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Forewor d

The overarching goal of the STAR Work PackageR&adiation Protection in a Mixed
Contaminant Context" was to determine if radiation protection criteria for wildlife are robust,
even within a mixed contaminant context.

To achieve this goal, four specific objectives were pursued:

1. Critically review existhg 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
(taskl, D-N°4.1, Vandeahove et al., 2012a

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
(task 2.

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

4. Integration of all research and technolatpvelopment results for a critical evaluation
on how mixed contaminant conditions may affect radiation protection stantasils
4).

This document is the final Deliverable ftive second taskihe goas of this task as noted
above, were (i) to testindimprove selected ecotoxicological approaches and tools for reliable
radionuclide (bio)availability and exposure assessment under mixed contaminant conditions,
and (ii) improve the understanding of underlying mechanisms and procBssesl on the
outcomesof DeliverableN°4.1, (Vandenhove et al., 20bP a STAR workshop (November
2011) and a STAR expert consultation workshop (January 2012), a research/experimental
plan (Milestone 43Vandenhove et al., 201Pwas developed setting out the proposed work
to ewaluate whether radiation protection criteria need to consider contaminant mixture effects.
Within the plan, three pieces of work were proposed under tmemon heading of
OAvailabilityo:
Availability 1. Paper project Influence of cocontaminants on thepsciation of natural
radionuclides at uranium mining sites.

Availability 2. Preliminary characterization and environmental availability assessment at the
Observatory Site(s).

Availability 3. Development of a bioavailability model under mixed contaminanditions.

Avalilability 1 comprises the production of a paper based omethdts presented in-N°4.1
(Vandenhove et al., 2012lpn the advice of the STAR External Advisory Board (EAB) and
since the establishment of an Observafitg was not dondue to the lack of a suitable site,
one of these items (Availability 2) was dropped from considerafibus this deliverable
focuses on the outcomesAfailability 3.
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The work mobilised the existing collective experience of the partner institutionsein th
devel opment ( NERC) and application (NERC, S

tools and for experimentation using the test organismsina minor( SCKA CE N

assistance from STUK and BfSSalmo salar(NMBU) and Daphnia magna(IRSN).

wi t h

Adoption of comnon approaches to experimental design and data treatment, coupled with

exchange of knowledge and expertise among the partners, was intendee tatedgration

among the STAR partners and to collectively derive datasets and tools that can be viewed in
an integrated manner across the tested organisms. Specific activities driving partner

integration were:

The paper projecvas conducted jointly across SCK/

each partner applying their selected geochemical modelling tool(s) to a coranain s
scenarios derived from uranium mining sites, to provide a broad and integrated
assessment of the role of-contaminants on the speciation of radionuclides

NERC provided an online training session to familiarise the experimental partners
with the umerlying theory and practical development of Biotic Ligand Models
(BLMs);

S CK A C |mNcollaboration with STUK and BfSperformed single and mixture
exposureexperiments with.. minor,

NMBU, in collaboration with NRPA, performedingle and mixture exposure
experiments witts. salar;

IRSN performedsingle and mixture exposure experiments \Withmagna

NERC developed an updated speciation m@dédHAM7) for all partnes to use in
speciation of exposure mediand henceto generate the data requiredr f
bioavailability evaluation and BLM development;

NERC supported all groups in tigerpretation of the resulemdwas essential in the
development of thBLM s for the differentspecies

A list of outputs (Papers, conference presentations) of the wprkvgled in Annex 1.

Note that many of the results presented in this report are preliminary and still

unpublished. In some cases, further data analyses, experiments and

interpretation may actually change slightly the conclusions given in this
document. Tle definitive conclusion of each series of experiments will be

given in the peeireviewed papers to be submitted.

The diffusion of this document is Restricted,
only for partners of the [STAR] project, during 2 years.
It will be publically available aftel01/07/2017.

[STAR] 6/103

(D-N°:4.2) i Tools for assessing availability and exposure in a multiple contaminant context: the
scientific basis and associated tools to assgienuclide availability and exposure under multiple
contaminant conditions

Dissemination levelPU (after 01/07/2017)

Date of issue of this repo28/07/2015



STAR

1 Background

Within the overarching goal of STAR Workpackagei 4o determine whether radiation
protection criteria for wildlife are sufficiently robust in a mixed contaminant coritéke

work described had the aims of (i) testing and impmveelected ecotoxicological
approaches and tools for reliable radionuclide (bio)availability and exposure assessment under
mixed contaminant conditions, (ii) and improve the understanding of underlying mechanisms
and processes.

Organismexposure to contaminants, including radionuclides, in the environment almost
invariably entails exposure to multiple contaminairisorder to robustly assess the potential
risksto organisms omultiple contaminanéxposurethere needs to be a good urstiending

of how coi occurrence of contaminants influences (i) their availability to the organisms and
(i) the resulting exposurandtoxic effects The general issue of multiple contaminant effects
has been addressednranystudies (e.g. Van Gestel et,&011;Altenburger et al., 2013)et

the inclusion of radionuclides asi@mntaminants is uncommon.

The chain ofprocesses involved in controlling contaminarposure, uptake and effagas
describedn three categoriesy Hamelink et al(1994)

Environmental availabilityrelates to the processes influencing the distribution of chemical
form(s) (speciation)of the contaminant in the exposure medium. The variability in said
distribution in time and space may have a significant influence on the expdsarganisms

to contaminants, for eraple i particular forms are more amenable to interacting with the
organism than others.

Environmentabioavailability relates to the processes influencing the uptake of contaminants
from the medium. For example, bindi of a contaminant to a receptor site on a cell wall
membrane as the first stage of uptake, may be subject to competitive inhibition by other
contaminantnoieties in the medium.

Toxicological bioavailability is concerned with the processes relating thmount of
contaminant taken ypo the concentration in tissues that is toxicologically active and thus
contributing to effects on the organism. For example, inteseqliestratioprocessesnay
render a portion of the accumulated contaminant into dormnform (e.g. Morgan and
Morgan, 1998)

The work described here is focused on the processes controlling exposure to radionuclides
(and by extension, theesulting effects) ina mixed contaminant contex{Therefore we

consider the processes of environtaémvailability and bioavailability. For familiarity, we

wi || henceforth use the commorespectvelyns O6speci a

Cai occurrence of contaminantmay influence speciatiorand bioavailability and hence
toxicity, for example:

1 A metallic contaminant may cause changes in the form (speciation) of other metallic
contaminants, by outcompeting them for binding to ligands and causing an increase in
the free ionic form of the other contaminafesy. Tipping et al., 2002)
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1 Contaminants i@y compete with each other for binding to receptor sites on cell walls
or membraneée.g. Winter et al., 2012)

Robust assessment of the impacts ofcomtaminant interactions on exposure therefore
requires understanding of the interactions among contatsiigluencing their speciation

and bioavailability In practice, toxic mixture modelling frequently relates patterns of mixture
effects directly to the total exposure concentrations, without explicit consideration of
speciationor bioavailability. This makes the understanding of what controls the observed
mixture effects challenging, since it could be due to interactions at any of the levels described
above. By studying mixture interactions at each stage along of the chain of processes from
exposure to ééct, the potential exists to quantify interactions at each stathe chain. This

can in principle be used to develop a fundamental understanding of the factors that ultimately
control the effects of ¢montaminant mixtures, and so move towaumspriori effect
predictions.

As noted in the Foreword, thena i n objective was sdeoted 6t est
ecotoxicological approaches and tools for reliable radionuclide (bio)availability and exposure
assessment under mixed contaminant condibi@iace expos@ and effect are closely linked

the work focuses on thehain of processesrom speciation in the exposumeedia,through

exposure (accumulationp effect.

The choice of uranyl and cadmium as the radionuclide andootaminant respectively is
provided in detail by Vandenhove et al. (2012a). Briefly, uranyl was chosen as the
radionuclide as it is a metallic, cationic species whose uptake and toxicity was already known
to be influenced by the same water quality parameters as other metals, and was thus
corsiderable the most suitable radionuclide candidate for BLM development. Cadmium was
chosen as ¢@ontaminant due to its known occurrence at uranium mining and milling sites
and the existing body of knowledge on the factors influencing its bioavailabihity.choice

had the added advantagetioé availability of existing tools fagpeciation andioavailability

that were either already applicable for selected radionuc(&fesciation tools)or were in
principle amendable to parameterisationritionuclidegbioavailability tools) Of the main
chemical classes of contaminants, metals have the most extensively developed tools. Since a
considerable proportion of radionuclides are metallic in nature, it made sense to focus on
these and to apply aevelop existing tools for metals for mixtures of radionudiged noii
radioactive metals. The remainder of this section provides a brief review of two such
tools/groups of tools: speciation modelling tools, and the Biotic Ligand Model (BidvB

model ofcontaminanbioavailabilityfor the prediction of exposure and eftect

1.1 Speciationmodels

A key aim of our research was to study how-cootaminants influence radionuclide
availability to biota by impacting their chemical speciati®peciationmodels provide the
capability to do this.

A considerable body of work exists demonstrating that the exposumrgahisms to
potentially toxic chemicals in the environment is not a simple function of the total
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concentration of the contaminant in the expesmedium. For metallic contaminants,
including many important radionuclide contaminants such as strontium and uranium, research
has demonstrated that exposure may be a complex function of the chemistry of the medium.
The overall exposure can be consideas a combination of trepeciationand bioavailability

of the contaminant. In waters, metallic contaminants can occur in a large number of forms, as
the free ion (e.g. USB" in the case of U(VI) or bound to naturatbgcurring or
anthropogenicalhderived ligands. Examples of natural ligands in surface waters are the
inorganic anions chloride (C), sulphate (S@&) and carbonate (Gf, HCQs?). Natural
organic matter, which is usually dominated by humic substances, is well known to be a
significant ligand for many metalsI{pping, 2005. Anthropogenic ligands are typically small
organic moleculesuch a€£DTA, NTA.

Research into the bioavailability of metals has clearly demonstrated the need to link organism
exposure to their speciation in the exposaoredium, and thus considerable research is
devoted to measuring metal speciation, particularly to quantify the fre&Jimwprth et al.,

20006, which is a key determinant of bioavailabilitHiowever speciation methods are
complex and potentially subject pmor validation and bias. Application of such methods to
radionuclides €.9. Unsworth et al., 2005 particularly under field conditions, is relatively
uncommon. Given these difficulties in speciation measurement, the rokpeafiation
modelling as a coplement and an alternatived measurementhas assumed central
importance in studies apeciatiorand bioavailability.

A speciation model will predict the distribution af metal among its possible forms at
thermodynamic equilibrium, given a sufficienttpmprehensive dataset on the chemistry of
the medium and a set of binding constants for the possible equilibria occurring in the system.
There is a wide selection of models available for use, of varying complexity, such the
Geochemi st os Wo r MIDNEEQc Hhitp://vmihteqg.lwrkth.sg¢/ CHESS
(http://chess.geosciences.ensmp.fr/; Van der Lee, 1993 PHREEQC
(http://wwwhbrr.cr.usgs.gov/projedGWC_coupled/phreeqc/ and WHAM7
(http://www.ceh.ac.uk/products/software/wham/Differences among models in their
capabilities typically relate to their ability to simulate specific typeseaictions beyond
conventional solution equilibria, e.g. oxidatioeduction the precipitation/dissolution of
mineralsand adsorption of solutes to the surfaces of mine@dsotablerelevanceis the
capability to simulate the complex, heterogeneous ateyrof humic substances, since these
are frequently key ligands for the speciation of metallic contaminants. A number of models
have this capability, including Visual MINTEQ and ECOSAReizer and van Riemsdijk,
2009, both of which use the NIGAMonnanmodel Kinniburgh et al., 1996 and WHAM?7,

which uses Humidon Binding Model VII Tipping et al., 2011

A database of equilibrium constants is essential for use of a speciation model. A model may
incorporate multiple databases, each one providing aifgpgthough certainly, not
necessarily mutually exclusive) set of equilibrium constdose ofdifferent database may

thus producejuite different predictions of speciation, even if used with the same model. As
knowledge of environmentalselevant eqilibria increases, a database may become
somewhat obsolete over time, if not reviewed and updated. This is particularly so for the
important actinide nuclides (e.g. uranium, thorium) since they exhibit relatively complex
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interactions with simple ligands @rother species in solutioiThis can includéormation of

mixed complexes (complexes with two or more chemically different ligandsj>@d-metal
complexes (complexes with another metal and a ligand). Knowledge of the formation and
importance of such comexes continues to develop, making the need to keep databases up to
date clear. In the case of metallic radionuclides, bodies such as the Nuclear Energy Authority
of the OECD periodically collate, review and publigprto-date collections of equilibrium
constants foradionuclides (e.g. Guillaumont et al., 2003).

1.2 Tools forbioavailability

1.2.1 Biotic Ligand Model for sigle and multiple metals

As noted in Sectiord.1, aconsiderable body of work exists demonstrating that exposure of
aguatic organisms to cationic metals nst solely a function of the dissolved metal
concentration, but is alsm function of the chemistry of the exposure medi&or. example,
Sinleyet al. (974) showed tharinc was both acutely and chreally less toxic to rainbow

trout (Onchorhynchus mykissn hard water compared to soft watklowarth and Sprague
(1977) showed effects of pH and water hardness on the acutiéyetihaopper to rainbow

trout, and Wildish et al. (1971) demonstrated that humic substances decreasedit¢he
toxicity of zinc and copper to Atlantic salmo®amo salay fry and parr.Further work
suggested a strong role of complexation of the toxetaimin the exposure medium on
toxicity. For exampleZitko et al. (1973)showed that at constant pH and hardness, the
potential measured using a copper(ll) ion selective electrode was a useful predictor of copper
lethality to juvenileAtlantic salmon wherthe concentration of humic acid, a strong binder of
copper, was varied®ince the potential measured by an ion selective electrode is related to the
activity of the uncomplexed metal species (the free iorf,)dn the medium, Zitko et al.
(1973)suggeste a relationship betweehe activity of the free ion and the toxic effethis

type of finding was further reinforced by a number of studies of metal toxicity in the presence
of metal complexing reagents. For example, Allen et al. (1980) exposed tligrbkre alga
Microcystis aeruginos#o zinc in the presence of a number of complexing agents. By using
the same exposure medium and a constant concentration of zinc, and by computing the
equilibrium zinc free ion concentration from the medium compositizey showed that the

toxic effect was related to the zinc free ion concentrathdnthe same time, investigations on

the influence of hardness on toxicity suggested that competition for uptake between the
hardness cations (Mg C&*) and the metal free iocould explain the trends in toxicity (Zitko

and Carsonl976).Subsequent research has demonstrated similar trends for a wider range of
metals, including uranyl (e.g. Charles et al., 208&) cadmium (e.g. Calamari et al., 1980),

the metals used in theork presented her&uch work has led to the development of BLMs

for cadmium (e.g. Clifford et al., 2010) and to some bioavailadilitged modelling of U
toxicity (Alves et al., 2008)

The accumulating body of knowledge on the role of solution comptexatf metals in
controlling toxicity led Morel (1983) to formulate the free ion activity model (FIAM) of
metal organism interactions. Fundamentally, the FIAM postulates that metal may be taken up
by organisms by equilibrium binding of the free ion and/pec#fic metal complexes to
receptorgd S)in or onthe cell:
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M=z* +'|‘Sl|J'< M-S; {M& S} =KAi S}Ay

Where M is the free metal ionam is the free ion activityd S is a receptor not binding
metal, Md Sis a receptor binding metal aikds an equilibrium binding constant.

