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Abstract

Multimedia fate models have proven to be very useful tools in chemical risk
assessment and management. This paper presents BasinBox, a newly developed
steady-state generic multimedia fate model for evaluating risks of new and
existing chemicals in river basins. The model concepts, as well as the intermedia
processes quantified in the model, are outlined, and an overview of the required
input parameters is given. To test the BasinBox model, calculations were carried
out for predicting the fate of chemicals in the river Rhine basin. This was done for
a set of 3175 hypothetical chemicals and three emission scenarios to air, river
water and cropland soils. For each of these hypothetical chemicals and emission
scenarios the concentration ratio between the downstream area and the upstream
area was calculated for all compartments. From these calculations it appeared
that BasinBox predicts significant concentration differences between upstream
and downstream areas of the Rhine river basin for certain types of chemicals and
emission scenarios. There is a clear trend of increasing chemical concentrations in
downstream direction of the river basin. The calculations show that taking into
account spatial variability between upstream, midstream and downstream areas
of large river basins can be useful in the predictions of environmental
concentrations by multimedia fate models.

Introduction

For more than 20 years now, multimedia fate models have been used for the
prediction of chemical fate and exposure in the environment. Baughman &
Lassiter (1978) and Mackay & Paterson (1981) first introduced this kind of
models, the socalled ‘fugacity models’ or ‘box models’, in which the fate of
chemicals in different environmental media was calculated based on physical-
chemical properties of the compound, environmental characteristics and emission
data. The first models, e.g. Mackay’s unit world model (Mackay & Paterson,
1981; Mackay et al., 1983), were relatively simple in structure and detail, but
over time the models became more complex and sophisticated. Different types of
compartments were added to the models, i.e. vegetation compartments (Trapp &
Matthies, 1996; Severinsen&Jager, 1998; Cousins&Mackay, 2001), and organic
film-compartments coating impervious surfaces (Diamond et al., 2001). Nested,
dynamic and GIS-based models were developed (Brandes et al., 1996; Woodfine
et al., 2001; Suzuki et al., 2004), models with layered air and soil compartments



Hydrobiologia (2006) 565:21-38

arose (McKone, 1993; Toose et al., 2004), and models for multi-species
chemicals were introduced (Fenner et al., 2000; Cahill & Mackay, 2003).

Multimedia fate models have proven to be very useful tools in chemical risk
assessment and management. Their multimedia character and relatively low
complexity make them particularly useful to evaluate the fate of new and existing
chemicals. In the European Union the EUSES model (Vermeire et al., 1997;
Vermeire et al., 2005) is currently being used for risk assessment and
management purposes, while in the USA, the Total Risk Integrated Methodology
(TRIM.FaTE; US-EPA, 2002) is typically applied. Most multimedia fate models
used in the risk assessment of chemicals are based on a geo-political
parameterization, e.g. per country or province, and originate from a generic
environmental approach, as for example described in the EU Technical Guidance
Documents (ECB, 2003). For water quality management purposes in the
European Union, however, the regulatory concept is shifting more and more
towards an environmentally specific approach.

This regulatory concept is described in the European Water Framework Directive
(EC, 2000), in which the European Union defined ecological and chemical water
standards at a catchment scale. This catchment approach could also be very
advantageous for the risk assessment policy of new and existing chemicals, since
river basins form more clearly defined physical entities than political regions.
Except for air-borne transport, transport of chemicals occurs only within the
basin, which facilitates the description of transport flows in the model. Moreover,
in the case of river basin modelling, floodplain areas, which are being regarded as
valuable areas for nature conservation, can be modelled separately. It will
therefore be useful to implement the concept of catchment based modeling in the
process of risk management of chemicals.

Very few multimedia fate models have been developed using river catchments as
the basic environmental unit, since chemical modelling in catchments usually
focuses on in-stream water quality only. This, for example, is the case in the
Great-ER model (Feijtel et al., 1997) and the LOIS model (Boorman, 2003).
Coulibaly et al. (2004) did develop a multimedia catchment model for the Passaic
River Watershed in the USA, and Suzuki et al. (2004) described a multimedia
model built up from 38,000 river catchments in Japan (G-CIEMS), but both are
very site-specific GIS-based models of relatively small basins (up to 200 km?2)
that cannot be easily applied to other river catchments.

