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a b s t r a c t

Environmental risk assessment (ERA) and life cycle impact assessment (LCIA) models devel-

oped for the assessment of one form of non-ionic organic compounds, here termed species,

have gained wide acceptance and use in assessments of chemicals in both ERA and LCIA

(single-species approach). However, the aqueous chemistry of metal ions is very different

from that of non-ionic organic compounds, since metals speciate into multi-species accord-

ing to ambient aqueous and geochemical conditions as pH and availability of complexing

agents (e.g. dissolved organic matter (DOM), chloride, carbonate). This study demonstrates

a new modelling concept being able to perform both single-species assessment (SSA) and

multi-species assessment (MSA). By applying multi-species fate modelling, the model has

been shown able to account for a change in mobility of metals through coupled regions,

caused by complexes formed with ligands such as DOM. It is concluded that single-species
CIA

ultiple species

ingle species

models should not be used to characterize the potential ecotoxicological impacts of met-

als in LCIA. Applying multi-species assessment methods strongly influences the availability

of the most bioavailable form—the free metal ion, but it also makes the fate and exposure

modelling of metals significantly more dependent on ambient conditions reflecting the very

different speciation pattern and behaviour of metals at different sites.

transformation reactions and thereby form new inorganic
. Introduction

stimation of chemical impacts in the environment using
nvironmental risk assessment (ERA) and life cycle impact
ssessment (LCIA) typically relies on fate and exposure mod-
ls which were developed for non-ionic hydrophobic organic
ompounds behaving as single species. Before applying such
odels to the assessment of (heavy) metals like cadmium (Cd),
Please cite this article in press as: Strandesen, M. et al., Fate and distributi
(2007), doi:10.1016/j.ecolmodel.2006.12.013

opper (Cu), nickel (Ni), lead (Pb), and zinc (Zn), it is important
o realise that the behaviour and environmental fate of met-
ls differs from that of organic compounds in several aspects,
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© 2006 Elsevier B.V. All rights reserved.

the most important of which are: (i) metals speciate, (ii) the
speciation pattern of metals is influenced by the overall ambi-
ent biogeochemical conditions, (iii) the bioavailability of most
metal species is not solely controlled by hydrophobic interac-
tions, and (iv) metals are non-degradable elements.

Metal speciation reactions cause metals released to the
aquatic compartments to undergo both abiotic and biotic
on modelling of metals in life cycle impact assessment, Ecol. Model.

and organic compounds or species containing the metal
ions released. The metal may be released as one species,
which then undergoes transformation processes forming new

dx.doi.org/10.1016/j.ecolmodel.2006.12.013
mailto:mic@ipl.dtu.dk
dx.doi.org/10.1016/j.ecolmodel.2006.12.013
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which means that the results in reality are representative for
the exposure in a given site unless these standard organisms
are considered representative for the species of the true target
ecosystems.
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chemical compounds. Typically, the transformation does not
result in a single new compound, but in several new species
of the metal, all showing properties which are different from
those of the emitted metal species. The most striking conse-
quence of this is that the form of the metal, which causes the
strongest environmental impacts, is not necessarily the form
in which the metal is originally released. In traditional single-
species fate and exposure models, chemical compounds are
modelled as the form in which they are released. Once this pri-
mary compound has been transformed to something else, the
model considers the transformation product lost for the eval-
uative environment, and the impacts which are caused by the
transformation products are thus typically not accounted for.

Metal speciation is controlled by the overall biogeochem-
ical characteristics of the compartments, such as pH, redox
potential and presence of other cations and anions that may
form complexes and precipitates with the metal ion of inter-
est. The biogeochemical behaviour of each metal is unique
meaning that the fraction of an emission which is present as
a certain species differs among metals. Metals can therefore
not be considered to behave according to a general pattern,
as is assumed for organic chemical compounds in traditional
single-species fate and exposure modelling. A fair representa-
tion of the environmental fate of metals requires a much more
individual treatment.

The bioavailability of metals depends on the presence of
complexing ligands (such as organic matter, inorganic ions,
etc.) while bioavailability of organic compounds in fate and
exposure models generally is considered to be limited only
by the sorption onto large organic molecules and hydropho-
bic solid phases which reduces the exposure and the potential
uptake in aquatic organisms. The substance’s octanol–water
partitioning coefficient, the Kow value, which is generally
applied to predict the affinity of an organic chemical towards
a hydrophobic phase, is not applicable for the quantification
of the sorptive properties and the bioaccumulation potential
of metals, since metals are sorbed and bioaccumulated by dif-
ferent mechanisms and not by lipophilic interactions. Instead,
the uptake of metals by living organisms is controlled by the
forms in which they are present (i.e. the actual speciation
pattern), which again is controlled by the polar and ionic prop-
erties of the metal under influence of the conditions of the
surrounding environment (pH, redox potential, organic car-
bon content, etc.). The presence of dissolved organic matter
(DOM), for instance, significantly influences the concentration
of the bioavailable metal species. Furthermore, the uptake and
bioaccumulation of some metals is influenced by the existence
of active uptake mechanisms into the exposed organism,
enabling it to accumulate essential metals to concentrations
high above the concentrations of the media it is exposed to.

Taking stock of the state of the art for fate and exposure
modelling of metals in ERA, a fate and exposure model is
developed for the characterisation of aquatic ecotoxicologi-
cal impacts caused by metals and metal species to be used in
life cycle impacct assessment (LCIA). The use in LCIA poses
some specific restrictions on the model (see Hauschild, 2005),
Please cite this article in press as: Strandesen, M. et al., Fate and distribut
(2007), doi:10.1016/j.ecolmodel.2006.12.013

including the necessity to operate with limited data on sub-
stances and environmental conditions. This being said, many
of the findings are, however, also valid for fate modelling of
metals in ERA.
 PRESS
x x x ( 2 0 0 7 ) xxx–xxx

1.1. State of the art assessment of metals in ERA

Environmental risk assessment (ERA) typically focuses on
a single stage in the life cycle of the chemical com-
pound or product, normally the use stage. The risks are
characterised in ERA by application of various fate and expo-
sure models, which enable the estimation of environmental
exposure concentrations resulting from a given emission
of the chemical. The predicted exposure concentrations
can be compared to known effect concentrations for the
chemical.

