tier 3: Site-Specific/Full Assessment
Characterise the site fully, use probabilistic
techniques and determine risk to all relevant

receptors

and optimisation of the practice needed

- 1 .
Management decision to Ecosystem at Unacceptable Risk
reduce risk to ecosystem < Management action required. Full justification

_—— e e e e e — — e — — — —_— ——— ——

Figure 3. Schematic representation of the Integrated Tiered approach of the ERICA tool, showing
how the assessment process is organized within a tiered approach (from J. Brown, Introduction to
the ERICA Tool, 2nd WG EMRAS Meeting 23-25/11/2009, IAEA, Vienna - adapted from Brown et

al., 2008).
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5.2 Overview of methods proposed for the Ecological Risk Assessment of
mixtures

Frameworks for human risk assessment for mixtures are developed (see Ragas et al.,
2011;Kortenkamp et al., 2009 and Annex 3 of this Deliverable for this aspect), yet
proposed frameworks for Ecological Risk Assessment of mixtures are very limited.
Various regulations and proposed methodologies address the issue of mixture ERA in
one way or another, but few generalized frameworks and explicit guidance were
proposed. The European Union has mixture provisions in several directives:
Kortenkamp et al. (2009) recently analysed 21 pieces of EU legislation with respect to
their scope in dealing with multiple chemicals, and found that four out of these appeared
to be particularly noteworthy from a mixture toxicity perspective. EU legislation
generally provides the opportunity to account for mixture effects, but explicit guidance
is often lacking. Most of the Directives and Regulations are substance or product-
oriented. Typically, hazards and risks of these substances and products are treated as if
they were present in isolation. With the exception of the recent changes in European
pesticides regulations, where mixture risk assessment is mandated, comparative legal
frameworks that clearly address cumulative risk assessment do currently not exist in
Europe.

Only the REACH regulation address explicitly Ecological Risk Assessment, whereas
others are more human health oriented, even though they give objectives for the
prevention of pollution in the environment. Regulation (EC) No 1907/2006 concerning
registration, evaluation, authorization and restriction of chemicals (REACH) covers the
obligations of a manufacturer/importer of a substance (on its own and in a mixture) with
respect to a chemical safety assessment (CSA) before it is placed on the market. One
purpose of the CSA is to determine the intrinsic hazard of a compound or mixture by
estimating Predicted No-Effect Concentrations (PNEC) for environmental assessments
and to assess substance properties relating to persistence, bioaccumulation and toxicity
properties. This information is then used to derive hazard threshold levels for the
environment. Three categories of chemicals are considered: (1) Preparations/isomeric
mixtures (e.g. paints); (2) multi-constituent substances; and (3) substances of unknown
or variable composition, such as petroleum products.

The limited amount of EU guidance presently available regarding mixture ERA does
not imply that the issue of mixture toxicity is not addressed by individual member
states/agencies. Many environmental authorities and collaborating research institution in
EU member states have extensive experience with two main approaches, namely (i)
whole-mixture testing approaches (a ‘top-down’ approach in which the type of
chemicals and their interactions are not relevant or unknown — rather the total toxicity of
the mixture is measured, especially useful for retrospective assessments), and (ii)
various types of component-based approaches (a ‘bottom-up’ approach where the
chemicals in the mixture are quite well known, allowing a prediction of the toxicity of
the mixture — this approach applies to prospective assessments). The choice between
these two approaches has to be defined in the preliminary step of the ERA framework,
which is Problem formulation.
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5.2.1 Problem formulation: Whole Mixture or Component-based approaches?

The problem formulation phase focuses on scoping and planning, and is best described
as the scientific definition of the problem under consideration. "Problem Formulation”
synonymous with "Hazard identification™ is used to define the nature of initial activities
that should occur as part of the risk assessment process. The aim of problem
formulation is to establish the goals, scope and focus of the assessment. This includes
the identification of receptors that are (actually or potentially) exposed to given
environmental stressors and the selection of assessment endpoints. Selection of the
assessment endpoint is the definition of the environmental component(s) that is to be
protected. Data gaps that must be filled to complete the environmental assessment are
identified during problem formulation. This stage may also involve stakeholders,
augmenting democracy and transparency associated with the decision-making process.
Problem formulation may also need to take into account relevant policy or regulations
that direct the formulation of the assessment.