The key assumption of the FIAM is that organism response is directly related to the
concentration of metal bound to the aelteptors{M d S}. The model alscassumes that (i)
solution complexation of the metatanspot of the binding species to the cell membrane and
establisimentof the binding equilibriunareall rapid, and (ii) that theell surface receptas

either itself the site of toxic action, or is a transport site that allows bound metal to pass the
cell membrane to the site of toxic action. If the latter is the case then the rate of transport is
assumed to be slow relative to the rate of binditipe cell surfaceLoss of metal from the
binding site across the cell membrane is then compensated by rapid binding of metal from the
solution. If the amount of metal taken up by the organism is small relative to the amount of
metal in the exposure mediuthen the free iormv will be approximately constant through

the exposure, and the proportion of cell surface ligands not binding metal Reei}/({ 6

Reel}+{M 0 Rcei}) is large across the range of metal concentrations of interest, thén {M
Reei} will be approximately proportional taw and thus also approximately constant through

the exposure.

The FIAM is largely focued on explaining observed relationships between organism
response andw when the latter is varied by the use of complexing agents buné#jer
chemistry of the exposure medium (e.g. pH, hardness) remains constant. The central
assumption of metal binding at cell surface ligands implies the possibility abthpetitive
binding of otherions (e.g. H, Mg?*, C&"), which wouldreduce metal lbiding and hence

toxic effect. Such competitive binding was invoked by Pagenkopf (1983) to explain the
toxicity of copper, zinc, cadmium and lead to fish under varying alkalinity, hardness and pH.
Using competition from Has an example, we can write

K
MZ+3 SUMIS: (M8 S} =KwAd Staw

K
H*+8 SU HTS: {H® S} =KuAd Alay
and derive an expression for the cell ligand sites occupied by M:

.. Kya
M8 S = e} MZM .
(M8 § ={Soa} Gt —

where {Reeiota} IS the total number of cell surface receptdrsspection of the expression
shows that as+ increases{M d S} andthus organism response are predicted to decrease.

Inclusion of additional competing ions results in additional terms in the denominator, of the
form Kxax where X is theactivity of the compting ion.

This latter expression is the basis of the Biotic Ligand Model (BLM) (Paquin et al., 2002),
which allows the toxicity of a cationic metal (L(E)@s dissolved metal) to be described and
predicted as a function of exposure water chemisting BLM has been parameterised for a
range of organisms, metals and exposure times QegSchamphelaere and Janssen, 2002;
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Peters et al., 201Thakaliet al., 20051 largely focusing on acute exposures, but with some
application to chronic exposures ak®g. De Schamphelaere and Janss204 2006. In
application to standard laboratory toxicity tests, BLMs are largely successful in predicting the
variability in point toxicity estimates, e.g§(E)C50 values, to within a factor of 2 of the
measured valuege.g. Di Toro et al., 2001 The standard BLMhas been extended, for
exampleto allow the binding of metal species besides the freeDenJchamphelaere et al.,
2002;De Schamphelaere and Janssen, 2@@d for multiple receptor types.g.Borgmann

etal., 2005) yet there is currently no BLM for a radionuclide element.

In multiple metal exposures, the BLM readily allows for the possibility of accounting for the
competition among the toxic metals for uptake. To take a simple example of competition
amongtwo potentially toxic metals (Mand M) and the proton at a single biotic ligand, we
can write expressions for the amounts of each metal binding:

. Ky &
. o M1am1 , and

.. Kuo@
M,8 §= e M2 “M2 .
tM28 3 ={Sommd 1+ Kynamy + Kpay + Kypay
So, if the binding parameteksu1, Km2 andKy are known(i.e. by parameterisation on single
metal exposures) the BLidound concentrations of both metals in a mixture exposure may be
computed.

Prediction of mixture effects may be done with reference to either the concentration addition

(CA) or independent action (IA) modeRrediction may be done by first fitting desesponse

curves for single metal exposurdr a response which has a vahero at zero dose and

increase$o a maximumunder increasing doge.g. mortality) the dosaesponse expressions

are

Y =Ymax- Ymax s— andy =Yy, - Ymax -
o . ~P\1 Qo .- ~MM2

1+% {l\/lull S @ 1+a {|\/|"2I S Q

¢tM 1 T Stecso+ ctM 2 T Stecso+

These expressions can be fitted to obtailues for {Mi S}ecsq the BL occupancy at the 50%
effect level, andwi, the slope of the dogesponse relationship, for each metal acting alone.
For the CA approach, the expression for the reference matthelns

M,i 8 N M,i S -1
8 Yp g 8 Yo 80°
{M 1 ) S} EC50 e M {M 2 i S} EC50£; e
éﬁ{max' Ymix§ C "max” Ymix§

and the predicted mixture effetmix is found by iteration.For the |IA approach the
correspondingxpression is
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a Q

& 0

& v 0

= } max 0
Ymix Ymaxi- e - ) g & s ) T
e é]_+a {Mlls} g UCél_+a {les} g Y

éﬁ § CMiTStecsos [ § CM2T Secsor B

and the predicted mixture effastdirectly calculated.

The simple example given above is only of a number of ways in which & mettl BLM

may be constructedcor exampleSantore and Ryan (201Bpnstructed a muitsite mixture

BLM where the number of biotic ligands equals the number of metal in the egpusdium

and each metal has a toxicologicafigievant biotic ligand for which its binding induces
effects. The other metals may also bind to this ligand, but only as competitors, their binding
induces no toxic effectAn alternative approach is the WHARrox model (Tipping and
Lofts, 2015, in which the competitive binding of protons and metals to humic acid is
assumed to be a surrogate for their accumulation in metabolically active form in organisms.

Many radionuclides are metallic in nature and so thptake and toxicity are amenable in
principle to modelling with a BLMThe effects of water chemistry on uranium (as uranyl)
uptake and toxicity have been the subject of a number of studies (e.g. Charles et al., 2002;
Fortin et al.,2007) yet only the stdy of Alves et al. (2008) has developed a model
incorporating competition effects on exposure. The effects of water chemistry on uranyl
uptake and toxicity appear to be somewhat more complex than those for other metals (Fortin
et al., 2007, which may exmin why no concerted effort to develop BLMs for multiple
species haget been done

1.2.2 Predicting toxic effectsf single metals and mixturé®m bioaccumulation

A number of researchers have related toxic effects on organisms to concentrations of
bioaccumulted metal, both in the field (e.g. De Jonge et al., 2013) and the laboratory (e.g.
Alves et al., 2008)Particularly where direct uptake of metals from solution is likely to be the
dominant pathway (e.g. in shbigrm laboratory tests), bioaccumulation sliobe subject to

the same influences of water chemistry as are considered by the BLM. The bioaccumulated
metal may therefore correlate well with the actual exposure, integthe influence of water
chemistryon toxicity and providing a more reliable dicator of toxicity than ay single
measurement of toxicant concentration in the medium. This was seen, for example, by Alves
et al. (2008) for U toxicity tdlyalella aztecainder laboratory conditions.

Some research has also been done into evaluatixigire toxicity based on multitoxicant
accumulation dataNorwood et al. (2013) predicted the chronic toxicity of a mixture of eight
metals toH. aztecaon the basis of their backgrourabrrected body burdens and an
independent action (effects additiorppaoach. Such work highlights the potential utility of
using accumulated concentrations as an alternative meaassefsing mixture toxicity
effects.
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2 Obj ectitveesst emadhndhypot heses

2.1 Objectives

The detailed experimental plan for the work described hegeven by Vandenhove et al.
(2012a). The tasks to be done were:

1. Generateexperimental data suitable for developing Biotic Ligand Mo¢lsvis) for
uranium(VI1) (uranyl)for three aquatic specieSalmo salaifish), Lemna minor
(plant) andDaphnia magndinvertebrate);

2. From the experimental data, develop and paramettibsts for the toxicityand/or
accumulatiorof uranyl, acting alone, as a function of exposure chemistry;

3. Generate experimental data on the response (toxicity and/or accumulation) of the
organsms to mixtures ofiranylandcadmium

4. Parameterise a combinadanylcadmiumBLM to describe toxicity and/or
accumulation patterns in the mixture exposures.

A review of existing speciation tools was published a°®.1 (Vandenhove et al., 2042
Here, Section 3 summarises only those outcomes of this exercise that were important for the
subsequent worklhe overall experimeat strategy for this work is described in Sectdnl
and4.2 Speciebspecific experimental and analytical approachesleseribed in Sectio#.3.

2.2 Hypotheses

A set of hypothesewas formulated against which to assess the ultimate outcomes of the
BLM developmentvork:

H1: The bioavailability of U(VI) to organisms will exhibit statistically significant
variations in response to the exposure medium;used

H2: The variation in U(VI) bioavailability can be described by orgarsgrcific Biotic
Ligand Models (BLMs) that take into account the speciation of U(VI) and
competition otindingU(VI) specieswith mgor cations;

H3: Cationic trace metal econtaminants will influence the bioavailability of\d). The
magnitude of this influence will be consistent with a Blslsed description of
uptake competition.

3 Speciatilamgmo®deM devel opment

This Section describes therelevant outcomes of the speciation modelling exercise
(Vandenhove et al., 2012a) that influenced the subsequent BLM developimetite

speciation exercise we used a set of speciation models and associated databases to assess the
potentialinfluence of cdcontaminants o®J(VI) and thorium speciation at uranium mining

sites.A key finding of this exercise, fdd(VI), was that the predicted speciation was highly
dependent upon the set of complexes that were allowed to form and the valueg of th
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binding constantsGiven this fact, during subsequent development of the experimental plan it
was decided that a single model/database combination should be chosen for use in the BLM
development workOf the models used, WHAM7 was chosen. This was dmuause (a)

since the model is owned by a participant in the WP (NERG{lifications to the modelode

could be donef required, and (b) WHAM?7 was one of two models of the four tested which
could simulate the binding of metals (including uranyl) to ratorganic matter. For any
future application of developed BLMs to risk assessment in thethelcbility to simulate
binding to natural organic matter is likely to be important, as it is for metals for which BLMs
have previously been developed, suck@sper, zinc and cadmium.

Prior to use it was decided to update the database of solution binding constants in WHAM?7,
as the speciation modelling had shown that a number of uranyl complexes not included in the
model database were important for speciationatural watersThe complexes added to the
database were the ternary alkaline damibonate complexesMgUO,(CQOs)s?,
CaUQ(COs)s*, CaUO02(COs):%, STUG(COs)s*, BaUG(COs)3*, and BaUO,(COs)z° (Dong

and Brooks, 2006 Geipel et al., 2008 and theternary hydroxycarbonate complexes
(UO2)2(OH);COs, (UD,)3(OH)sCOs* and (UQ)11(OH)1o(COs)6*. Furthermore, the model

was updated to allow the precipitation of common uranyl minerals to be simulated if required.
Code was added to allow the precipitatioh minerals of formula UQOH).s) (e.g.
gummite), UQ s) (schoepite), or CaUf) (calcium uranate).

4 Devel opment of a bioavail ab
contami nant conditions

4.1 General experimental strategy farranium BLM development

Development of a BLM incorporating knowledge of the competitive effect of individual
medium components on the accumulation and/or toxicity of the chemical under study, entails
systematic generation of data showing the response of the organism to the chemical in the
presenceof varying concentrations of those medium components considered likely to exert
competitive effects. An established method of accomplishing this is to generaie dose
(accumulation and/or response) curves for the organism in series of media where the
concentation of one potentially competing component is systematically varied through an
environmentally relevant range, while keeping the concentrations of the other potentially
competing components constant. De Schamphelaere and Janssen (2002) present such an
approach for studying the acute toxicity of copperDtaphnia magnaKnowledge gained

from past studies on metals strongly suggests that the medium components most likely to
exert competitive effects are the proton” tdnd the major ions sodium (Namagnesium

(Mg?*), potassium (K) and calcium (CH). Therefore, this list of competing ions was
considered for inclusion.

4.2 General modelling strategy for BLM development

Past modelling strategies for BLM development have focused either on modelling the
varnability across media of the observed endpoint concentrations (e.g. LC50s) (e.g. De
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Schamphelaere and Janssen, 2002) or the wholérdepense relationship (e.g. Peters et al.,
2011). Here we take the latter approach. This is largely because we wishemtldéb the
variability in response in the mixture exposures, which would not have been possible with an
approach based oeffect prediction only. Furthermore, since we wished where possible to
initial model the variability in accumulation before developithg models for toxicity,
modelling the whole accumulatibresponse relationship across doses and media was
required.

Thegenerakteps irBLM development to model toxicityrathen

1. For each individual exposure, calculate the chemical speciation of teensigsobtain
the activities of free uranylJO,?*, and its complexes, and of the major competing
ions (e.gH*, Na*, Mg?*, K*, C&").

2. Construct an initial BLMallowing for binding parameters fad(VI) and the major
competing ions, and a density of binding sites.

3. Fix the fractional occupancy of the biotic ligand that will cause a 50% effect level. In
the absence of information on the total number of binding sites, this parameter must be
fixed since itis not independent of tHe(VI) binding strength. A fractional occupancy
of 0.1 is reasonable.

4. Link the fractional occupancy of the biotic ligand to effect using a standard dose
response curve, e.g.

Ro

R= 5

Qo

f Q
1+ & UO2BL 8
(; UO2BL,L(E)C50 =

where R is the predicted responsBy is the control response for the medium in
question fuo2eL is the modelled fractional occupancy of the biotic ligdodzeL is the
fractional occupancy for a 50% response &n the slope of the doseesponse
curve.

5. Fit the binding constants fa(VI) and the significant competing ions using a stepwise
approach. Firstly a BLM where only free uranyl (430 can bind to the biotic ligand
is fitted, to act as a null model for statistical comparison. Then derive binding
constantdor each competing iom turn, initially by fitting allowing the binding of
UO2?* and one competing ion. The statistical significance of adding a competing ion to
t he model i §testing eg.sJenked et hly 20@Rfter each round of
testing competing ions, the ion providing the most statistically signifigaqtO(05)
improvement to the model fis retained in the model and further testing of each
remaining competing ion is done. The procedure is continued statiistically
significant binding constants for all the competing ions are fitted, or no further
statistically significant improvement to the fit can be achieved.

In practice, to obtain an optimal fit it may be necessary to perform several iteratidres of t
above steps, adjusting the structure of the mdeel.example, it has been shown previously
that optimal fitting may require invoking the binding of multiple solution species to the biotic
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ligand. This was shown by De Schamphelaere and Janssen (@0@4¢ thronic toxicity of
copper toD. magna for which optimal fitting of the BLM required the binding of the CuOH

and CuC@ species as well as the free ion?CuSome workers have also invoked more
complex binding structures to explain observationshsas multiple proton binding (Alves et

al., 2008) or multiple binding sites (Peters et al., 2011) to explain observed trends in toxicity
and/or accumulation.

4.3 Experimental approaches for specific organisms

4.3.1 Salmo salar

In total about 1@0 Atlantic salmon juvenile parr were expo®d (96h) to commercidy
available depletedranium (DU) in controlled experiments conduciedccordance with the
OECD guidelines 20%8or acute toxicity testSOECD, 1992)andthe Norwegian Welfare Act
and research animidgislation. The experiment was approved in advance byNbevegian
Animal Research Authority (NARA ID4615. Atlantic salmon was used basemh its
economic importance as a valuable food source and its sensitivity to water pollutants.