The goal of this study is to develop a generic steady-state multimedia fate model
to evaluate risks of new and existing chemicals in river basins. Here, this model,
called BasinBox, is presented. The model concept, as well as the environmental
processes considered in the model are outlined, and an overview of the required
input parameters is given. Furthermore, the model is applied in a case study on
the river Rhine basin area for a set of 3175 hypothetical chemicals, representing
the whole range of chemical property combinations, to test whether the
catchment approach applied in BasinBox yields valuable insights in the context of
multimedia fate modelling. For that purpose, concentration ratios between the
upstream area and the downstream area are analysed for various compartments
and emission scenarios.
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Materials and methods
Model description

In the BasinBox model, the river basin is subdivided into an upstream, midstream
and downstream area, following Schumm’s (1977) idealized scheme of a river
basin consisting of three zones arranged in downstream sequence. Since many
environmental parameters and process intensities vary between the different
zones of a river basin, this subdivision allows the modeller to incorporate basic
spatial variability into the model. The model areas are interconnected by single-
direction river flows and two-direction air flows. Figure 1a gives a schematic
representation of the three sequential areas and the connections between these
areas.

Each of the upstream, midstream and downstream areas consists of 21
compartments, representing different environmental media. Nine of these
compartments belong to the floodplain zone and 11 compartments belong to the
catchment zone. One single air compartment covers both the floodplain and the
catchment zone. The floodplain zone is defined as the area of the river basin that
consists of the river or its main tributaries and the land that is being flooded
temporally each year. We chose to make the distinction between the floodplain
and the catchment zone since some processes, like sedimentation and
groundwater flow, proceed differently in these two zones. Moreover, floodplain
areas are regarded as valuable habitats for nature conservation and development
(Nienhuis et al., 2002; ECNC, 2004; De Nooij et al., 2006). In the floodplain
zone, a river and a sediment compartment, three unsaturated soil compartments
(pasture-, cropland- and natural soil), saturated soil, and three vegetation
compartments (pasture-, cropland-, and natural vegetation) have been
distinguished. In the catchment zone one can find compartments for primary
waters, secondary/tertiary waters and sediment, three unsaturated soil
compartments (pasture-, cropland- and other soil), saturated soil, and three
vegetation compartments (pasture-, cropland-, and natural vegetation). A
schematic representation of the compartmental construction and the transport
routes between the compartments is given in Figure 1b.

The concentrations calculated by BasinBox are affected by emissions, degradation
processes and processes that cause chemical mass flows to and from the
compartments. Mass balance equations can be written for all compartments,
having the following general format:

A ; o
Vi = T' = Emission; + Import; — Export;
:
— Degradation; + Advection;

+ Diffusiony

with Vi being the volume of compartment i (m3) and Ci being the chemical
concentration in that compartment (mol m)3). Emissioni, and Degradationi
represent emission to, and degradation from compartment i, respectively. Importi
is the mass flow to compartment i from outside the basin area, while Exporti
stands for the mass flow from I out of the basin area. Advectionij and Diffusionij
are the gross advective and diffusive mass flows between compartments i and j
within the river basin. At steady state, the mass flows balance. The set of mass
balances is solved using a matrix inversion routine. BasinBox calculates
concentrations of chemicals in each of the compartments, using Microsoft Excel
software in combination with the Poptools-extension (CSIRO, 1994).
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Figure 1. Schematic representation of the BasinBox model. (a) Schematic representation of the three sequential areas (up-, mid- and
downstream) and the connections between these areas. (b) Schematic representation of the compartmental construction and the
transport routes between the compartments.

Since BasinBox is a steady state model, it is assumed that the environmental
properties of and emissions to the compartments do not change over time. It is
also assumed that equilibrium exists between the different phases within each
compartment (e.g. gas, water and solids in soil). Moreover, each compartment is
assumed to be completely mixed, which implies that all environmental properties
and concentrations are equal throughout a compartment. Exceptions to this are
the unsaturated soil compartments, where depthdependent concentration
differences in soil can significantly affect substance flows (e.g. volatilisation,
leaching) throughout the soil profile. To overcome this problem, the theoretical
principle of exponentially declining soil concentrations with depth of McKone &
Bennett (2003), as implemented in multimedia models by Hollander et al. (2004),
was introduced in the BasinBox model. This method applies correction factors that
account for the deviation of depth-dependent soil concentrations from depth-
averaged concentrations.

Model processes

All intermedia mass flows affecting the concentration of a chemical in a
compartment (in mol s)1) can be described as the product of a transport
coefficient (in m3 s)1) and the concentration (in mol m)3) in the compartment
from which the mass flow originates. The transport coefficient is calculated as the
product of a mass transfer coefficient (in m s)1) and the interfacial area (in m2).
We distinguish diffusive and advective mass flows and transport coefficients. A
diffusive mass flow is treated as a process driven by differences in the chemical
potentials in the two media. Advective mass flows proceed by a carrier that
physically flows from one compartment to another, e.g. by air or water. The
amount of advective mass transport depends on the rate of the carrier flow and
the concentration of the compound in the carrier.
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Air and water transport flows

In the BasinBox model, air and water are regarded as the main carriers for
advective mass flows. Air transport within the modelled river basin as well as into
and out of it is dependent on the wind direction and the geometric orientation of
the areas in the river basin, e.g. the position of the upstream area with regard to
the midstream area, and the position of the midstream area with regard to the
downstream area.