In the case of mixtures, problem definition was suggested by Ragas et al. (2011) as an
iterative process that strongly depends on factors such as resources, methods, data
availability, desired level of accuracy, and results of previous studies. Problem
formulation is also dependent on the objective (e.g. need for safe exposure levels in a
prospective regulatory context; another objective can be specific to a retrospective
assessment of a site where mixture is an identified problem).

Figure 4 below illustrates the different alternative options to assess the risk of mixtures.
The first option, Unigue Whole Mixture assessment, corresponds to an actual toxicity
testing in the field or the laboratory. This is particularly adapted to completely unknown
mixtures: a direct toxicity assessment is performed with no attempt to identify the
composition of the mixture. On the other hand, mixtures of which the components are
well known (for both exposure and effect assessment) can be evaluated using Mixture
component based assessments through the use of mixture algorithms. Alternatively, an
intermediate option addresses Component Whole Mixture assessments with Partially
characterized or Sufficiently similar mixtures. Details of these options are given below
for Unique and Component Whole Mixture assessments (Section 5.2.2) and Mixture
Component-based assessments (Section 5.2.3).

[STAR] 88/244
(D-N°:4.1) — Critical review of existing approaches, methods and tools for mixed contaminant exposure,
effect and risk assessment in ecotoxicology and evaluation of their usefulness for radioecology
Dissemination level: PU
Date of issue of this report:29/02/2012


http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

Environmental
Sample

Mixture
Identification

Unique Common Mixture
Whole Mixture Whole Mixture Components

b

Mi {
Test San@ Exposure (PEC) Q;gtl?ll1il>

— P — ™

Measured Risk Indication = Predicted
Risk / Effect Level PEC/PNEC Risk / Effect Level

Acceptable /
. . ? . > ?
Geptable)k Effect/kTevel Acceptable?

Figure 4. Three alternative options to assess the risk of mixtures - Figure from Ragas et al. (2011).
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(left) mixtures can be tested in the field or the laboratory, particularly completely unknown mixtures;
(centre) if toxicity data on (sufficient) similar mixtures are available, the mixture can be evaluated
using a reference value, for example, in a PEC/PNEC ratio; and (right) mixtures of which the
components are known can be evaluated using component-based approaches (mixture algorithms).
PEC =Predicted Environmental Concentration, PNEC = Predicted No Effect Concentration.

Different aspects are driving the choice of one alternative option to assess the risk of
mixtures. First, the level of knowledge on the composition of the mixture of concern
(known, partially known, or unknown) will drive the methodology to be used and the
objective. If the frequency of occurrence of an unknown mixture is rare, a direct Whole
Mixture approach should be chosen. Conversely, a mixture with known composition
allows its assessment through a Component-based approach.

Another aspect is the relative concentration of the different components within a
mixture. If concentration ratios between the mixture components are fixed, a Common
Whole Mixture approach can be used if toxicity data on (sufficient) similar mixtures are
available.

5.2.2 Whole mixture approaches

Whole Mixture approaches are applied to assess the overall risk of a mixture based on
its direct testing as a whole or partially. This is manly useful when a full chemical
characterization of the mixture may be prohibitive or analytically difficult. For those
reasons, Whole Mixture approaches were mainly used for toxicity assessments of waste
water effluents for the control of emission permits under Integrated Pollution Prevention
and Control Directive (Directive 2008/1/EC). OSPAR has developed a Whole Effluent

[STAR] 89/244
(D-N°:4.1) — Critical review of existing approaches, methods and tools for mixed contaminant exposure,
effect and risk assessment in ecotoxicology and evaluation of their usefulness for radioecology
Dissemination level: PU
Date of issue of this report:29/02/2012


http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

Assessment, which besides toxic effects of the mixtures, includes the determination of
persistence and bioaccumulation of the mixture (OSPAR, 2005).

