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This paper develops continent-specific factors for the USEtoxmodel and analyses the accuracy of different model
architectures, spatial scales and archetypes in evaluating toxic impacts, with a focus on freshwater pathways.
Inter-continental variation is analysed by comparing chemical fate and intake fractions between sub-continental
zones of two life cycle impact assessment models: (1) the nested USEtox model parameterized with
sub-continental zones and (2) the spatially differentiated IMPACTWorld model with 17 interconnected
sub-continental regions. Substance residence time in water varies by up to two orders of magnitude among
the 17 zones assessed with IMPACTWorld and USEtox, and intake fraction varies by up to three orders of magni-
tude. Despite this variation, the nested USEtoxmodel succeeds inmimicking the results of the spatially differen-
tiated model, with the exception of very persistent volatile pollutants that can be transported to polar regions.
Intra-continental variation is analysed by comparing fate and intake fractions modelled with the a-spatial (one
box) IMPACT Europe continental model vs. the spatially differentiated version of the same model. Results
show that the one box model might overestimate chemical fate and characterisation factors for freshwater
eco-toxicity of persistent pollutants by up to three orders of magnitude for point source emissions. Subdividing
Europe into three archetypes, based on freshwater residence time (how long it takes water to reach the sea),
improves the prediction of fate and intake fractions for point source emissions, bringing them within a factor
five compared to the spatial model.
We demonstrated that a sub-continental nestedmodel such as USEtox, with continent-specific parameterization
complemented with freshwater archetypes, can thus represent inter- and intra-continental spatial variations,
whilst minimizing model complexity.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Decision-making in green chemistry and chemical screening needs
adapted tools to assess fate, exposure and risks of chemicals on
human health and ecosystems. In a global economy, where products
are manufactured and used in various continents over their life cycle,
we specifically need tools able to assess and differentiate pollutants
emitted on different continents and in meaningful geographical units
within a continent and related potential impacts. Life Cycle Assessment
(LCA) is a useful approach for such decisions, with its multimedia and
multi-pathway exposure models recognized as particularly well-
suited to assess eco-toxicity and human toxicity impacts (Finnveden
et al., 2009; Pennington et al., 2004; Udo de Haes et al., 2002).
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unina).
USEtox is a consensus model developed within the Life Cycle
Initiative led by the United Nations Environmental Program and
the Society of Environmental Toxicology and Chemistry (UNEP-
SETAC) (Hauschild et al., 2008; Henderson et al., 2011; Rosenbaum
et al., 2008, 2011). This parsimonious and transparent model can
screen thousands of chemicals and is widely used, but only provides
continent-generic characterisation factors and impact scores for a
generic unknown continent. Since human and eco-toxicity occur as
regional or local impacts (Potting and Hauschild, 2006; Sedlbauer
et al., 2007), recently developed multimedia and multi-pathway
models are spatially differentiated in order to provide different im-
pact scores for each regional zone. Spatial differentiation reduces
model uncertainty and improves accuracy, precision and confidence
in LCA results (Manneh et al., 2010; Potting and Hauschild, 2006;
Sleeswijk and Heijungs, 2010). There is therefore a need to
customize USEtox for different specific regions of the world in addi-
tion to the existing generic continent.
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Inter-continental variation has been investigated using a nested
parameterization of the IMPACT 2002 model (Rochat et al., 2004),
with continent-specific boxes nested within the world. The Australian
adaptation of the USES-LCA 2.0 model has been similarly investigated
by Lundie et al. (2007). Rochat et al. (2004) found a factor 1.7 to 25
variation in human health impacts among continents. The variation is
especially high for short-lived pollutants, e.g., the ingestion intake
fraction of aldrin varies by a factor 25 between emissions in Europe
and Oceania. These studies, however, do not address whether region-
specific nested models accurately capture results obtained by spatially
resolved models that include advection between continents for a set
of chemicals covering a wide set of physico-chemical properties. There
is a need to evaluate how far this full advectionmodifies the assessment
of fate and exposure and whether a nested individual sub-continental
model is sufficient for chemical screening.

Intra-continental variation has been investigated at several resolutions,
including 1×1 kmgrid cells for theMAPPEEuropemodel (Pistocchi et al.,
2010; Vizcaíno and Pistocchi, 2010), ecological zones with a continental
coverage for the BETR North America model (MacLeod et al., 2004), and
watershed or sub-watershed resolution for freshwater emissions in vari-
ous parameterizations of the IMPACT 2002 model (Humbert et al., 2009;
Manneh et al., 2010). Depending on the emission location within a given
continent, intake fractions vary by 2 to 3 orders of magnitude for
emissions to air (MacLeod et al., 2004) and up to 10 orders of magnitude
for emissions towater (Manneh et al., 2010), highlighting the necessity of
high resolution to reduce intake fraction variability.

Assuming continent-level homogeneity may therefore lead to sys-
tematic errors, spatial differentiation is necessary. The choice of spatial
resolution should account for scientific needs, as well as more practical
data and computational constraints (Sedlbauer et al., 2007). Dividing a
region into sub-regions with specific characteristics provides one way
of limiting the geographical data requirements (e.g., meteorological,
population, and agricultural zones) whilst maintaining sufficient accu-
racy. Humbert et al. (2011) showed that intake fractions from inhalation
of primary particulate matter can be modelled based on emission
release height and “archetypal” environment (indoor versus outdoor;
urban, rural, or remote locations) and vary by orders of magnitude
among conditions considered. Several other authors have used
the archetype approach to estimate human toxicity impacts from air
emissions, including Hellweg et al. (2009) and Wenger et al. (2012)
for indoor air and Rosenbaum et al. (2011) for urban emissions by
continent. However, a similar archetypal approach has not yet been
developed for related fate and exposure for water emissions. There
is a need to explore the relevance of the archetype approach for
emissions to freshwater compartments with various hydrological
key characteristics.

This work aims to evaluate an appropriate model architecture
(nested vs. spatially differentiated) and spatial resolution for the fresh-
water eco-toxicity and human toxicity impact categories in order to
maintain environmental relevance whilst limitingmodel sophistication
in terms of landscape data requirements. This paper primarily focuses
on freshwater related pathways affecting human health and ecosystem
quality by analysing pollutant fate in freshwater, as well as ecosystem
and human exposure, aiming to:

1. Develop landscape parameters for USEtox to develop continent-
specific boxes nested within the world.

2. Analyse the inter-continental variation of chemical fate and intake
fractions among continents and examine the influence of the
region(s) surrounding the considered sub-continent. For this, results
from a nested USEtox model with continent-specific parameteriza-
tion are compared to a fully connected model.

3. Study intra-continental variation and develop archetypes for fresh-
water eco-toxicity and human toxicity exposure to ingestion of
freshwater and fish, as a parsimonious surrogate to higher spatial
resolution.
2. Materials and methods

Weselected IMPACTWorld (Shaked, 2011) to create andparameterize
USEtox continents nested within a global box and analyse intra-
continental variation on the sub-continental level. IMPACTWorld is the
only global interconnected model of pollutant fate and exposure model-
ling atmospheric air transport, whilst the only other interconnected glob-
al model GLOBOX (Sleeswijk and Heijungs, 2010) is based on average
measuredwind speeds at ground level (independent of direction) in cap-
ital cities. It models media-specific concentrations and intake fractions in
17 sub-continental regions fully interconnected by advective air and
freshwater flows, which offers an interesting element of comparison
with nested model, but results in an increased level of complexity. The
concentrations of PCB-118 in the environment and food were compared
to measured empirical concentrations (2011). The comparison showed
that the accuracy of IMPACTWorld in predicting environmental concen-
trations is generallywithin an order ofmagnitude, compared to 12 orders
of magnitude of variability among impact characterisation factors among
different substances (Rosenbaum et al., 2008).

We selected the IMPACT 2002 model on the watershed scale for a
European resolution to analyse inter-continental variation. This model
was compared and evaluated against monitored data (except for the
freshwater fish ingestion pathway) (Humbert et al., 2009; Margni
et al., 2004; Pennington et al., 2005). The advantage of this model is
that it is resolved on a watershed scale, which corresponds to an ade-
quate definition of flow patterns at the regional scale to study intra-
continental variation for freshwater eco-toxicity and human toxicity ex-
posure to ingestion of freshwater and fish. The water runoff data has
been compiled in this model based on empirical data from the Global
Runoff Data Centre (2002). Hydrological datasets are recently available
at a higher resolution at 0.5° (Jolliet et al., 2012; Vörösmarty et al., 2000)
and 15′ (Lehner et al., 2006) but are not yet implemented inmultimedia
models.

2.1. Parameterization of USEtox landscape data

IMPACTWorld is a spatially differentiated multimedia model that
divides the world into 17 sub-continental regions, 9 ocean regions,
and 33 coastal regions (Fig. 1). The regions of the IMPACTWorld
model are similar to those chosen for the Input–Output model
(Fiot, 2009; Miller and Blair, 1985; Peters and Hertwich, 2007)
with some key differences to (1) put less emphasis on geographical
boundaries and (2) represent the best trade-off between continental
or sub-continental resolution and the representation of population
densities and meteorological conditions (Shaked, 2011). As in
previous IMPACT versions (Pennington et al., 2005), each continen-
tal region consists of an air zone (containing an air compartment)
and a terrestrial zone (containing water, soil, above-ground leaf
crops, roots, and sediment), and each ocean region consists of an
air zone and an ocean zone (containing surface ocean, deep ocean,
and ocean sediment). Each region is characterised by environmental
and demographic parameters, such as rainfall rate, vegetation
fraction, and, most importantly for estimating population intake,
vegetable and animal production intensity and population density.

In a first step, we developed parameterized sub-continental and
continental specific landscapes in USEtox based on the 17 zones of
the IMPACTWorld model (Shaked, 2011). To achieve this, we succes-
sively consider the IMPACTWorld parameterization of each sub-
continent, grouping the rest of the world into the USEtox global
box. Special care was taken to define advection rates between each
sub-continent and the surrounding global box, based on average
wind speed over the height of the continental air box (for example,
the US region has an average wind speed of 7.0 m/s over the lowest
1000 m of air). This advective wind speed over 1000 m is typically
higher than the 3 m/s used in USEtox, which is the default wind
speed at 10 m height used to determine exchange rates between



Fig. 1. Depiction of how the IMPACTWorld model (Shaked, 2011) is used to parameterize the Europe box of USEtox, nested within the global box.
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air, soil and water surface compartments. In a second step, we
grouped these 17 zones into 8 continental zones delimited by
Humbert et al. (2011) to reduce data collection needs for LCA practi-
tioners whilst still meeting the need of continent-specific character-
isation factors for LCA studies.

Table 1 shows selected key landscape parameters of the USEtox
parameterization for each of the 17 zones. The full set of parameters is
provided for these sub-continental zones and for the 8 continental
zones in Appendix A. The key physical parameters which influence ex-
posure through the aquatic environment are the mean freshwater
depth, which varies by a factor 15 across continents, and the freshwater
residence time of water to the sea (Henderson et al., 2011; Pennington
et al., 2005), which varies by a factor 83. Freshwater residence time to
the sea τsea is calculated by summing the residence time in sub-
continental zone i with the transfer fraction to all sub-continental
zones j downstream of i fj downstream multiplied by their freshwater
residence times τj as follows:

τsea i ¼ τi þ∑ f j downstream
τ j d½ �:

Exposure data are based on regional populations and food produc-
tion statistics from FAO (2001), and they vary by up to a factor 1850
for marine fish consumption per capita.