To calculate the source of imported air, and subsequently, the chemical
concentration in the air imported to the area, for each of the possible
combinations of wind directions and orientations of the river basin, an air-inflow
scenario was formulated for the upstream, midstream and downstream area. This
generic calculation method enables the user to enter all possible orientations of a
river basin to calculate the source of airflows into and out of the upstream,
midstream and downstream area. As constant atmospheric pressure is assumed,
the amount of imported air equals the amount of exported air. This amount is
estimated based on the residence time of air in the upstream, midstream and
downstream area, calculated using the annual average wind speed, the distance
across the area in each of the eight compass directions, and the frequencies of
wind directions, following the method described by Webster et al. (2004).
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Figure 2. Schematic representation of the water balance elements of BasinBox. (a) Water flows between the air, soil, surface water
and vegetation compartments. 1 = rain input (to seil and water), 2 = evaporation, 3 = surface runoff, 4 = subsurface runoff,
5 = tube drainage, 6 = groundwater drainage, 7 = transpiration, 8 = groundwater discharge to deeper aquifers. (b) Water flows

between the different surface water compartments.

Since there is no water flow over the borders of a river catchment, it is possible
to accurately construct a water balance, describing all relevant water transport
processes within a river basin (Fig. 2). Figure 2a shows the water transport
routes between air and soil, air and water, soil and water and soil and vegetation.
Water enters the model as precipitation, of which a certain fraction evaporates. A
fraction of the water runs off over the soil surface to one of the surface water
compartments. Another fraction is discharged as subsurface flow at the
mechanical reworking depth, and a third fraction is drained by tube drainage
(except in natural soils where no tube drainage is assumed). The remaining water
percolates to the saturated soil compartments. In the catchment zone of the
model, it is assumed that a certain amount of groundwater is exported from the
saturated soil zone to deeper aquifers and thus exported from the system. The
remainder is transported from the saturated soil zone to the surface water
compartments. In the floodplain zone all groundwater is assumed to recharge to
the surface water compartment, since no groundwater export takes place at a
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location so close to the drainage base of the system. Figure 2b shows the water
transport routes between the different surface water compartments. The primary
water compartments (ditches, pools) of the up-, mid- and downstream areas
discharge to the secondary and tertiary water compartments (canals, brooks,
small rivers) of these areas and those again discharge to their river water
compartments. In the river compartments, water is being discharged in a
downstream direction. A constant volume of the surface water compartment is
assumed; this means that all surplus water is being transported following the
routes described in Figure 2b. From the downstream area river compartment,
water is exported from the system at the river mouth.

Intermedia chemical transport processes
Air-surface area exchange

Advective air-unsaturated soil and air-water transport occurs by wet and dry
deposition. For the calculation of the dry deposition chemical mass flow, the dry
deposition velocity of aerosol particles and the fraction of chemicals associated
with aerosol in the atmosphere are used (Brandes et al., 1996). An interception
fraction for dry aerosol interception by vegetation is introduced. Wet deposition is
divided into gas washout and aerosol washout processes, both dependent on rain
intensity and the fraction of gas and aerosols in the atmosphere. Gas washout is
calculated using the dimensionless air-water partition coefficient (Den Hollander
& Van de Meent, 2004), while aerosol washout is calculated based on the aerosol
collection efficiency (Mackay, 1991). For aerosol washout an interception fraction
for vegetation is inserted. It is assumed that vegetation causes no interception in
the case of gas washout.

Diffusive air-water, air-soil and air-vegetation transport occurs by gas absorption
and volatilisation. These processes are calculated using the classic two-film
resistance model (Schwarzenbach et al., 1993). For the soil-air mass flows a
correction factor accounting for the deviation of the concentration at the top of
the soil compartment from the average soil concentration (Hollander et al., 2004)
is inserted. Diffusive air to vegetation transport vice versa is estimated from the
overall mass transfer coefficient at the air-plant interface for natural and
agricultural vegetation, following the description of Severinsen & Jager (1998).

Water-sediment exchange and sediment burial Advective transport between the
water and the sediment compartments occurs by sedimentation and
resuspension. Gross sedimentation rates are calculated from the settling velocity
of suspended particles and the concentration of suspended matter in the water
compartments following the method of Brandes et al. (1996). Net sedimentation
rates in the up-, mid- and downstream areas were derived from literature
(Schwarzenbach et al., 1993; Trapp, 1996; Hofstee & Leenaers, 2002).