General overview of Whole Mixture approaches

Such approaches are applied to practically all types of environmental samples for the
purpose of general environmental monitoring, ecological risk assessment of
contaminated sites, priority setting for risk reduction measures, and the control of
remedial work (SETAC, 2004; Kortenkamp et al., 2009). The complexity of the Whole
Mixture evaluation depends on the goal of the assessment and on the degree of
characterization of the mixture of concern. Taking into account the degree of
characterization of the mixture, four assessment situations can be distinguished:

e Completely uncharacterized mixtures: no information on mixture composition,
toxicity and origin is available;

e Partially characterized mixtures: one or more components of the mixture are
known, so that they can be used to estimate the Whole Mixture toxicity. In these
circumstances, it is assumed that the toxicity of those compounds is
representative of the toxicity of the Whole Mixture. In ecological risk
assessment, partially characterized samples are often treated as completely
uncharacterized samples;

o Sufficiently similar mixtures: mixtures are considered sufficiently similar either
if their chemical composition is of the same class, or if they are emitted by a
common source or produced by similar processes. Exposure and toxicity data of
a sufficiently similar mixture can be used as a substitute to evaluate the
detrimental effects of the mixture of concern. The accuracy of the results
obtained depends on the certainty that the samples used as surrogate are
sufficiently similar to the mixture of concern and on the model used. In
ecological risk assessment this approach has not been widely applied (e.g.
QSAR* models);

e Well-characterized mixtures: more information about the mixture or its fractions
is available (origin, chemical composition, toxic effects), although the exact
composition of the mixture is not necessarily known. In ecological risk
assessment, methods for well-characterized mixtures are rarely applied, mainly
because it is often more practical to test the mixture of concern directly in the
laboratory or the field (the approach used for completely uncharacterized
mixtures).

Thus, a variety of methods for direct testing of Whole Mixtures have been developed
and implemented in ecotoxicology, like whole effluent toxicity (WET) testing, toxic
identification and evaluation (TIE) procedures, bioassay-directed fractionation (BDF)
techniques or the toxic potency (pT) approach.

4QSAR : Quantitative Structure-Activity Relationship (sometimes QSPR: quantitative structure—property
relationship). The QSARSs have been used to predict concentrations of components in mixtures from joint effects and
defined mixture ratios. See Altenburger et al. (2003) for a comprehensive review and Tong et al. (2005) for
limitations.

[STAR] 90/244
(D-N°:4.1) — Critical review of existing approaches, methods and tools for mixed contaminant exposure,
effect and risk assessment in ecotoxicology and evaluation of their usefulness for radioecology
Dissemination level: PU
Date of issue of this report:29/02/2012


http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

Application of Whole Mixture approaches in ERA assessments and requlation

Except for Completely uncharacterized Unique Whole Mixtures assessments, examples
for other Component Whole Mixture assessments (partially/sufficiently/well-
characterized mixtures) are scarce. A rare example is the hydrocarbon block method. In
this case, mixture effects are predicted on the basis of partial characterization of
hydrocarbon mixtures. The hydrocarbon block method is used to determine the risks of
a total hydrocarbon mixture on the basis of discriminating different chain length
fractions of hydrocarbons, for each of which toxicities are known (King et al., 1996).

Conversely, while direct toxicity studies of uncharacterized Whole Mixtures are rare in
human health assessments, in ecological risk assessments these studies are conducted on
a regular basis. In fact, in ecological risk assessments these approaches are feasible,
practical, and often more accurate than the modelling techniques which require many
assumptions. This approach is particularly adapted for situations where it is not
possible, or inefficient to determine the mixture composition. In this case, direct toxicity
testing of the environmental sample is sometimes easier and cost-effective.

Many European countries use acute and chronic toxicity tests, as well as tests of
mutagenicity, biodegradation, or bioaccumulation, as a part of a whole effluent
assessment. According to the cited review, the longest tradition and most developed
system in mandatory effluent toxicity assessment in licensing and/or compliance
monitoring can be found not only in the USA, Canada and Germany but also in France,
Northern Ireland, Norway and Sweden, while many other countries have already
adopted guidelines for whole effluent toxicity (WET) approach or have intentions to
introduce WET as mandatory requirement under various regulations. The advantages of
this approach were also recognized by the European Oslo and Paris (OSPAR)
Commission (OSPAR, 2005), which includes bioassays in its recent proposal for
effluent monitoring.

The outcomes of the direct toxicity test are relatively certain and representative of the
problem, but reproducibility can significantly vary depending on the sample collection
conditions (sampling locations, weather conditions or sampling dates). It is also
important to note that the outcomes of the analysis cannot be used for the assessment of
other mixtures.

Even though the results of the assessment are relatively certain, many uncertainties still
exist, for example related with the behaviour of the sample in the environment or the
long-term detrimental effects of the mixture. However, these uncertainties are not
necessarily larger than those for partially characterized or similar mixtures assessments.