Speciationuptake and induced toxicity of U as a function of varying water concentrations of
H*, C&*, Mg?*, Na and K as well as U were studieat PC based on US EPA very soft
water (US EPA, 2002)The concentration ranges of the different ions (i.g.K, Na', Mg?*

and C&") were selected to be within an environmentally relevant range, as well as a range that
is sufficient for optimal survival and growth of this freshwater life stddee impact of H,

c&*, Mg?*, Na and K were studied systematically according to the media compositions
(Table ).
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Table 1. Nominal concentrations (mM) of major cations and anions in the US EPA very
soft water (fAreference wat er 0)ludedindhetestt t he m

Group pH Ca&*  Mg® Na K* COs22 S CI

Ref. water 6.7 0.044 0.062 0.14 0.078 0.14 0.11 0.0068
pH 5.2 ~5.25.3 0.044 0.062 1.43 0.0 0.14 0.11 1.6111.64
pH 5.7 ~5.55.8 0.044 0.062 1.43 0.078 0.14 0.11 1.521.64
pH 6.0 ~6.0 0.044 0.062 1.43 0.038 0.14 0.11 1.501.61
pH 7.2 ~7.2 0.044 0.062 1.43 0.078 0.14 0.11 1.21

pH 7.9 ~7.9 0.044 0.062 1.43 0.038 0.14 0.11 0.0412
Low Ca 6.7 0.022 0.062 0.14 0.0 0.14 0.087 0.0068
Medium Ca 6.7 0.087 0.062 0.14 0.08 0.14 0.11 0.094
High Ca 6.7 3.49 0.062 0.14 0.078 0.14 0.11 6.91

Low Mg 6.7 0.044 0.016 0.14 0.038 0.14 0.059 0.0068
High Mg 6.7 0.044 247 0.14 0.078 0.14 0.11 4.82
Medium Na 6.7 0.044 0.062 1.43 0.08 0.14 0.11 1.30
High Na 6.7 0.044 0.062 4.57 0.078 0.14 0.11 4.43

Low K 6.7 0.044 0.062 0.14 0.038 0.14 0.11 0.0034
High K 6.7 0.044 0.062 0.14 0.078 0.14 0.11 0.54

2 Nominal carbonate concentration, based on concentration in salts used to make water. Measured alkalinity was
used in speciation calculations.

Uranium was added to experimental water units 48 hrs before the introduction of fish.
Uranium was added from a stock solution (2.5 g U/L) preparedidsplvinguranyl nitrate
hexahydrate (UeINOs)> x 6 HO in Type 2 water(resistivity < 1M q-cm). A seriesof U
concentrations (0.5, 1, 2, 3 and 4 mg U2l1, 4.2, 8.4, 12.6, 16.8 |)IMvere selected to be
used in the BLM experiments. In some dossponse tests, however, the concentration range
was extended up th00.8 uM @4 mg U/D). Each test unit consist aeven fisks exposed
simultaneously to one batch of water, in a static setup.

The combined effect of U and Cdasstudied in US EPA very soft water at pH .6CH was
added to experimental units from stock solutions (3.5 mg ;C81L1 uM) prepared by
dissdving CdCbk in Type 2 water.The experimental design for the combined exposures
(Figure 1) comprised a series of d@sesponse curves for U with nominal dissolved U
ranging from 020 uM, and fixed nominal dissolved Cd ranging fron@ @1 puM.

A range of water quality parameters Bus Q, COp, NH4, temperature were measured before
and after exposure to ensure that the general water qualéwithin normal range for fish.
In addition pH, conductivity, alkalinity, major cations and major anions were determined. pH
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wasmeasured dajland adjusted with 1 M HCI or NaOH to keep within £0.1 pH unithef
nominal value.To obtain informationon the molecular mass of U and Cd in the water,
fractionations with respect taze (0.45um membrane filtration and 10 kDa ultrafiltration)
werepeirformed according t®opicet al. (2011)

Mortality wasrecorded daily. In addition, blood samples weo#lectedin surviving fish at

the experimental periodjsing syringe and analysed fgeneral stress parameters using i
STAT with EC8+ cartage prior tiish dissection. Collection of different tissues such as,gills
liver and kidney were performed according to protocol (Rosseland et al. Zo§i2)tissues

were freezedried and digested (10 % HNPusing anultraclave Mile-stone, Leutkirch,
Germany. U and Cd concentration in water fractions and in digested tissues were determined
using inductively coupled plasma mass spectrometry (8800-MSPTriple Quad, Agilent
Technologies). Concentration of Cd and U in tissues is presented as ug/g dry weigh

Dose response curves for mortality were modelled using-topsfic model in the drc add
on package in R, and lethal concentrations (i.e50)Cand their standard errors were
calculated for the different water qualities.
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Figure 1. Design ofS. salarUi Cd mixture experiment.

4.3.2 Lemna minor

To obtain experimental data to set upmnium BLM for L. minor a severday growth
inhibition test wagerforned for a range of U concentrations to acquire Rdse Response
Curves (DRC) in differet exposure media, in which the concentration of competing cations
(C&*, Mg?*, Na', K* and H) arevaried one by ond~or the implementationfahe UVI)-Cd
BLM, the severday growth inhibition testvas performed ina basic medium in which only
theconcentratiosof U and Cd were varied.

The stock culture ofemna minorcv. Blarneywasobtained from Dr. M. Jansen (University
College Cork, Ireland) and cultured aseptically in 250 mL glass erlenmeyers containing half
strength Hitner medium (Brain an@l@mon, 2007) under continuous light (Osram 400W
HQI-BT daylight, 88100 pumol/nt.s) at 24°C. Plants were sehbltured every 142 days by
transferring three plants to 100 mL of fresh growth medium. Exposute wiinor to the
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combination of U and Cd was sstially performed as describeadHoremans et al2015)
following the OECD guidelines for Bemnagrowth inhibition tes{OECD 2006)using as a

test medium Kmedium (Cedergreen et al. 2007) with phosphate concentrations lowered to
0.5 mgL. To stablise pH during toxicity tests, 5 mM filtesterilised (0.22 um) MES (EN-
morpholino)ethanesulfonic acid) was addedr the experiments three plants (between 9 to

12 fronds) were aseptically transferred to polycarbepate containing 100 mL of the
modified K-medium. A 1 cm, surfaesterilised floating ruler was added for calibration of
images. Pots were covered with a 9 cm plastic petridish and experiments were run for 7 days
under the same light and temperature conditions as used for normal plarg. didtset up

the single DRCs manium was administered to the mediavith varying ion/proton
concentrationsas a filtersterilised solutions of U&NOs3)26HO (SPI chemicals, USA
dissolved in 100nM HCI) in a final concentration ranging from1®0 uM for U.Six replicas

were used for control conditions and at lehste for each of the U concentratiapplied. To
evaluateLemnagrowth, pictures were taken every 2 days and the frond number and frond
area was determined by picture analysis (ImageJ softwdite). Adays fresh and dry weight

of the plants was measured. At the end of the growth inhibition test pH and conductivity of
the medium was measured. Samples for U analysis were taken at the beginning and end of the
growth inhibition test at the level dfi¢ roots of theé.emnaplants (half way the pot). Samples
were subsequently acidified and analysed for the presence of U or Cd usimMBI(ferkin

Elmer, elan 500). The plants were harvested per pot and aftevedlyiat was determined,
further ashed and ¢hU concentration was determined in the plants. As plant material was
limited and exposure to higher metal concentrations resulted in fragile, damaged or dead
plants this procedure could only be done for plants treated with up to 25 uM of U.

The single dee response curves were set up for five different pH levels ranging fre8n04.0

and differentcation levels (five Cdevels ranging from: 040 mM, three Klevels from 0.88

69 mM, three Ndevels and three M{gvels both ranging from 0.02 to 4 mMNormal cation

levels were: pH 5.0, Ca 4 mM, K8mM, Na 0.02 mM and Mg 0.4 mM. For aations

except Na at least one concentration was chosen below the normal nutrient medium
composition the others above. Samples for determination of cation concestiatitre
medium and plants were taken identically as described above for U and were measured with
ICP-MS. Measured concentrations of major cations are given in Table 2.

The mixture experiment followed a classical ray design based on U and Cd being ipresent
0U:1Cd, 1/3U:2/3Cd, 1/2U:1/2Cd, 2/3U:1/3Cd dd: 0 Cd (Figurei2)phbased on their
respective 160s. The concentration ranges were chosen based on initigllesimetal dose
response experiments. U and Cd were administered to the plants as a filter sterilised solution
of UO2(NO3)2.6H0O or CdC}, respectively in a concentration range varying from 0 to 200
MM. Prior to addition of the plants the pH was readjudtgdaddition of filter sterilised
NaOH. Cd concentrations were measured in medium and plants as described above for U
determination.
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Figure 2. Mixture design for L. minor combined U-Cd exposures. The exposure series
a,b, and c are connected by lines for information.

Table 2. Concentrations (mM) of major cations in themodified Ki medium used forL.
minor testing. Values given are ranges of measured concentrations with the exception of
the potassium exposure exposures series LK, NK and HK for which nominal
concentrations are given.

Exposure sries Na Mg®* K* Ca*
p4 0.31.4 0.7-2.4 3.1-:10.4 1.34.5
p6 0.2-0.9 0.7-2.4 2.9104 1.24.4
p7 0.30.5 2.1-2.3 9.2-10.0 3.94.3
p8 0.1:2.4 2.1-2.2 9.2-9.7 3.94.1
LNa 0.050.16 2.1-2.2 9.510.1 3.94.1
NNa 0.40.5 2.1-2.2 9.7-10.1 3.94.1
HNa 3.7-4.2 2.1-2.2 9.510.1 3.94.1
LMg 0.40.6 0.2-0.3 13.1:13.6 3.94.0
NMg 0.40.7 2.02.2 8.89.3 3.84.1
HMg 0.50.9 21.4219 9.295 4.1-4.5
LK (0.02)  (0.40) (0.88) (4.0)
NK (0.02)  (0.40) (8.8) (4.0)
HK (0.02)  (0.40) (68.8) (4.0)
LCa 0.50.8 1.824 17.018.9 0.30.5
C20 0.40.8 2.2-2.3 9.2-9.9 18.625.0
C25 0.4-0.9 2.2-2.3 9.2-9.8 12.227.6
C40 0.6-0.9 2.1-2.2 9.1:95 39.844.6

4.3.3 Daphnia magna

The experimental plan for the implementation of the uranium BLM consiktshe
performance of acute toxicity tests and acquisition of full BiCifferent exposure media,
in which the concentration of competing cations?(CMg®*, Na', K* and H) arevaried one
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by one.For the implementation on the-€d BLM, acute toxicity testsvere performed in
basic medium in which only the concentrasehU and Cdwerevaried.

Acute toxicity tests

Acute toxicity of U to D. magnawas evaluated through a 48hmobilisation assay
performed on juvenil®. magna(< 24h old) from the fourth brood following the OECD test
guideline. The test organisms originated fr@mmagnacultures maintained in continuous
parthenogenic reproduction M4 medium modified to maintain a pH of The mmposition

of the M4pH7 medium asvell as culture conditions are detailed in Zeman et al. (20@8)

each tests, 10 groups of 5 animals were exposed in polycarbonate tubes containing 10 mL
medium, without renewal. After 48 h exposure, the number of surviving animals in each tube
was couted, considering that animals without response to gentle agitation after 15 s were
dead.Four replicate exposuseavere carried out at eachddncentration.

Doseresponse curves for mortality memodeled using a lelggistic model in the drc addn
packagen R, andEC50sand its standard errors veecalculated

Test solutions for the WBLM

The basic medium for all experiments was composed of'JGa0.05 mM [Mg?*] = 0.05

mM, [K*] = 0.078 mM, [N@] = 0.14 mM and pH 7. From this mediunivd series of ade
toxicity tests were performed: &eries, Mg-series, Na-series, K-series and pHseries, where
concentratios of Ca, Mg, Na, K and pH were varied to cover a range of concentration in
which competition with U may appedkll series comprised from three s@ven toxicity tests
(Table 3). For each series, 10 to 12 different concentrations of U were tested to obtain a full
DRC.

All test solutions were prepared by adding different volumes of stock solution of,CaCl
MgSQy, NaCl, KCl and NaHCQ. All U solutions were prepared from a I stock solution of
uranyl nitrate hexahydrate in 0.2% HiJ@xcept for the experiments at pH 7.5 and 8 where
stock solutions with higher concentration of U were used. In all solutions, pH yuasealdoy
adding NaH®:z and equilibrating therwith the atmosphere (stirred vigorously for at |ekt

h) prior to the addition of U.

Test solutions for the \Cd BLM

The basic medium fahe mixture experimentsas composed of [¢§ = 0.05 mM, [M¢'] =
0.05 mM, [K'] = 0.078 mM, [N&] = 1.4 mM and pH 7 All test solutions were prepared as
described above. Cd was prepared from a stock solution 06.CdCl

Acute toxicity tests were performed the same day on U alone, Cd alone@ddnumixture.
Two differentexperimental design were usdddgure 5. In series a,the Cd concentration was
kept constant all along the exposure to U at 1.08 uM, corresponding to thefElZl alone.

In series b, the ratioof U to Cd was kept constant all along the exposure.
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Figure 3. Mixture design for D. magnamixture U-Cd exposures, comprising two series
of exposures: aand b
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Table 3 Chemical characteristics(pH and nominal concentrations (mM))of the test
solutions in the acute toxicity tests wittD. magna

Exposureseries pH Na' Mg?* K* ca*

Ca0.05 6.85 0.14 0.10 0.078 0.05
Cal0.1 6.9 0.14 0.10 0.078 0.1

Ca0.2 6.85 0.14 0.10 0.078 0.2

Cal04 6.85 0.14 0.10 0.078 0.4

Ca0.8 6.85 0.14 0.10 0.078 0.8

Cal.6 6.65 0.14 0.10 0.078 1.6

Ca3.2 6.65 0.14 0.10 0.078 3.2

Mg 0.05 6.85 0.14 0.05 0.078 0.05
Mg 0.1 6.85 0.14 0.1 0.078 0.05
Mg 0.2 6.85 0.14 0.2 0.078 0.05
Mg 0.4 6.85 0.14 0.4 0.078 0.05
Mg 0.8 6.85 0.14 0.8 0.078 0.05
Mg 1.6 6.85 0.14 1.6 0.078 0.05
Mg 3.2 6.85 0.14 3.2 0.078 0.05
Na0.14 6.85 0.14 0.05 0.078 0.05
Na0.3 6.9 0.30 0.05 0.078 0.05
NaO0.6 6.8 0.60 0.05 0.078 0.05
Nal.4 6.85 14 0.05 0.078 0.05
Na2.8 6.9 2.8 0.05 0.078 0.05
Nab.6 6.85 5.6 0.05 0.078 0.05
K 0.078 7 0.14 0.05 0.078 0.05
K1 7 0.14 0.05 1 0.05
K2 7 0.14 0.05 2 0.05
pH 6 6 14 0.05 0.078 0.05
pH 6.5 6.5 14 0.05 0.078 0.05
pH 6.85 6.85 1.4 0.05 0.078 0.05
pH 7.5 7.5 14 0.05 0.078 0.05
pH 8 8 14 0.05 0.078 0.05
Cd_2807 705 14 0.05 0.078 0.05
Cd 09 705 14 0.05 0.078 0.05
U50_Cds0 6.9 14 0.05 0.078 0.05
U _Cd 040812 6.95 1.4 0.05 0.078 0.05

& Cadmium only exposures
b mixture exposures

Chemical measurements

U, Ca, Mg, Na, Kand Cdconcentratioa were measured in both filtered (< 0.45 um) or
unfiltered samples at the start and at the end of the test withlESPor ICRMS depending
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of the concentration ranges. Samples were acidified with -plra HNQ prior to
measurements.

pH was measured ahd beginning of the test, before and after addition of U to the tests
solution.ThepH after the tests aschecked on some samples only.

4.4 Results

4.4.1 Observed U accumulatiomhemna minoland Salmo salar

Accumulation of U inL. minoris summarised ifrigure4 according to exposure series. The
clearest influence oéxposuremedium chendal compositioron accumulation is seen in the

pH series, where thaccumulation in the p8 series (pH~8) is cotesily I 2 orders of
magnitude lower than the accumulation in the other pH series. There is no clear trend in
accumulation across the remaining pke® This may be due tshifts in pH during testing

which resulted in overlapping pH ranges; the finalrphiges for series p4, p5, p6 and p7 were
4.2-5.0, 3.85.3, 4.66.1 and 6.67.3 respectively.

The influence othe mediumchemical compositiorin the remaining series was less clear.
Nonetheless, in the Ca series there is a clear trend for lower accomaatihne medium Ca
concentration is increased. In both the Mg and Na seriekeadrend can be seen.