2.2. Inter-continental variation and influence of surrounding regions

Landscape parameters such as sub-continental land area, mean
freshwater depth, freshwater residence time to sea, and population
density influence chemical fate in environment and human intake. We
first analyse the variation of fate and human exposure within each of
the 17 sub-continents and thus the relevance of using a specific sub-
continent rather than generic continental parameters. The analysis is
performed for a set of 36 non-dissociating and non-amphiphilic organic
chemicals selected from the OMNIITOX project (Margni, 2003; Margni
et al., 2002). It represents well the variability of physicochemical prop-
erties of organic substances as reported in Appendix B. This set covers
all relevant combinations in terms of environmental partitioning and
exposure routes, overall persistence, long-range transport and feedback
fraction.
In parallel, we use this chemical set to examine the influence of
surrounding region(s) on the fate and exposure of emissions within
the considered sub-continent. For this, results from the nested USEtox
model with continent-specific parameterization are compared to the
fully connected IMPACTWorld model. The 17 zones of the nested
USEtox model have the same resolution and landscape parameters as
those in the interconnected IMPACTWorld model. Beyond this com-
monality, the two models calculate fate and intake fraction differently
in two keyways: (1) USEtox embeds the sub-continent in a single global
box, whereas IMPACTWorld explicitly connects the sub-continental
zone to specific adjacent zones, and (2) the model algorithms for expo-
sure and particularly fate are somewhat different. The latter difference
can be illustrated by the modelling of advective outflow from a sub-
continental zone. It is based on river discharges out of sub-continental
zones taken from external references in IMPACTWorld and on a mass
balance based on precipitation, evaporation and advection in USEtox.
Between these twomodels, we compared the fate and inhalation intake
fractions, as well as ingestion intake fractions through drinking
freshwater and eating fish, exposed produce (above-ground leaf crops,
including fruit and cereals), unexposed produce (below-ground root
crops), dairy and meat products.
2.3. Intra-continental variation and identification of key spatial variation
parameters

Intra-continental variationwas analysed on a finer resolution by com-
paring USEtox for Europe to the following versions of the IMPACT Europe
model: the IMPACT Europe single zonemodel without spatial distinction
(i.e., with one homogeneous compartment per environmental medium),
and the IMPACT Europe spatial model accounting for spatial differentia-
tion of 135 watersheds and land zones and 156 air zones on a 2 × 2.5°
grid. Both spatial and a-spatial versions are nested into an a-spatial global
zone.

This comparison was carried out first assuming uniformly distribut-
ed emissions (i.e., emissions distributed in each watershed proportion-
ally to its land surface area). We then compared results for emissions
occurring entirely in one of three selectedwatersheds being representa-
tive of three very different landscape characteristics: a near coast emis-
sion in Brittany, an emission into a long river (Danube) and an emission
upstream of a large lake (Lake Geneva). We then analysed the interac-
tion between chemical properties and spatially differentiated landscape
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properties of eachwatershed to identify the key parameters influencing
the fate factors.

Previous observations (Pennington et al., 2005) show that within an
open system (1) the regionalization for aquatic eco-toxicity is only rel-
evant for persistent pollutants (i.e., pollutants with a degradation rate
higher than the advection rate); and (2) for these persistent pollutants,
one important factor affecting fate is the freshwater residence time
until reaching the landscape boundary (i.e., until the sea or any other
advection into the global system). The mean freshwater depth also
affects elimination rates by volatilization and sedimentation and
might also play a role. Exposure factors such as the fraction of freshwa-
ter volume ingested by the population as drinking water or indirectly
through fish ingestion may also influence the freshwater-mediated
intake fraction. We therefore analyse the influence of water residence
time, water depth and population intake rates and their auto-
correlation across the 135 watersheds.

2.4. Development of freshwater archetypes based on freshwater residence
time

Based on the identified key parameters, we ultimately developed a
method to create a limited number of watershed archetypes and test
howwell these archetypes reflect major variations in fate and exposure
across watersheds.

Due to the importance of freshwater residence time until reaching the
sea (or the model boundary) found in previous work (Pennington et al.,
2005), this parameter could be used in a first step as the main variable
to define these archetypes. To keep the number of archetypesmanageable
for common practice in Life Cycle Inventory, we define three freshwater
residence time archetypes, corresponding to A1) coastal zones with
short freshwater residence times, A2) zones with medium freshwater
residence times and A3) zones with high freshwater residence times.
We define the mean residence times in each zone as τsea A1, τsea A2 and
τsea A3 and the upper threshold residence times for zones A1 and A2 as
τ12 and τ23 (upper threshold is infinite for A3). These upper thresholds
were defined by minimizing the standard deviation variation between
the log of the freshwater residence time for eachwatershed i in the spatial
model and the log of themean residence time for that watershed's arche-
type using the Excel solver tool. The total standard deviation, SDtot, is the
sumof the standard deviations for each of the three residence time arche-
types:

SDtot ¼
(
1
n
�
Xτ12

τsea i¼0

h�
log τsea ið Þ− log τsea A1ð Þ

i2
þ
Xτ23

τsea i¼τ12
log τsea ið Þ− log τsea A2ð Þ½ �2

þ
X∞

τsea i¼τ23
log τsea ið Þ− log τsea A3ð Þ½ �2

)1=2

ð1Þ

whereτi ¼ Vi
Qi

d½ � is thewater residence time inwatershed i (1≤ i b 135 for
the spatial IMPACT Europemodel), calculated as thewatershed volumeVi
[m3] divided by the advectionflowout of thewatershedQi [m3/d];τsea i ¼
τi þ∑ f j downstream

τ j d½ � is the water residence time until reaching the

sea, calculated by summing the residence time in watershed i with the
transfer fraction to all watersheds j downstream of i multiplied by their
freshwater residence times.

τsea A1, τsea A2 and τsea A3 are the residence times for each archetype,
calculated based on the total volume of all watersheds corresponding to
this archetype and the total advective flow out of all watershed flows
corresponding to this archetype.

The mean freshwater residence time to sea is calculated as a surface
weighted average of the water residence times of each watershed clas-
sified in one of the three archetypes. The calculated mean freshwater
residence time of each watershed is presented in Section 3.3. We test

http://www.unep.org/vitalwater/freshwater.htm
http://www.unep.org/vitalwater/freshwater.htm
http://www.unep.org/vitalwater/freshwater.htm
http://www.unep.org/vitalwater/freshwater.htm
http://geodata.grid.unep.ch/
http://geodata.grid.unep.ch/
http://geodata.grid.unep.ch/
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the relevance of these archetypes by determining the variability in fate
and intake fraction across emissions in each of the 135 watersheds de-
scribed by these three archetypes.

The practitioner may choose the archetype based on the emission
location by finding the archetype corresponding to the place of emission
according to Fig. E.1.
3. Results and discussion

3.1. Inter-continental variation: comparison between spatially differentiated
IMPACTWorld and nested USEtox model

3.1.1. Residence times
Fig. 2a presents the range of freshwater residence times to sea,

comparing the nested continent-specific USEtox model to the fully
connected IMPACTWorld model. These residence times vary by up to
two orders of magnitude among sub-continental zones, with North
Australia having one of the shortest times and North Africa having the
longest. Values in the two models are similar for all sub-continental
zones, with the highest difference being a factor 4 for the East Indies
(W14). These differences in freshwater residence times to sea are due
to different ways of calculating total water advection. IMPACTWorld out-
flows are advective flows based on river discharges out of the sub-
continental zone (Global Runoff Data Centre, 2002), whereas USEtox
Fig. 2. Comparison between nested USEtoxmodel and the spatially differentiated IMPACTWorld
time in freshwater of 36 representative chemicals emitted in each sub-continent, c) intake frac
uses a water balance approach based on rainfall, evapotranspiration,
infiltration and runoff.

3.1.2. Fate factors
Fig. 2b compares the fate factors in freshwater for chemical emis-

sions to freshwater for each sub-continental zone in each of the two
models. These fate factors represent the chemical mass in the freshwa-
ter environment per unit flow emission (units of kg per kg/day), which
corresponds to the residence time of each substance in freshwater (in
days). For persistent pollutants that have a long degradation half-life
in water (t1/2water), such as gamma-HCH (lindane) (t1/2water =
1.9 years) or aldrin (t1/2water = 2.0 years), their fate is more sensitive
to the zone's freshwater residence time to sea. The fate factors of
these persistent pollutants can thus vary by more than one order of
magnitude among sub-continental zones, with aldrin ranging from 10
days inNorth Australia to 199 days in North Africa in the USEtox param-
eterization (Fig. C.1 in Appendix C). For non-persistent substances, the
emission location has little influence, and the fate factor is identical
for all regions. N-nitrosodiethylamine has t1/2water = 6 h, and thus has
a fate factor of 0.36 day in all continents (Fig. C.1).

Discrepancies in fate factors between the twomodels are limited but
observable, particularly for the sub-continental zones that have differ-
ent freshwater residence times, such as W14 East Indies in Fig. 2a.
W14 has a freshwater residence time of 19 days in IMPACTWorld and
80 days in USEtox. Thus persistent pollutants whose disappearance
model regarding: a) Freshwater residence time to sea in each sub-continent, b) residence
tion through freshwater ingestion, and d) intake fraction through fish ingestion.

image of Fig.�2
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is not driven by degradation, evaporation or sedimentation (e.g.,
methomyl) have fate factors limited to 19 days in IMPACTWorld (and
80 days in USEtox). Yet Fig. 2b shows one outlier that exceeds this
maximum fate factor of 19 days — hexachlorobenzene. This is due to a
dynamic that can only be captured by an interconnected spatial model
like IMPACTWorld, in which a pollutant can be transferred from one
Fig. 3. Fate factors and ingestion intake fractions of 36 organic chemicals through freshwater and
zone IMPACT Europe model (red) and for the three watershed archetypes A1 and A3 (blue). a
b) Fate, d) intake by water ingestion and f) intake by fish ingestion for point source emissions
sub-continental zone into an adjacent zone with a higher freshwater
residence time to sea. The fate factor also depends on the product
of the inter-continental transfer fraction from water to air (Eq. C2
in Appendix C) with thewater residence time in the receiving compart-
ment. The fate factor can therefore exceed the water residence time to
sea of the emission compartment if it is transferred to the freshwater
fish, calculated for the spatial IMPACT Europemodel, and compared to the a-spatial single
) Fate, c) intake by water ingestion and e) intake by fish ingestion for a uniform emission.
in Lake Geneva (□), Brittany (Δ), and Danube (○).

image of Fig.�3
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compartment of another sub-continental zone with higher freshwater
residence time. In our case, the fate factor of hexachlorobenzene
emitted in W14 (42 days) is driven by the fraction of the pollutant
transferred through air to Antarctica (W11) (1.2%). Hexachlorobenzene
is highly volatile (KH = 170 Pa·m3·mol−1) and persistent (t1/2air =
0.84 year and t1/2water = 6.3 years), and the IMPACTWorld model
freshwater residence time in Antarctica (W11) is much higher than
Fig. 4.Main factors affecting fate. a) Fate factors of all test substances as a function of their degrad
fate factors of n-nitrosodiethylamine, captan, hexabromobenzene (for emissions to watersheds
time to sea for each of the 136 watersheds of the European spatial model.
the hexachlorobenzene half-life. The fate of hexachlorobenzene in
W11 is thus not limited by the freshwater residence time of the emit-
ting compartment.