Example of Whole Mixture approach: the toxic potency (pT)

An example is the so-called “toxic potency” (pT) approach (Sloof and de Zwart, 1991;
De Zwart and Sloof, 1993) where the toxic pressure of an environmental sample (e.g.
sediment, soil) is directly tested for its toxicity. The pT value is defined as:

T
T=Log —
P {100}
[STAR] 91/244

(D-N°:4.1) — Critical review of existing approaches, methods and tools for mixed contaminant exposure,
effect and risk assessment in ecotoxicology and evaluation of their usefulness for radioecology
Dissemination level: PU

Date of issue of this report:29/02/2012

where,



http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

T : number of times (x) the sample has to be diluted (1/x) or concentrated (X) to produce
an ECy (e.g. ECy in the MicroTox test).

The scaling of pT is chosen to produce a pT value of O at the maximum tolerable level,
and a pT value of 1 at the desirable level. These levels are analogous to those used in
the procedure for setting standards for individual compounds. Direct toxicity
assessments (DTASs), also known as whole effluent toxicity (WET) tests, are equivalent
to the pT approach when applied to specific effluents or environmental samples. Within
this approach, a series of dilutions of the effluent samples are tested using a bioassay, to
estimate the effluent concentration above which detrimental impact from the effluent
would be predicted to occur in the receiving stream. The advantage of this approach is
that the Risk is directly assessed, including potential interactions of the substances
present in the environment. However, this approach does not give any information on
degradation and transformation and long-term effects. This is quite costly, as specific
biological testing need to be performed, whereas the results remains very specific and
cannot be used for the ecological risk assessment of other mixtures or samples.

Whole Mixture approaches extension (TIE, BDF...)

An extension of the Whole Mixture approaches are toxicity identification evaluation
(TIE) or biological directed fractionation (BDF). The basic concept in those approaches
is to use physical/chemical manipulation of a sample to isolate or change the potency of
different groups of toxicants potentially present in a sample. Rather than using a
chemical detector to determine whether a change occurred, a biological test, in a similar
manner than for pT or WET, is used as the “indicator” to determine whether the
manipulation changed toxicity. By simultaneously conducting tests using multiple
manipulations targeted at different physico-/chemical properties (e.g.liquid/liquid
extraction, adsorption/desorption on active carbon, ion exchange resin, XAD resin,
C18...), one can build a physico-/chemical characterization of the toxicant(s), which in
turn becomes the basis for additional studies to isolate and ultimately identify the
specific chemicals causing toxicity. The USEPA has published a series of toxicity
identification evaluation (TIE) methods that can be used to identify the causes of
toxicity in aqueous samples using chemical characterization, identification, and
confirmation procedures (USEPA, 1991, 19934, b).

When applied to a site-specific case study (high-tier ERA), this type of direct toxicity
testing of samples/effluents can be included in more comprehensive approaches, e.g. as
one of the lines of evidence of a TRIAD approach (Chapman, 1996; Rutgers et al.,
2000). The TRIAD approach is based on the simultaneous and integrated deployment of
site-specific chemical, ecotoxicological and ecological information in the ecological risk
assessment (Jensen and Mesman, 2006). The major assumption is that a Weight of
Evidence approach in three independent disciplines will lead to a more precise answer
than an approach, which is solely based on, for example, the concentrations of
pollutants at the site. Such integrated assessment of mixtures could benefit from media-,
site-, or population-oriented elements of legislation, such as the Water Framework
Directive (EC, 2000), the Marine Strategy Directive (2008/56/EC), or the proposed Soil
Directive (Kortenkamp et al., 2009).
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Whole Mixture approaches: application to mixtures with radioactive substances

In the literature, we found no example of Whole Mixture approaches including
radioactive substances. However, there is no conceptual problem for the application of
Whole Mixture approaches to mixtures containing radioactive substances. As the
principle of the approach is based on a direct toxicity testing of the effluent of sample,
those methods could apply for all mixtures. The main domains where research and
development would be needed for the application of such approaches on radioactive
substances in mixture would be:

e To standardize alternative methods and endpoints, including the application of
specific biosensors-based tools in WET approach, which would be more
sensitive to priority pollutants and emerging substances (e.g. Barata et al.,2008;
Kwon et al.,2008), but also potentially radioactive substances. This would also
be potentially useful for the development of a BDF approach, through the
identification of sensitive and specific to ionising radiation.

e To develop an adapted TIE approach for radioactive substances. This adaptation
could gain from the knowledge in radiochemical separation of radionuclides,
including recent development of flow techniques to environmental samples (e.g.
Fajardo et al., 2010), while a priori very difficult to implement.