1000 1000

) pH series E 0@@ . 100 Ca series O g&é’
€ 100 f o) g I Q
> mﬁﬂéﬁ >
5 10¢f O X g 10}
__g: O X Op4 __gv 1 Q% OLCa
g " . x X ops £ [ O ONCa
= o4 ko P x Ap6 S 01} % ©C20
5 o001} X Op7 5 001} AC25
Xp8 XHCa
0.001 L L L 0.001 L L L
0.1 1 10 100 0.1 1 10 100
dissolved U, uM dissolved U, uM
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Mg series i g0
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Figure 4. Relationship between U in solution andccumulated U forL. minor in seven
day chronic exposuresfor the pH, Ca, Mg and Na seriesLarge points represent
measurements on washed plants, small points represent exposures on unwashed plants.
Values are means of up to three replicategrrors represent +1 SD.
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Accumulation of U inS salar gill tissue in UVI)Tonly exposues is summarised ifigure5.
Accumulation of U in the gills under conditions of varying major ion (Na, Mg, Ca, K) but
over a small pH range showed no clear influeoteariations in exposure conditions on
uptake Figure 5) relative to thedissolvedU concentration in the medium. In contrast,
changing the exposure pH caussxhsiderable variability in uptakés the medium pH was
increased from ~5.2 to ~7.9, the bioaccumulation factors (accumulated U/dissolVgdity
wt.) decreased considerably; for exampt® dereasing pH from B to 6.7, mean
accumulationin responseo dissolved U in the rangé.2i 4.3 uM increased from 01 to
0.074 pmol/g dry wt., i.e. by over fivigfold. At pH 5.2 and irresponse ta slightly lower
concentration of dissolved U (3.85 uM), accumulated U was even higitera mean of 1.38
pmol/g drywt..
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Figure 5. Relationship between U in solution and gillaccumulated U forS. salarin 96h
acute exposuresLarge points represent exposures with no mortality, small poirg
represent exposures with partial mortality. Values are means ofip to seven replicates,
error bars represent +1 standard deviation.

For salmon, drend to increasing bioaccumulation factor with increasingxposurecan be

seen in the accumulation patterns of the pH 6.7 (ref. water), pH7.2 an@ pk{dosures
(Figure 5. This was most pronounced in the pH7.9 exposure, where in the dissolved U range
from 2.08 uM to 70.8 pM the bioaccumulation factor was almost constant within the range
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0.002 0.003l/g dry wt.,, thenabruptly increasetb 0.023 I/g drywt. when exposure increased
to 106 uM U.

Liver concentrations of U in pH exposure series are showRigare 6. Liver and gill
accumulation of U were significantly correlated (Pearson correlation coefficient 0.92,

p <0.001). The mean liver:gill U ratio was 0.061, which dropped to 0.014 when all control
exposures were excluded.

0.1

0.01 f t 4 ®pH 5.2

? o ? A OpH 5.5

0.001 } % % L} MpH 6.0
é OpH 6.7 (ref. water)
A

ApH7.2
ApH7.9

Ujverr MMol/g d.w.

0.0001

0.00001

1 10 100 1000
Dissolved U, pM

Figure 6. Relationship between U in solution and liver accumulated U forS. salarin 96h
acute exposuresData are for all exposures with varying nominal pHLarge points
represent exposures with no mortality, small point represent exposures with partial

mortality. Values are means ofip to seven replicates, error bars represent £1 standard

deviation.

4.4.2 U accumulation modellind_emna minoand Salmo salar

Gill accumulation of Uon S. salarwas modelled using only data for those exposuresevhe
no mortality wabserved.

To provide a coherent picture of accumulation across U doses and water compositions, we
calculated for each exposure the ratio of accumulated U (mol/g dry weight tissue) to the
UO2?* activity (mol/l) computed from the exposure medium compositising WHAM7.

Thisratiqa, whi ch wprdenoé¢e® &n i ndication of the |
tissue for U.
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pH

Figure 7. Plot of 2 against pH for exposures of.. minor (opensymbolg and S. salar
(closed symbols)Accumulation is to whole tissue forL. minor and to the gill for S. salar
Thedashedlines have sl opes of two and dpHdrenl.or gui c

Figure7 p |l ot s | lo gninogandfSo galartissue accumulation against the exposure

medi um pH. The plot shows that a | ine with .
and pH welldown to pH~5 (L. minor and pH ~6 §. sala). Below these pHs th&#ends in

l og @4 versus pH are weak.

4.4.3 Modelling: oné site model

Initially, we exploredhe modelling othe trends irfFigure7 using a singleite BLM with the
reactions

UO2*+1SU UG S; log Kuoz={UO2i SH{iS Jakz2+ and
H*+iSU Hi'S, logKn={UO2iS}{iS Jah,
whichresults inthis expression for the accumulated U, {fS} (mol/g dry wt.):

. - Kuo, &uoz,2+
' 1+Kyo,auoz2 +Kyay.

wherefs uoz is the fractional occupancy of sites by U, am@2 2+ and aq+ are the solution
activities of UQ?" and H, respectively. fie parametersequiringfitting are {S}, the total
concentration of bindi sites, and the binding constakiso, and Kn. However fitting this
model showed that @tloselyreproducd thevariability in & with pH only when the total site
density was suchUO2i S} ~ {S} except above pH7.% thus it could not satisfactorily
reproduce the trends in accumulatitm.order to make fitting using a single site feasible, it
was clearly necessary to relax the assumption that only the fre€ Id® could bind to the
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biotic ligand. Therefore, we lawed the possibility that théJ(VI) species UG@DOH",
UO2(OH)2 and UQCGQO:s could also bindo thebiotic ligand. Since the model was intended to
describe the variations in U(VI) uptake across all the studied variations in exposure medium
chemistry, we alsollawed the binding of N§ Mg?*, K* and C&" to the biotic ligand.
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Table 4. Outcome of stepwise fitting ofbinding constants, single siteccumulation BLM
for L. minor. At each stage the bolded row shows the model providing the most
significant improvement over the previous best fit** = p<0.01,*** = p<0.001, n.s. =

not significant.

Binding ion(s) SOSin  Significance

log(tissue

U,

pmol/g

d.w.)
Uo?* 637.0 i

Two binding ions

UO2?* UOOH' 188.0 ok
Uo2* ;JCOOZ§OH)2/UO- 379 -
uos2* H* 188.0 ok
Uo2* Na' 637.0 n.s
uo2?* Mg?* 632.2 n.s.
uo2* K* 636.3 n.s.
uo?* Ca&* 601.0 o

Outcome: test Ugd* + UO2(OH),/UO,CO; + one other

Three binding ions

UO22*  UOz(OH)}/UO,CO; UO0H* 37.9 n.s.
UO2* UOz(OH)X/UOCO; H* 37.9 n.s.
UO22* UOz(OH)}/UO.,CO; Na' 37.9 n.s.
UO22* UOz(OH)X/UOCOs Mg?* 37.6 n.s.
UO22* UOz(OH)/UOCOs K* 37.9 n.s.
UO22*  UO2(OH)2/UO- Ca?* 26.9 -
2CO3 '
OutcometestUO,?* + UO,(OH),/UO,COs + Ca* + one other
Four binding species
UOz2* UOz(OH)}/UO,CO; Cat UO.OH* 26.9 n.s.
UO22* UOz(OH)/UOCO; C&t H* 26.9 n.s.
UO2* UO,(OH)/UO:CO; Ca?* Na* 26.9 n.s.
UO22* ;JC%§OH)” vo- Cca* Mg?* 25.8 *ox
UO22* UOz(OH)}/UO.CO; C&t K* 26.9 n.s.
OutcometestUQO,?" + UO,(OH),/UO,CO; + Ca* + Mg?* + one other
Five binding species
UO22* UOz(OH)}/UO,CO; C&t Mg?* UO,OH" 25.8 n.s.
UO2* UOz(OH)}/UO,CO; Ca* Mg?* H* 25.8 n.s.
UO2* UO,(OH)/UOCO; Ca?* Mg?* Na* 25.8 n.s.
UO2* UOz(OH)}/UO,CO; Cat Mg?* K* 25.8 n.s.

Outcomeno further improvement in model fit
Best model i2JO2%* + UO2(OH)2/U02CO3 + Ca?* + Mg?*
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Fitting of binding constants was done by stepwise testing of the statistical significance of
adding terms for the influence B{(VI) species andompeting cations. An initial fit was done
assumingonly UO2?* to bind then the influence o&dditionalions (UO,OH*, UO;(OH)s,
UO.COs, H*, Na', Mg?*, K*, C&*) was assessed in turn by fitting the model alloneagh

iont o bind and testing t hé testingdJlorker etcah r2@08). o f
Assuming any of the potentially competing ions to significantly improve the model, the ion
giving the greatest improvement was added to the model and the remaining ions then tested in
turn again. This process was repeatetil either no more significant improvements to the fit
could be made, or until all the competing ions considered were included in the model.
Exploratory calculations showed that optimising the site density simultaneously with the
binding constants sometimeroduced spurious results, such as the optimal density being
smaller than the highest accumulated U, or.Lfominor, being unrealistically large (> 10
umol/g d.w.). Therefore, all the fitting was done with site densitiedbfimol/g d.w. and 10
pmol/g d.w forL. minorand S.salarrespectively.

For L. minor, a single binding constant was used to describe the binding gfOH)» and
UO.COs. This is because the speciation was done assuming a fixed partial pressure of CO
(pCOr), which results in a pérct correlation between the activities of the 4J@QH). and
UO2CO:s speciesand hence no possibility of robustly deriving separate binding constants for
them.
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Table 5. Outcome of stepwise fitting of binding constants, single sieeccumulation BLM
for S. salar At each stage the bolded row shows the model providing the most significant

improvement over the previous best fit. *** =p < 0.001, n.s. = not significant.

Binding ion(s) SOS in log(gill U, Significance
pmol/g d.w.)
Uo?* 56.7 i
Two binding ions
Uo**  UOOH* 16.6 *kk
UO22*  UO2(OH)2 4.17 il
U2t  UOCOs 4.49 *kk
uos2* H* 15.6 il
Uo** Na' 56.7 n.s.
uo2* Mg 53.8 n.s.
uo** K* 56.7 n.s.
uos2t cat 53.7 n.s.
Outcome: test U+ UO2(OH). + one other.
Three binding ions
UO2*  UOz(OH): UO0OH 4.17 n.s.
UO2*  UOz(OH), UO,COs 4.07 n.s.
UO2*  UOz(OH), H* 4.16 n.s.
UO2*  UOz(OH): Na' 4.17 n.s.
UO2*  UOz(OH): Mg* 4.14 n.s.
UO2*  UOy(OH) K* 4.17 n.s.
UO2?*  UOy(OH), C&* 4.17 n.s.

Outcome:No further improvement in fit.
Best model i$JO2+UO2(OH)2.

The model fitting outcomes f@&. salarandL. minorare shown irmable4 andTable5
respectively In both cases the best fit is obtained allowing(@M). (and UQCQO; in the

case ofL. mino) to bind alongside U&". In the case 08. salarinvoking competing major
ionsdoesnot improve the fit the optimal model has only U(VI) species bindingthe case

of L. minorcompetition from Mg" and C&* is required for optimal fit.
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Table 6. Outcome of stepwise fitting of binding constants;onstrainedsingle site
accumulation BLM for L. minor. At each stage the bolded row shows the model
providing the most significant improvement over the previous best fit* = p < 0.01,***
= p < 0.001, n.s. = not significant.

Binding ion(s) SOSin Significance

log(tissue

U, umol/g

d.w.)
UO*/UO,0H" 232.7 i
Two binding ions

UO22*/UO20H* UO2(OH)2/UO2CO3 42.1 ok
U0 /UO,OH* H* 62.5 il
UO2*/UO,OH* Na* 232.7 n.s.
UO2* /UOOH"  Mg?* 230.2 n.s.
UO2*/UOOH* K* 232.7 n.s.
U0 /UO,OH* ca* 208.3 il

Outcome: test U /UO,OH" + UO2(OH)./UO,CQOs + one other.

Three binding ions

UO2*/UOOH* UO2(OH)2/UO2COs H* 42.1 n.s.
UO2*/UO0H" UO2(OH)2/UO2COs Na" 42.1 n.s.
UO2*/UOOH* UO2(OH)2/UO2COs Mg?* 41.7 n.s.
UO2*/UO0H" UO2(OH)/UO.COs K* 42.1 n.s.
UO22*/UO20H* UO2(OH)2/UO2COs  Ca?* 30.1 ok

Outcome: testt0**/UO,OH" + UO,(OH),/UO,COs + C&* + one other.

Four binding species

UO2*/UO0H" UO2(OH)2/UO2COs Ca* H* 30.1 n.s.
UO22*/UOOH* UO2(OH)2/UO2COs Cca®* Na' 30.1 n.s.
UO22*/UO20H* UO2(OH)2/UO2CO3  Ca?* Mg?* 28.8 *

UO22*/UOOH* UO2(OH)2/UO2COs Cca?t K 30.1 n.s.

Outcome: test UE3"/UO,OH + UO2(OH),/UO,CQ; + Ca* + Mg?* + one other.

Five binding species

UO2* /UO0H* UO2(OH)2/UO2COs Ca"™ Mg* H* 28.8 n.s.
UO22*/UOOH* UO2(OH)2/UO2COs ca®* Mg?* Na' 28.8 n.s.
UO2* /UO0H" UO2(OH)2/UO2COs ca* Mg*t K°' 28.8 n.s.

Outcome: no further improvement in model fit
Best model i$)JO2*/UO,0H" + UO2(OH)2/UO,CQO; + Caf* + Mg?*

In both cases the optimisedodel had U&* and UQ(OH). binding, but not UGOH". This

was deemedomewhatinrealistic, so the fittingvas ré run forcing UQOH" to bind, with the

same logK as UQ?**.Wet er m t his model 6constncansnteddi msd
model allowing the optimal fit without restricting which species may Witting resultsfor

thed c onst r aiareshib@nn Mabld@and Table7. For both organisms the optimal
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competing ions were the same as found previously. The optimal fits are slightliyot
excessivelypoorer than for the correspondiagnconstrainedimodel.

Table 7. Outcome of stepwise fitting of binding constants;onstrainedsingle site
accumulation BLM for S. salar At each stage the bolded row shows the model providing
the most significant improvement over the previous best fitt = p < 0.05,*** = p< 0.001,

n.s. = not significant(p > 0.05)

Binding ion(s) SOS in log(gill U, Significance
pmol/g d.w.)
UO2%*/UO,OH" 20.8 i
Two binding ions
UO22UO20H*  UO2(OH)2 4.37 rxk
U022 UO,0H* UO.COs 4.81 ok
U022 UO,0H* H* 6.27 ok
UO22*/UO,OH" Na* 19.85 n.s.
U0 IUOOH"  Mg?* 19.02 *
UO22*/UO,OH" K* 19.85 n.s.
UO*/UOOH"  C&* 19.44 n.s.

Outcome: test UBBUO,OH" + UO,(OH), + one other
Three binding ions

UO2?*/UO,OH" UO2(OH): UO2COs 4.37 n.s.
UO2?*/UO,OH* UOy(OH), H* 4.37 n.s.
UO22*/UO,OH" UO2(OH), Na' 4.37 n.s.
UO2?*/UO,OH* UOz(OH):  Mg* 4.30 n.s.
UO22*/UO,OH" UO2(OH). K* 4.37 n.s.
UO2?*/UO,OH* UOz(OH):. Ca&* 4.37 n.s.