The development of aquatic metal exposure models and
the advances in metal ecotoxicity over the last 30 years have
increased the ability to predict the metal ecotoxicity in aquatic
systems under very different conditions and with a good
level of precision. The models developed are, e.g. the Gill sur-
face interaction model (GSIM) (Pagenkopf, 1983), Windermere
humic-aqueous model (WHAM) (Tipping, 1994), and finally
the biotic ligand model (BLM) (as presented by Paquin et
al., 2002). The development of these models has been more
or less consecutive, so that the organism–water interactions
model (GSIM) and speciation model (WHAM) both form the
methodological foundation of the overall model, the BLM (see
Fig. 1). In the BLM, WHAM models the aqueous chemistry, in
which the speciation of the metal is determined, and GSIM
models the processes governing the organism–water inter-
face, which determines how much of the metal is taken up
by an organism. At the moment, the BLM represents the
state of the art within fate and exposure modelling of metals
in ERA.

The high precision provided by the BLM comes at the
expense of data requirements which limit its usability. One
limitation concerns the number of metals for which the model
at the moment is applicable (Cu, Ag, Cd and Zn; Niyogi and
Wood, 2004). Another limitation is that the (biological) species-
specific metal species interactions (see Fig. 1) are only provided
for a few crustacean and fish species (standard test species)
ion modelling of metals in life cycle impact assessment, Ecol. Model.

Fig. 1 – Conceptual relation between Gill surface interaction
model (GSIM), Windermere humic-aqueous model (WHAM)
and biotic ligand model (BLM). Based on Janssen et al.
(2003).

dx.doi.org/10.1016/j.ecolmodel.2006.12.013
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.2. State of the art assessment of metals in LCIA

n contrast to ERA, life cycle assessment (LCA) assesses
he environmental impacts caused by a product (or service)
pplying a life cycle perspective, i.e. including all activities
ssociated with the product from the extraction of the needed
aw materials over production and use of the product to its
isposal and recycling. An inventory analysis is performed
ollecting data on input and output from all these processes
elated typically to one product unit. The emissions in an LCA
re thus determined as the product’s proportional share of the
ull emission from each process in its life cycle. They are gen-
rally determined from mass balances over each process and
resented as emission mass loads (kg emitted per product),
naccompanied by information about the temporal course of
he emission or the resulting concentrations in the receiving
nvironment. Life cycle impact assessment (LCIA) thus has to
perate on mass loads representing a share (often infinitesi-
al) of the full emission output from the processes within the

dditional restriction that the emissions of a given substance
re aggregated for the entire product system over time and
pace, and that for many processes the knowledge about the
eographical location is very limited.

LCIA is the phase in life cycle assessment where the flows
f material associated with the product system are trans-

ated into consumptions of resources and, more relevant here,
mpacts on the environment. In principle the assessment
ncludes any impact from the product’s life cycle which can be
xpected to damage aspects of the environment ranging from
ocal land use to global climate change. This means that LCIA
ddresses not only the toxic impacts (as ERA does) but also
he other impacts associated with emissions of air pollutants
global warming, stratospheric ozone depletion, acidification,
hotochemical ozone and smog formation) or waterborne dis-
harges (eutrophication and oxygen depletion), as well as the
nvironmental impacts from different forms of land use, from
oise and from radiation, and the use and loss of renewable
nd non-renewable resources. In order to avoid an unwanted
ias in its treatment of the different environmental impacts,
CIA aims for best estimates in the applied modelling in con-
rast to the conservative approach, which is often taken in the
arly tiers of ERA (Hauschild, 2005).

Quantification of the environmental impacts from an emis-
ion applies characterisation factors (CFs) which are simply
ultiplied by the emitted quantity. The CFs can be regarded

s the substance- and compartment-specific standard (lin-
ar) incremental contribution to a certain impact category
e.g. ecotoxicity) caused by a given compartment-specific dis-
harge. Characterisation factors representing a substance’s
quatic ecotoxicological impact are normally modelled as
sort of risk characterisation ratio, i.e. proportional to the

quatic predicted environmental concentration (PEC) and
nversely proportional to some aquatic ecotoxicity effect mea-
ure (typically HC50 or PNEC; Pennington et al., 2004).

The holistic approach applied in LCA in terms of covering
he whole product system and addressing all relevant environ-
Please cite this article in press as: Strandesen, M. et al., Fate and distributi
(2007), doi:10.1016/j.ecolmodel.2006.12.013

ental impacts is one of the strengths of LCA but it does not
ome without a cost. The vast number of processes, emission
ites and chemicals typically included in the product system,
nd the modelling of many different environmental impacts
 PRESS
x x ( 2 0 0 7 ) xxx–xxx 3

does not allow for high data quality demands, like those typ-
ically encountered in ERA. Data of such quality can normally
not be provided in LCA, and this means that application of
fate and exposure models of a high precision, as that normally
expected in ERA, is not feasible in LCIA for the estimation of
potential toxicological impacts caused by emission of chemi-
cal compounds.

Some of the most frequently used characterisation models
are USES-LCA (Huijbregts et al., 2000), which applies a Sim-
pleBox core fate and exposure model (Brandes et al., 1996),
CalTOX (Maddalena et al., 1995), which applies a Mackay level
III core (Mackay, 2001), and EDIP (Wenzel et al., 1997), which
applies a key property approach. All three apply a single-
species assessment (SSA) approach typically focusing on the
most likely free ion (Cu2+, Cr3+, etc.), and they are hence not
able to account for the behaviour of metals under varying
ambient conditions of the aquatic recipients (Huijbregts et al.,
2000). The inherent assumption in all these models is that
the dissolved fraction of the metal in aquatic environments
consists exclusively of the commonly regarded toxic species
(the free metal ion). This assumption will normally lead to
an overestimation of the potential toxic impact of a metal
emission. The characterisation factors for metals are therefore
often unrealistically high compared to the characterisation
factors for organic substances, which is unfortunate given
the comparative nature of LCIA. This was the background for
the Apeldoorn expert workshop organised in 2004 under the
UNEP/SETAC Life Cycle Initiative to discuss current problems
in LCIA characterisation modelling for metals. In the declara-
tion from the workshop, the participating experts identified
a number of specific characteristics of metals which called
for a different treatment in the calculation of characterisation
factors. A core characteristic identified at the workshop was
the fact that metals speciate and that the speciation pattern
depends on different environmental settings (UNEP, 2004).

Diamond has proposed to address the effect of specia-
tion on bioavailability of the metals in a manageable way
through a pseudo-single-species assessment (PSSA) where
weighted average values of the physical–chemical and fate
properties of the species which are present are assigned to
a pseudo species for which the fate and exposure charac-
teristics is then modelled using an SSA approach (Diamond,
1999). This approach suffers from the inability to reflect the
dynamics of the speciation pattern as function of changes in
environmental parameters going from one part of the aquatic
environment to another. MacLeod and co-workers suggested
to solve this problem by using a multi-pseudo-single-species
approach, basing the inter- and intra-species pool distribution
on concentration ratios between the different species, but this
solution limits the use of their approach to sites which have
been investigated thoroughly (MacLeod et al., 2005).