On the other hand, one can recall that current ERA developments for radioactive
substances is mainly based on radiation dosimetric calculations for internal and external
exposure. The total absorbed dose(rate) calculation is usually performed, adding internal
and external exposure to ionising radiation. This is an implicit consideration of
radioactive substances as a more or less “Sufficiently similar mixture”: all types of
ionising radiation are considered sufficiently similar, with an eventual radiation
weighting factor to account for the relative biological effectiveness of the radiation type
(Chambers et al, 2006). Within STAR, experimental developments will give
knowledge on radiation toxicity (both gamma and alpha — WP5). Those results will
potentially comfort the consideration of radiation as a common/similar mixture, and use
external gamma irradiation as a relevant substitute to evaluate the detrimental effects of
all radionuclides.

Whole mixture approaches also have several limitations. The first one is that the toxic
mixture has to be available for a direct experimentation, and is thus inappropriate for
prospective assessments (e.g. for setting of environmental standards). Moreover, as a
function of the test used, the measured toxicity does not take into account fully the fate
and accumulation kinetics in the organisms that are critical for chronic ecotoxicological
assessment. Finally, Whole mixture testing appears more adapted to the assessment of
acute (short-term) toxicities.

There is an extremely large number of potentially relevant mixtures, with respect to the
number of compounds that are of proven or potential environmental relevance,
including radioactive substances. In this context, there is a need for a pragmatic,
economic and ethically sustainable methodology that does not necessarily need new
experimental data, at least for its use under screening Tiers of an Ecological Risk
Assessment. Component-based approaches were mainly developed for this purpose.
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5.2.3 Component-based approaches

As reviewed by Ragas et al. (2011), several methods based on predicting mixture
toxicities from a known or assumed chemical composition and knowledge on the
toxicities of the mixture components have been developed. These approaches are termed
“Component-based” and are more or less all based on the classical mixture toxicity
concepts of Concentration Addition (CA) and Independent Action (1A) to perform a
Cumulative Risk Assessment (CRA), i.e. the combination of risks from aggregate
exposures to multiple stressors.

General overview of Component-Based approaches

All published guidelines and recommendations on mixture toxicity assessment in
regulatory settings focus on Independent Action (IA) and Concentration Addition (CA)
as the central mixture toxicity concepts (see Chapter 4 for details) for the estimation of
the risk under the assumption of zero interactions between substances. As
environmentally realistic mixtures cannot be expected to be composed of either only
similarly or of only dissimilarly acting compounds, two basic options exist for the
predictive assessment of pollutant mixtures in a regulatory context: (a) a case by case
selection of the most appropriate modelling approach or (b) the a priori choice of one of
the concepts as a pragmatic default approach. For implementing mixture toxicity
assessments into regulation, it is important, to analyse whether and how these options
are applicable. As both concepts come to fundamentally opposite conclusions with
respect to the contribution of low, individually non-toxic concentrations, this issue
requires special attention.

However, for many, if not most, environmentally relevant mixtures, knowledge about
the (dis)similarity of the modes of toxic action of most components is scarce, or even
absent. Filling in these gaps for all potentially relevant exposure scenarios requires a
substantial effort, especially because the modes of toxic action might be specific for
each potentially exposed species and considered biological endpoint. Although some
detailed knowledge exists for certain groups of environmental chemicals, such as
pesticides, PAH... this information is usually restricted to a very few species (target
organisms) and/or biological endpoints. With the (eco)toxicological data that are
generated or compiled during, e.g. the registration of industrial chemicals with REACH,
such a case-by-case approach is certainly not possible.

The a priori choice of one concept as a pragmatic default approach is only justifiable if
on average the concept is conservative or only minor errors occur. Also, when having
the precautionary principle in mind, that concept should be a priori selected, which in
the case of an error does not lead to an underestimation of the mixture toxicity.
Empirical evidence strongly argues for CA from this perspective. Mathematical
analyses showed that considerable errors (> one order of magnitude) may occur only
with large number of individual mixture components (>10) and extremely steep
concentration-response relationships (Faust, 2000). IA, in contrast, can only be applied
if full concentration-response curves are available for each compound in the mixture —
which is rarely the case. Thus, in summary it may be concluded, that for the a priori
selection of concept empirical evidence and mathematical considerations as well as the
precautionary principle point to CA as a pragmatic and defendable default approach.