Outcome:No further improvement in fit.
Best model i9JO2/UO20H* + UO2(OH)>

Fitting accumulation BLMs allowing a range of U(VI) species to bind to the biotic ligand
produced good fits to the observed ddcumulation(Table 8; Figure 8). The cleards
difference between the models is the presence of significant competition fréhaigCa*

for accumulation by.. minor, which is not found foB. salar Forcing UQOH* to bind (the
constrained model) did not produce great differences in the optimiséshg constants. For

L. minorthe optimal fit had slightly higher lag for UO,2"/UO,OH" and UQ(OH)/UO,CQO;,
which was compensated for by higher optimal ksfor Mg?* and C&". ForS. salarthe log

Ks of the constrained model are slightly lower thanthe unconstrained model, the optimal
fit being achieved due to having more U(VI) species able to accumulate.
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Table 8. Optimised parameters and error terms for the unconstrained and constrained
singlé -site accumulation BLMs, L. minor and S. salar

L. minor S. salar
Optimised logK Optimised logK
unconstrainec constrained unconstrainec constrained

{S}, umol/g 10° 10° 10 10
UOo2* 4.24 4.25 4.40 4.25
UO,OH* i (4.25) i (4.25)
UO2(OH)2 5.74 5.90 5.61 5.56
UOLCOs (5.74¥ (5.90¥% | T
H* i | | |
Na T T | |
Mg?* 2.96 3.20 T T
K+ : | . :
ca? 3.10 3.30 | |
RMSE in log(accumulated 0.38 0.40 0.28 0.29
U, umol/g d.w.)

2Rootmean squared error

b Forced equal to the Idg for UO?".

¢Forced equal to the Idg for UOx(OH)s.
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Figure 8. Observed and modelled U accumulation oh. minor (closed points) and on

gills of S. salar (open points)using the unconstrained (top) and constrained (bottom)

one-site BLM. The lid line is the 1:1 line and the dotted lines indicate a difference of
+0.5 orders of magnitude from the 1:1 correspondence.

4.4.4 Modelling: twd site model

The onésite models described the U accumulation well by postulating that multiple U(VI)
species may bd to the biotic ligandHowever, in no case did Hemerge as a significant
competing ion for U(VI) binding. This is somewhat unrealistic, sin€eisHan important
competitor for the binding of U(VI) and other cations to organic functional groups. A
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possilility is that the need to allow multiple U(VI1) species to bind in order to explain binding
to single biotic ligand masks the effect of ebmpetition, sincehe UQOH" and UQ(OH).

ion activities are functions of the U® and H adivities. Therefore, wedeveloped an
alternative BLM formulation focused on allowing only &fOto bind, and forcing the pH
dependence of accumulation to be described bgdtpetition.In order to account for pH
dependence, a twsite BLM was required. The first site (Site Linsilates UG** binding in

the pH range where the variationf | o g @Figure7) Has gostepe of approximately
two. Initially two reactions were postulated:

U0 +i1S U UO2i Sy, and

2H"+71S U Hai S

Howeva, fitting this model suggested that the binding strengths of bo#?"@@d H needed
to besufficiently strong that the concentration of unoccupied sit8g (vould be negligible,

and therefore the binding wag fermulated as a singkexchange reaction of W& with two
protons:

U0+ Hai St U UOsi S + 2H",
which can be described bysingleexchange constarexch
{U0,i S}@,,.2
exch {Hz i Sl} @UOZH .
The boundJ(VI) concentration is then giveyy
KEXCI‘a'UOZZ+

2
KexchaUOZZ+ + aH+

{UO, 7 S} ={S;} C.)csLuoz; fSl,UO2 =

The second sitalenotedsite 2, waf or mul at ed as a 6conventional
binding of UQ?* and competing ions (HNa&', Mg?*, K*, C&*, Cd*) as requied:

N Kuo, @ 2+
{UO, T S} ={S;} Tou000  fspuon = 2 0

|
1+ Kuozauo22+ +a Ky ay;
1

where Xj is a competitively binding catiohe total predicted accumulatétV1) is then
simply the sum of {UQ' S} and {UO2i S}.

Model fitting for each organism then entailed deriving paraméertsie exchange reaction at

Site 1, the binding constants for Site 2, and the total site densities for botlesfiksatory
modelling suggested that a reasonable valu&saswas10°°. Fixing the exchange constant

in this wayallowed the site deity {S1} to be fitted independently. Fitted values ofifSvere

235 pmol/g dry wt. forL. minor and 1.40 pmol/g dry wt. forS. salar Independent
determination of the densities of Site 2 was not possible given the relatively restricted pH
range over whiathe site was the major bindeir U(VI). Therefore, for pragmatic reasons we
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forced {S} equal to {S} for both organismskFitting of binding constants for Site 2 @n
minorwas done byhe stepwisaestingmethodpreviously described for the oisg¢e BLM.

Fitting results fol.. minorare shown ifTable9. The ions M§" and C&* were shown to need
including in the Site 2 model to provide the optimal fit to the data.

Fitting of competing ion constasitor Site 2 onS. salarproved challenging, since the number
of points for which Site 2 was important was relatively low (of the total 109 painkg six
were at pH< 6). Therefore, a pragmatic decision was made to fix the binding con8tants
Mg?* and C&* equal to those fo. minor. A small improvement to the fit was thebtained
by optimising the binding constant for H

Table 9. Outcome ofstepwise fitting of binding constantdor competing ions two-site
accumulation model for L. minor. Each row shows a test of a combination of binding
species, the sum of squardSOS)error and the significance of the fit in comparison with
the reduced malel, calculated by chi squared testing (Jonker et al., 2005) using the
previous best fit as the baseline comparison. At each stage the bolded row shows the
model providing the most significant improvement over the previous best fit. *** =
p <0.001,** = p<0.01,n.s. = not significant.

Competing ion(s) SOS error in Significance

|Og Usissue

No competition 39.62 T
One competing ion

H 39.62 n.s.
Na 39.43 n.s.
Mg 36.96
K 36.92 n.s.
Ca 31.76 ok

Outcome: test Ca + one other
Two competing ions

H Ca 31.76 n.s.
Na Ca 31.30 n.s.
Mg Ca 30.24 *x

K Ca 31.60 n.s.

Outcome: test Mg Ca + one other
Three competing ions

H Mg Ca 30.24 n.s.
Na Mg Ca 30.13 n.s.
Mg K Ca 30.24 n.s.

Outcome: no further testing

Modelled accumulation is compared for both organismBigure 9. Accumulated U ori.
minor, which ranges frorn2.7i 1.38x 1(° pg/g dry wt., was predicteldrgelyto within half an
order of magnitude (141 of 182 points) alohostentirely within an order of magnitude (181
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of 182 points) Accumulation orS. salargills was predicte@lmost entirely to within half an
order of magnitude (50 of 53 points) and entitelyithin one order of magnitude.

The accumulation modglarameterare summarised ihable 10.

1000 -
>
© ,-"-.. _.-"
2 100 } e
£ xlo
3 .
- 10 | DS, "
5 .-"' o
2 p L
& 1 b
S =
E ,_36"
3 4 8% o
| R
8 IV -
5 001 b .7 8 .
L
le) o .
= L)

0.001 —t 4 4 4 .

0.001 0.01 0.1 1 10 100 1000

Observed accumulated U, pmol/g dry wi.

Figure 9. Observed andmodelled U accumulation orL. minor (closed points) and on

gills of Salmo salar(open points)using the twosite model The solid line is the 1:1 line

and the dotted lines indicate a difference of £0.5 orders of magnitude from the 1:1
correspondence.

Table 10. Parameters of thetwo-site U accumulation model forL. minor and S. salar

Parameter L. minor S. salar Comments
Site 1
{S1} (umol/g) 234 1.41 Optimisedin conjunction with logKexcrd
log Kexch -6.5 -6.5 Optimisedin conjunction with {S}.
Site 2
{S2} (umol/g) 234 1.41 Forced to equal {§.
log Kuoz 8.02 8.02 Optimisedfor L. minor, fixed forS. salar
log Kn T 7.74  Optimised forS. salar
log Kmg 6.46 6.46 Optimised forL. minor, fixed forS. salar
log Kca 6.28 6.28 Optimised forL. minor, fixed forS. salar
RMSE 051 0.28 Root mean squared error in log(accumulated
pumol/q)
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For L. minor the twasite model provides an inferior fit to either the constrained or
unconstrained onsite models.Comparison of the fits shows that while all the models
underestimate accumulation at higher values (>~10 pmol/g d.w.), this underestimation is
smaller for both the onsite models than for the twsite model.For S. salar there is little
difference in ft among any of the models.

4.4.5 U toxicity modellingLemna minoland Salmo salar

Extension of the accumulatioBLMs for L. minor and S. salarto toxic effects entailed
prediction of accumulation for all exposures and fitting of a d@sponse model to relate
predicton and accumulation and effect. For both organisms we describe effect (growth
inhibition, mortality) as increasing with increasing dose to a maximum of 100%. The
expression for this response is then

100
9 . ~by
LA Uo,is g
g?UOZ 1 S (g)cs02

where {UQy S} is the predited accumulation, {U& S}iE)cso is the accumulation causing an
effect of 50% relative to the control ahdis a slope term.

responsg of control=100-

Toxicity was modelled based on the predictions of all three U accumulation models.
Parameters and error terms are shown in TaBld-orL. minorthe twosite model provides
the best fit, despite the fact that the corresponding accumulation model gives the poorest fit.

Table 11. Toxicity model parameters forL. minor and S. salar

L. minor
onesite onesite )
Model unconstrainec constrained two-site
{UO2i S}LE)cso (umol/gd.w) 23.8 21.1 20.7
bu 1.10 1.18 1.20
RMSE in response 19.0 20.3 12.5
S. salar
onesite onesite two-site
Model . : two-site optimising
unconstrainec constrained log Ki
{UO2i S}E)cso (umol/gd.w) 0.21 0.23 0.20 0.20
bu 15.1 11.6 20.4 26.6
RMSE in response 20.1 21.6 24.3 14.6
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Fitting the twasite modelto S.salarinitially produced overestimation of effects at low pH.
Allowing optimisation of log K+ alongside{UO2i S}.cso and b gave a significantly
improved fit <0 . 0 0 12 telty Thes optimised value of lodkw was 8.53, providing
stronger competition for U™ dueto H" than was predicted by fixing the parameters of the
accumulation modeligure 10 and Figure 11 show the relationships between the predicted
accumulgéed U and the observed and modelled effemtshe twasite models

100

80

60 F

40

20

-20

% growth inhibition (relative to control)

I
I
I
I
I
i

-40

0 20 40 60 80 100 120 140
accumulated U, pmol/g dry wt.

Figure 10. Observed and modelled growth inhibition ofL. minor in response to U
accumulation, plotted againstmodelled U accumulation using the twasite model The
dashed line marks the{lUO2i S}(g)cso.
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Figure 11. Observed and modelled mortality ofS. salarin response to U accumulation,
plotted against modelled U accumulationusing the twasite model The dashed line
marks the {UOz2i S}i)cso. The inset chart shows the improved fit obtained by allowing
log K+ to be adjusted.

The combined accumulatiotoxicity models can be used to predict the relationship between
exposure dissolved U and effect for individual series of exposkigse 12, Figure13 and
Figure14 present such relationships each exposure seriés foinor, for the twesite model
Corresponding plots for the ois#te models are presented in AnneXR2gardless of the type

of accumulation model, toxigitmodellingreproduces well the trends in effeath increasing
U(VI) dose, and also reproduces well the influence of pH on the respbimsesffect is
overestimatedomewhat, by all the models, the pH6 series, which is mostly likely due a
combinationof a shift in pH with increasing (¥1), observed during this exposure, and the
sensitivity of the model to pH as anable. The modslalsounderestimateffect somewhat

at the highest concentrations of Mg and Ca (HMg and HCa series).

Figurel5, Figurel6 andFigure17 show the modelled response&fsalarto U across all the
exposure seriesising the twesite toxicity model.The corresponding modelled responses due
to the onesite models are shown in AnnexThe twd site BLM reproduces the effect of pH

on toxicity reasonably wellRigure 15) although if addional optimisationof log Ky is not
done the effects are somleat overestimated at the three lowest pH values, where binding of
UO2?* to Site 2 dominates uptake and toxicifjie unconstrained orsite model performs the
most poorly Table11) which is likely related to the relatively low value of the best fit slope
of the doseresponse curve (Figure AR Annex 3).
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Figure 12. Observed and modelled growth inhibition ofL. minor in the pH series ofU
exposures, plotted against the measured dissolved(@22um filtered) in the exposures.
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Figure 13. Observed and modelled growth inhibition ofL. minor in the Ca and Mg series
of U exposures, plotted against the measured dissolved U (0.22um filtered) in the

exposures.
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Figure 14. Observed and modelled growth inhibition ofL.. minor in the Na and K series
of U exposures, plotted gainst the measured dissolved U (0.22um filtered) in the

exposures.
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Figure 15. Observed and modellednortality of S. salarin the pH series of U exposures,
plotted against the measured dissolved (0.45um filtered). Solid linesobtained by
optimisation of {UOz2i S}k (e)cso and b, dashed lines obtained by additional optimisation of

log Kn
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Figure 16. Observed and modellednortality of S. salarin the Na and K series of U
exposures, plotted against the measured dissolved(@45um filtered). Solid lines
obtained by optimisation of {UOz2i S} (e)cso and b, dashed lines obtained by additional
optimisation of log Kn.
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Figure 17. Observed and modellednortality of S. salarin theMg and K series of U
exposures, plotted against the measured dissolved(@45um filtered). Solid lines
obtained by optimisation of {UQzi S} (e)cso and b, dashed lines obtained by additional
optimisation of log K

4.4.6 U toxicity modellingDaphnia magna

Measurements of U accumulation were not madebfomagna ThereforeBLM fitting was
done directly to the toxicity datén this case it was not necessary to define a total site density,
as fitting could beadone by taking the fractional occupancy of sites 6y, ds a measure of
dose. ® thedoseresponsenodel was adjusted to make the dose the fractional occupéncy
sites by U(VI), fs,uo2:

100

responséoof control=100- 7
a f Q"
1+ 'SU02 g

gefs,uoz,L(E)csog

where fs,uo2 is the fractional occupancy dfites computed by whatever binding model
formulation is applie&ndfs uo2,LE)cso iS the fractional occupancy at the L(E)C®iven the

strong pH dependence of(W) uptake forL. minorandS. salarand the insight gained by
plotting &, the @Al oc a]lwe birst axdminedythesrendseimtgxicity 6, a ¢
across the pH series. This was done by calculating the LC50 for eaéhedpsmse curve in

the pH series as the free bfOactivity (LC50u0224) and then plotting log(1/LC%2,2-)

against pH. Since at a constant level of effect the loading of sites Witlshbuld also be
constant, the trend in this pl aainstipdandtiysect ed
to provide simiér insights for model formulation.
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Figure 18. Plot of the logged inverse of the LC50s for the pH series Bf magna
exposures, against the exposure pH. The dashed reference line has a slope of two.

Figure 18 shows the plot of log(1/LC%0@2,2+) against pH. The slope of the relationship was
sufficiently close to two to suggest that the twaite modeformulationwas appropriateéSuch
a mode was thus constructed and applied. As with tineinorandS. salarmodels, logKexch
for Site 1 was fixed te6.5 on the basis of theory, and the relative concentrationseoi %ihd
Site 2 were fixed to be equal. The constant fortIBinding to Site 2 was constrained to the
value used for the other organisrialfle 10). Binding constants for H Na", Mg?* and C&"
at Site 2 were fittedy the stepwise procedure used Eorminor, together with the dose
response slople andfs uoz,LE)cso. A reasonable final fit was obtained, with all the competing
ions predicted to be required. However, the model did not predict the pH series well,
overestimating toxicity at the low end of the pH range and underestimating it at the high end
(Figure A5-1, Annex5). Reifitting without H" binding at Site 2produced a poorer fit.
Therefore, it was decided to attempt fittiagly with the onesite modelallowing UGOH?,
UO2(OH)2 and UQCG:s to bind if it significantly improved the fitThe expression for the
fractional occupancy of sites was:
|
Kuoz2uoz2 * A KuozLi@ oy |

- 1
fsuo, = i j

1+ Kyoo@uyoe2+ + @ Kuozrjauoaj + A Kx jax;
1 1

whereKuyo2 is the binding constant for the uranyl free iagg2,2+is the activity of theuranyl
free ion,Kuoz,i andayozi,i are respectively the binding constant and activity for a binding
U(VI) complex, andKx; and ax; are respectively the binding constant and activity for a
competing ion.