Resuspension rates equal the difference between the gross sedimentation rates
and the net sedimentation rates. Diffusive exchange proceeds by adsorption and
desorption processes, based on the partial mass transfer coefficients at the water
and the sediment side of the water-sediment interface. In the BasinBox model,
the sediment compartments are modelled with a fixed depth. Therefore, a
sediment burial flow is introduced, the burial mass transfer coefficient being equal
to the product of the net sedimentation rate and the interfacial area. Unsaturated
soil-vegetation exchange Chemical transport from unsaturated soil to vegetation
proceeds by an advective transpiration flow. Severinsen & Jager (1998) described
the method used here, using a transpiration stream concentration factor (Briggs
et al., 1982). Litter flow causes chemical transport from the vegetation
compartments to the unsaturated soil compartments, of which the amount is
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derived from the growth rate of vegetation, and the harvesting efficiency
(Severinsen & Jager, 1998).

Unsaturated soil-saturated soil-surface water exchange

Several advective water-bound soil to water processes are modelled. On
agricultural pasture and cropland soils, one water flow occurs at the soil surface
(surface runoff), one at the mechanical reworking depth (subsurface flow), and
one at the typical depth of drainage tubes (tube drainage). For natural soils, only
surface runoff and subsurface flow processes are modelled. The principle of
depth-dependent chemical concentrations is used for calculating the amount of
chemicals involved in the different processes. For the surface runoff calculation,
both the process of solute transport in runoff water and erosion (Asselman, 1997)
are modelled.

The fraction of precipitation that does not flow from the unsaturated soil
compartments to the surface water compartments percolates to the saturated soil
zone. The chemical amount that is transported from the saturated soil zone to
deeper aquifers is determined by an export fraction derived from literature (De
Wit, 1999), the remainder is recharged to the surface water compartments.

Degradation

All chemical degradation is assumed to obey (pseudo) first order kinetics,
following from a degradation rate constant, the volume of the compartment and
the concentration. Following the method of Den Hollander & Van de Meent
(2004), the degradation rate constant in air is estimated from the fraction of the
chemical in air that is associated with aerosol particles, and the OH-radical
concentration in air. Values for the degradation rate constants in water,
sediments and soils are calculated using the degradation rate constant in the
dissolved phase, the bulk degradation rate constant in sediments and in soils
respectively, corrected for the actual temperature. The chemical degradation
constants in vegetation are assumed to be ten times higher than those in soil
(Brandes et al., 1996).

Model parameterization

The input for BasinBox consists of physical- chemical properties of the compound
studied, environmental characteristics and emission data, the latter two being
user-defined. Required physical- chemical properties of the compound are its
molecular weight, octanol-water partition coefficient (Kow), vapour pressure,
solubility, melting point, and degradation rate constants for bulk sediment, bulk
soil, and the gas phase. The vapour pressure, the solubility and the degradation
rates of a chemical are modelled as temperature dependent variables. Using the
physical-chemical data the model estimates intermedia partition coefficients. The
air-water partition coefficient (Kaw) is estimated from the ratio of the vapour
pressure and the water solubility of the compound. The air-aerosol partitioning is
determined on the basis of the chemical’s vapour pressure, according to Junge
(1977). The solids—water partition coefficient is calculated based on the
relationship with Kow and the organic carbon content of the soil proposed by
DiToro et al. (1991). The bioconcentration factor is estimated from the Kow and
the fat content of the biota. For vegetation, the concentration ratio between plant
tissue and water in thermodynamic equilibrium is estimated from the water and
lipid contents of the plant tissue (Severinsen & Jager, 1998).

Values for the environmental parameters and the emission rates are, dependent
on the model scenario, to be defined by the user. The environmental parameters
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that need to be entered in the BasinBox model are listed in Table 1. Emissions in
the model can take place to the air compartment, the water compartments and
the different soil compartments.

Case study for the river Rhine basin
Model area

To test the BasinBox model, example calculations were carried out for predicting
the fate of chemicals in the river Rhine basin. Environmental input parameters for
BasinBox were collected for the upstream, midstream, and downstream areas of
the Rhine basin (Table 1). The geometrical orientation of the upstream area with
regard to the midstream area of the Rhine basin is South, while the orientation of
the midstream area with regard to the downstream area is Southeast. Based on
this orientation, together with information on the percentages of wind flowing in
from the different compass directions, the chemical concentration in the inflowing
air in the different areas of the river Rhine basin was calculated (Fig. 3). Figure 3a
and Table 1 show the percentage of wind directions occurring in the river Rhine
basin. For each of thewind directions, the model estimates the fraction of
inflowing air occurring from outside the river basin as well as the fraction of
inflowing air taking place from the other areas within the basin. Figure 3b shows
the total amounts of inflowing and outflowing air in the different areas of the
Rhine basin, calculated using the wind directions of Figure 3a and the residence
times of air in the different areas.