[STAR] 94/244
(D-N°:4.1) — Critical review of existing approaches, methods and tools for mixed contaminant exposure,

effect and risk assessment in ecotoxicology and evaluation of their usefulness for radioecology
Dissemination level: PU
Date of issue of this report:29/02/2012


http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

Application of Component-Based approaches in ERA assessments and requlation

As mentioned above, EU legislation generally provides the opportunity to account for
mixture effects, but explicit guidance is often lacking. Most of the Directives and
Regulations examined by Kortenkamp et al. (2009) are component-based approaches. In
REACH, for example, CRA for multiple chemicals from multiple sources, routes and
pathways is only addressed to a very limited extent in the current guidance. Other
relevant European legislation does not contain a mandate for CRA for multiple
chemicals from multiple sources, routes and pathways (Kortenkamp and Hass,
2009).Process-oriented pieces of environmental legislation that control emissions from
production, transportation, and recycle processes, such as the IPPC (Directive
2008/1/EC), provide a basis for assessing mixtures of chemicals released from a definite
source.

Many environmental authorities and collaborating research institutions in EU member
states have extensive experience with various types of component based approaches
(see review from Kortenkamp et al., 2009). Most member states use one or more
approaches of concentration addition (CA), whereas only a few apply independent
action (IA) (i.e. Denmark, Spain and the Netherlands) or mixed models — combining
CA and IA (i.e. Spain and the Netherlands). Generally, CA is used for substances with
an assumed similar mechanism/mode of action (MOA), such as dioxins, furanes, dioxin
like PCBs, substances with estrogenic activity, PAHs, phenols, some metals,
pharmaceuticals, and pesticides (Kortenkamp et al., 2009).

The more detailed example regarding use of Component-based approaches can be
provided using the Netherlands case. There are no legal requirements in the Netherlands
to perform complete mixture toxicity tests and no plans to introduce such legal
requirements. Nevertheless, there is extensive experience in dealing with mixtures.
Generally this work has been people-driven — focused on gaining scientific insights; or
considered from a precautionary principle perspective (Kortenkamp et al., 2009).

Example of Component-Based approaches

Many different component-based techniques have been developed, varying from very
simple and rough to highly sophisticated and accurate. Posthuma et al. (2008) proposed
a tiered system for component-based methods in ecological risk assessment, from
simplest/conservative approaches to more detailed characterization and sophisticated
models. Following this classification, the most used component based approaches are
summarized in Table 10. This synthesis is derived from the review of Kortenkamp et al.
(2009), Ragas et al. (2011) and some detailed examples are given below. Most of the
described methods were built under the assumption of zero interactions between
substances in mixture, except for Sophisticated Mechanistic Models used in higher tiers
and for a modification of Hazard indexes method (see below).

[STAR] 95/244
(D-N°:4.1) — Critical review of existing approaches, methods and tools for mixed contaminant exposure,
effect and risk assessment in ecotoxicology and evaluation of their usefulness for radioecology
Dissemination level: PU
Date of issue of this report:29/02/2012


http://www.docu-track.com/buy/
http://www.docu-track.com/buy/

Table 10. Synthesis of Component-based approaches used for Ecological Risk Assessment, ranked

within a tiered approach

Method

Assumption/model

Information required

Tier 0: conservative assessment

SF (Safety Factor)

A. Does not cover mixture
B. Partial information

C. Interaction effects

None
Assess information extent

Assess likelihood of interactions

Tier 1: summation of PEC/PNEC

HI(Hazard indexes).
modify HI based
interactions data.

Optional:
on binary

Point estimates on concentration—
effect  curves(optional:  assume
binary interaction data represent

higher-order interactions)

Toxicological reference values for the
mixture components, for example, ECs,
NOEC(optional: binary interaction
data)

Tier 2: CA or 1A models

CA (Direct application)

TEF (Toxic Equivalence Factor),
TEQ (Toxicity Equivalent)

RPF (Relative Potency Factor)

TUS (Toxic Unit Summation)

msPAF (multi-substance Probably
Affected Fraction).