The optimal set of binding constants was obtaibg stepwise fitting. It was found that all the
U(VI) species considered, and all the competing ion$, (Mg?* and C&") made statistically
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significant p < 0.05) contributions to the fit. The optimal binding constants are list€dbte
12, and the outcome of the stepwise fitting procedure in THble

Table 12. BLM binding constants for acute uranyl toxicity to Daphniamagna

Binding species log K

Uo2* 10.6
UO-0OH" 9.1
UQOz(OH),° 7.9
UOCOs 8.6
H* 9.5
Na" 4.3
Mg?* 5.2
ca* 5.5

Observed and modelled ddsesponse curve®r D. magnaare shown irFigures 1922 for

the pH, Na, Mg and Ca series exposures respectiVely.model reproduces the key trend in
toxicity against pH well, althoughffects are somewhainderestimateth the pH 6.5 series.

The smaller variability in effect due to changes in medium Na, MgGa concentrations are
reproduced wél with the trend against Mg reproduced best. There is a tendency to
underestimate effect at the lowest Na concentrations and to either overestimate or
underestimatat some of the Ca concentrations.

[STAR] 51/103
(D-N°:4.2) i Tools for assessing availability and exposure in a multiple contaminant context: the
scientific basis and associated tools to assgienuclide availability and exposure under multiple
contaminant conditions
Dissemination levelPU (after 01/07/2017)
Date of issue of this repo28/07/2015



STAR

Table 13. Outcome of stepwise fitting of binding constants, single site toxicity model f@&. magna Each row shows a test of a
combination of binding species, the sum of squares err¢6OS)and the significance of the fit in comparison with the reduced model,
calculated by chi squared testing (Jonker et al., 2005)sing the previous best fit as the baseline comparisoAt each stage the bolded

row shows the model providing the most significant improgment over the previous best fit. *** =p < 0.001, n.s. = not significant. Table

is continued overleaf.

Binding ion(s) SOS in % Significance
mortality
Uo?* 1.65x 10° i
Two binding ions
Uo2*  UOOH* 1.35x 10° i
UO22*  UO2(OH)2 9.15x 10° il
UO2*  UOCOs 1.21x10° i
uos2* H* 1.48x 1P n.s.
Uo2*  Na 1.65x 10° i
uos2*  Mg* 1.58x 1P n.s.
uos2t cat 1.65x 10° il
Outcome: test UgS* UO,(OH). + one other
Three binding ions
U0  UO2(OH), UOOH' 9.15% 10° n.s.
UO2*  UQOy(OH) UO.COs 9.15x 10° n.s.
UO2*  UOz(OH), H* 8.87x 10° Frk
UO2*  UO(OH), Na' 9.15x 10° n.s.
UO22*  UO2(OH)2 Mg?* 7.50% 1P ok
UO2*  UQOy(OH), C&* 8.30x 10° il

Outcome: testi0,** UO,(OH), Mg?* + one other

[contd.]
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Table 13. [continued].

Binding ion(s) SOS in % Significance
mortality

Four binding ions

U0 UO(OH), Mg* UO.OH* 7.50x 10° n.s.
UO2* UOz(OH), Mg* UO2CGOs 7.50x 10¢° n.s.
UO2* UOz(OH), Mg? H* 7.09%x 10° ok
UO2* UOz(OH), Mg* Na* 7.47%x 10° n.s.
UO22* UO2(OH)2 Mg?* Ca?* 6.25x 10° ok

Outcome: test UUO,(OH). Mg Ca + one other
Five binding ions

UO2* UOz(OH), Mg* cat UO.OH"* 6.25x 10° n.s.
UO2* UO(OH), Mg?* ca* UO.CQOs 6.25x 10° n.s.
UO22* UO2(OH)2 Mg?* Ca?* H* 5.80x 1(° *hx
UO2* UOz(OH), Mg? ca* Na* 6.12x 10° ok

Outcome: test UUO,(OH), Mg Ca H + one other
Six binding ions

UOZ" UOzOH), Mg? ca& H* UOOH" 5.55% 10° ok
UO2* UOzOH), Mg?* ca* H* UO:COs 5.68x 10° ok
UO2* UOz(OH)2 Mg?* Ca? H* Na* 5.47x 10P ok

Outcome: test Ugd* UO,(OH), Mg?* C&®* H* Na' + one other

Seven binding ions

UO2* UO(OH), Mg?* cat H* Na* UO.OH* 5.21x 10° ok
UO22* UO2(OH)2 Mg Ca?* H* Na* UO2COs3 5.18x 10° ok
Outcome: test UgS* UO(OH), Mg?* Ca&* H* Na® UO,COs + UO,OH*

Eight binding ions

UO2?* UO2(OH)2 Mg?* Ca?* H* Na* UO2C03 UO20H* 4.93x 1(P ok
Outcome: teshg complete. All tested binding ions in final model.
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Figure 19. Observed and modelled mortality ofD. magnain the pH series of U
exposures, plotted against the measured dissolved U (0.45um filtered).
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Figure 20. Observed and modelled mortality ofD. magnain the Na series of U
exposures, plotted against the measured dissely U (0.45um filtered).
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Figure 21. Observed and modelled mortality ofD. magnain the Mg series of U
exposures, plotted against the measured dissolved U (0.45um filtered).
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Figure 22. Observed and modelled mortality ofD. magnain the Ca series of U
exposures, plotted against the measured dissolved U (0.45um filtered).
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5 Modell i ngcmiuxmulbmdi boxi ci ty

Past work on applying BLMs to mixtures has had to confront the issued#lrohoice Most

of the studies carried out have assumed the potentially toxic species to bind at the same biotic
|l igand along with competing ions, and thus
(e.g. Hatano and Shoji, 200Bamo and Nagai, @08; lwasaki et al., 2015)Other authors

have employed a muitite BLM, allowing potentially toxic metal ions to compete for
binding at all sitebut allowing binding to one site per metal to result in toxi¢8gntore and

Ryan, 2015)Any such approacks of necessity a simplification of the reality of metal ion
uptake by cellssincedifferent ions may bénitially taken up by different activer passive
transport mechanisms (ion channelBpr example, copper is known to be taken up via
sodium and peatssium ion channels Q. Lauren and McDonald, 198&nd cadmium via
calcium channels (e.g. Verbost et al., 1989)

Extending theJ(VI) BLMs developed to consider mixtures GfVI) with other metals thus
requires a pragmatic choice of mixture BLM to be mddehe formulation 6this work it
was originally envisaged thai(\VIl) accumulation and toxicity to the test species could be
adequatelylescribed by a single site BLMeadily extendible to consideration of mixtures by
assumingCd?* to bind at the same site B8€,%* and the other competing ions. In practice, the
relative complexity of UG" interactions withL. minorandS. salardrove thederivation of
alternativetwoi site modeldor these specie€xtending such models for mixtweequires
assessment of how the other metal species may interact wifii &t@ither or both sites.

The twd site modelfor L. minorandS. salarcomprises one site at which Oand H both

bind very strongly, to the extent that their interactions can be described by a single exchange
constant, and one site where $30binds relatively weakly, in competition with Migand

C&* (and H in the case 08. sala). In extendingthis BLM to Ui Cd mixtures it was assumed

that C&* binding would occur only at the second sitalues of logKcq were fitted to
accumulation data for Cd exposure only, then toxicity in the same exposure was modelled
from predicted accumulationVhen extending the orste modelsCd was assumed to bind

at the single site in competition with thi€VI) species and competing ions.

Following parameterisation for Cd, the mixture BLMs were applied predictively to the
accumulation and toxicity data for(\I)7 Cd mixtures. Tk MIXTOX model framework was
used to investigate the presence of any deviations of the predictions from addisinty,
both the concentration additi¢g@A) and independent actigiA) reference models

5.1 Lemna minor

5.1.1 Cadmium accumulation and toxicity

For the onesite model, the accumulation of Cd was simulated assuming it to bind at the single
site:
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. K egd,os
{Cdi S} ={Cd-S}pg +{S} O e

1

where X is a binding ion (either a U(VI) species or a competing major ion) kypds its

binding constant. The binding site density {S} and the binding constants for other binding
ions were fixed to the values derived from modelling the U only accumulatidnmodel

fitting was done by optimising the Cd binding constalty, andat¢hkegr ooubn d o6
accumulated Cd, {G&}bkg.

In the case of the twsite model, the expression faccumulation at Site 2 was extended to
allow binding of Cd

KCd,ZaCdZ‘r

+ Kyg,22

{Cdi S} ={Cd-S} g +{S,} O

1+ KCd’Za + Kca’Za

Cd2+ M g 2+ Ca2+

The parameterderived from fitting to U accumulation dateere maintained at thevalues,
and the model was fitted by adjusting the binding constant fora®t the background
accumulated Cd

The model results are shownhkigure23. Al | owi ng for the presence
Cd, i.e. Cd present in the plants prior to exposure, producsthtistically superioffit

(p =1.58x 10° for the unconstrained orsite model, 5.87407 for the constrained orsite

model, and.86x 107 for the twasite mode). The optimallog Kcq for the ore-site model

was 2.80 for the unconstrained orste modeland 3.03 for the constrainedone site model,

and the optimalog Kcgq,2 for the twosite modelwas6.73 The opt i mal Cdbackagr
{Cdi S}okg, was0.5umol/g d.w.for all themodels.

Modelling Cd toxicity was done using similar model structure as for U toxicitybut
assuming the 6backgrounddéd Cd to have no toxi

100
. . B ~beg
+aCd | S}{Cd | S}blgg
c {Cd T Stecso ks
Optimisation producelicqd = 0.60 and {Cd S}ecso= 2.57 umol/g d.w. for the onsite model,
and bcg=0.61 and {CdS}ecso =2.92 umol/g d.w. for the twsite model. The latter
parameter is the accumulated Cd above the background at the EC50. The modelliag result

areshown inFigure 24. Both the onesite and twesite models give similar fits (root mean
squared error in 9growth inhibition was 2.54 in both cases).

%growthinhibition=100-
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Figure 23. Observed and nodelled accumulation of Cd byL. minor plotted against the
dissolved Cd exposure concentrationfor the onesite (left) and two-site (right)
accumulation models
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Figure 24. Observed and modelled growthnhibition in to Cd only exposure series of the
mixture experiment, plotted against the exposure dissolved Cébr the onesite (left) and
two-site (right) accumulation models.

5.1.2 Mixture accumulation

Observed and predicted accumulation of U and Cd in theunsi exposures is shown in
Figures 2526 and compared with the results obtained by fitting to the single exposure
accumulation data. In the case of U the predicted accumulation in the mixture exposures
agrees well with the single exposure results, sugmesiat U accumulation is not affected by

the presence of Cd in the mixture exposures. In contrast, there is a clear influence of U on the
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observed accumulation of Cd, which is not reproduced by the model. In a number of cases the

observed Cd accumulations
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5.1.3 Mixture toxicity

The parameterised model was used to predict the toxic effect across the three sef@ss of U
mixture exposures (a, b and @he three series represent combined exposures varying the
nominal concentrations of U and Cd at constaotar ratios of3:1 (series a)3:2 (series b)

and 3:4 (series c).Predictions were made using both concentration addition (CA) and
independent action (I1A3s reference models

Using the CA reference moddhe expression for prediction of effect, assuming additivity, is
{UO, 1 S} ,  (CdiS-{Cdi Sy
Yo 6]/bU Y, ~]/de
Uo, i1 S Cdi S
{UO, i }ECSO%OO- Y 8 {Cdi }EC50%00 Y 8

mix =+ mix =+

=1

and Ymix is found by iteration (cf. Sectiod.2.1), while for the IA reference modethe
expression is

a Q
& 0
& 0
%growthinhibition= 100@ ‘100 ~ 8.
e $. 4 {UO,is g™ 05, BCd T SHCA T Shig §'%6
é% § CUO2T Stecsor J§ ¢ {CdTSecso = 38

Table 14. Goodnessof-prediction and deviation modelling outcomes for predictions of
combined U and Cd toxicity toL. minor.

RMSE* RMSE o RMSE RMSE h

e
Model (CAY)  (CA, SIA9 p (IA) (A S/A9) 2 P
Unconstrainec  ,, g 115  1.03 0.013 14.8 11.1  1.86 7.0x 1013
onesite
Constrained 4 7 10.6 1.81 0.210 12.7 10.0  1.81 6.3x 107
onesite
Two-site 9.4 88  1.07 0.047 12.0 77 181 6.4x107

aroot mean squared error in % growth inhibition.

b concentration addition reference model.

¢ concentration addition reference model with synergism/antagonism deviation function.
dfitting parameter in synergism/antagonism deviation function.

€ p value for significance of CA, S/A model over CA model.

"independent action reference model.

Yindepement action reference model with synergism/antagonism deviation function.

h p value for significance of IA, S/A model over IA model.
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The model predictions are shown Figure 27, Figure 28 and Figure 29, and measures of

gooches$ ofi prediction as are presented in

Table14. Generally the two-site model gave the best effect predictions, and the concentration
addition model performed better than did the independent action nSigieificant o < 0.05)
deviation from the independent action reference model was shown for all three BLMs and th
unconstrained onsite and twesite models showed significant deviations from the
concentration addition reference modall the significant deviations from the reference
models were antagonistic.
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Figure 27. Predicted U-Cd mixture toxicity to L. minor using the unconstrained onesite
model. Points are observed effects. The dashed lines show the prediction of effects
according to the mixture BLM assuming additivity with the concentration addition
reference model (left hand panésand the independent action reference model (right
hand panes). Solid lines show the fits obtained using the synergism/antagonism deviation
model.
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Figure 28. Predicted U-Cd mixture toxicity to L. minor using the constrained onesite
model. Points are observed effects. The dashed lines show the prediction of effects
according to the mixture BLM assuming additivity with the concentration addition

reference model (left hand panes) and the independent aatioeference model (right

hand panes). Solid lines show the fits obtained using the synergism/antagonism deviation

model.

[STAR] 64/103

(D-N°:4.2) i Tools for assessing availability and exposure in a multiple contaminant context: the
scientific basis andssociated tools to assess radionuclide availability and exposure under multiple
contaminant conditions

Dissemination levelPU (after 01/07/2017)

Date of issue of this repo28/07/2015



STAR

100 100
- 80 F - 80 F
Ke] K]
S 60 } s 60}
L N -
£ £
= 40 F = 40 F
3 3
2 20 | 2 20 |
(=)} [}
2 0l e 2 9t
20 1 1 1 1 1 20 1 1 1 1 1
CdU1a CdU2a CdU3a CdUd4a CdUba CdU6a CdU1a CdU2a CdU3a CdU4a CdU5a CdUBa
Exposure Exposure
100 100
- 80 F - 80 F
o o
5 60 5 60 |
L <
£ =
= 40 F = 40 F
E E
2 20 | 2 20 }
()] ()]
® o} = o}
-20 L L L L L -20 L L L L L
CdU1b CdU2b CdU3b CduU4b CdU5b Cdutb CdU1b CdU2b CdU3b CdU4b CdUSb CdUGb
Exposure Exposure
100 100
- 80 F - 80 F
ie] Xl
o 60 | a 60 |
-
£ £
= 40 F = 40 F
% %
2 20 | 2 20 |
(=)} [}
= o} = ot
-20 L L L L L -20 L L L L L
CdU1c CdU2c¢c CdU3c CdU4c CdU5c CduU6c CdU1c CdU2c CdU3c CdU4c CdUSc CdUBec
Exposure Exposure

Figure 29. Predicted U-Cd mixture toxicity to L. minor using the twosite model Points
are observed effe. The dashed lines show the prediction of effects according to the
mixture BLM assuming additivity with the concentration additionreference model(left
hand panes) and the independent actioreference model(right hand panes) Solid lines
show the fits obtainedusing the synergism/antagonism deviation model

5.2 Salmo salar

5.2.1 Cadmium accumulation and toxicity

The accumulation models were extended to describe Cd binding using the same approach as
taken forL. minor. Because only U(VI) jgecies bind in the unconstrained and constrained
onesite models, the Cd accumulation parameters were the same for both models. The
optimised logKcqd was 5.80 and the optimal background Cd was 0.0038 pmol/g d.w.. For the
two-site model, the optimal loEcq2 was 9.03 and the optimal background Cd was 0.0039
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pmol/g. The goodnessf-fits were similar, with the root mean squared error in log
(accumulated Cd) being 17.0 for the esie model and 17.4 for the twgite model.The best

fitsto accumulatiorare slownin Figure30.
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Figure 30. Observed and modelled accumulation of Cd on gills &. salar plotted
against the dissolvedCd exposure concentrationFilled points are those from exposures
with zero mortality and used for fitting. Open points are those from exposures with

partial mortality, and not used for fitting.
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Figure 31. Observed and modelled toxicity of Cd td5. salat plotted against the dissolved
Cd exposure concentration.