To solve a complicated assessment issue like metal fate
and exposure in a way which is applicable in LCIA, simplifica-
tions have to be made, and the model–user interface must be
optimized to meet the requirements of the assessors in LCIA,
who are typically non-experts in environmental chemistry.
on modelling of metals in life cycle impact assessment, Ecol. Model.

In the current situation, the lack of simplified multi-species
models for metals, dedicated to this purpose, the LCIA prac-
titioners are left with little choice but to apply models which
were developed for single-species organic chemicals.

dx.doi.org/10.1016/j.ecolmodel.2006.12.013
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ERA models exist, which are able to account for several
species of an organic chemical emission, but as ERA and LCIA
operate under very different data availability and data quality
conditions, recently developed multi-species fate and expo-
sure models (Cahill et al., 2003; Fenner et al., 2002) and other
spatially resolved single-species models (Feijtel et al., 1998)
developed within ERA are not easily applicable in LCIA due to
their high data demand, and it seems unlikely that these can
be adopted to assess the fate of metals, based solely on first
order kinetics.

2. Model development

To meet the need for a fate model for metals, which respects
metal speciation and its dependence on environmental condi-
tions, which change with the location, a new metal fate model
was developed. The model must cater to the characteristics of
LCA, which means operate on mass flows, based on limited
geographical information and knowledge about the ambient
conditions of the product system, and aimed at comparisons
Please cite this article in press as: Strandesen, M. et al., Fate and distribut
(2007), doi:10.1016/j.ecolmodel.2006.12.013

between substances. Finally, the model must be applicable by
LCA practitioners. The developed model is a regionally coupled
multi-media model for metals (RCMM), which includes three
coupled regions. Within each region a single-species model is

Fig. 2 – Regionally coupled single-species assessment (SSA) (top
assessment (MSA) (lower part of the figure) of copper. Single-spe
ion, whereas the multi-species model works on “mirrored unit w
multiple species (here the five dominant species within each reg
Vänern system.
 PRESS
x x x ( 2 0 0 7 ) xxx–xxx

simultaneously modelling each of the five dominating indi-
vidual chemical species of the metal, typically accounting
for 90–100% of the total metal present in any of the mod-
elled compartments. The inclusion of more species is possible,
but requires data about their specific properties, notably their
species-specific Kd value.

The pattern of distribution between the species is deter-
mined from a geochemical database containing concentration
ratios between the chemical species of the metal. The RCMM
database contains the speciation patterns of the metals Cu,
Pb, Zn, Ni and Cd under varying environmental conditions
and is linked with a fate and distribution model to account
for the speciation and species parameterisation through a set
of three linked regions in such a way that the different spe-
ciation patterns within each region are easily modelled (see
Fig. 2).

The metal speciation database was created by the use of
Visual MINTEQ (KTH, 2003), which is based on the MINTEQA2
code (Allison et al., 1991), and the fate and distribution model
is similar to a Mackay level II model (Mackay, 2001). Each
region in the linked fate and distribution model is assigned a
ion modelling of metals in life cycle impact assessment, Ecol. Model.

specific water composition in terms of its salinity, pH and dis-
solved organic carbon (DOC) content. From this composition,
the metal speciation pattern is determined and retrieved from
the metal speciation database (see Fig. 2). The region-specific

part of the figure) and regionally coupled multi-species
cies assessment modelling only considers the free metal
orlds” within each region enabling the assessment of

ion). Presented dominant species are valid for the Lake

dx.doi.org/10.1016/j.ecolmodel.2006.12.013
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peciation pattern within each region is independent of the
peciation pattern of the adjacent regions.

Since the speciation pattern within each region is mod-
lled based on static species-specific concentration ratios and
ot dynamically, and since the speciation pattern within each
egion is independent of the adjacent regions, the approach is
ermed “decoupled” multi-species modelling.

The metal speciation database and the different water
hemistry scenarios applied in the model are described in
ore detail in the Supporting information.

.1. The fate and distribution core model

he Mackay level II steady-state equilibrium model (as
escribed in Mackay, 2001) was chosen as the core model in the
CMM due to its fairly small data-requirements, its reason-
bly simple algebra and good transparency, and its acceptable
nvironmental realism. In case of dynamic non-steady-state
ehaviour, a Mackay level III (Mackay, 2001) model would give
ore accurate predictions, but as mentioned earlier, emis-

ions in LCA are reported as mass flows and the temporal
ischarge pattern is rarely known. Furthermore, a level III
odel requires input data such as inter-media transport coef-

cients (better known as D values), which can not realistically
e provided in a sufficient quality for all of the many differ-
nt types of geographical locations which can be encountered
n LCIA, considering its global scope. A number of existing
ate and distribution models were considered as candidates
or the core model (ChemCAN, Woodfine et al., 2001; CalTOX,
addalena et al., 1995; USES-LCA, Huijbregts, 1999), but these

re all based on level III models or methodological clones
ereof and hence not suitable for the purpose of implement-

ng region coupling and accounting for multi-species of metals
ithin LCIA.

The chosen core model is thus a steady-state equilibrium
odel with flow, which includes loss of chemical by advec-

ion and reaction. The base model contains six compartments
air, water, soil, sediment, suspended sediment and fish) and
s mode of entry unspecific. For further details regarding the
alculation principles and methodologies within the chosen
odel please refer to Mackay (2001).

.2. Estimation of metal species-specific Kd values

artitioning of metal ions between solid and solution phases
ontrols the distribution and bioavailability of a given metal
nd can be characterised by the distribution coefficient Kd

L/kg), which is the metal concentration in the solid phase
ivided by the metal concentration in the solution phase
t equilibrium. In this study, the equilibrium partitioning
as estimated based on empirically determined relation-

hips between pH and log Kd of divalent metal ions. Several
dsorption studies of metal ions in soils and sediment have
ocumented that pH is the parameter contributing most sig-
ificantly to explain the variation in Kd values, and the linear
odels presented by Sauvé et al. (2000) include relation-
Please cite this article in press as: Strandesen, M. et al., Fate and distributi
(2007), doi:10.1016/j.ecolmodel.2006.12.013

hips between pH and Kd for the five metals Cd, Cu, Ni,
b, and Zn. These relationships were used for the five met-
ls included in the RCMM (see Table B of the Supporting
nformation). Similar well-documented pH–log Kd correlations
 PRESS
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are currently not available for other metals in the litera-
ture. Given the crucial role played by the sorption of metals,
these five metals are therefore the only metals which the
RCMM at present can cover. For future inclusion of other
metals in the RCMM, species-specific sorption data must
be provided for these, e.g. using multi-elemental analytical
techniques.