3.1.3. Intake fractions
Fig. 2c and d display the range of human intake fractions through

freshwater ingestion and fish ingestion, respectively, due to
ation half-life inwater for each of the 136watersheds of the European spatialmodel andb)
with water depth below and above 1 m) and methomyl as a function of water residence

image of Fig.�4


Fig. 5.Variation inmethomyl exposure factor from freshwater ingestion for the spatial, ar-
chetype and a-spatial models, where XPi is the exposure factor for an emission in water-
shed, archetype or a-spatial zone i.
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freshwater emissions of various substances. In addition to variation
of water residence time in each sub-continental zone (influenced
by water surface and depth), inter-continental variation also
depends on landscape parameters related to exposure, such as
population density and various food product intake rates. These pa-
rameters lead to variation in intake fractions for the same substance
in different sub-continental zones of more than three orders of mag-
nitude, not only for persistent substances, but also for some easily
degradable chemicals. Given the many parameters that influence
intake fraction, difference neither in spatialization nor in model al-
gorithms causes substantial deviation of intake fractions between
the twomodels, which generally remain within two orders of magni-
tude. Intake fraction results for other pathways from freshwater
emissions, as well as intake fraction for all pathways from air
emissions, are presented in Appendix C.

The previous results show that considered zones cover a wide range
of landscape parameters corresponding to a comprehensive overview of
sub-continental fate and intake fraction variability.

3.2. Intra-continental variation and importance of spatialization: Europe
a-spatial and Europe spatial IMPACT model

This section analyses the intra-continental variation of fate and in-
take fractions in Europe on a watershed scale. Fig. 3 uses a red symbol
to compare the fate factors (a, b) and intake fractions (c–f) of the
a-spatial with those of the spatial IMPACT model, for both uniform
and point-source emissions (i.e., respectively for surface weighted
emissions and emissions in specific European watersheds). Results for
the three watershed archetypes are displayed in blue and discussed in
Section 3.3.

3.2.1. Fate factors
For a uniform emission (when a substance is uniformly emitted on

the surface covered by the model), Fig. 3a shows that fate factors
smaller than 3 days (lower left portion of the graph) are similar for
the spatial and a-spatial versions of the model. For more persistent
pollutants and regions with higher freshwater residence times to
sea, the a-spatial single box model overestimates the fate factor by
up to a factor 5 when compared to the spatially differentiated
model due to the high freshwater residence time to sea in the a-
spatial model (4.1 y).

For point-source emissions (when a substance is emitted in a
defined single geographical location covered by the model) in loca-
tions with increasing freshwater residence time to sea (Brittany is
0.81 days (corresponds to archetype A1), Danube is 1.4 years (corre-
sponds to archetype A3) and Lake Geneva is 13.6 years to the sea
(corresponds to archetype A3)), Fig. 3b shows that the a-spatial
model accuracy depends on the watershed in which the pollutant
is emitted and on the pollutant persistence in freshwater. For highly
degradable pollutants with degradation half-lives less than 3 days,
such as n-nitrosodiethylamine and captan, a-spatial fate factors are
aligned with the spatial ones for all watersheds. This is not the case
for more persistent pollutants for which the freshwater residence
time to sea of the emitting compartment is a key factor. For an
emission to Lake Geneva, the a-spatial single box model only slightly
underestimates the residence time, since the a-spatial freshwater
residence time to sea (4.1 years) is three times higher than Lake
Geneva's freshwater residence time to sea (13.6 years in the spatial
model). For the same reason, fate factors for an emission into the
Danube are slightly overestimated in the a-spatial model (freshwa-
ter residence time in the Danube watershed is 1.4 years). Brittany
a-spatial fate factors are overestimated by about 3 orders of magni-
tude because of the short freshwater residence time to sea in this
coastal region (0.81 day = 0.002 year). When an emission location
is known, a spatially differentiated model can thus improve the
model accuracy by up to 2- to 3 orders of magnitude.
3.2.2. Intake fractions
Human intake fractions for freshwater and fish ingestion are

represented in Fig. 3c to f. For a uniform emission, the a-spatial
model underestimates both these intake fractions by up to 2 orders
of magnitude (Fig. 3c and e). This trend is different from that ob-
served for fate prediction due to differences in exposure estimation
between these two models. Despite the low freshwater residence
time in coastal zones, exposure factors tend to be higher in these
zones, compared to inland watersheds with high freshwater resi-
dence times. These variations in exposure also influence the intake
fraction for a point source emission into freshwater (Fig. 3d and f),
such that the a-spatial model underestimates the intake fraction
for an emission in Brittany. The model overestimates intake
for emissions into a large body of water such as the Lake Geneva
watershed.
3.2.3. Key parameters affecting fate
To further analyse the main parameters responsible for the

spatial variation of fate factors, Fig. 4a presents the variability in
chemical fate for emissions in different European watersheds, as
calculated by the spatially differentiated European IMPACT model. For
easily degraded pollutants with a half-life lower than a day, such as n-
nitrosodiethylamine (t1/2 = 6 h in freshwater), fate factors vary by less
than one order of magnitude across European watersheds. Such highly
degradable or volatile chemicals disappear before being advected out of
the watershed and their residence times do not vary much across water-
sheds. On the contrary, fate can vary up to four orders of magnitude for
persistent pollutants with half-lives larger than 100 days, such as
methomyl (t1/2 = 230 days in freshwater).

By displaying the fate factor as a function of the freshwater residence
time for four pollutantswith different levels of persistence in freshwater
(n-nitrosodiethylamine has t1/2 = 0.25 day, captan has t1/2 = 0.71 day,
hexabromobenzene has t1/2 = 73 days, and methomyl has t1/2 =
230 days), Fig. 4b shows that the variability acrosswatersheds ismostly
explained by the freshwater residence time to sea.Whilst the fate factor
of the short-lived n-nitrosodiethylamine is not influenced by freshwater
residence time, fate factors for methomyl show a strong linear depen-
dence on freshwater residence time. The distinction between emissions
of hexabromobenzene in watersheds with a water depth below and
above 1 m shows that outliers (watersheds for which fate factors are
not limited by freshwater residence time) depend on the mean depth
in the considered geographical unit that influences other loss processes,

image of Fig.�5
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such as volatilization or deposition rates. The higher the freshwater
depth, the lower the volatilization and deposition rates and the greater
the fate factor. Fig. D.1a and b show the same analysis applied to intake
fractions through water ingestion.

3.2.4. Key parameters affecting exposure
To understand the main factors affecting the variability of the expo-

sure factors (XP) across Europe, we calculate for each watershed i an
equivalent exposure factor through freshwater ingestion andfish inges-
tion by dividing the intake fraction (IFi) by its fate factor (FFi): XPi= IFi /
FFi [1/d]. The resulting exposure factor can be interpreted as the equiv-
alent fraction of the overall volume of water available that is taken in
every day by the population.

Fig. 5 presents the exposure factors by freshwater ingestion as a
function of the freshwater residence time to sea for all watersheds
of the spatial model, for the three archetypes and for the a-spatial
model. We observe a clear inverse relationship between the expo-
sure factor and the freshwater residence time to sea; for watersheds
with a short residence time to sea, such as Brittany, the available vol-
ume of water is limited and thus the equivalent fraction of the water
volume taken in every day by the population is high. As the freshwa-
ter residence time to sea increases, the fraction of water taken in is
reduced by more than two (Danube) to three (Lake Geneva) orders
of magnitude.

3.3. Freshwater archetype

3.3.1. Development of the archetype watersheds
The previous section has shown that the freshwater residence time

to sea is a major determinant of both fate and exposure. This residence
time to sea (or themodel boundary) has thus been used to define three
water archetypes byminimizing the variation between the log of fresh-
water residence times of the spatial model and the log of the mean
value of the archetype watershed, as described in Section 2.4. The
resulting three archetypes have the following key characteristics. Ar-
chetype A1 covers coastal zones with short freshwater residence
times, reaching the sea in less than 2 days, with an average value of
1.7 days, and a total volume of water of 0.073 m3 per m2 land area
(also equal to themean depth). Archetype A2 covers watersheds of me-
dium freshwater residence times between 2 and 60 days, with an aver-
age of 8.6 days and a water volume of 0.27 m3 per m2 land area.
Archetype A3 covers watersheds with freshwater residence times lon-
ger than 60 days, with an average residence time of 1600 days and a
volume of water of 39 m3 per m2 land area.

Appendix D presents the archetype classification of each of the 136
watersheds of the IMPACT Europe spatial model, as well as the geograph-
ical delimitation of the three newly developed archetypes.

3.3.2. Evaluation of the archetype model
We evaluated the performance of this watershed archetype model

by comparing the resulting fate and intake fraction of each test pollut-
ant in each archetype to the IMPACT Europe spatial model results for
uniform and point source emissions (blue markers in Fig. 3).

For a uniform emission, chemical fate factors of the archetype model
are aligned with those of the Europe spatial model (Fig. 3a). For intake
fractions through freshwater and freshwater fish ingestion, the arche-
type model also improves upon the a-spatial model estimation by
substantially reducing the difference in results to within a factor two
(Fig. 3c and e). This reflects the improvement in both fate and exposure
modelling related to population density compared to the a-spatial
model, given that the archetype A1 is composed of coastal areas and
thus mimics more adequately the intake fraction related to coastal
zones modelled with the Europe spatial model.

For a point source emission, the archetype model represents a
substantial improvement over the a-spatial model, with fate factors
generally within a factor five of the spatial model (Fig. 3b). This
improvement is particularly stark for Brittany, because its freshwa-
ter residence time of 0.81 day is well approximated by the average
residence time of 1.7 day in the archetype model. Fig. 3d and f
shows that the intake fractions are also improved in the archetype
model, especially for a source emission in Brittany due to the model-
ling of higher exposure in coastal zones.

4. Conclusions

This paper develops continent-specific factors for the USEtox
model and provides a first evaluation of the variability of fate and ex-
posure induced by simplified approaches addressing spatial differ-
entiation of toxic impacts such as: (1) region-specific nested
models with a global surrounding box and (2) spatial archetypes
based on key landscape parameters. It shows that simplifying
models either to a nested model of continent-specific landscapes or
to a model with a limited number of watershed archetypes still cap-
tures the main variability in impacts and may represent an efficient
solution to account for spatial variations whilst limiting the com-
plexity of the analysis.

Inter-continental variations in water residence time, fate and intake
fraction are greater than one order of magnitude among the 17 zones
assessed with the IMPACTWorld and USEtox models, due to differences
in continent-specific landscape and population parameters. However,
themodel architecture of the surrounding box(es) (i.e., the single global
box of USEtox or the interconnected continents of IMPACT) generally
does not have a significant influence on results, with the exception of
volatile and persistent pollutants in both air and water. A nested
model, such as USEtoxwith a specific sub-continental parameterization,
is thus well suited to model inter-continental variations in fate and ex-
posure for most substances.

For intra-continental variation, an a-spatial model might substan-
tially overestimate the chemical fate and characterisation factors for
freshwater eco-toxicity, by up to 3 orders of magnitude when com-
pared to a spatially regionalized multimedia model representing
the variations in hydrology and water use between watersheds. We
identified freshwater residence time to sea as a key parameter affect-
ing the variation in fate and exposure of persistent chemicals in
water, and thus developed a set of three watershed archetypes
based on this residence time as an alternative to a spatially differen-
tiated model. This archetype model predicts aquatic fate and intake
fractions within a factor 5 of those predicted by a detailed spatial
model, whilst decreasing model complexity.