In BasinBox it is possible to model periodical inundations of the floodplain zone of
the river basin. For the Rhine basin, a yearly inundation of four weeks is assumed
in the downstream area of the basin (Hofstee & Leenaers, 2002). During this
period gross and net sedimentation rates from the river water to the inundated
floodplain soil are assumed to equal those rates from the river water to the
sediment compartment. For the upstream and midstream areas of the Rhine
basin, no periodical flooding was assumed in this case study. Set of hypothetical
chemicals For the example calculations, a set of 3175 hypothetical chemicals was
used, covering the entire space of plausible chemical partitioning properties and
half-lives. The advantage of using this set instead of real chemical data is that
even a set of hundreds of real chemicals does not densely cover the space of
possible chemical property combinations (Fenner et al., 2005). The set of
hypothetical chemicals used here includes all possible combinations of integer
values of log Kaw from )11 to 2 and log Kow from )1 to 8 with the restriction that
-1 £ (log Kow - log Kaw) £ 15 (Fenner et al., 2005). For the degradation half-
lives, all possible combinations of half-lives in air of 4, 24, 168, 1000, and 8760 h
with half-lives in water of 24, 168, 1000, 8760 and 87,600 h were used. The half-
life in soil and in sediment was set to twice the half-life in water, in order to limit
the chemical properties that were varied to four (Stroebe et al., 2004).

Emission scenarios

With the whole set of hypothetical chemicals, the BasinBox model was run for
three emissions, towards air, river water and cropland soils. Emission input
towards air and river water was estimated using population density numbers,
following Prevedouros et al. (2004). This method assumes that chemicals emitted
to air and river water are mainly released from densely populated urban areas.
Based on population density numbers in the Rhine basin area (Table 1), air and
river water emissions take place in a ratio of 1:1.2:2 between the upstream,
midstream and downstream areas (Nationmaster, 2005). Diffuse emissions to
cropland soils will typically be pesticides, so input to cropland soils was estimated
based on differences in cropland area between the upstream, midstream and
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Table 1. Environmental mput parameters for the BasanBox model in the case study for the river Rhine catchment

Envimnmental parameter L mit Value Yalue Value Reterence
upstream mida ream downatream
Total arca [ml] G.ITE+ 1D G.1TE+10 6.1TE+ 10 -
Arca fraction river [ 1.(0E-{3 1.62E-(3 1.BHE-(3 a
Area fraction pasture soil floodplain I 1.52E-(3 1.29E-03 215E-03 a
Area fraction emopland soil fiondplain -] 4 40E-14 1.38E-03 1L.OSE-(3 a
Area fraction other soi flondplain I L05E-13 | 4E-03 S.65E-04 a
Arca fraction pasture soil catchment [ 1.64E-01 292E-01 4.68E-01 a
Arca fraction cropland soil catchment [ 1.OGE-{1 112E-(3 230E-01 a
Arca fraction other soil catchment I 4 B9E-{1 1.TOE-03 1.13E-{}1 a
Arca fraction primary waters catchment I 2 59E-02 4.72E-4 R.TIE-(2 1
Arca fraction secondary waters catchment [ 1.(DE-{(12 1. 9E-(2 R.TIE-(2 a
Mixed height air compartment [m] LIGE+(3 LOJE+03 LINE+ (3 b
Depith river com partment [m] LE+D) LONE +(0 S.O0E+ 00 C
Drepth sediment compartments [m] L.O0E-03 L0DE-03 L.O0E-03 b
Diepth primary waters compartment [m] 1.ODE+ () 1OOE + () 1.O0E + (M) d
Diepth secondary waters compartment [m] 2O0E+(0 200E + () 200E+ () -
Diepth ursaturated soil compartments [m] LODE +{) 1OOE + (X} 1.OOE + () e
Diepth saturated soil compatments [m] 2O0E+{( 20E + () 200E+ () -
Solid phase advection velacity soil [m s'l] 6.34E-12 6.34E-12 6.34E-12 b
Solid phase turhation cocfficient soil [m s 6.37E-12 6.37E-12 6.37E-12 b
Yolume fraction solids soil [ G.00E-1] G.00E-01 £.00E-11 -
Volume fraction water unsaturated zoil I 200E-{1 LO0E-01 200E-01 -
Wolume fraction air unsaturated soil [ 200E-{1 LO0E-01 200E-01 -
Wolume fraction water saturated soil [ 4.00E-{1] 4.00E-01 4.00E-01 -
Yalume fraction water sadiment [ H0E-01 HODE-01 HODE-01 f
Yalume fraction solids sediment [ LINE-D] LO0E-01 LI0E-01 f
Volume fraction water vegetation -] RE-0] LO0E-01 R.O0E-01 b
Masm fraction lipids vegetation I 1.50E-02 1.50E-(2 1.50E-02 b
Leaf area index pasture vegetation [m* m" S.06E+0 SOGE +(0 S.06E+ (0 £
Leal area index cropland vegetation [m* m" 1.TIE+{¥) I.TIE+ (X} 1.TIE+ () g
Leaf area index natural vegetation [ m 162E+00 I6E+00 LEE(0 g
Vegetation cover pastume vegetation I T.10E-{1 T.10E-01 T.10E-01 h
Vegetation cover cropland vegetation [ H.60E-{1 $60E-01 H60E-(1 h
Vegetation cover natural vegetation I 4.00E-01 S0E-01 9.00E-01 h
Vegetation mass pasture vegetation [kegm? LXE+) 1.20E +{ 1.20E+ () i
Yegetation mass cropland vegetation [kgm™ LAME+{ |LHOE +(0 |.BOE+ () i
Vegetation mass other vegetation [kgm™ ZAQE -+ TAQE + () 2AQE+ () i
Wet density of vegetation [kg m"] SE+(2 S00E+02 S.E+ 02 i
Average wind spead [m s'l] 2HE+{ 20E+ 00 290E+ () ]
Fraction of wind from direction north [ 9.00E-02 S.00E-02 9.00E-(2 i
Fraction of wind from dimction north-cast I 1L0E-{1 1. O0E-(1 1.00E-11 j
Fraction of wind from dimction south-sast -] 1. 20E-0] 1.20E-01 1.20E-01 i
Fraction of wind from direction south -] 1.50E-0] 1.50E-01 1.50E-01 i
Fraction of wind from direction south-west [ 2INE-0] LI0E-01 2INE-0 i
Fraction of wind from direction west [ 1GOE-0] LLGOE-01 1.GOE-0 i
Fraction of wind from direction north-west I LOGE-D] LODE-0] 1.{E-01 i
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Envirnmental parameter Unit Value Yalue Yalue Reference
upstrean midstream  downstream