Metal species and complexes of the five divalent metals
with zero or negative charge are assigned a Kd value of 0 L/kg
due the poor charge-dependent affinity of compounds which
are neutral or negatively charged to the negatively charged
binding sites on the soil and sediment particles, expected to
dominate the sorbing phases of importance and assuming
that the complexation of sorbent and sorbate is governed by
columbic (charge dependent) interactions and exchange. Only
metal species and complexes with a positive charge are pre-
dicted to adsorb and they are all assigned the pH-dependent
Kd values estimated by the expressions suggested by Sauvé et
al. (2000).

The metal ion complexes with DOM are assigned a Kd value
of 1 L/kg on the basis of two studies on sorption of DOM to
soils by Shen (1999) and Kaiser and Guggenberger (2000). Kd-
DOM is the Kd value of DOM, i.e. the ratio between the amount
of adsorbed DOM (to soil) and the amount of dissolved DOM.
Shen (1999) finds that Kd-DOM varies from 0 to 21 L/kg for an
EH soil. The soil types investigated by Shen (1999) and Kaiser
and Guggenberger (2000) are considered comparable to the
default soil in the RCMM. Following Lee and Kuo (1999) it is
assumed in the RCMM that metal bound DOM exhibits the
same partitioning behaviour as unbound DOM, and hence,
that the Kd value for metal–DOM complexes is equal to the Kd

value for DOM. Furthermore, the Kd–DOM values determined
for adsorption of DOM to soil are assumed to represent the
adsorption of DOM to sediment and suspended sediment in
the RCMM.

2.3. Species-specific bioaccumulation potential

Within the framework of the RCMM it is necessary to define
bioconcentration factors (BCFs) for each metal species within
each region. The target organisms with respect to bioconcen-
tration of metal species in the RCMM are here assumed to
be two different fish species. At present no species-specific
BCF values for metals are available in the literature, thus BCFs
based on total metal concentrations from USEPA (2002) were
chosen.

Since freshwater as well as seawater is inhabited by dif-
ferent species of fish, two BCF values were found for each
metal—one representing fish species in marine waters and
one representing fish species in freshwater. The BCF chosen
represented the tests performed with the longest duration.
BCF values for the brackish waters were calculated as aver-
age values for the chosen metal species in fresh- and marine
waters. The metal–DOM complexes were assigned a BCF value
of zero, based on the studies by respectively Landrum et
al. (1987) and McCarthy (1989) presented in Haitzer et al.
on modelling of metals in life cycle impact assessment, Ecol. Model.

(1999). These studies indicate that DOM complexes are too
large to be taken up by organisms and therefore, a bioac-
cumulation of metal–DOM complexes is not expected to
occur.

dx.doi.org/10.1016/j.ecolmodel.2006.12.013


 INECOMOD-4634; No. of Pages 12

i n g
ARTICLE
6 e c o l o g i c a l m o d e l l

2.4. Regional coupling

Only a limited number of existing environmental fate and dis-
tribution models attempt to account for spatial differentiation
of the fate and exposure of chemicals. The models attempting
to do so, typically link their fate and distribution model core
to a geographic information system (GIS), which then provides
the necessary region-specific hydrological and meteorological
data. In the setup of the RCMM to model the Swedish lake
Vänern and Lake Grycken systems, which are used in Section
3 to demonstrate the use of the model, the necessary flow data
were retrieved from statistic sources (Lindgren and Pantzare,
2001; Vänerns Vattenvårdsförbund, 2002).

Since both modelled lake systems include three regions,
the general procedure of accounting for spatial differentiation
in the RCMM involved creation of three identical copies of the
RCMM-base model for which the water and suspended sedi-
ment compartments were linked via static averaged advective
flow data. Advective loss by the air compartment was not
included in the model since none of the five metals had
species with significant vapour pressures. Handling of advec-
tive losses by the air compartment could however easily be
included, if relevant, and would only require quantification of
the advective air flow between the individual regions.

The number of linked regions can easily be expanded from
three to any desired number.

2.5. Region-specific speciation patterns

A basic assumption applied in the RCMM is, that a metal
emitted to a region quantitatively reaches the water com-
partment, where it speciates instantaneously according to the
pattern defined by the specific environmental conditions of
that region. Within each region the individual species sorbs
and is buried or stays dissolved as the metal ion or soluble
species hereof. When the metal species are transferred by
advection to the adjacent region, they instantaneously spe-
ciate according to a new pattern, determined by the ambient
aquatic conditions in the new region. Since the model core
used here was based on chemical equilibrium, the specific
pattern of metal species within each region is assumed con-
stant once the composition of the water is fixed. There is thus
no dynamic mass exchange between the species within each
region.

2.6. Model input

Based on the water chemistry parameters of a region
(pH, salinity and DOC content—see Table A of Supporting
information), the RCMM retrieves the relevant metal specia-
tion pattern from the metal speciation database and calculates
the distribution of each metal species in that region. Thus
the only parameters which the user needs to define, in order
to retrieve the metal speciation pattern in each region, are
the salinity, pH, and DOC concentration, the metal of inter-
est and the amount of metal released to the emission region.
Please cite this article in press as: Strandesen, M. et al., Fate and distribut
(2007), doi:10.1016/j.ecolmodel.2006.12.013

Furthermore, the user has the option of using static or pH-
dependent Kd values. The static Kd values included in the
database originate from the extensive literature review per-
formed by Ambrose (1999).
 PRESS
x x x ( 2 0 0 7 ) xxx–xxx

In order for the RCMM model to calculate the distribution of
the metal species in each region, the user furthermore needs
to specify the regions in terms of volume (m3), residence time
(h), and density (kg/m3) of respectively water, air, soil, sedi-
ment, suspended sediment and fish. Also the organic content
of soil, sediment and suspended sediment, and the water tem-
perature must be specified for each region. Finally, the specific
advective water flows (m3/h) between the regions have to be
specified to complete the characterisation of the water system.

Since all significant metal species are either ions or com-
plexes hereoff, all metal species included in the RCMM are
assigned a hypothetical low vapour pressure of 1 × 10−11 Pa
(as presented by Mackay et al., 1996), due to the fact that none
of these species distributes significantly into the atmospheric
compartment. However, there are metalloid and metal species
which are volatile (e.g. species of arsenic (As) and mercury
(Hg)), and these should be ascribed their accurate vapour pres-
sures when included in the model, which should then also be
extended with advection in the air compartment.