This work is an important step towards a regionalized assessment
of toxic impact in the context of LCA and chemical screening. Further
research work should be pursued to evaluate the robustness and the
accuracy of the proposed archetypes applying a model with finer
spatial resolution capabilities, whilst maintaining global coverage
and multimedia modelling capacities. Models running on recently
available hydrological datasets at 0.5° and 15′ should provide better
basis to determine the optimal number of archetypes and further ex-
plore landscape key characteristics influencing fate and exposure
across continents.
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Table A.1
USEtox landscape parameters for the 17 sub-continental and the 8 zone continental resolution (the title terminology is the same as in the USEtox tool).

ID # Name Continental scale

Land
area

Sea area Areafrac Temp Wind speed Rain rate Depth River flow Fraction Fraction Soil erosion Water residence
time to the sea

Land Sea Freshwater Nat soil Agr soil Other
soils

Freshwater Reg-cont Runoff Infiltration Continent

km2 km2 [−] [−] [−] [−] °C m·s−1 mm·y−1 m [−] [−] [−] mm·y−1 day

W1 West Asia 1.7E+07 7.4E+05 1.7E−02 0.88 1.0E−01 1.0E−20 1.2E+01 7.3E+00 2.2E+02 1.3E+01 0.0E+00 4.6E−01 2.7E−01 3.0E−02 1300
W2 Indochina 3.3E+06 2.2E+06 3.6E−02 0.86 1.0E−01 1.0E−20 1.2E+01 4.9E+00 2.4E+03 1.3E+01 0.0E+00 2.7E−01 2.7E−01 3.0E−02 260
W3 N. Australia 6.6E+06 1.6E+06 9.9E−03 0.89 1.0E−01 1.0E−20 1.2E+01 4.4E+00 1.5E+03 3.0E+00 0.0E+00 2.0E−01 2.7E−01 3.0E−02 28
W4 S. Australia+ 1.5E+06 6.4E+05 1.2E−02 0.89 1.0E−01 1.0E−20 1.2E+01 1.0E+01 5.1E+02 3.0E+00 0.0E+00 1.0E−01 2.7E−01 3.0E−02 98
W5 S. Africa 1.0E+07 6.2E+05 2.2E−02 0.88 1.0E−01 1.0E−20 1.2E+01 3.5E+00 1.0E+03 4.6E+01 0.0E+00 1.9E−01 2.7E−01 3.0E−02 1400
W6 N. Africa 2.4E+07 9.7E+05 1.9E−02 0.88 1.0E−01 1.0E−20 1.2E+01 5.1E+00 5.1E+02 4.6E+01 0.0E+00 1.8E−01 2.7E−01 3.0E−02 2400
W7 Argentina+ 4.2E+06 1.1E+06 1.5E−02 0.89 1.0E−01 1.0E−20 1.2E+01 7.4E+00 7.0E+02 8.0E+00 0.0E+00 3.0E−01 2.7E−01 3.0E−02 240
W8 Brazil+ 1.1E+07 5.8E+05 8.3E−03 0.89 1.0E−01 1.0E−20 1.2E+01 4.9E+00 1.8E+03 8.0E+00 0.0E+00 4.0E−01 2.7E−01 3.0E−02 54
W9 Central

America
5.9E+06 1.3E+06 3.6E−02 0.86 1.0E−01 1.0E−20 1.2E+01 7.3E+00 2.0E+03 2.0E+01 0.0E+00 3.8E−01 2.7E−01 3.0E−02 480

W10 US+ 1.4E+07 1.8E+06 3.4E−02 0.87 1.0E−01 1.0E−20 1.2E+01 7.0E+00 7.1E+02 2.0E+01 0.0E+00 3.7E−01 2.7E−01 3.0E−02 1300
W12 N. Eur. + N.

Canada
1.8E+07 5.6E+06 4.9E−02 0.85 1.0E−01 1.0E−20 1.2E+01 8.8E+00 4.9E+02 1.7E+01 0.0E+00 3.6E−01 2.7E−01 3.0E−02 2100

W13 Europe+ 8.6E+06 1.7E+06 1.6E−02 0.88 1.0E−01 1.0E−20 1.2E+01 6.8E+00 5.5E+02 1.5E+01 0.0E+00 1.7E−01 2.7E−01 3.0E−02 610
W14 East Indies 2.0E+06 1.4E+06 3.0E−02 0.87 1.0E−01 1.0E−20 1.2E+01 8.0E+00 1.5E+03 3.0E+00 0.0E+00 2.0E−01 2.7E−01 3.0E−02 80
IND India 4.6E+06 4.6E+05 4.2E−02 0.86 1.0E−01 1.0E−20 1.2E+01 5.0E+00 1.2E+03 1.3E+01 0.0E+00 2.7E−01 2.7E−01 3.0E−02 580
CHI China 6.4E+06 8.4E+05 4.6E−02 0.85 1.0E−01 1.0E−20 1.2E+01 6.1E+00 1.2E+03 1.3E+01 0.0E+00 2.7E−01 2.7E−01 3.0E−02 620
JAP Japan 6.0E+05 4.2E+05 4.4E−02 0.86 1.0E−01 1.0E−20 1.2E+01 8.3E+00 2.4E+03 1.3E+01 0.0E+00 2.7E−01 2.7E−01 3.0E−02 310
North America North America 1.4E+07 1.8E+06 3.4E−02 8.7E−01 1.0E−01 1.0E−20 1.2E+01 7.0E+00 7.1E+02 2.0E+01 0.0E+00 3.7E−01 2.7E−01 3.0E−02 1.3E+03
Latin America Latin America 2.1E+07 3.0E+06 1.8E−02 8.8E−01 1.0E−01 1.0E−20 1.2E+01 6.5E+00 1.6E+03 1.5E+01 0.0E+00 3.8E−01 2.7E−01 3.0E−02 2.3E+02
Europe Europe 8.6E+06 1.7E+06 1.6E−02 8.8E−01 1.0E−01 1.0E−20 1.2E+01 6.8E+00 5.5E+02 1.5E+01 0.0E+00 1.7E−01 2.7E−01 3.0E−02 6.1E+02
Africa+Middle
East

Africa+Middle
East

3.4E+07 1.6E+06 2.0E−02 8.8E−01 1.0E−01 1.0E−20 1.2E+01 4.3E+00 6.6E+02 4.6E+01 0.0E+00 1.8E−01 2.7E−01 3.0E−02 1.9E+03

Central Asia Central Asia 1.7E+07 7.4E+05 1.7E−02 8.8E−01 1.0E−01 1.0E−20 1.2E+01 7.3E+00 2.2E+02 1.3E+01 0.0E+00 4.6E−01 2.7E−01 3.0E−02 1.3E+03
Southeast Asia Southeast Asia 1.7E+07 5.3E+06 4.1E−02 8.6E−01 1.0E−01 1.0E−20 1.2E+01 6.5E+00 1.5E+03 1.2E+01 0.0E+00 2.6E−01 2.7E−01 3.0E−02 4.3E+02
Northern
regions

Northern
regions

1.8E+07 5.6E+06 4.9E−02 8.5E−01 1.0E−01 1.0E−20 1.2E+01 8.8E+00 4.9E+02 1.7E+01 0.0E+00 3.6E−01 2.7E−01 3.0E−02 2.1E+03

Oceania Oceania 8.1E+06 2.2E+06 1.0E−02 8.9E−01 1.0E−01 1.0E−20 1.2E+01 7.4E+00 1.3E+03 3.0E+00 0.0E+00 1.9E−01 2.7E−01 3.0E−02 3.4E+01
Source Based on GIS computation Calculated

based on
freshwater,
agr soil and
other soil
ratios

Set at 0.1 Same as default
USEtox landscape

Based on GEOS-
Chem wind
speeds

Same as default
USEtox
landscape

Same as default
USEtox
landscape

Same as default
USEtox
landscape

Based on GIS compu-
tation

Same as default
USEtox
landscape

Recalculated based
on model
algorithm

ID # Name Global scale

Area Areafrac Temp Wind speed Rain rate Depth River flow Fraction Fraction Soil erosion

Land Sea Freshwater Nat soil Agr soil Other soils Freshwater Cont-reg Runoff Infiltration

km2 km2 [−] [−] [−] [−] °C m·s−1 mm·y−1 m [−] [−] [−] mm·y−1

W1 West Asia 1.2E+08 3.6E+08 3.0E−02 8.7E−01 1.0E−01 1.1E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
W2 Indochina 1.4E+08 3.6E+08 2.7E−02 8.7E−01 1.0E−01 1.0E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
W3 N. Australia 1.3E+08 3.6E+08 2.8E−02 8.7E−01 1.0E−01 1.0E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
W4 S. Australia+ 1.4E+08 3.6E+08 2.7E−02 8.7E−01 1.0E−01 1.0E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
W5 S. Africa 1.3E+08 3.6E+08 2.8E−02 8.7E−01 1.0E−01 1.1E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
W6 N. Africa 1.1E+08 3.6E+08 3.2E−02 8.7E−01 1.0E−01 1.2E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
W7 Argentina+ 1.3E+08 3.6E+08 2.7E−02 8.7E−01 1.0E−01 1.0E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
W8 Brazil+ 1.3E+08 3.6E+08 2.8E−02 8.7E−01 1.0E−01 1.1E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
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W9 Central America 1.3E+08 3.6E+08 2.7E−02 8.7E−01 1.0E−01 1.0E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
W10 US+ 1.2E+08 3.6E+08 2.9E−02 8.7E−01 1.0E−01 1.1E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
W12 N. Eur. + N. Canada 1.2E+08 3.6E+08 3.0E−02 8.8E−01 1.0E−01 1.2E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
W13 Europe+ 1.3E+08 3.6E+08 2.8E−02 8.7E−01 1.0E−01 1.1E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
W14 East Indies 1.4E+08 3.6E+08 2.7E−02 8.7E−01 1.0E−01 1.0E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
IND India 1.3E+08 3.6E+08 2.7E−02 8.7E−01 1.0E−01 1.0E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
CHI China 1.3E+08 3.6E+08 2.8E−02 8.7E−01 1.0E−01 1.0E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
JAP Japan 1.4E+08 3.6E+08 2.6E−02 8.7E−01 1.0E−01 1.0E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
North America North America 1.2E+08 3.6E+08 2.9E−02 8.7E−01 1.0E−01 1.1E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
Latin America Latin America 1.2E+08 3.6E+08 3.1E−02 8.7E−01 1.0E−01 1.2E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
Europe Europe 1.3E+08 3.6E+08 2.8E−02 8.7E−01 1.0E−01 1.1E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
Africa + Middle East Africa + Middle East 1.0E+08 3.6E+08 3.5E−02 8.7E−01 1.0E−01 1.3E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
Central Asia Central Asia 1.2E+08 3.6E+08 3.0E−02 8.7E−01 1.0E−01 1.1E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
Southeast Asia Southeast Asia 1.2E+08 3.6E+08 3.0E−02 8.8E−01 1.0E−01 1.1E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
Northern regions Northern regions 1.2E+08 3.6E+08 3.0E−02 8.8E−01 1.0E−01 1.2E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
Oceania Oceania 1.3E+08 3.6E+08 2.8E−02 8.7E−01 1.0E−01 1.1E−20 1.2E+01 3.0E+00 7.0E+02 2.5E+00 0.0E+00 2.5E−01 2.5E−01 3.0E−02
Source Recalculated based on continental data Same as default USEtox landscape