Orientation of the up- with regard [ 8 8 5 -
tor the midstream area

Orientation of the mid- with regard [H SE SE SE -
to the downstream ama

Rain intengty [ms] LIE+03  RE+02  9.21E+(2 kv, j

Infiltration fraction in floodplain sol [ #.50E-01 G.00E-01 #.50E-01 e

Infiltration fraction in catchment sail [H T.50E-0 #SOE-01 RS0E-0 e

Fraction of rainwater as subsurface flow zoil [ JG0E-02 JGOE-02 LGIE-2 -

Fraction of rainwater as tube flow eropland soil [ 2 50E-01 1 50E-01 L0E-0 e

Fraction of rainwater as tube flow pasture soil [ 250E-0 2 S0E-01 250E-01 e

Fraction of rainwater exported [ (ME+()  QE+D0  Q.00E+(0 -
to deep aquifers fioodplain

Fraction of rain water exported [ 1. TOE- 1. THE-01 1.TOE-(I |
to deep aquifers catchment

Fraction of s0il water discharging [ S.0E-0] S.00E-0] SNE-01 -
to primary waters

Fraction of s0il water discharging [ S.00E-0 SNE-01 S.E-N -
to secondary waters

Temperature [*C] BNE+(  S50E-00 9TE+{0 kv, j

Specific aerosol surface mm?¥  LHE-M  LEE-M ) b

Mas fraction crganic carbon i suspended matter  [] 20NE-0I 2E-0] 2E-D] m

Fat content of fresh water fish [ S.0E-02 S.0E-02 S.00E-(2 h

Concentration hiota i fresh water [mg 1'1] 1.OGE +() 1OGE + () 1.0DE + () h

Concentration suspended matter [mg 1'1] 1.50E+11 2HWE =] 150E+01 n, W,y
N river water

Concentration suspended matter [mg 1Y SME+D)  S00E+0d S0E+{0 -
i primary waters

Concentration suspended matter [mg 1| 1.50E =01 LHE+01 LS0E+{ n,w, ¥
in secondary waters

Mas fraction arganic carbon in sediment [ 2E-02 2INE-2 2IE-2 o

Mas fraction organic carbon in unsaturated sail [ LINE-2 LIE-2 LINE-12 b

Mas fraction organic carbon in saturated soil [ G.O0E-03 G.00E-03 G.0NE-(3 o

Deposition velocity of acrosal [ms™] SIE-4 SIE-d SIE-M I
particks agricultural soil

Depesition velocity of acrosol [ms] T.3E-03 T.30E-03 TIE-3 q
particks natural soil