Since metals are non-degradable elements, all metal
species are assigned a hypothetical high degradation half-life
value of 1 × 1012 h based on the value set for Pb as presented
in Mackay et al. (1996). For the bioavailable metal molecules,
this half-life should be interpreted as the average time they
remain bioavailable after emission.

3. Comparison of the metal assessment in
the two Swedish lake systems using single-
and multi-species assessment

In order to illustrate the difference in the assessment of a
metal using a single-species assessment (SSA) approach and
a multi-species assessment (MSA) approach, two site-specific
SSAs and two site-specific MSAs of metals are performed using
the RCMM on two Swedish lake systems (the Lake Vänern sys-
tem and the Lake Grycken system). Both lake systems are part
of large fresh water systems and mainly discharge water to
downstream rivers. Both systems consist of three connected
regions, a lake, a downstream river and a downstream lake or
estuary. The river which receives water from Lake Grycken dis-
charges into Lake Varpan, and the river receiving water from
Lake Vänern discharges into the marine waters of Kattegat.
Another important difference of the two systems is the size of
their main lake. Lake Vänern is one of the largest fresh water
bodies in Sweden, while lake Grycken is a small lake. The main
characteristics of the two lake systems are presented in Table
C of the Supporting information.

Effluents from paper mills located at Lake Vänern and Lake
Grycken in Sweden are known to contain Cu, Ni, Zn and Pb.
To quantify the site dependency of the environmental impact
from such metal emissions, the Predicted Environmental Con-
centrations, PECs, in the aquatic compartments in each region
of the two lake systems, resulting from a theoretical emission
rate of 1 kg/h in their upstream region, were calculated using
the SSA and the MSA approaches.
ion modelling of metals in life cycle impact assessment, Ecol. Model.

To assess the ecotoxicity of metals in an MSA approach,
it is important to know which species contribute to the eco-
toxicity. It is generally acknowledged (Paquin et al., 2002) that
the total metal concentration correlates poorly with metal

dx.doi.org/10.1016/j.ecolmodel.2006.12.013
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Table 1 – Steady-state PECs (�g/L) of copper in the Lake
Grycken- and the Lake Vänern system modelled by
running the RCMM in single-species mode (SSA) and
multi-species mode (emission of copper to region 1 is
1 kg/h)

Species Region 1 Region 2 Region 3

Lake Grycken system
Cu2+ 3.2 × 10−4 4.6 × 10−7 8.4 × 10−5

Cu DOM 5.3 × 10−4 5.6 × 10−7 9.5 × 10−5

CuOH+ 3.9 × 10−5 5.6 × 10−9 1.0 × 10−7

CuSO4 (aq) 3.7 × 10−5 4.0 × 10−8 8.5 × 10−6

CuCO3 (aq) 4.0 × 10−5 4.4 × 10−10 NDa

Cu2+ (SSA) 8.2 × 10−4 9.0 × 10−7 1.5 × 10−4

Lake Vänern system
Cu2+ 3.1 × 10−7 1.4 × 10−6 1.7 × 10−9

Cu DOM 4.8 × 10−6 3.6 × 10−7 ND
CuOH+ 1.2 × 10−7 9.3 × 10−8 1.0 × 10−9

CuCl+ ND 9.2E−08 2.8E−10
CuSO4 (aq) 3.3 × 10−7 ND ND
CuCO3 (aq) 3.6 × 10−6 1.5 × 10−6 1.0 × 10−8

Cu(CO3)22− ND ND 6.2 × 10−13

Cu2+ (SSA) 1.2 × 10−6 3.8 × 10−7 1.4 × 10−9
ARTICLE
e c o l o g i c a l m o d e l l i

cotoxicity. According to Paquin et al. (2000), the metal eco-
oxicity is generally related directly to the concentration of
he free metal ion and accordingly, it is assumed that the only
pecies contributing to the ecotoxicity is the free metal ion
M2+).1

.1. Species factor

he ratio of the PECs of the free metal ion, which are calculated
sing the SSA and MSA, is determined to analyse the influence
f taking speciation into account:

PFf =
PECf,M2+,MSA

PECf,M2+,SSA
(1)

here SPFf (unit less) is the species factor for compartment
f’ of the modelled system, PECf,M2+,MSA (g/m3) the predicted
nvironmental concentration of the free metal ion in com-
artment ‘f’ obtained by the MSA approach, and PECf,M2+,SSA

g/m3) is the predicted environmental concentration of the
ree metal ion in compartment ‘f’ obtained using the SSA
pproach.

.2. Site factor

haracterisation models in LCIA are traditionally based on
tandard model environments, and to investigate the signif-
cance of performing a site-specific characterisation of the

etal’s fate in the aquatic compartment, the predicted envi-
onmental concentrations are compared region by region for
he two lake systems. The site factor is calculated as the
atio of aquatic exposure concentrations within each of the
egions:

FMSA,region x,M =
PECMSA,region x(Vänern system),M2+

PECMSA,region x(Grycken system),M2+
(2)

here SFMSA,region x,M is the site factor for region x (first,
econd or third region) and the free ion of metal M
n the aquatic compartment by the MSA approach,
ECMSA,region x(Grycken system),M2+ the predicted environ-

ental concentration of the free metal ion (M2+) in the
quatic compartment in region x of the Lake Grycken
ystem, calculated according to the MSA approach, and
ECMSA,region x(Vänern system),M2+ is the predicted environmen-

al concentration of M2+ in the aquatic compartment in region
of the Lake Vänern system, calculated according to the MSA
pproach.
Please cite this article in press as: Strandesen, M. et al., Fate and distributi
(2007), doi:10.1016/j.ecolmodel.2006.12.013

FSSA,region x,M =
PECSSA,region x(Vänern system),M2+

PECSSA,region x(Grycken system),M2+
(3)

1 This assumption leads to a mismatch if the PEC is compared
ith ecotoxicological effect measures (like PNEC or HC50) which

re expressed as total metal concentrations. The problem can be
olved for the results of standard tests, where the composition of
he aquatic test media is known, making it possible to estimate the

etal speciation pattern in the test media and thereby account
or the percentage of metal present as the free metal ion in the
tandard tests.
ND, not dominant.
a Only four dominating species.

where SFSSA,region x,M is the site factor for region x (first,
second or third region) and the free ion of metal M
in the aquatic compartment by the SSA approach,
PECSSA,region x(Grycken system),M2+ the predicted environ-

mental concentration of the metal ion (M2+) in the
aquatic compartment in region x of the Lake Grycken
system, calculated according to the SSA approach, and
PECSSA,region x(Vänern system),M2+ is the predicted environmen-

tal concentration of M2+ in the aquatic compartment in region
x of the Lake Vänern system, calculated according to the SSA
approach.