ID # Name Urban scale Human population Exposure

Area Areafrac Human pop Human breathing rate Water ingestion

Land Nat soil Other soils World Continent Urban World + cont + urban World + cont

km2 [−] [−] [−] [−] [−] m3/(person ∗ day) l/(person ∗ day)

W1 West Asia 240 0.67 0.33 6.58E+09 2.35E+08 1.47E+06 13 1.4
W2 Indochina 240 0.67 0.33 6.35E+09 4.65E+08 1.30E+06 13 1.4
W3 N. Australia 240 0.67 0.33 6.82E+09 3.20E+06 8.24E+05 13 1.4
W4 S. Australia+ 240 0.67 0.33 6.80E+09 2.12E+07 1.03E+06 13 1.4
W5 S. Africa 240 0.67 0.33 6.50E+09 3.24E+08 1.25E+06 13 1.4
W6 N. Africa 240 0.67 0.33 6.03E+09 7.89E+08 2.30E+06 13 1.4
W7 Argentina+ 240 0.67 0.33 6.75E+09 6.67E+07 2.89E+06 13 1.4
W8 Brazil+ 240 0.67 0.33 6.58E+09 2.42E+08 2.62E+06 13 1.4
W9 Central America 240 0.67 0.33 6.51E+09 3.05E+08 2.76E+06 13 1.4
W10 US+ 240 0.67 0.33 6.49E+09 3.28E+08 1.32E+06 13 1.4
W12 N. Eur. + N. Canada 240 0.67 0.33 6.80E+09 1.67E+07 6.56E+05 13 1.4
W13 Europe+ 240 0.67 0.33 6.06E+09 7.59E+08 1.41E+06 13 1.4
W14 East Indies 240 0.67 0.33 6.61E+09 2.07E+08 1.30E+06 13 1.4
IND India 240 0.67 0.33 5.25E+09 1.57E+09 1.76E+06 13 1.4
CHI China 240 0.67 0.33 5.49E+09 1.33E+09 1.47E+06 13 1.4
JAP Japan 240 0.67 0.33 6.67E+09 1.51E+08 4.56E+06 13 1.4
North America North America 240 0.67 0.33 6.5E+09 3.3E+08 1.3E+06 13 1.4
Latin America Latin America 240 0.67 0.33 6.2E+09 6.1E+08 8.3E+06 13 1.4
Europe Europe 240 0.67 0.33 6.1E+09 7.6E+08 1.4E+06 13 1.4
Africa + Middle East Africa + Middle East 240 0.67 0.33 5.7E+09 1.1E+09 3.6E+06 13 1.4
Central Asia Central Asia 240 0.67 0.33 6.6E+09 2.4E+08 1.5E+06 13 1.4
Southeast Asia Southeast Asia 240 0.67 0.33 3.1E+09 3.7E+09 1.0E+07 13 1.4
Northern regions Northern regions 240 0.67 0.33 6.8E+09 1.7E+07 6.6E+05 13 1.4
Oceania Oceania 240 0.67 0.33 6.8E+09 2.4E+07 1.9E+06 13 1.4
Source Same as default USEtox landscape Recalculated based on continental data Same as default USEtox landscape

ID # Name Production-based intake rates

Exposed produce Unexposed
produce

Unexposed
produce

Meat Meat Dairy
products

Dairy
products

Fish
freshwater

Fish
freshwater

Fish coastal
marine
freshwater

Fish coastal
marine
freshwater

World Continent World Continent World Continent World Continent World Continent World Continent

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

W1 West Asia 2.13 1.71 0.37 0.33 0.10 0.08 0.24 0.26 0.01 0.011 0.04 0.05
W2 Indochina 2.08 2.57 0.38 0.22 0.10 0.05 0.25 0.01 0.01 0.008 0.03 0.06
W3 N. Australia 2.11 10.45 0.37 0.18 0.09 0.51 0.24 1.39 0.01 0.006 0.03 6.65
W4 S. Australia+ 2.10 9.02 0.37 0.21 0.09 0.60 0.23 2.84 0.01 0.004 0.03 0.61
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Table A.1 (continued)

ID # Name Production-based intake rates

Exposed produce Unexposed
produce

Unexposed
produce

Meat Meat Dairy
products

Dairy
products

Fish
freshwater

Fish
freshwater

Fish coastal
marine
freshwater

Fish coastal
marine
freshwater

World Continent World Continent World Continent World Continent World Continent World Continent

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

kg/
(day ∗ capita)

W5 S. Africa 2.17 1.03 0.37 0.44 0.10 0.03 0.25 0.06 0.01 0.006 0.04 0.03
W6 N. Africa 2.27 0.98 0.36 0.46 0.10 0.04 0.26 0.10 0.01 0.006 0.04 0.01
W7 Argentina+ 2.09 4.92 0.37 0.46 0.09 0.23 0.23 0.57 0.01 0.002 0.03 0.31
W8 Brazil+ 1.97 6.08 0.37 0.36 0.09 0.20 0.24 0.28 0.01 0.004 0.04 0.05
W9 Central

America
2.09 2.62 0.38 0.10 0.10 0.09 0.24 0.20 0.01 0.003 0.04 0.04

W10 US+ 1.98 4.82 0.37 0.42 0.08 0.35 0.21 0.69 0.01 0.003 0.04 0.04
W12 N. Eur. +

N. Canada
2.12 1.74 0.37 0.47 0.09 0.15 0.24 0.75 0.01 0.008 0.03 1.43

W13 Europe+ 2.06 2.57 0.27 1.12 0.08 0.19 0.17 0.80 0.01 0.003 0.04 0.02
W14 East Indies 2.15 1.21 0.38 0.16 0.10 0.02 0.24 0.01 0.01 0.013 0.03 0.13
IND India 2.30 1.52 0.46 0.07 0.12 0.01 0.25 0.20 0.01 0.008 0.05 0.00
CHI China 2.17 1.90 0.37 0.38 0.09 0.12 0.29 0.03 0.01 0.029 0.04 0.01
JAP Japan 2.14 1.16 0.37 0.21 0.10 0.09 0.24 0.19 0.01 0.027 0.04 0.06
North

America
North
America

1.98 4.82 0.37 0.42 0.08 0.35 0.21 0.69 0.012 0.003 0.04 0.04

Latin
America

Latin
America

1.91 4.24 0.38 0.24 0.09 0.15 0.23 0.27 0.012 0.003 0.03 0.08

Europe Europe 2.06 2.57 0.27 1.12 0.08 0.19 0.17 0.80 0.012 0.003 0.04 0.02
Africa +

Middle
East

Africa +
Middle East

2.34 0.99 0.35 0.45 0.11 0.03 0.27 0.09 0.012 0.006 0.04 0.02

Central
Asia

Central Asia 2.13 1.71 0.37 0.33 0.10 0.08 0.24 0.26 0.011 0.011 0.04 0.05

Southeast
Asia

Southeast Asia 2.56 1.76 0.56 0.21 0.14 0.06 0.40 0.10 0.005 0.017 0.05 0.02

Northern
regions

Northern
regions

2.12 1.74 0.37 0.47 0.09 0.15 0.24 0.75 0.011 0.008 0.03 1.43

Oceania Oceania 2.09 9.21 0.37 0.21 0.09 0.59 0.23 2.65 0.011 0.005 0.03 1.40
Recalculated
based on
continental
data

FAO
production
data from
2001

Recalculated
based on
continental
data

FAO
production
data from
2001

Recalculated
based on
continental
data

FAO
production
data from
2001

Recalculated
based
on continental
data

FAO
production
data from
2001

Recalculated
based on
continental
data

FAO FishSTAT Recalculated
based on
continental
data

FAO FishSTAT
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Appendix B. Selected set of pollutants

Table B.1
Chemical data of the set of 36 pollutants of the OMNIITOX set (Margni et al., 2002).

Name CAS Degradable
with H and
Kow = 0;
non-degradable
or specification
of partitioning
coefficients = 1

Molecular
mass
(g/mol)

Henry's
constant
(Pa m3

mol−1)
or Kaw

Log
Kow

Tropospheric
degradation
half life
(hours)

Water-
column
degradation
half life
(hours)

Soil surface layer
degradation
half life
(hours)

Source Sediment
degradation
half life
(hours)

Vegetation
degradation
half life
(hours)

SOIL root
zone
degradation
half life
(hours)

Soil vadose
layer
degradation
half life
(hours)

Source

Tetrachloroethylene 127-18-4 0 166 1.77E+03 2.88 5.50E+02 1.75E+03 1.70E+03 OMNITOX 5.50E+03 1.70E+03 1.70E+03 1.70E+03 MACKAY
Carbon tetrachloride