Acroso] collaction efficiency [ LME+D:  LME+DS  LME+(3 r

Interception af dry acrosol deposition vegetation [ 4. A0E-01 4 40E-01 440E-01 H

Interception af wet acmsol deposition vegetation [ | 40E-0 1 40E-0 1. 40E-01 t

Crrowth rate constant natural vegetation Y 2HE-E 2 HE-¥ 1HRE-(8 i

Crromwth rate constant agricultwral vegetation Y 1.2TE-0T 1.2TE-0T L.2TE-IT i

Harvesting efficiency natural vegetation [ MWME+E  QME+N  QME+H h

Harvesting efficiency agricultural vegetation [H 5.WE-0 5.90E-0 S.HE-0 h

Water uptake rate natural vegetation [m s'l] HADE-W HADE-R HADE-08 i

Water uptake rate agricultural vegetation [m s'l] SIEH SI2EH 9.32E-08 i
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Envirmnmental parameter Uit Value Value Value References
upsteam midsiream downstream
Settling welocity of suspended particles [m 5':'] 2 R9E-D5 2 H9E-05 2. 89E-05 b
Autochthonous production of suspended [gm ¢ ¥ i] 1LDE + (1 1LODE + {1 1.{DE + {1 b
matter in water
Met sediment accumulation rate in water [ms '-‘] 2 36E-11 1.17E-11 4.44E-11 w Xy
Erozion in floadplain zone [msY G.NE-02 1. OE—{2 LNE—{: n
Erosion in catchment zone [ms~Y] GSDE-02 JNE-(2 1LE-{3 n
Escape rate constant of air to the stratosphere 57 IGEE-1D I1.66E-10 IGGE-10 h
Regional OH-radical concentration fem™Y] 5.00E + 05 5.00E +05 5.00E +05 h
Mechanical reworking depth agricultural soils [m] 2DE-01 2.0DE-01 200E-01 h
Tube drainage depth [m] L.OOE + () 1.ODE + 00 1.OGE + 00 <
Drepth of tramspiration fiow pasture vegetation [m] 2ODE-01 2.00DE-01 LONE-0O1 z
Drepth of tramspiration fiow cropland vegetation [m] 2DE-01 2ODE-01 2E-01 z
Drepth of transpiration flow natural vegetation [m] BODE-D1 BODE-D] HOE-0] z
Population density [k %] L99E + 02 2ME+02 1.89E +02 a
Emission dose [kg k7] LITE+ (D 2.60E + (0 BITE+00 as

References a = Mationmaster (2005), b = Den Hollander & Van de Moont (20M), ¢ = McKone (19%93), d = CLM (20045,
e = Tiktak et al. {20402, t = Paterson & Mackay (1994), g = Scurlock et al (20 ), h = Zenget al. (2EEY, | = Severinsen & Jager
(1998), j = KNMI (204), k = MeteoSchweiz (20040, 1 = De Wit (1999, m = Fhang et al. 2003). n = Assclman {1997),
o = McKone ct al. {2001), p = McLachlan ¢t al. {2002), g = Horstmann & McLachlan {1%%), r = Mackay (1991}, 5 = Cham-
berlain {1967), t = Scheringer et al., (2EEY), u = Schwarzenbach et al {199%3), v = D'WD (20&), w = Meybeck et al. (2003},
x = Trapp (19%6), ¥y = Haofstoe & Lecnacrs (2002), z = Jackson (1%96), aa = FAQ (2001}
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Figure 3. Schematic representation of the caloulation of the chemical concentration in the inflowing air in the different arcas of the
river Rhine basin. (a) The percentage of cach of the wind directions occurning in the river Rhine hasin (KNMI, 204). (h) Tatal
amounts of inflowing and outfowing air in the different areas of the Rhine hasin.

downstream areas as well as on differences in the typical pesticide emission dose
between the different areas (Table 1). According to this method, the emission
ratio between the upstream, midstream and downstream areas in the Rhine basin
area is 1:2.6:6.3 for the floodplain soil compartment, and 1:1.9:4.5 for the
catchment soil compartment (FAO, 2001; Nationmaster, 2005). Since we were
interested in concentration differences between the upstream, midstream and
downstream areas, rather than in absolute concentrations, only relative emission
rates were required for the calculations.

Concentration ratios
For all hypothetical chemicals, the concentration ratio between the upstream area

and the downstream area was calculated for each emission scenario and for all
compartment types. These results were analysed in order to select all
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combinations of chemical properties for which the concentration ratio between the
downstream and upstream areas is larger than 100, respectively 10 or smaller
than 0.01, respectively 0.1. This was done to select those chemicals for which
predicting concentrations within the river Rhine area for the upstream, midstream
and downstream area separately can be relevant. For all combinations of
emission scenario and compartment type at which concentration ratios>100 or
<0.01 occur, series of chemical space plots were created. In these chemical space
plots, the concentration ratio between downstream and upstream areas is plotted
against Kow and Kaw for a certain value of the chemical degradation half-lives in
air and water (and soil). Since the calculations were performed for five values of
the degradation half-life in water and five values of the degradation half-life in
air, for each combination of emission scenario and compartment 25 plots can be
made. It appeared that the degradation rate of compounds in air hardly
influenced the concentration ratios in our calculations, so plots were created for
only one value of the degradation half-life in air. We used the median of the
modeled values of the half-life in air (168 h). The plots provide a clear overview
of chemical property combinations causing large spatial variation in the
predictions of BasinBox.