4. Results from applying the RCMM on the
two systems

The PECs resulting from running the RCMM model in MSA
and SSA mode are presented for copper for both lake sys-
tems in Table 1 (PECMSA and PECSSA). Similar calculations were
performed for Cu, Ni, Zn and Pb (data not shown). The single-
species assessments were carried out using the RCMM with
only one possible species for each metal, the free metal ion
(M2+), within each region.

4.1. Comparison of single and multi-species
assessment of four metals

The species factors (SPFs) for the individual metals were cal-
culated at steady state for each region according to Eq. (1). The
on modelling of metals in life cycle impact assessment, Ecol. Model.

results of the assessment methods comparison are presented
in Fig. 3. It is seen that for the Lake Grycken system, multi-
species assessment tends to give lower PEC values for the free
ion (resulting in an SPF below 1) in all regions compared to

dx.doi.org/10.1016/j.ecolmodel.2006.12.013
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Fig. 3 – SPFs of the free metal ions (M2+) of Cu, Ni, Zn and

Fig. 4 – Plot of the site factors presented in Table 2 obtained
by the MSA and SSA for the four metals included in the
Pb by emission of 1 kg/h to either Lake Grycken or Lake
Vänern. SPF is calculated according to Eq. (1).

the single-species assessment, except for the metal lead in
the two downstream regions. For the Lake Vänern system the
predicted free ion concentration becomes lower in region 1 but
higher in regions 2 and 3 for all modelled metals when MSA is
applied.

4.2. Site-specific comparison of single- and
multi-species assessment of four metals

The influence of the water chemistry on the speciation pattern
and thereby the exposure concentration of the free metal ion
in the two lake systems is compared by calculating the SFs of
Please cite this article in press as: Strandesen, M. et al., Fate and distribut
(2007), doi:10.1016/j.ecolmodel.2006.12.013

the free metal ion in all three regions according to Eqs. (2) and
(3). The resulting PECs and SFs are presented in Table 2. Apart
from one case, the SF is higher than one implying that the
predicted free metal ion concentration is higher in all three

Table 2 – PECs and associated SFs (see Eqs. (2) and (3)) for the fr
regions of the Lake Vänern system and the Lake Grycken syste
metal ion of 1 kg/h to region 1

Metal Region PECRCMM,M2+

Lake Grycken system

MSA SSA

Cu 1 2.0 × 10−2 7.3 × 10−2

2 8.8 × 10−2 2.4 × 10−2

3 1.1 × 10−4 8.9 × 10−5

Zn 1 4.3 × 10−2 5.1 × 10−2

2 4.5 × 10−2 1.8 × 10−2

3 1.4 × 10−2 6.5 × 10−5

Pb 1 5.0 × 10−4 2.4 × 10−3

2 4.0 × 10−3 3.7 × 10−4

3 1.5 × 10−5 4.9 × 10−7

Ni 1 4.5 × 10−2 5.5 × 10−2

2 4.6 × 10−2 2.1 × 10−2

3 1.6 × 10−4 7.5 × 10−5
case study.

regions of the Lake Vänern system than in the similar regions
of the Lake Grycken system.

The ratios between the two systems, however vary several
orders of magnitude, and in order to help interpret the relation
between the SFMSA and SFSSA, the two types of site factors
are plotted against each other in Fig. 4. The figure shows no
apparent relationship between the site factors achieved using
MSA and SSA.

5. Sensitivity analysis

A sensitivity analysis of the environmental parameters in the
RCMM was carried out in order to identify the parameters with
the highest influence on the aquatic PEC of the free metal ion.
The sensitivity analysis was carried out by changing selected
ion modelling of metals in life cycle impact assessment, Ecol. Model.

environmental parameters in region 1 and monitoring the
resulting aquatic PEC values for the free metal ion in all three
regions. The sensitivity of each parameter was studied sep-
arately. The salinity, DOM content and pH were changed by

ee metal ion of Cu, Pb, Zn and Ni calculated for the three
m using MSA and SSA, assuming an emission of the free

(�g/L) SFMSA SFSSA

Lake Vänern system

MSA SSA

2.0 × 101 5.2 × 101 1.0 × 103 7.1 × 102

3.0 × 10−2 5.7 × 10−2 3.4 × 10−1 2.4 × 100

5.3 × 100 9.4 × 100 4.8 × 104 1.1 × 105

4.5 × 101 5.3 × 100 1.0 × 103 1.0 × 102

5.2 × 10−2 5.8 × 10−2 1.2 × 100 3.2 × 100

9.7 × 100 1.1 × 101 6.9 × 102 1.7 × 105

1.9 × 100 7.4 × 100 3.8 × 103 3.1 × 103

1.5 × 10−2 8.8 × 10−3 5.0 × 100 2.4 × 101

0.1 × 10−1 6.8 × 10−1 6.7 × 102 1.4 × 106

4.7 × 101 5.5 × 101 1.0 × 103 1.0 × 103

5.4 × 10−2 6.0 × 10−2 1.2 × 100 2.9 × 100

1.0 × 101 1.1 × 101 6.3 × 104 1.5 × 105

dx.doi.org/10.1016/j.ecolmodel.2006.12.013
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Table 3 – Sensitivity analysis results for Cu, Ni, Pb and Zn

Metal Region Sensitivity ratios (SR)

Salinity DOM pH Vol.
water

Vol.
sediment

Vol. suspended
sediment

Res.
water

Res.
sediment

Res. suspended
sediment

Cu 1 0.07 −0.49 −10.41 −0.08 −0.34 −0.02 0.06 0.31 0.01
2 −0.05 0.34 3.71 −0.63 −0.02 0.01 0.94 0.02 −0.01
3 −0.05 0.34 3.71 −0.63 −0.02 0.01 0.94 0.02 −0.01

Ni 1 0.00 0.03 −8.38 −0.06 −0.34 −0.02 0.04 0.32 0.01
2 0.04 −0.28 −1.27 −0.27 −0.22 0.14 0.37 0.21 −0.09
3 0.04 −0.28 −1.27 −0.27 −0.22 0.14 0.37 0.21 −0.09

Pb 1 −0.20 1.39 −10.18 0.00 −0.36 −0.02 0.00 0.35 0.01
2 −0.11 0.79 8.41 −0.64 −0.01 0.03 0.96 0.01 −0.02
3 −0.11 0.79 8.41 −0.64 −0.01 0.03 0.96 0.01 −0.02

Zn 1 −0.05 0.37 −7.89 −0.06 −0.35 −0.02 0.04 0.32 0.01
2 −0.05 0.34 5.04 −0.24 −0.24 0.16 0.34 0.22 −0.11
3 −0.05 0.34 5.04 −0.24 −0.24 0.16 0.34 0.22 −0.11

Vol., volume; Res., residence time. The sensitivity ratio (see Eq. (4)) is given for the nine most influential parameters in controlling the PEC of
the free metal ion in the water phase. A negative sensitivity ratio indicates that input and output are inversely related, i.e. increasing the input

1
e

c
m
a

S

w
t
p
a
p

T

s
i
a
m
p
m
c

6

T
d
b
s
m
a
f

value decreases the output value.

unit, whereas the values for the other environmental param-
ters were changed by 50%.