Toxicity was modelled by applying treame doseesponse model as was usedlfominor.
Figure 31 shows theoptimised relationship betweernhe measured dissolved Gd the
exposure medium and thexic response. The optimis¢@di S}ecso values were 0.102 and
0.96 umol/g d.w.for the onesite and twesite modelsrespectively. ie optimalbcg values
were 1.72 and 1.87 respectively. The goodnesdedg were similar, with the RMSE in %
mortality being 17.0 for the orste model and 17.6 for the tvgite model.

5.2.2 Mixture accumulation

The parameterised model was applied predictively to the observed accumulation and effect in
Ui Cd mixtures.Figure32 shows the observed and modelledwmulation of Cd ors. salar
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gills for four exposure series where the nominal dissolved U was maintained constant and
nominal dissolved Cd varied@he three alternative BLMs provide similar predictions of Cd
accumulation in the presence of U, and all teadoverestimate Cd accumulation in mixed
exposure with UPredictions of U accumulation in the mixed exposures are showigume

33. The three BLMgyive very similar predictions of U accumulation in the presence of Cd.
There is a tendency to underestimate U accumulation, however this is also seen in the fits to U
only exposures and so does not imply that there is significant competition from Cd for U
uptake.

[STAR] 68/103
(D-N°:4.2) i Tools for assessing availability and exposure in a multiple contaminant context: the
scientific basis andssociated tools to assess radionuclide availability and exposure under multiple
contaminant conditions
Dissemination levelPU (after 01/07/2017)
Date of issue of this repo28/07/2015



STAR

= Unconstrained one-site model
o
o .
g 01 } o
=] . e
2 |
S [ ]
o
2 01} >
o}
3 [ )
o
=
0.001 . L
0.001 0.01 0.1 1
Measured gill Cd, pmol/g d.w.
] 1
5 Constrained one-site model
2 °
E 01 F .
= . . % H
k=3 e @
o
= o1 a S
(=2}
- 001} (]
o
g ®
[=]
=
0.001 . A
0.001 0.01 0.1 1
Measured gill Cd, ymol/g d.w.
1
z Two-site model
-
Q [ ]
g 01 | . ﬁ
3 3
= 4
= ®
< o001} e
2
3 o %
(=]
=
0.001 s .
0.001 0.01 0.1 1

Measured gill Cd, umol/g d.w.

Figure 32. Observed and modelled ecumulation of Cd onS. salargills in the presence of
varying concentrations ofU and Cdin solution. Points represent Cd accumulation in the
presence of the following nominal concentrations of dissolved Wpen circles: 4.20 pM;
open squares: 8.40 uM; open triangles: 9.87 uM; open diamonds: 11.3 pRllosed
circles: exposures in the absence of.3mall pants represent exposures with partial

mortality.
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Figure 33. Observed and predicted U accumulation or$. salargills in the presence of
Cd. Points represent accumulation from solutions with different nominal dissolved U
concentrations: open circles: 4.20 uM; open squares: 8.40 uM; open triangles: 9.87 uM,;
opendiamonds 11.3 pM. Small points represent exposures Wi partial mortality. The

closed circles are the modelled U accumulation in the-bnly exposures.
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5.2.3 Mixture toxicity

Consideration of mixture toxicity used the same expressions as for mixture toxidity of
minor (Section5.1.3. Table15 shows the goodnesse&prediction for the application of the
three BLMs to he mixture effect data. Thenconstrained onsite model provides the closest
predictions using either reference modég(ire 34 and Figure 35). Modelling overestimates
mortality at the two lowest nominal U concentrations (4.20 and 8.40 uM) and overestimates it
at the highest nominaloncentration of 11.8M. Further figures, for the constrained esite

and twesite models, are in Annex 4.

Table 15. Goodnessof-prediction and deviation modelling outcomes for predictions of
combined U and Cd toxicity toS. saér.

RMSE  RMSE 4 . RMSE RMSE "
Model (CA®)  (CA, SIX) P (A7) (A SIA9)
Unconstrained ., , 206 270 15x108 284 217 321 9.6x10°
onesite
Constrained 9 5 297 261 9.8x10° 272 232 231 0.0030
onesite

Two-site 58.4 294 259 5.6x10% 32.7 24.1 488 3.6x10°

aroot mean squared error in % growth inhibition.

b concentration addition reference model.

¢ concentration addition reference model with synergism/antagonism deviation function.
dfitting parameter irsynergism/antagonism deviation function.

©p value for significance of CA, S/A model over Cé&ferencanodel.

findependent action reference model.

9independent action reference model with synergism/antagonism deviation function.

h p value for significance of IA, S/A model over kferencamodel.
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Figure 34. Modelled toxicity of Ui Cd mixtures to S. salarusing the unconstrained one
site BLM and concentration addition reference model Data are presented in series
where nominal dissolved U is constant and dissolved Cd is varied. Solid lines are the

referencemodel predictions.
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Figure 35. Modelled toxicity of Ui Cd mixtures to S. salarusing the unconstrainedone-

site BLM and independent action reference modelData are presented in series where

nominal dissolved U is constant and dissolved Cd is varied. Solid lines are tleéerence
model predictions.

5.3 Daphnia magna

Modelling the mixture toxicity ofD. magnapresents specific issues due to the lack of
accumulation data. In the caseslofminor and S. salarit is possible to fit50% lethal
accumulation concentrations (umol/g d.w.) for uranium and cadmium separately. The relative
values of these parametersrili®have as relative toxic potencies in mixture modelling. In the
case ofD. magnait is necessary instead to fit the relative potency of the bound species. In
fitting the D. magnaBLM for U(VI) alone, the fractional occupancy of the biotic ligand
correspading to a 50% effect on survivdléz2sL(e)cso) was fixed for modelling to a value of
0.1. Similarly fixing the corresponding value for cadmium is not feasible since this would
control the optimised biotic ligand binding constant in fitting to cadmiaiy exposure data,

and thus determine the strength of competition betv@seandU(VI) at the biotic ligand. In
order to avoid this, both the cadmium only addU(VI) data were fitted in a single step,
adjusting the following parameters:

1 log Kcg, the bioic ligand binding constant for Cd;

1 fs.cdLEcso the fractional occupancy of the biotic ligand by cadmium alone resulting
in a 50% effect;

1 bcg, the slope of the cadmium ddsesponse curve.
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All other BLM parameters were maintained at the valgigenin Table12. Thus, in the CA
and IA model expressions:
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the fractional occupancy of the biotic ligand by Cd is given by

Kcd@cd 2+
i j
1+ Kegacgz + Kyoz@uozz+ + @ Kuozjauozty +a Kxjaxj
1 1

fsca =

where acg,2+ IS the solution activity of the Cd free ion and the other terms are as in the
expression for U(VI) species binding (Sectid.q.

Separate fits were done using both @% andIA reference models, and deviatiumctions
were fitted to assess whether there was siggificant residual synergism or antagonism
predicted following fitting

Fits are shown irFigure36 andFigure37 and fitting parameters are providied

Table 16. The optimisedCA reference model underestimated survival amduding the
synergism/antagonismeviation functionproduceda statistically better fit than the reference
model ¢ ¢ <0.05); in other words, obtaining the best possible fit optimisingCtd
competition could not account fall nori additive behaviourThe optimised IA reference
model overestimated survival, and thus the synergism/antagonism model produced a
statisticdly better fit than the reference models(=< 0.05). As with the CA reference model,
obtaining the best possible fit optimising ©d competition at the biotic ligand did not
completely account for néadditive behaviour.

In general the fits using the l&s reference model were inferior to those obtained using CA as
reference. Notably, fitting to the IA reference model produced a slope of Cirelgsense
clearly lower than that observed in the Cd only exposuiigsie 37, top) and did not predict
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any % survival above approximately 60% in the varying ratio mixture exposSigeré 37,

bottom). Furthermore, the optimisééeisL,Lcso Values are extremely low relative to those
obtained using the CA reference model and suggest that bound Cd is around six orders of
magnitude more potent than U(VI) fBr. magna In contrast, when usingp¢é CA models the

fitted slopes were reasonably consistent regardless of the deviation function all the significant
fitted models were able to reproduce the full range of % survival observed in the varying ratio
mixture exposure series.

Table 16. Parameters for Cd BLM fitting and U(VI)i Cd mixture modelling for D.
magna

CAP CA_SA° IAY IA_SA®
log Kcd 5.53 5.40 1.89 1.85
fcaBL, Lcso 0.0013 0.00091 2.3x 107 2.5x 107
bcd 5.52 5.90 2.43 5.44
RMSE 18.1 15.9 23.4 15.9
Pe b ) 5.0x 1011 ) 9.1x 1030
& d 0.63 d -5.18

aroot mean squared error in % mortality.

b concentration addition reference model.

¢ concentration addition reference model with synergism/antagonism deviation functic
dindependent action reference model.

¢independent action reference model with synergism/antagonism deviation function.
f p value for significance of S/A model over reference model.

9fitting parameter in synergism/antagonism deviation function.

[STAR] 75103
(D-N°:4.2) i Tools for assessing availability and exposure in a multiple contaminant context: the
scientific basis andssociated tools to assess radionuclide availability and exposure under multiple
contaminant conditions
Dissemination levelPU (after 01/07/2017)
Date of issue of this repo28/07/2015



STAR

100

80 F

60 |

% survival

40 }

20 F

0.0 0.5 1.0 1.5 2.0 25
Toxic Units

100

Constant ratio mixture
80 |

60 |

40 }

% survival

20 F

0.0 0.5 1.0 15 2.0
Toxic Units

100 @ &

Varying ratio mixture

80 | ° .

60 F

% survival

40 }

20 F

0.0 0.5
Toxic Units

Figure 36. Modelling of Cd toxicity to D. magnain Cdi only exposuregtop), the constant
ratio UT Cd exposure series (middle) and the varying ratio (¥1) 7 Cd exposure series
(bottom). Dotted lines: fit using CAreferencemodel; solid lines: fit using CA model with
synergistic/antagonistic deviation function.
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Figure 37. Modelling of Cd toxicity to D. magnain Cdi only exposures (top), the constant
ratio UT Cd exposure series (middle) and the varying rati®J(VI) 1 Cd exposure series
(bottom). Dotted lines: fit using 1A reference model; dashed lines: fit using 1A model

with synergistic/antagonistic deviation function.
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6 Di scussHiognainidgiCtosnncl usi ons

In these studies, @vhavemeasured and modelldéde influence ofnajor ion and trace metal
competition on the exposure of U to test organisms and the toxic effects, under laboratory
conditions. A necessary underpinning to this work wagtbduction of an updated database
of solution binding constanfer the WHAM7 model based on the outcomes of Deliverable
N°4.1 (Vandenhove et al.,, 2012b)Jhe experimentaBLM studies clearly showed that
changingthe exposure mediumompositioninfluencedU(VI) toxicity to all three organisms
studied. Development @iotic Ligand Models for all three organisms confirmed the finat
hypothess developed to gde the work(Section 2.2): The bioavailability of U(VI) to
organigns will exhibit statistically significant variations in resse to the exposure medium
usedandthe variatios in U(VI) bioavailability can be described by organispecific Biotic
Ligand Models (BLMs) that take into account the chemical speciation of U(VI) and
competition of binding uranyl speciasth major cations

Common patterns of uptake and toxicity for theee species tested, in response to changing
water compositions, were sought. F8r salarand L. minor, the search for patterns was
facilitated by thequantificationof U(VI) uptakeaddition totoxicity. Particularly in toxicity

tests orS. salar wherethe onset of mortality occurred rather abruptly in relation to increasing
dissolved U concentrations, modelled patterns of sublethal uptake to the gills promdeel a
subtle, graduated response to increasing exposure and the modifying influence of water
chemistry than did mortality itself.

The clearest common pattern in the effect response for the three organisms was in relation to
pH. There was a large effect of pH on endpoints when expressed as measured dissolved
(Figure 38). The EC50 forS. salarvaried over 1.5 orders of magnitude over the pH range
5.517.9 and the EC50 fdd. magnavaried over two orders of magnitude over the pH range
6.0/8.0 (Figure 38). These are not large variations when compared to the variability in
dissolved metal endpoints for other metallic toxicants; for example, Dangihelaere and
Janssen (2002) found a variation in EC50 for copper toxicify. tmagnaof nearly an order

of magnitude over the same pH range as that usdd. fmagnahere. However, when toxicity

is expressed in terms of the free ion, a distinct patterseen forU(VI). Comparing log
(1/LC50u2+) for U(VI) andCu effects onD. magna(Figure 39) shows that as pH increases,

the free uranyl ion in solution at the LC50 decreases much more rapidly than does the free
copper ion. In other words, the apparent competitive effect of therpoot uptake is much
larger for the free uranyl ion than it is for the copper ion. If the apparent competitive effect of
the proton orJ(VI) were of similar magnitude to that for copper, then we would expect to see

a large decrease in the LC50 for dissdiieas pH increased, with concomitant decreases in
uptake. This is due to the extent W{Vl) complexation by inorganic ligands (particularly
carbonate) as the pH increases, higher than for copper and other trace metals, which reduces
the free ion relativao the dissolved uranyl by several orders of magnitude. Uptake (i.e.
accumulated U) foB. salarandL. minordid decrease with increasing pH, but not by as much

as would be predicted by a conventional BLM. Similar trends in effect endpoints for all three
organisms can be seen above pH§re40).
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This strong apparent proton competition means that the conventional BLM, where the free
metal ion and copeting ions bind to the biotic ligand on a 1:1 basis, does not work for
U(VI). Strong effects of pH on U(VI) uptake and toxicity have previously been observed.
Alves et al. (2008) studied U(VI) uptake and toxicity for the benthic amphipyalella
aztecaand successfully modelled the pH effect by assuming free tnarogbn competition

to occur at a site binding four protons. Their results are shiowigure 40 for comparison

with the organisms studied here. The slope of log(1/luch®) against pH foH. aztecais

3.7, which is substantially higher than the slopes of approximately two found for our
organisms above pH6. A note of caution, however, is required, since Alves et al. (2008)
calculated U(VI) speciation using a different model/database combinatioattaséd here.

For complete consistency, a common approach to speciation modelling, including database
composition, is ideally required.
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Figure 38. Observed engboints (LC50s) forS. salar(closed points) andD. magna(open
points) as a function of exposure medium pH.
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Figure 39. Comparison of pH effects on the LC50s of Cu (open points; De
Schamphelaere and Janssen, 2002) anq\J) (closed points; this study) forD. magna

Fortin et al. (2007) studiedefuptake ofJ(VI) by the green alg&hlamydomonas reinhardtii

at pH5 and pH&nd found that the maximum uptake rate at pH7 was much larger than that at
pHS5. They <concl ude dintethl aampefitiorhdescribad roy thee biogicr ot o r
ligand model canrtcsuccessfully depict uraniiral gae i nteractionso, whi
with our findings.By conducting studies using three different organisms, we have provided
strong evidence that this distinctive pattern of pH effect on uptake is a general phemomeno

for U(VI) accumulation and toxicity to aquatic organisms.
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Figure 40. Comparison of pH effects on the 50% effect endpoints fd. salar(closed
circles, LC50),L. minor (open circles, EC10) and. magna(closed squares, LC50)
Endpoints expressed as the fredO2?* ion. Crosses are the LC50 data of Alves et al.
(2008) forH. azteca

We used two alternativéormulations for the BLM, to see whether either would prove

demonstrably superior in modelling accumulation and toxicity

- asingle biotic ligand sitéonesite model) allowing multiple U(VI) species to bind;
- two biotic ligand sitegtwo-site model) allowing only UQ?* to bind and forcing
competition with H at the second site.