(CCl4)
56-23-5 0 154 2.76E+03 2.64 1.70E+04 1.70E+03 6.04E+03 OMNITOX 1.70E+04 5.50E+03 5.50E+03 5.50E+03 MACKAY

1,3-Butadiene 106-99-0 0 54 7.36E+03 1.99 1.70E+04 1.70E+02 5.50E+02 OMNITOX 1.70E+03 5.50E+02 5.50E+02 5.50E+02 MACKAY
Methomyl 16752-77-5 0 162 1.84E−05 0.60 5.80E+01 5.52E+03 5.03E+02 OMNITOX 5.04E+02 5.04E+02 5.04E+02 5.04E+02 USES
Acephate 30560-19-1 0 183 5.01E−08 −0.85 3.44E+01 1.28E+03 5.29E+01 OMNITOX 5.28E+01 5.28E+01 5.28E+01 5.28E+01 USES
Formaldehyde 50-00-0 0 30 3.37E−02 0.35 3.63E+00 9.58E+01 5.50E+01 OMNITOX 3.84E+02 9.60E+01 9.60E+01 9.60E+01 HOWARD
PCBs 1336-36-3 0 292 4.15E+01 7.10 4.73E+02 3.38E+02 9.00E+02 OMNITOX 1.34E+03 3.36E+02 3.36E+02 3.36E+02 Estimate
Di(n-octyl) phthalate 117-84-0 0 391 2.57E−01 8.10 1.87E+01 3.36E+02 3.37E+02 OMNITOX 6.54E+03 3.36E+02 3.36E+02 3.36E+02 USES
Hexabromobenzene 87-82-1 0 551 2.81E+00 6.07 3.36E+04 1.44E+03 1.44E+03 OMNITOX 5.76E+03 1.44E+03 1.44E+03 1.44E+03 Estimate
Cypermethrin 52315-07-8 0 416 1.92E−02 6.60 1.80E+01 1.20E+02 1.25E+03 OMNITOX 1.25E+03 1.25E+03 1.25E+03 1.25E+03 USES
Mirex 2385-85-5 0 546 8.11E+01 6.90 1.70E+02 1.70E+02 5.50E+04 OMNITOX 5.50E+04 5.50E+04 5.50E+04 5.50E+04 MACKAY
Trifluralin 1582-09-8 0 336 1.03E+01 5.34 1.70E+02 1.70E+03 1.70E+03 OMNITOX 5.50E+03 1.70E+03 1.70E+03 1.70E+03 MACKAY
Dicofol 115-32-2 0 370 2.42E-02 5.02 1.12E+02 9.00E+02 1.46E+03 OMNITOX 3.84E+02 1.46E+03 1.46E+03 1.46E+03 CALTOX
1,4-Dichlorobenzene 106-46-7 0 147 2.41E+02 3.40 5.50E+02 1.70E+03 5.50E+03 OMNITOX 1.70E+04 5.50E+03 5.50E+03 5.50E+03 MACKAY
Aldrin 309-00-2 0 365 4.40E+00 3.01 4.99E+00 1.75E+04 1.70E+04 OMNITOX 5.50E+04 1.70E+04 1.70E+04 1.70E+04 MACKAY
1,1,2,2-Tetrachloroethane 79-34-5 0 168 3.67E+01 2.39 1.70E+04 1.70E+03 5.50E+03 OMNITOX 1.70E+04 5.50E+03 5.50E+03 5.50E+03 MACKAY
Captan 133-06-2 0 301 6.48E−04 2.30 1.70E+01 1.70E+01 5.50E+02 OMNITOX 5.50E+02 5.50E+02 5.50E+02 5.50E+02 MACKAY
Pronamide 23950-58-5 0 256 9.77E−04 3.43 2.91E+01 9.77E+02 1.93E+03 OMNITOX 1.80E+02 1.93E+03 1.93E+03 1.93E+03 CALTOX
Anthracene 120-12-7 0 178 5.56E+00 4.54 5.50E+01 5.50E+02 5.50E+03 OMNITOX 1.70E+04 5.50E+03 5.50E+03 5.50E+03 MACKAY
Gamma-HCH (lindane) 58-89-9 0 291 5.14E−01 3.70 1.04E+03 1.70E+04 1.70E+04 OMNITOX 5.50E+04 1.70E+04 1.70E+04 1.70E+04 MACKAY
Dimethylphthalate (DMP) 131-11-3 0 194 1.05E−02 2.12 1.70E+02 1.70E+02 5.50E+02 OMNITOX 1.70E+03 5.50E+02 5.50E+02 5.50E+02 MACKAY
Methanol 67-56-1 0 32 4.55E−01 −0.77 3.92E+02 5.50E+01 5.50E+01 OMNITOX 7.20E+01 9.60E+01 9.60E+01 9.60E+01 HOWARD
1,2-Dichloroethane 107-06-2 0 99 1.18E+02 1.48 1.70E+03 1.70E+03 5.50E+03 OMNITOX 1.70E+04 5.50E+03 5.50E+03 5.50E+03 MACKAY
Ethyl acetate 141-78-6 0 88 1.34E+01 0.73 1.94E+02 9.58E+01 1.70E+02 OMNITOX 3.84E+02 9.60E+01 9.60E+01 9.60E+01 HOWARD
N-nitrosodiethylamine 55-18-5 0 102 3.63E−01 0.48 6.00E+00 6.00E+00 1.70E+03 OMNITOX 2.40E+01 2.40E+03 2.40E+03 2.40E+03 HOWARD
Thiram 137-26-8 0 240 3.04E−02 1.73 1.70E+02 1.70E+02 5.50E+02 OMNITOX 1.70E+03 5.50E+02 5.50E+02 5.50E+02 MACKAY
Propoxur 114-26-1 0 209 1.43E−04 1.50 5.00E+00 5.50E+02 5.50E+02 OMNITOX 1.70E+03 5.50E+02 5.50E+02 5.50E+02 MACKAY
Folpet 133-07-3 0 297 7.66E−03 2.85 2.45E+01 1.38E+04 1.38E+04 OMNITOX 1.38E+04 1.38E+04 1.38E+04 1.38E+04 USES
Benomyl 17804-35-2 0 290 4.93E−07 2.30 4.99E+00 1.70E+02 1.70E+03 OMNITOX 5.50E+03 1.70E+03 1.70E+03 1.70E+03 MACKAY
Hexachlorobutadiene 87-68-3 0 261 1.03E+03 4.78 1.28E+04 1.75E+03 1.70E+03 OMNITOX 1.70E+03 1.70E+03 1.70E+03 1.70E+03 USES
Hexachlorocyclopentadiene 77-47-4 0 273 2.70E+03 5.04 9.77E+02 8.63E+01 4.20E+02 OMNITOX 1.68E+03 4.20E+02 4.20E+02 4.20E+02 HOWARD
Heptachlor epoxide 1024-57-3 0 389 2.10E+00 4.98 7.43E+01 7.03E+03 7.03E+03 OMNITOX 9.60E+01 7.02E+03 7.02E+03 7.02E+03 HOWARD
Hexachlorobenzene 118-74-1 0 285 1.70E+02 5.50 7.35E+03 5.50E+04 5.50E+04 OMNITOX 5.50E+04 5.50E+04 5.50E+04 5.50E+04 MACKAY
Heptachlor 76-44-8 0 373 2.94E+01 5.27 5.50E+01 5.50E+02 1.70E+03 OMNITOX 5.50E+03 1.70E+03 1.70E+03 1.70E+03 MACKAY
Nitrobenzene 98-95-3 0 123 2.4 1.85 4.94E+00 1.75E+03 1.23E+03 OMNITOX 5.50E+03 1.70E+03 1.70E+03 1.70E+03 MACKAY
Endosulfan 115-29-7 0 407 6.5 3.83 3.85E+01 1.13E+02 2.11E+02 OMNITOX 7.68E+02 1.11E+02 1.11E+02 1.11E+02 HOWARD

Name PKa BCF
(kg—water/
kg—fish)

Chemical class
(optional)

Water—
top— surface
layer
degradation
half life
(hours)

Water—
bottom—

deep sea
degradation
half life
(hours)

Sediment
(anaerobic)
degradation
half life
(hours)

BCF
(kg—water/
kg—fish)

ED10— oral—
non-cancer
(mg/kg body
weight— day,
median
estimate)

ED10—

inhalation—

non-cancer
(mg/kg body
weight— day,
median estimate)

DALY/
incidence—

oral— non-
cancer

DALY/
incidence—
inhalation —

non-cancer

ED10— oral—
cancer (mg/kg
body weight—
day, median
estimate)

ED10—

inhalation—

cancer (mg/kg
body weight—
day, median
estimate)

Aquatic
ecotoxicological
effect factor
(PAF per kg/m3,
median
estimate)

Tetrachloroethylene 8.28E+01 Non-dissociating
compound

5.50E+02 5.50E+03 5.50E+03 8.28E+01 5.26E−01 2.08E+00 1.30E+00 1.30E+00 4.00E+00 6.13E+02

Carbon tetrachloride (CCl4) 3.01E+01 Non-dissociating
compound

1.70E+03 1.70E+04 1.70E+04 3.01E+01 5.38E−02 4.09E+00 1.30E+00 1.30E+00 1.19E+00 1.19E+00 6.73E+01

(continued on next page)
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Table B.1 (continued)

Name PKa BCF
(kg—water/
kg—fish)

Chemical class
(optional)

Water—
top— surface
layer
degradation
half life
(hours)

Water—
bottom—

deep sea
degradation
half life
(hours)

Sediment
(anaerobic)
degradation
half life
(hours)

BCF
(kg—water/
kg—fish)

ED10— oral—
non-cancer
(mg/kg body
weight— day,
median
estimate)

ED10—

inhalation—

non-cancer
(mg/kg body
weight— day,
median estimate)

DALY/
incidence—

oral— non-
cancer

DALY/
incidence—

inhalation —

non-cancer

ED10— oral—
cancer (mg/kg
body weight—
day, median
estimate)

ED10—

inhalation—

cancer (mg/kg
body weight—
day, median
estimate)

Aquatic
ecotoxicological
effect factor
(PAF per kg/m3,
median
estimate)

1,3-Butadiene 6.80E+00 Non-dissociating
compound

1.70E+02 1.70E+03 1.70E+03 6.80E+00 6.76E−01 6.76E−01 1.30E+00 1.30E+00 1.04E+01 2.01E+02

Methomyl 3.16E+00 Non-dissociating
compound

5.52E+03 5.04E+02 5.04E+02 3.16E+00 2.50E+00 1.30E+00 1.30E+00 7.01E+03

Acephate 3.16E+00 Non-dissociating
compound

1.26E+03 5.28E+01 5.28E+01 3.16E+00 2.04E−03 1.30E+00 1.30E+00 1.00E+01 7.26E+01

Formaldehyde 1.33E+01 3.16E+00 Non-dissociating
compound

9.60E+01 3.84E+02 3.84E+02 3.16E+00 3.75E+00 2.52E−03 1.30E+00 1.30E+00 9.09E−02 7.42E+01

PCBs 5.80E+04 Mixture (of non-
dissociating
compounds)

3.36E+02 1.34E+03 1.34E+03 5.80E+04 1.30E+00 1.30E+00 7.50E+05

Di(n-octyl) phthalate 6.35E+01 Non-dissociating
compound

3.36E+02 6.54E+03 6.54E+03 6.35E+01 3.09E+00 1.30E+00 1.30E+00 1.50E+01

Hexabromobenzene 9.42E+03 Non-dissociating
compound

1.44E+03 5.76E+03 5.76E+03 9.42E+03 1.61E−01 1.30E+00 1.30E+00 1.45E+06

Cypermethrin 2.07E+02 Non-dissociating
compound

1.20E+02 1.25E+03 1.25E+03 2.07E+02 1.00E+00 1.30E+00 1.30E+00 6.47E+06

Mirex 4.03E+04 Non-dissociating
compound

1.70E+02 5.50E+04 5.50E+04 4.03E+04 1.85E−02 1.30E+00 1.30E+00 7.14E−02 3.33E+03

Trifluralin 2.58E+03 Non-dissociating
compound

1.70E+03 5.50E+03 5.50E+03 2.58E+03 7.69E−01 1.30E+00 1.30E+00 2.94E+01 1.13E+04

Dicofol 1.46E+03 Hydrolyses app t1/2:
120 h (Bulle et al.)