The sensitivity ratios SRX of the individual parameters were
alculated as the incremental change (in percentage) for the
odel output divided by the incremental change (in percent-

ge) for the model input:

RX =
(PECM2+,end − PECM2+,start)/PECM2+,start

(Xend − Xstart)/Xstart
(4)

here PECM2+,start is the initial aquatic predicted environmen-
al concentration of the free metal ion, PECM2+,end the aquatic
redicted environmental concentration of the free metal ion
fter increasing parameter X, Xstart the initial value of the
arameter and Xend is the final value of the parameter.

The results of the sensitivity analysis are presented in
able 3.

As seen from the sensitivity ratios in Table 3, pH is the
ingle water chemistry parameter which shows the strongest
nfluence on the PECs of the free ions of all the four metals in
ll regions. DOM is also influential while salinity only shows a
inor influence on the free metal ion concentration. Physical

arameters like compartment residence times and compart-
ent volumes also exhibit moderate influence on the PECs,

omparable to DOM but weaker than the pH parameter.

. Discussion

he RCMM has been developed to account for the site-specific
ifferences in the increase in exposure concentration of
ioavailable metal in the aquatic recipients, following an emis-
Please cite this article in press as: Strandesen, M. et al., Fate and distributi
(2007), doi:10.1016/j.ecolmodel.2006.12.013

ion, taking into account the speciation of the metal. Applying
ultiple copies of the same model within each model region,

s illustrated in Fig. 2, is a fairly simple approach to account
or the complex chemistry of metals in aquatic recipients. The
approach used here is static steady state catering to the con-
ditions of LCIA, where the data availability is generally low,
and the typical assessor does not posses the specific chemistry
skills needed to apply and run highly sophisticated environ-
mental chemical models. No matter which approach is used,
modelling multiple species will require species-specific data.
Species-specific data for parameters like Kd are still not found
for individual metal species, and correct parameterisation
of the individual species will most likely not be possible in
the near future. Using common sense and available research
results, it has been the aim to parameterise the model in a
credible way.

The main assumptions and limitations of the model are
listed in Table 4.

RCMM models the change in concentration of different
metal species following an emission in the first upstream
region of the system. It has not been possible to find monitor-
ing data for any of the modelled systems which would allow
validation of the model against empirical data. It has also not
been possible to find any other model against which the RCMM
results can be validated in any meaningful way. Traditional
ERA models do not support the combination of metal specia-
tion and spatial differentiation with multiple regions which is
the main feature of the RCMM model. The characterisation
models applied in LCIA also do not support validation due
to their site generic nature and the single-species framework
they all have been cast from. It is however a general prob-
lem for characterisation models as applied in LCIA, that they
do not lend themselves easily to validation against empiri-
cal data. The aim of these models (of which the RCMM model
is one) is to model incremental concentration additions from
a given unit process (see Hauschild, 2005) and not total loads.
on modelling of metals in life cycle impact assessment, Ecol. Model.

This feature makes validation by comparison to empirical data
a theoretical possibility only.

The PECs for Cu obtained by applying SSA and MSA are
shown in Table 1. The results indicate that even for metals that

dx.doi.org/10.1016/j.ecolmodel.2006.12.013
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Table 4 – List of the main assumptions and limitations of the RCMM model

Main assumptions in the RCMM model
Steady state, equilibrium
Metal–DOM complexes assigned a BCF value of 0 and Kd value of 1 (equal to Kd value for DOM)
No volatilisation of metal species
Metal species or complexes with a zero or negative charge are assigned a Kd value of zero (complexations of sorbent and sorbate assumed

governed by columbic (charge dependent) interactions and exchange)

Main limitations in the RCMM model
No dynamic/time-dependency, only handles continuous emissions (thus catering to the conditions of LCA where the temporal course of an

emission is rarely known)

avai
Only models five most dominating species of each metal
Only three linked regions (but easy to expand)
Only five metals modelled (but more can be included depending on

speciate in such a way that the dominant species is the free
metal ion, the choice of applying the MSA or SSA does result
in significant differences in the concentration of bioavailable
metal, most pronounced in the Lake Vänern system. For a
metal like Pb, for which the dominant ion is not the free metal
ion, the differences become more pronounced as shown in
Fig. 3.

For both types of metal behaviour, the assessment method
significantly affects the resulting exposure concentration of
the bioavailable metal. For the region of emission (region 1 in
both lake systems) the application of the MSA approach results
in a decrease of 10–80% in the predicted concentration of the
free metal ion and hence in the aquatic ecotoxicological poten-
tial, compared to the SSA approach. In the emission region of
both lake systems the single-species assessment method thus
tends to estimate a higher concentration of bioavailable metal
than the multi-species assessment. The largest difference is
observed for Pb in both lake systems. This should be seen in
the perspective that the traditional modelling approach typ-
ically only applies one model region. As seen in Table 1, the
DOM-associated fraction of Cu is among the largest single-
species fraction in all regions, and the inclusion of DOM in the
modelling thus significantly lowers the bioavailability of cop-
per. A similar reduction in the bioavailable fraction in region 1
is observed in Fig. 3 for the other metals, and also here, DOM
complexes play an important role (data not shown).

For the second region, which is a river section in both sys-
tems, the differences in the water chemistry tend to give a
more differentiated picture. In the river of the Lake Grycken
system, the picture is similar to what was observed for region
1 except for Pb where the application of the MSA approach
results in higher exposure concentration of the free metal ion.
In the Lake Vänern system, on the other hand, the application
of the MSA approach results in higher exposure concentra-
tions of the free metal ion for all four metals.