Full-curve-based approaches, modes
of action assumed fully similar or
fully dissimilar - Safety factors can
be used

Concentration-response relationships for the
components expressed incomparable units

Tier 3: Mixed CA/IA models

TSP (two-step prediction method )

msPAF (multi-substance Probably
Affected Fraction).

1) CA is used for quantifying the net
effects within a subgroup of
compounds in the mixture for which
similar MoAs are assumed (e.g. all
narcotic acting compounds or all
organophosphorus insecticides)

2) IA is used to aggregate to the net
effect of the whole mixture. In the
latter action, the toxic pressures
posed by the subgroups of
compounds with similar MoAs are
aggregated over the different MoAs.

Concentration-response relationships for the
components, mode of action information

Tier 4: Sophisticated Mechanistic Models

(D-N°:4.1) — Critical review of existing approaches, methods and tools for mixed contaminant exposure,

PBPK = Physiologically Based | Sophisticated mechanistic models, | Similar and dissimilar action, full-curve-
Pharmacokinetic including interaction data and data | based approach, kinetics and dynamics of
i i ___|on different characteristics in the set | mixture components and toxicological
BRN = Biochemical Reaction | of receptor species(assemblage-level | interactions...
Network assessments only)
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Tier 0: Safety Factors

In tier 0, mixture effects are considered potentially relevant for the assessment, but
detailed data on mixture effects are lacking. In such cases, a non-mixture-data or theory-
driven safety factor is used, whereby the mere presence of this factor in the assessment
reflects uncertainty on various issues, including mixture impacts. Three different
situations can be distinguished as a function of the degree of knowledge: (i) where
mixture assessment is not possible, an arbitrary safety factors can be applied (e.g.
application of an extra safety factor when setting standards for single compounds to
account for potential mixture effects); (ii) where only partial information about the
mixture composition is available, the safety factor is supposed to cover for the
components for which information is lacking. The value of the safety factor should
reflect the extent of the missing information; (iii) when there are known interaction, but
quantitatively poorly defined, safety factor will depends on the nature of the suspected
effects (e.g. synergistic or antagonistic) and the quality of the available information.

Tier 1: Hazard Indexes

Hazard Indexes involve the application of a simplified form of CA, by calculating the
quotient between the exposure concentration of each component and a point estimate
from its concentration—effect curve (e.g. the ECy, ECso, or NOEC), and then the
summation of quotients is calculated using the following equation:

C G, C,
= + + ...+
NOEC, NOEGC, NOEC,

where :
Ci Concentration of the substance i
NOEC; No Observed Effect Concentration for the substance i

These methods are often applied in cases where the assessment problem is quite simple.
For human risk assessment, a tiered-approach is sometimes followed using Hazard
Index: first, the ratios of all substances in the mixture are summed, irrespective of the
effect they cause. If this sum exceeds 1, target-organ-specific HIs are calculated. One
step further, separate HIls for specific molecular receptors can be calculated if detailed
information about these receptors is available.

Finally, qualitative information about potential interaction effects can be included,
resulting in an interaction-based HI. The United States Environmental Protection
Agency (US EPA, 2000) developed such an interaction-based Hazard Index (Hlin-EPA)
that can be used to quantify interaction effects in a mixture. This method was applied by
Ragas et al.(2011) to perform a Cumulative Risk Assessment of chemical exposures in
urban environments. The authors mentioned that key assumptions are that the
interactions in a mixture can be represented as departures from concentration addition
and that the interactions in a complex mixture are a function of the interactions of all
possible binary combinations of the individual mixture components. Starting point is the
calculation of a concentration additive HI for each endpoint considered, and this HI is
then modified to reflect the possible interactions. The HI;-EPA can include substances
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that do not directly contribute to the concentration additive HI, but do influence the
toxicity of the other substances that contribute to the endpoint considered. Hli-EPA is
calculated using the following equation:

n C.
HEL =Y (1 .IF,
'"t iz::‘(Standardi )

where,

IF; represents the interaction factor that accounts for the influence of the other
substances on substance i. This interaction factor was calculated as follows:

IF, = Z fM

j#i
where:

Bij  Evidence factor that reflects the strength of evidence that chemical j will influence
the toxicity of chemical i and that this influence will be relevant to risk assessment
(-1<Bi< 1)