8.99E+02 3.84E+02 3.84E+02 1.46E+03 1.30E+00 1.30E+00 1.32E+00 1.03E+04

1,4-Dichlorobenzene 8.89E+01 Non-dissociating
compound

1.70E+03 1.70E+04 1.70E+04 8.89E+01 2.03E+00 7.69E+01 1.30E+00 1.30E+00 2.56E+01 7.63E+02

Aldrin 2.02E+04 Non-dissociating
compound

1.70E+04 5.50E+04 5.50E+04 2.02E+04 1.25E−03 1.30E+00 1.30E+00 1.18E−02 1.18E−02 8.27E+04

1,1,2,2-Tetrachloroethane 1.38E+01 Non-dissociating
compound

1.70E+03 1.70E+04 1.70E+04 1.38E+01 2.15E+00 2.32E+01 1.30E+00 1.30E+00 1.54E+00 9.09E−01 2.83E+02

Captan 2.86E+01 Non-dissociating
compound

1.70E+01 5.50E+02 5.50E+02 2.86E+01 3.33E+00 1.30E+00 1.30E+00 7.21E+03

Pronamide 8.73E+01 Non-dissociating
compound

9.79E+02 1.80E+02 1.80E+02 8.73E+01 7.69E+00 1.30E+00 1.30E+00 4.76E+00 3.66E+02

Anthracene 5.33E+02 Non-dissociating
compound

5.50E+02 1.70E+04 1.70E+04 5.33E+02 3.70E+01 1.30E+00 1.30E+00 3.92E+04

Gamma-HCH (lindane) 3.08E+02 Non-dissociating
compound

1.70E+04 5.50E+04 5.50E+04 3.08E+02 2.63E−02 1.16E−01 1.30E+00 1.30E+00 1.23E+00 2.85E+04

Dimethylphthalate (DMP) 3.40E+00 Non-dissociating
compound

1.70E+02 1.70E+03 1.70E+03 3.40E+00 1.30E+00 1.30E+00 4.14E+01

Methanol 1.53E+01 3.16E+00 5.50E+01 7.20E+01 7.20E+01 3.16E+00 3.79E+01 1.30E+00 1.30E+00 1.50E+00
1,2-Dichloroethane 2.75E+00 Non-dissociating

compound
1.70E+03 1.70E+04 1.70E+04 2.75E+00 8.70E−01 8.67E+01 1.30E+00 1.30E+00 3.23E−01 2.17E+00 2.57E+01
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Ethyl acetate 3.16E+00 Non-dissociating
compound

9.60E+01 3.84E+02 3.84E+02 3.16E+00 7.14E+01 1.30E+00 1.30E+00 7.42E+00

N-nitrosodiethylamine 3.89E+00 3.16E+00 Non-dissociating
compound

6.00E+00 2.40E+01 2.40E+01 3.16E+00 1.30E+00 1.30E+00 9.09E−04 1.33E−03 6.00E+00

Thiram 8.70E−01 4.29E+00 1.70E+02 1.70E+03 1.70E+03 4.29E+00 1.33E+00 1.30E+00 1.30E+00 4.00E+04
Propoxur 1.19E+01 2.95E+00 5.50E+02 1.70E+03 1.70E+03 2.95E+00 3.23E−02 1.30E+00 1.30E+00 3.21E+03
Folpet 3.12E+01 Non-dissociating

compound
1.38E+04 1.38E+04 1.38E+04 3.12E+01 1.00E+01 1.30E+00 1.30E+00 4.17E+01 8.07E+03

Benomyl 8.56E+00 Significant hydrolysis 1.70E+02 5.50E+03 5.50E+03 8.56E+00 1.33E+00 1.30E+00 1.30E+00 1.31E+03
Hexachlorobutadiene 9.56E+02 Non-dissociating

compound
1.70E+03 1.70E+03 1.70E+03 9.56E+02 1.40E−03 1.14E+00 1.30E+00 1.30E+00 2.94E+00 2.94E+00 5.82E+03

Hexachlorocyclopentadiene 1.52E+03 Hydrolyses app t1/2:
173 h (Bulle et al.)

8.65E+01 1.68E+03 1.68E+03 1.52E+03 5.56E−01 1.80E−03 1.30E+00 1.30E+00 4.38E+04

Heptachlor epoxide 1.36E+03 Non-dissociating
compound

7.02E+03 9.60E+01 9.60E+01 1.36E+03 2.33E−03 1.30E+00 1.30E+00 2.17E−02 2.17E−02 1.66E+05

Hexachlorobenzene 5.15E+03 Non-dissociating
compound

5.50E+04 5.50E+04 5.50E+04 5.15E+03 2.13E−02 1.50E−05 1.30E+00 1.30E+00 7.69E−02 7.69E−02 2.16E+04

Heptachlor 9.93E+03 Hydrolyses app t1/2:
23.1 h (Bulle et al.)

5.50E+02 5.50E+03 5.50E+03 9.93E+03 4.00E−02 1.30E+00 1.30E+00 4.76E−02 4.35E−02 1.02E+05

Nitrobenzene 5.30E+00 1.70E+03 5.50E+03 5.50E+03 5.30E+00 3.23E−02 1.30E+00 1.30E+00
Endosulfan 1.78E+02 1.11E+02 7.68E+02 7.68E+02 1.78E+02 1.59E−01 1.30E+00 1.30E+00 2.65E+05
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Fig. C.1. Comparison between a-spatial USEtoxmodel and the spatially differentiated IMPACTWorldmodel predictions of freshwater residence time (fate factor, FF) for 14 chemicals emit-
ted in each sub-continent.
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Appendix C. Additional USEtox parameterization results

Fig. C.1 compares the freshwater residence times (fate factors) for 14 chemicals emitted in each sub-continent, in the a-spatial USEtoxmodel and
the spatially differentiated IMPACTWorld model. It is similar to Fig. 2b, but with results differentiated by substance and for a restricted number of
substances.
Fig. C.2. Comparison between a-spatial USEtox model and the spatially differentiated IMPACTWorld model regarding: a) Transfer fraction from air to freshwater and b) transfer fraction
from freshwater to air.
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We calculated transfer fractions from air to freshwater (TFa,w, unitless) and from freshwater to air (TFw,a, unitless) based on the following fate
factors:

T Fa;w ¼ F Fa;w
F Fw;w

ðC1Þ

T Fw;a ¼
F Fw;a

F Fa;a
ðC2Þ

where all the fate factors (FF) are in units of days and equal to the steady state substancemass in the second subscript (in kg) for an emission flow of
1 kg/day to the compartment indicated by the first subscript. FFa,w is the fate factor in freshwater for an emission to air, FFw,a is the fate factor in air for
an emission to freshwater (days), FFw,w is the fate for an emission to freshwater in freshwater (days), and FFa,a is the fate factor in air for an emission
to air (days).

Fig. C.2a shows that for many pollutants, IMPACTWorld overestimates the transfer factor from air to freshwater by about one order of magnitude
compared toUSEtox. The dominant disappearance pathway of pollutantswith high KH (e.g., hexachlorobenzeneKH=170 Pa·m3·mol−1, carbon tet-
rachloride KH = 2760 Pa·m3·mol−1, and n-nitrosodiethylamine KH = 0.362 Pa·m3·mol−1) emitted to continental air is transfer to global air.

The transfer factor from air to freshwater is higher than 1.0 for hexachlorobenzene in IMPACTWorld for emission to Brazil (W8) and East Indies
(W14). This result is in line with Fig. 2b results, where the fate of hexachlorobenzene inW14 is observed to exceed the freshwater residence time in
this sub-continental zone due to a transfer to Antarctica (W11). In the sameway, when hexachlorobenzene is emitted to air in East Indies and Brazil,
it is transported to Antarctica where the freshwater residence time is higher than in East Indies and Brazil (N8000 years compared to 19 days and
34 days). Hexachlorobenzene fate in water when emitted to air is thus higher than when emitted in water in W8 and W14, due to a transfer to
Antarctica and important substance residence time there.

Fig. C.2b shows thatwhen emitted to freshwater, the thiram and n-nitrosodiethylamine transfer fractions to air are under-estimated byUSEtox by
six and three orders of magnitude, respectively.

Based on these observations, deviations in fate results aremore due tomodel algorithm differences (i.e., modelling of freshwater outflow and the
volatilization algorithm) than to the influence of surrounding global or continental zones.

Figs. C.3 and C.4 present respectively intake fractions for an emission to freshwater and for an emission to air. Fig. C.3a shows that results for both
models are aligned except for thiram and n-nitrosodiethylamine. This difference is correlated with the discrepancies observed for transfer fraction
from freshwater to air (see Fig. C.2b), and thus due to a difference in fate factor Fw,a.
Fig. C.3. Comparison between a-spatial USEtox model and the spatially differentiated IMPACTWorld model regarding the intake fraction for an emission to water: a) by inhalation, b) by
total ingestion, c) by exposed produce ingestion, and d) by unexposed produce ingestion.

image of Fig.�C.3


Fig. C.4.Comparison between a-spatial USEtoxmodel and the spatially differentiated IMPACTWorldmodel regarding the intake fraction for an emission to air: a) by inhalation for an emission
in an urban zone, b) by inhalation for an emission in an rural zone c) by total ingestion, d) by exposed produce ingestion, e) by unexposed produce ingestion, and f) by freshwater ingestion.
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Appendix D. Landscape data for USEtox parameterization

Fig. D.1a presents the variability in intake fraction through water ingestion across European watersheds, as calculated by the spatially differenti-
ated Europeanmodel for emissions in each of the European watersheds, as a function of the chemical degradation half-life in freshwater. In contrast
to the variation of fate, the intake fraction varies by up to five orders of magnitude for quickly degraded pollutants with half-lives shorter than a day,

image of Fig.�C.4
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such as n-nitrosodiethylamine (t1/2 = 6 h in freshwater). On the contrary, the intake fraction through freshwater ingestion varies by three to four
orders of magnitude for persistent pollutants with half-lives larger than 100 days, such as methomyl (t1/2 = 230 days in freshwater).

By displaying the intake fraction through water ingestion as a function of the freshwater residence time for four pollutants with different persis-
tence in freshwater (n-nitrosodiethylamine t1/2 = 0.25 d, captan: t1/2 = 0.71 d, hexabromobenzene: t1/2 = 73 d, and methomyl: t1/2 = 230 d),
Fig. D.1b shows that the variability acrosswatershed decreases aswater residence time increases, more prominently for quickly degraded pollutants.
In short-residence-time watersheds, all substances are equally ingested through drinking water independently of their persistence (persistent sub-
stances are removed from the systemby advection). In long-residence-timewatersheds, the intake fraction of n-nitrosodiethylamine is up to 4 orders
of magnitude lower than in short-residence-time watersheds. This is explained by the fact that low persistence substances are degraded in water-
sheds where they have been emitted, where the population is generally lower than for watersheds close to the coast (population is the only spatially
differentiated parameter affecting exposure bywater ingestion). This variability is reduced to three orders ofmagnitude formethomyl, given that this
substance crosses watersheds with various population patterns due to its high persistence.
Fig. D.1.Main factors affecting intake fraction throughwater ingestion. a) Intake fractions throughwater ingestion of all test substances as a function of their degradation half-life inwater
for each of the 136 watersheds of the European spatial model and b) intake fractions through water ingestion of n-nitrosodiethylamine, captan, hexabromobenzene and methomyl as a
function of water residence time to sea for each of the 136 watershed of the European spatial model.
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Appendix E. Classification of IMPACT Europe spatial model watersheds into archetype category
Fig. E.1. Boundaries of the three archetypical watershed A1, A2 and A3 models based on IMPACT Europe spatial model (Pennington et al., 2005).

Table E.1
Classification of IMPACT Europe spatial model watersheds into A1, A2 and A3 archetype categories.