In practice both models produced similar fits to the data and it was not possible to select one
as superior, except in the casdlofmagnawhere the twesite model could not reproduce the

pH effect on toxicity The similarity of the fitdargely reflectshe fact that the observed pH
effects on toxicity can be reproduced either by allowing additional U(VI) species to bind
(onesite model) or by formulating a site binding kfOand H competitively with a fixed
stoichiometry (twesite model). In the onsite model, where the stoichiometry of binding
since relationship between the activities of £/Gand the hydrolysis products WOH* and
UO2(OH)2 is a function of pH, allowing the hydrolysis products to bind allows for more
flexibility in the relationship beteen bound U(VI) and pH than if only W®. Similar
considerations apply to the binding of the 103 species, given that important influence of

pH on the activity of the C& ion.

For S. salar and particularly fol.. minor, the extent of the pH effectas seen to change as
pH was reduced, with a smaller pH effecttbe apparentoxicity due to the free ioat low

pH. For these organisnthetwoi site BLM coulde x p| ai n

t hhese

effect s,

BL site dominatingU(VI) uptake at low pH and a @end site dominating at higher pH to
describe the strong pH effector S. salar the low pH site, while important to provide the
optimal fit to the observed accumulation and toxicity, is impadriana relatively small
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proportion of the exposures ahdnce has limited dathence we elected to constrain te

salar model byfixing binding constants to the values obtained lforminor as far as was
possible. This provided a reasonable degree of consistency, although further work is required
to better mderstand thénfluences orJ(VI) uptake and toxicity at low pHdeally including
studies of the mechanism(s) by whidVIl) is taken up and exerts tokie. For example,

since theL. minor low pH site included competition from Mgand C&', this was ale
included in theS. salarlow pH site, despite the lack of empirical evidence for a competitive
role for these ions 08. salar Ideally, future studies should include major ion competition at
multiple pHs to better understand how the competition operates

For D. magna extension of toxicity studies below pH6 was not possible due to the
physiological limitatiois of the organismand toxicitycould bebestexplained usinga one

site modelwith multiple U(VI) species binding imompetition with the proton anthe major
ions N&, Mg?* and C&". Binding of multiple species of uranyl to the biotic liganhs
required toexplain theobserved toxicity pattern®recedent exists for allowing species other
than free ion to bindDe Schamphelaere et al. (2002) showeat binding of CuCé (and
CuOH") was required to extend an acute BLM for copper toxicit{d tanagnaabove pHS,
where C€CO® is an important copper specieSince complexation, particularly with
carbonate, is important fat(VI) over a wider range of pH than for many trace metals such as
Cu, it is perhaps not surprising that the binding of such species to the biotic ligand neede
be invoked to explain the observed toxicity patterns.

6.1 Biotic ligand modelling of uraniuni cadmium nmixture accumulationand toxicity

Modelling of mixture accumulation and toxicity producgenerallycontrasting results for the
different organisms. In the case lof minor, both CA and IA reference models gave good
predictions of effect in the mixture exjreents, with some small improvements afforded by
allowing for nonadditivity. The moded however did not completely describe the
accumulation data. Cadmium had a negligible effect évillUaccumulation, and this was
reproduced by the model. Howevelr\VI) uptakelowered Cd accumulation, which was not
reproduced by the model. F&. salar similar patterns of accumulation weszen i.e.
competitive inhibition of Cd uptake by But negligible apparent effect of Cd on(\J)
uptake. Mixture modelling of effeston S. salardid not explain the observed trends; in
particular the lack of observed mortality in the presence of either 4.2 or 8.4 pM nominal
dissolved U was not reproduckg any of the BLMs Clearly in this case there is scope for
further research todtter understand and simulate the competitive effectqdf)land Cd for

this organism. Modelling of mixture effects @n magnaproducedcontrasting predictions of
effect patterns depending on the reference mixture model employed, although the CA model
gave superior fits to the 1A model. Neither reference model was able to describe mixture
effects without some optimisation foesidual nonadditive behaviour, following optimisation

for competition between uranyl and Cd at the biotic ligand. This tentathggests that
interactions between the two metahat determine their effect in the mixtures cannot be
completely described by competition fpeneraluptake, at least as formulated in this work.

The hypothesis tested in applying the biotic ligand rhageroach to describing the mixture
toxicity wasCationic trace metal eoontaminants will influence the bioavailability of U(VI).
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The magnitude of this influence will be consistent with a Bbh&dsed description of uptake
competition.For S. salarandL. minor the first part of the hypothesis can be assessed from the
observed accumulation data. In both casesnyl accumulation does not appear to be
influenced by the presence of Cd in solutiom the mixture designs employeBor both
organisms the rangd €d solution concentrations required to produce the full rangéfedt

for the target endpoint wainsufficient to appreciably influee the uptake of U(VI)
Conversely,U(VI) suppressed the uptake of Cd, similarthe suppressing effect ohajor
ions,e.g. Ca and Mg in the case ofW) accumulation and effects @an minor. Thus, U(VI)
influenced the bioavailability of Cd, rather than the opposite, as was hypothdsisedt be
emphasised that the effects of competition betweertawio metalspecies for uptake cannot

be generalisedolely on the basis of either their chemical activities or their affinities for the
biotic ligand(s) Meyer et al. (20153howed that for simple competition between cations for
binding at a single biotic liganthe extenof thebinding of iors M1, M2 etcis given bya set

of termsKmiAm1, Kmz2Awm2 etc., whereKw is the biotic ligand binding constant aad is the
activity of the solution species. If the activity of M1 in solution increases it will displace M2
from the biotic ligand ilKuiAm1 > KmzAwz. Thus the extent of competition is a function not
only of therelative binding strengths batsoof the chemicalactivities of the binding species

in solution. The latter is a function both of the toxic potency (i.e. the range of dissolved
concentrations required to be used in a toxicity test) anddgheoushemistry of theelement

(i.e. theproportion thais free ionic formunder the prevailing chemical conditions)

Fitting the mixture BLM forD. magnato the Cd only and U(VHCd mixture data together
allowed the optimisation of Cd binding and U(NIY competition at the biotic ligand,
coupled with assesgent of any residual nonadditivity. The results provide reasonable, albeit
indirect evidence for nonadditivity in the combined toxicity beyond that which could be
accounted for by competition between U(VI) species and Cd at the biotic ligand. Further
reseach on mixture effects, particularly different water compositions, would allow more
complete assessment of this finding.

A key issue to be addressed in mixture BLM development is whether the concentration
addition or independent action approachmsest appropriate for modellingcompetition

among toxicants for uptake magntribute tadeviations from reference mixture models when

the medium concentrations are used to express the doses. Thus, from a practical point of view,
mixture BLM modelling mayseek to explainobservationssolely on the basis of this
competition.However this does not necessarily preclude the possibility that toxicants may act
with similar or dissimilar modes of action following BLM binding. The exception to this is
where the BLMand the site of toxic action are the same; in this case, modelling competitive
uptake at a single biotic ligand implies a common mode of toxic action and the concentration
addition approach is appropriatd/e have chosen in this work to apply batfererce
approache order to look for outcomes that may support one approach over thelotther.

case ofD. magna we suggest that the results provide tentative support for tloemiation

addition approach-dowever, aetter understanding of U(VI) uptakand toxicity mechanisms

is nee@d to better rationalise and understand the discrepancies between observations and
model outcomes in the mixture experiments. Recent research (Van Engelen et al, 2011;
Burbank et al., 2015) is making a start at elucidasungh mechanisms by investigating U(VI)
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binding to specific receptor molecules in biological systethssuch initial results are
confirmed then they could be used to derive a BLM with a more robust biochemical basis,
rather than drawing on macroscopic daiah as accumulation and toxicity outcomes.

6.2 Extension ofthe BLM to other radionuclides

There are clear possibilities for extension of the BLM approasimalate the uptake and/or
toxicity of other radionuclides, with some important caveats angngid issues to be
considered, of which the most important are likely to be:

1 the radionuclide must have an uptake mechanism consistent with the framework of the
BLM, i.e. it must be taken up at a Obi oti
with solutian ions;

the equilibrium speciation of the radionuclide must be computable;

the concentrationrangeof the radionucliddor uptakeand/oreffects must be relevant

to BLM application.

E

The current state of the art in the BLM focusedon explaining the bioavailability of
elementsthat form cations in solutionThere has been relatively little focus on BLM
development for elements forming anions, sucAsaandMo, and thus understanding of the
effects of competition from other elemerits their uptake is less well developed than for
elements forming cations. This has implications for BLM development for important-anion
forming radionuclides such &8Tc and®3Y, since there is a weaker theoretical basis upon
which to design experimenémd select the likely major competing ions.

For cationic radionuclide elements.g. Cs, Sr Th and the transuranic elementthe
possibilities for developing BLMs are clear. Of the examples listed Cs and Sr are the most
amenable to BLM development since their solution chemistries are well known, as are their
main competing ions (K and Ca respectively). Inddeeiy competitve influenceon uptake is
already included in empirical models.§. Smith et al., 20Q®inder et al., 2034 and Ca
competition has been incorporated intmachanistianodel of Sr uptake by fish (Chowdhury

& Blust, 2001) For Th and the transuranic elemés, knowledge of their equilibrium
speciation in waters is reasonghlgth constants for binding to a range of inorganic ligands
guantified and constants for binding to natural organic matter available (e.g. Th, Am and Cm
in Visual MINTEQ, Th, Np(VI), An, Pu(lV), Pu(Vl) and Cm in WHAMT)A crucial
consideration is whether the assumptianderlying theBLM, i.e. thatsolution complexation

of the metal, transport of the binding species to the cell membrane and establishment of
binding equilibrium with thebiotic ligand are all rapid§Sectionl.2.1) are applicable to these
elements at concentrationseehnt for uptake and/or effects.has been shown (Hudson and
Morel, 1993) that biotic uptake of some trace metals in the open ocean, where dissolved
concentrations can range as low as 1 pM, is controlled by the kinetic lability of the metal
rather than by equilibrium assumptions, as the BLM assumes

6.3 Highlights and Gonclusions

1 Extensive datasets on the accumulation of U(VI)Sysalarand L. minor, and the
toxicity of U(VI) to S. salar L. minorandD. magnaunder varying chemical exposure
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conditions and in mixtures with a toxic noadioactivemetal, Cd, have beeredved.
These are the most significant dadts yet generatexh the bioavailability of U(VI) to
aquatic organisms and provide a firm basis for modelling.

1 Biotic Ligand Models for U(VI) have been developed and parameterized (ioh)
accumulationby and txicity to S. salarandL. minor, and for toxicity toD. magna
Distinct, common pattemof accumulation and toxicity in response to changing pH
were found. This is the first time th&LMs for U(VI) have been developed in
common for multiple speciesand is a significant step forward in our ability to
understand and predict the toxicity of U(VI) to aquatic organisms across varying water
chemistries.

1 Modelling of the interactions between U(VI) and Cd in combined exposuoeslly
suggested that competitivgtake is not the only mechanism required to explain the
mixture toxicitypatterns. This was best seen in the modelling of combined toxicity to
D. magna

1 A better understanding of the mechanism of U(VI) toxicity to aquatic organisms is
needed tdurther develop the modelling to provide robust predictions of uptake and
toxicity of U(VI) in the presence of toontaminants.
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Figure A2-1. Observed and modelled growth inhibition of. minor in response to U
accumulation, plotted against modelled U accumulation, for the ongite unconstrained
model (top) and the onesite constrained model (bottom). The dashed line marks the
{UO2i S} (e)cso.
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Figure A2-2. Observed and modelled growth inhibition ofL. minor in the pH series of U

exposures, plotted against the measured dissolved U (0.22um filtered) in the exposures.

Solid lines are the fits of the unconstrained onsite BLM, dashed lines are the fits of the
constrained onesite BLM.
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Figure A2-3. Observed and modelled growth inhibition ofL. minor in the Ca and Mg
series of U exposures, plotted against the measured dissolved U (0.22um filtered) in the
exposures. Solid lines are the fits of the unconstrainezhe-site BLM, dashed lines are
the fits of the constrained onesite BLM.
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Figure A2-4. Observed and modelled growth inhibition ofL. minor in the Ca and Mg
series of U exposures, plotted against the measured dissolved U (0.22um filtered) in the
exposures. Solid lines are the fits of the unconstrained orste BLM, dashed lines are
the fits of the constrained onesite BLM.
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Figure A3-1. Observed and modelled mortality ofS. salarin response to U
accumulation, plotted against modelled U accumulatioaccording to theunconstrained
oneé site model(top) and the constrained onesite model (bottom) The dashed line
marks the {UOz2i Sh(e)cso.
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Figure A3-2. Observed and modelled mortality ofS. salarin the pH series of U
exposures, plotted against the measured dissolved U (0.45um filtere8hlid lines: fits to
the unconstrained onesite BLM; Dashed lines: fits to the constrained onasite BLM.
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Figure A3-3. Observed and modelled mortality ofS. salarin the Na and Caseries of U
exposures, plotted against the measured dissolved U (0.45um filtereghlid lines: fits to
the unconstrained onesite BLM; Dashed lines: fits to the constrained onsite BLM.
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Figure A3-4. Observed and modelled mortality ofS. salarin the Mg and K series of U
exposures, plotted against the measured dissolved U (0.45um filtereghlid lines: fits to
the unconstrained onesite BLM; Dashed lines: fits to the constrained onsite BLM.

[STAR] 99/103
(D-N°:4.2) i Tools for assessing availability and exposure in a multiple contaminant context: the
scientific basis andssociated tools to assess radionuclide availability and exposure under multiple
contaminant conditions
Dissemination levelPU (after 01/07/2017)
Date of issue of this repo28/07/2015



STAR

11Annex 4

Mi xture BISM afafl aact

nominal U =4.20 yM (1000 pg/l) nominal U = 8.40 uM (2000 pg/l)
100 f 100 f
> 80 > 80
s s
5 60 5 60
£ £
2 40 ® 40
20 20
0 >—8 = 8 = 2 0 5 = © S =
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020
measured dissolved Cd, uM measured dissolved Cd, M
nominal U =9.87 uM (2350 ug/l) nominal U =11.34 uM (2700 pg/l)
100 | 100 |
o o
> 80 > 80
3 g
é 60 | ° E 60
£ 40 f £ 40
[ ]
20 | 20
0 ° ° 0 i i .
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020

measured dissolved Cd, yM

measured dissolved Cd, yM

Figure A4-1. Modelled toxicity of Ui Cd mixtures to S. salarusing the constrained one
site BLM and concentration addition reference model Data are presented in series
where nominal dissolved U is constant and dissolved Cd is varied. Solid lines are the

referencemodel predictions.
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Figure A4-2. Modelled toxicity of Ui Cd mixtures to S. salarusing the constrained one

site BLM and independer action reference model Data are presented in series where

nominal dissolved U is constant and dissolved Cd is varied. Solid lines are tie¢éerence
model predictions.
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Figure A4-3. Modelled toxicity of Ui Cd mixtures to S. salarusing the twosite BLM and
concentration addition reference model. Data are presented in series where nominal
dissolved U is constant and dissolved Cd is varied. Solid lines are ttederence model

pred

ictions.
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Figure A4-4. Modelled toxicity of Ui Cd mixtures to S. salarusing the two-site BLM and
independent actionreference model Data are presented in seriegshere nominal
dissolved U is constant and dissolved Cd is varied. Solid lines are tiederencemodel

predictions.
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