Mi;  The expected maximum interaction effect of substance j on chemical I(default =
5)

fij  Scaling factor that scales the contribution of chemical j by its importance relative
to all the other chemicals that can interact with chemical (0 <fjj< 1)

0;  Factor that represents the degree to which substances i and j are present in
equitoxic amounts. It is assumed that the greatest deviation from additivity will
occur when both components are present in equitoxic amounts (0 < 6;; <1)

Tier 2: Concentration Addition or Independent Action

Tier 2 assumes generally similarly acting compounds (i.e. concentration addition),
hardly ever a complete non-uniform set of modes of action (i.e. independent action —
also called response addition). CA in Tier 2 differs from that in Tier 1 by using the full-
dose-response curve. First, the concentration of the components is expressed in
comparable units. Subsequently, these units are summed and a dose-response model is
applied to predict the response. Examples include the application of RPFs, TEFs, and
toxic units. These techniques are commonly used in human as well as in ecological risk
assessment of mixtures.

The method of Toxic Unit Summation (TUS) (Sprague, 1970) is a direct application of
the CA concept and defined by the formula,

n n C
TUS=) TU = '
21V =2y
where,
G actual concentrations (or doses) of the individual substances in a mixture
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ECx equieffective concentrations (or doses) of these substances if present singly

C

The quotients ECx, are termed Toxic Units (TU). Toxic Units rescale absolute

concentrations (or doses) of substances to their different individual toxic potencies.
They express the concentrations (or doses) of mixture components as fractions of equi-

effective individual concentrations (or doses) EC)'(. Typically, x = 50 % (ECsqi) is
chosen as the reference level, but TUS can also be calculated for any other effect level
x. If TUS = 1, the mixture is expected to elicit the total effect x. If the sum of Toxic
Units is smaller or larger than 1, the mixture is expected to elicit effects smaller or
larger than x, respectively.

For example, the Toxic Equivalency Factors (TEFs) are commonly used for
polychlorinated dibenzo-p-dioxins (PCDDs),dibenzofirans (PCDFs) and dioxine-like
polychlorinated biphenyls (PCBs) for both human and ecological risk assessment.
Chemical congeners have differing toxicities to organisms, so each congener is
“normalized” to the toxicity level of the most toxic congener (Van den Berg et al., 1998;
USEPA, 2001). On this basis, Toxic Equivalent (TEQ) is calculated by multiplying the
exposure value of each component by its corresponding TEF. The contribution of that
congener to the equivalent toxicity for the sample is calculated as follows:

TEQ =) [PCDD, xTER ]+ > [PCDF, xTER ]+ > [PCB, xTEF]
i=1 i=1 i=1

In a similar way, RPF (Relative Potency Factors ) are sometimes used for carcinogenic
PAHSs (Budinsky et al., 2006). RPF is defined as a factor that express the toxic potency
of a mixture component relative to an index compound.

Tier 3: Mixed Models

At this tier, the use of both CA and IA models together (mixed-model approaches) is
performed. Detailed information on the MOA for the different mixture components as
well as full-curve-based modelling approaches are used (De Zwart and Posthuma, 2005;
Ra et al., 2006)

An example is given by Ra et al.(2006) to estimate the combined toxicity by two-step
prediction model on the complicated chemical mixtures from wastewater treatment
plant effluents. Because toxicity models (1A and CA) are applicable only to one mode
of action, the authors proposed to overcome this limitation, using a two-step prediction
(TSP) method developed by Junghans (2004) with some modification (Figure 5). The
TSP model can predict the toxicity of a mixture with a combination of binary modes of
action, both similar and dissimilar, based on the chemical modes of action of 10 target
chemicals, divided into three groups: Acetylcholinesterase (AChE) inhibitors, narcosis
inhibitors, and seedling root inhibitors.
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Figure 5. The stepwise approach of the two-step prediction model - from Ra et al. (2006).

C-i indicates the chemical components comprising the mixture. CA concentration addition
model; IA independent action model.

In a similar way, to calculate the toxic pressure of multiple chemicals on an ecosystem
(multisubstance PAF® [msPAF]), Henning-De Jong et al.(2008) used a combination of
concentration-addition and response-addition calculations for the ranking of agricultural
pesticides in the Rhine-Meuse-Scheldt basin based on toxic pres