Region no. Volume
(m3)

Advection rate
(m3/h)

Is there a watershed
after this one

Retention in
watershed (d)

Retention after
watershed (d)

Retention time
until the sea (d)

Archetype watershed
classification

W0 4.00E+13 4.15E+09 4.01E+02 4.01E+02 A0
W2 1.00E+08 1.24E+06 3.39E+00 3.39E+00 A2
W3 1.04E+07 2.49E+05 1.74E+00 1.74E+00 A1
W4 8.79E+09 8.15E+05 W4 4.50E+02 8.83E+02 1.33E+03 A3
W5 7.46E+10 6.78E+06 W5 4.58E+02 4.24E+02 8.83E+02 A3
W6 6.63E+07 9.28E+05 2.98E+00 2.98E+00 A2
W7 9.76E+07 1.47E+06 W7 2.77E+00 3.15E+00 5.92E+00 A2
W8 1.43E+08 1.88E+06 3.15E+00 3.15E+00 A2
W9 2.80E+07 5.28E+05 2.21E+00 2.21E+00 A2
W10 1.90E+08 2.04E+06 3.90E+00 3.90E+00 A2
W11 8.89E+07 8.80E+05 4.21E+00 4.21E+00 A2
W12 9.41E+07 5.88E+05 6.67E+00 6.67E+00 A2
W13 5.66E+06 9.99E+04 2.36E+00 2.36E+00 A2
W14 9.66E+07 1.23E+06 W14 3.28E+00 4.62E+00 7.90E+00 A2
W15 3.49E+08 3.15E+06 4.62E+00 4.62E+00 A2
W16 1.22E+08 1.04E+06 4.93E+00 4.93E+00 A2
W17 7.92E+07 1.43E+06 2.31E+00 2.31E+00 A2
W18 1.39E+11 1.60E+06 W18 3.62E+03 1.76E+03 5.38E+03 A3
W19 2.09E+11 4.94E+06 1.76E+03 1.76E+03 A3
W20 1.31E+11 3.71E+06 W20 1.48E+03 7.18E+00 1.48E+03 A3
W21 5.23E+07 5.74E+05 W21 3.80E+00 7.18E+00 1.10E+01 A2
W22 9.12E+08 7.72E+06 W22 4.93E+00 2.26E+00 7.18E+00 A2
W23 4.71E+08 8.69E+06 2.26E+00 2.26E+00 A2
W24 1.06E+11 9.15E+05 W24 4.83E+03 1.45E+02 4.97E+03 A3
W25 1.39E+10 4.04E+06 W25 1.43E+02 2.57E+00 1.45E+02 A3
W26 3.72E+08 6.05E+06 2.57E+00 2.57E+00 A2
W27 1.90E+07 4.81E+05 1.64E+00 1.64E+00 A1
W28 1.65E+07 4.59E+03 1.50E+02 1.50E+02 A3
W29 4.60E+07 8.49E+05 W29 2.26E+00 3.08E+00 5.34E+00 A2
W30 3.20E+07 5.53E+05 W30 2.41E+00 3.08E+00 5.49E+00 A2
W31 1.20E+08 1.63E+06 3.08E+00 3.08E+00 A2
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W32 1.23E+07 2.08E+05 W32 2.46E+00 4.72E+00 7.18E+00 A2
W33 1.96E+08 1.73E+06 4.72E+00 4.72E+00 A2
W34 3.07E+06 2.08E+05 6.16E−01 6.16E−01 A1
W35 1.95E+08 1.72E+06 4.72E+00 4.72E+00 A2
W36 2.97E+06 1.34E+05 9.24E−01 9.24E−01 A1
W37 4.01E+07 4.40E+05 W37 3.80E+00 3.18E+00 6.98E+00 A2
W38 1.74E+08 2.28E+06 3.18E+00 3.18E+00 A2
W39 7.71E+06 3.91E+05 8.21E−01 8.21E−01 A1
W40 8.74E+07 3.18E+05 1.14E+01 1.14E+01 A2
W41 1.28E+08 4.53E+05 1.17E+01 1.17E++01 A2
W42 1.95E+10 2.30E+05 3.54E+03 3.54E+03 A3
W43 6.52E+07 2.79E+03 9.75E+02 9.75E+02 A3
W44 3.27E+07 1.18E+05 1.15E+01 1.15E+01 A2
W45 7.70E+07 1.51E+05 2.12E+01 2.12E+01 A2
W46 7.86E+07 2.09E+05 1.56E+01 1.56E+01 A2
W47 1.24E+07 2.93E+04 1.76E+01 1.76E+01 A2
W48 1.70E+06 1.15E+04 6.16E+00 6.16E+00 A2
W49 3.31E+07 1.19E+05 1.16E+01 1.16E+01 A2
W50 3.01E+07 9.79E+05 1.28E+00 1.28E+00 A1
W51 1.58E+07 7.11E+05 9.24E−01 9.24E−01 A1
W52 3.02E+07 1.06E+06 1.18E+00 1.18E+00 A1
W53 2.19E+07 1.37E+06 6.67E−01 6.67E−01 A1
W54 6.36E+06 7.38E+05 3.59E−01 3.59E−01 A1
W55 4.86E+07 1.23E+06 1.64E+00 1.64E+00 A1
W56 3.03E+07 1.60E+05 7.87E+00 7.87E+00 A2
W57 3.45E+06 1.75E+05 8.21E−01 8.21E−01 A1
W58 3.68E+07 1.11E+05 1.38E+01 1.38E+01 A2
W59 6.32E+06 3.21E+05 8.21E−01 8.21E−01 A1
W60 1.99E+07 9.87E+04 8.42E+00 8.42E+00 A2
W61 2.04E+06 2.96E+05 2.87E−01 2.87E−01 A1
W62 5.26E+06 2.67E+05 8.21E−01 8.21E−01 A1
W63 1.07E+06 1.08E+05 4.10E−01 4.10E−01 A1
W64 6.56E+06 2.22E+05 1.23E+00 1.23E+00 A1
W65 1.00E+07 1.30E+05 3.21E+00 3.21E+00 A2
W66 6.78E+07 2.10E+05 1.35E+01 1.35E+01 A2
W67 8.96E+08 4.67E+05 7.99E+01 7.99E+01 A3
W68 9.46E+06 1.51E+05 2.61E+00 2.61E+00 A2
W69 4.90E+06 2.21E+05 9.24E−01 9.24E−01 A1
W70 2.60E+06 1.51E+05 7.18E−01 7.18E−01 A1
W71 5.53E+06 3.46E+05 6.67E−01 6.67E−01 A1
W72 4.56E+07 3.50E+05 5.43E+00 5.43E+00 A2
W73 8.58E+06 3.87E+05 9.24E−01 9.24E−01 A1
W74 1.46E+08 4.50E+05 1.35E+01 1.35E+01 A2
W75 7.17E+07 3.39E+05 8.83E+00 8.83E+00 A2
W76 1.26E+08 1.66E+05 3.16E+01 3.16E+01 A2
W77 9.29E+07 3.18E+05 1.22E+01 1.22E+01 A2
W78 9.47E+07 2.58E+05 1.53E+01 1.53E+01 A2
W79 7.64E+09 9.19E+05 W79 3.46E+02 4.59E+02 8.05E+02 A3
W80 1.46E+08 2.20E+06 W80 2.77E+00 4.56E+02 4.59E+02 A3
W81 2.23E+10 2.42E++06 W81 3.83E+02 7.31E+01 4.56E+02 A3
W82 4.79E+09 2.73E+06 7.31E+01 7.31E+01 A3
W83 4.73E+07 1.60E+06 1.23E+00 1.23E+00 A1
W84 9.42E+06 3.19E+05 1.23E+00 1.23E+00 A1
W85 3.49E+09 1.57E+06 9.27E+01 9.27E+01 A3
W86 1.60E+07 7.23E+05 9.24E−01 9.24E−01 A1
W87 4.68E+07 8.64E+05 2.26E+00 2.26E+00 A2
W88 1.34E+07 4.96E+05 1.13E+00 1.13E+00 A1
W89 2.40E+07 1.39E+06 7.18E−01 7.18E−01 A1
W90 2.29E+07 1.55E+06 6.16E−01 6.16E−01 A1
W91 1.24E+07 8.40E+05 6.16E−01 6.16E−01 A1
W92 1.54E+08 6.08E+05 1.06E+01 1.06E+01 A2
W93 1.08E+08 6.75E+05 6.66E+00 6.66E+00 A2
W94 4.16E+07 5.83E+04 2.97E+01 2.97E+01 A2
W95 3.00E+07 1.52E+06 8.21E−01 8.21E−01 A1
W96 2.42E+07 5.79E+05 1.74E+00 1.74E+00 A1
W97 9.04E+06 7.34E+05 5.13E−01 5.13E−01 A1
W98 4.02E+09 7.11E+05 2.35E+02 2.35E+02 A3
W99 5.01E+07 1.85E+06 1.13E+00 1.13E+00 A1
W100 5.48E+09 4.96E+05 4.61E+02 4.61E+02 A3
W101 1.42E+07 9.59E+05 6.16E−01 6.16E−01 A1
W102 4.12E+11 5.55E+06 3.09E+03 3.09E+03 A3
W103 2.27E+07 1.03E+06 9.24E−01 9.24E−01 A1
W104 1.45E+10 3.20E+06 1.89E+02 1.89E+02 A3
W105 8.44E+09 1.04E+06 3.39E+02 3.39E+02 A3

(continued on next page)

Table E.1 (continued)

Region no. Volume
(m3)

Advection rate
(m3/h)

Is there a watershed
after this one

Retention in
watershed (d)

Retention after
watershed (d)

Retention time
until the sea (d)

Archetype watershed
classification
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Table E.1 (continued)

Region no. Volume
(m3)

Advection rate
(m3/h)

Is there a watershed
after this one

Retention in
watershed (d)

Retention after
watershed (d)

Retention time
until the sea (d)

Archetype watershed
classification

W106 1.85E+07 1.25E+06 6.16E−01 6.16E−01 A1
W107 1.65E+07 4.47E+05 1.54E+00 1.54E+00 A1
W108 2.01E+07 4.29E+05 1.95E+00 1.95E+00 A1
W109 1.59E+07 4.04E+05 1.64E+00 1.64E+00 A1
W110 1.19E+07 2.69E+05 1.85E+00 1.85E+00 A1
W111 1.08E+08 3.01E+05 1.50E+01 1.50E+01 A2
W112 1.27E+07 1.03E+06 5.13E−01 5.13E−01 A1
W113 2.84E+08 6.94E+06 1.71E+00 1.71E+00 A1
W114 1.36E+08 2.20E+06 2.57E+00 2.57E+00 A2
W115 1.88E+11 6.18E+05 1.27E+04 1.27E+04 A3
W116 2.88E+11 1.79E+06 6.71E+03 6.71E+03 A3
W117 1.69E+11 8.55E+05 8.21E+03 8.21E+03 A3
W118 1.64E+07 2.13E+05 3.20E+00 3.20E+00 A2
W119 4.87E+09 7.42E+05 2.74E+02 2.74E+02 A3
W120 1.44E+08 2.25E+05 2.66E+01 2.66E+01 A2
W121 5.92E+10 7.79E+05 3.17E+03 3.17E+03 A3
W122 3.23E+07 5.34E+05 2.52E+00 2.52E+00 A2
W123 7.72E+06 5.63E+05 5.72E−01 5.72E−01 A1
W124 3.43E+08 2.24E+06 6.37E+00 6.37E+00 A2
W125 9.30E+06 2.52E+05 1.54E+00 1.54E+00 A1
W126 4.62E+09 8.42E+06 W126 2.28E+01 4.01E+02 4.24E+02 A3
W127 7.40E+09 2.50E+06 W127 1.23E+02 4.01E+02 5.24E+02 A3
W128 7.37E+09 5.03E+06 W128 6.11E+01 4.01E+02 4.62E+02 A3
W129 6.24E+07 5.03E+06 5.16E−01 5.16E−01 A1
W130 1.77E+06 3.40E+05 2.17E−01 2.17E−01 A1
W131 1.04E+07 1.56E+03 2.78E+02 2.78E+02 A3
W132 1.16E+08 4.43E+05 1.10E+01 1.10E+01 A2
W133 2.39E+07 2.36E+04 4.21E+01 4.21E+01 A2
W134 1.81E+07 4.31E+05 1.74E+00 1.74E+00 A1
W135 1.44E+07 3.39E+05 1.77E+00 1.77E+00 A1
W136 4.46E+07 1.47E+06 1.26E+00 1.26E+00 A1
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