For the third region in the two lake systems, the differ-
ence between the water chemistry becomes larger, since one
is a lake (in the Lake Grycken system) and one is an estuary,
and the ratio in bioavailable metal concentrations obtained by
the two assessment approaches peaks at a factor 30. In the
third region of both systems, the largest differences between
the two assessment methods are observed for Pb. The large
Please cite this article in press as: Strandesen, M. et al., Fate and distribut
(2007), doi:10.1016/j.ecolmodel.2006.12.013

differences found for lead are caused by the formation of non-
sorbing anionic Pb species or lead complexes with DOM in
the first and second region, which increases the mobility of
the metal, resulting in a stronger transport downstream. This
lability of species-specific data)

leads to exposure concentrations in regions downstream from
the region of emission, which clearly exceed the exposure
concentrations found downstream when speciation is disre-
garded.

When applying the SSA approach or the MSA approach,
the influence of the different ambient conditions in the two
lake systems are expressed in the PEC of the free metal ion
as presented in Table 2. The magnitude of the differences
between the two sites, when modelling the same emission,
1 kg/h, applying either of the method does not seem to follow
an easily predictable pattern as presented in Fig. 4, since the
PECs modelled by both methods can not be considered to be
correlated.

The main factors controlling the exposure concentration in
the SSA approach are sorption and dilution of the only species
assessed, the free metal ion, whereas in the MSA approach,
speciation is allowed to influence the fate behaviour of the
metal. Consideration of the different physical chemical and
fate properties of the individual species in the MSA approach
leads to results which do not lend themselves to any straight-
forward interpretation of the relation between the exposure
concentrations of the free metal ion modelled by the two
approaches as presented in Fig. 4.

In spite of the fact that the emission rate is fixed at 1 kg/h
for both systems, the calculated exposure concentrations of
the regions of the lake Grycken and the lake Vänern systems
for the four metals vary by four orders of magnitude for the
MSA approach and six orders of magnitude for the SSA as
seen from Table 2. The magnitude of the SF obtained by the
two modelling approaches indicates that for both approaches,
the same emission will cause impacts of very different mag-
nitude depending on where in the lake system the emission
occurs, even if both emissions occur within the same country.
The comparison of the two modelling approaches indicates
that single-species assessment possibly overestimates this
difference between the individual model regions, as the SFs
and thereby the site dependency of the SSA approach is one
to two orders of magnitude higher than that of the MSA
approach.

As presented in Table 3, the application of the MSA
approach in combination with pH-dependent Kd values does
result in a high model sensitivity towards pH. This sensitivity
ion modelling of metals in life cycle impact assessment, Ecol. Model.

is most likely caused by alterations in speciation patterns and
alteration of the metal affinity towards the sorbent.

Applying MSA instead of SSA results in a pH-dependent
exposure concentration, which is in good line with the results

dx.doi.org/10.1016/j.ecolmodel.2006.12.013
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n aquatic ecotoxicity relations to pH presented by Paquin et
l. (2002).

. Conclusion

he decoupled MSA and the traditional SSA approach result
n different exposure concentrations of the bioavailable metal
orm, the free metal ion, mainly because the multiple species
pproach takes into consideration, that not all of the metal
rom a metal emission will be present as the free metal ion.
y applying multi-species fate modelling and including mobile
orbents in the species pool, the model has been shown able to
ccount for a change in mobility of metals, caused by sorption
o dissolved mobile ligands such as DOM.

In the first region all metals have a lower bioavailable
xposure concentration when their speciation is taken into
ccount, than when modelled as single species, i.e. the tra-
itional single-species approach overestimates the toxicity of
he metals. This picture changes with the water advection to
djacent regions, so that the metals in downstream regions
nder one set of ambient conditions show a lower exposure
oncentration for the free metal ion according to the MSA
pproach than to the SSA approach, and hence under differ-
nt ambient conditions possess a higher ecotoxicity potential
hen modelled according to the MSA approach than when
odelled according to the SSA approach.
Based on the results presented here it can be concluded

hat single-species models should not be used to character-
ze the potential ecotoxicological impacts of metals, since
he behaviour of metals can not be generalized and grasped
ithin a single-species model which assumes a fairly uni-

orm behaviour of metals in very different model regions.
he site dependent speciation pattern does not lend itself to
eneralisations in the same manner as for non-ionic organic
hemical compounds, due to the complex biogeochemistry
nd behaviour of the individual metal species. Applying multi-
pecies assessment methods makes the fate and exposure
odelling of metals significantly more dependent on ambi-

nt conditions reflecting the very different speciation pattern
nd behaviour of metals at different sites, and hence increases
he need for spatially differentiated fate and exposure

odelling.

ppendix A. Supplementary data

upplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.ecolmodel.2006.12.013.

e f e r e n c e s

llison, J.D., Brown, D.S., Novo-Gradac, K.J., 1991.
Minteqa2/Prodefa2, A Geochemical Assessment Model for
Environmental Systems: Version 23.0 User’s Manual.
Please cite this article in press as: Strandesen, M. et al., Fate and distributi
(2007), doi:10.1016/j.ecolmodel.2006.12.013

Environmental Research Laboratory Office of Research and
Development, U.S. Environmental Protection Agency, Athens,
Georgia 30605. EPA/600/3-91/021 March, 1991.

mbrose Jr., R.B., 1999. Partition Coefficients for Metals in Surface
Water, Soil and Waste (Draft). U.S. Environmental Protection
 PRESS
x x ( 2 0 0 7 ) xxx–xxx 11

Agency Office of Solid Waste, Washington, DC 20460, June 22,
1999.

Brandes, L.J., den Hollander, H., van de Meent, D., 1996.
SimpleBox 2.0: A Nested Multimedia Fate Model for Evaluating
the Environmental Fate of Chemicals. Report No. 719101029.
National Institute of Public Health and the Environment
(RIVM), P.O. Box 1, 3720 BA Bilthoven, The Netherlands.

Cahill, T.M., Cousins, I., MacKay, D., 2003. General fugacity-based
model to predict the environmental fate of multiple chemical
species. Environ. Toxicol. Chem. 22 (3), 483–493.

Diamond, M.L., 1999. Development of a fugacity/aquivalence
model of mercury dynamics in lakes. Water, Air, Soil Pollut.
111, 337–357.

Feijtel, T., Boeije, G., Matthies, M., Young, A., Morris, G., Gandolfi,
C., Hansen, B., Fox, K., Matthijs, E., Koch, V., Schroder, R.,
Cassani, G., Schowanek, D., Rosenblom, J., Holt, M., 1998.
Development of a geography-referenced regional exposure
assessment tool for European rivers—GREAT-er. J. Hazard.
Mater. 61, 59–65.

Fenner, K., Kooijman, C., Scheringer, M., Hungerbühler, K., 2002.
Including transformation products into the risk assessment
for chemicals: the case of nonylphenol ethoxylate usage in
Switzerland. Environ. Sci. Technol. 36, 1147–1154.
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