Results and discussion

Table 2 shows for all combinations of emission scenario and compartment type
the percentage of hypothetical chemicals for which the predicted concentrations
of BasinBox in the upstream and downstream areas differ more than a factor of
10 and 100, respectively. In more than 95% of all cases, downstream
concentrations are higher than upstream concentrations, implying that there is a
clear trend of increasing chemical concentrations in downstream direction of the
Rhine basin area. This is mainly caused by differences in emissions between the
upstream and downstream area. Since the upstream area of the Rhine basin is
less densely populated and contains less agricultural soils, emissions to air, river
water as well as cropland soils are lower than in the downstream area.

Furthermore, water based transport of chemicals, which occurs in downward
direction of the river basin, causes variation in chemical concentrations between
the upstream and downstream areas. For the river and floodplain compartments,
the influence of downward transport can account for up to 60% of the
concentration variance between the upstream and downstream areas, particularly
when emissions occur to water. For the catchment compartments this downward
chemical transport is only of minor influence.

For 13 combinations of emission scenario and compartment type concentration
ratios >100 appeared. For all these scenarios, series of chemical space plots were
created, consisting of five separate plots for all five modelled values of the
degradation half-life in water (and soil). Two series of chemical space plots are
given in Figure 4, while the full set of plots (in colour) can be downloaded from
http://www.ru.nl/environmentalscienceresearch/rivers/basinbox.

River water emission scenario

In case of emissions towards river water, relatively large spatial differences (ratio
> 100) are found for about 60 chemical property combinations in cropland soils
and pasture soils in the floodplain.Figure 4a shows the chemical space plots for
the cropland soil compartment in the floodplain. The main transport routes
responsible for the concentration differences are (1) downward transport of
chemicals by river water and (2) temporal inundation of downstream floodplain
soils and subsequent sedimentation of chemicals onto these soils. Beside that,
variations in emission densities between the upstream and downstream areas
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account for concentration differences. For the natural soil compartments in the
floodplain, concentration ratios are somewhat lower, but still larger than 10 for
8.5% of the chemicals. As a result of high concentration ratios in the floodplain
soils, also the saturated soil zone in the floodplain shows concentration ratios >10
for some compounds.

In floodplain pasture and cropland soils, chemical property combinations for which
the concentration ratio is larger than 100 range between a log Kaw of 0 to 2 with
a log Kow of 8. These chemicals have a high volatilisation potential from water to
air on the one hand, and tend to bind to organic material on the other hand. So,
when sedimentation in the floodplain occurs, a large part of these chemicals will
settle down to the floodplain soils. Only compounds with a relatively high half-life
in water (8760 to 87,600 h) and soil (17,520 to 175,200 h) will show relatively
large concentration differences between the upstream and the downstream areas.

The degradation halflife of chemicals in air does not largely influence the fate of
chemicals. Not many chemicals exist for which the above-mentioned property
combinations apply, but octachloro)2-pinene (cas # 25267- 15-6; pesticide; PAN,
2005) and 1-iodohexadecane (cas # 544-77-4,; pesticide; PAN, 2005) are known
compounds in this range. For cropland soils in floodplains, the same applies as for
pasture soils, but the range of chemicals for which large concentration ratios
occur is somewhat broader. Chemicals with a log Kaw of )7, a log Kow of 8 and a
water degradation half-life of 8760 h, as well as chemicals with a log Kaw of )5, a
log Kow of 7 and a water degradation half-life of 24 h show concentration ratios
>100. Examples of chemicals that have the above-mentioned chemical property
combinations are monomethyl ester (cas # 6983- 79-5; pesticide; PAN, 2005)
and isodecyl-diphenyl phosphate (cas # 29761-21-5; plasticizer/flame retardant;
Chemicalland21, 2005), respectively. Cropland soil emission scenario For the
emission scenario to cropland soils, 11 compartment types show a concentration
ratio between the downstream and upstream areas larger than 100 for a number
of hypothetical chemicals

This is the case for the air compartment, all soil and vegetation compartments in
the floodplain zone, pasture soils and natural soils in the catchment zone and
pasture, cropland and natural vegetation in the catchment zone. The large ratios
are mainly caused by differences in emission densities, followed by differences in
the volatilization of chemicals from soil and vegetation to the air. In the saturated
soil and in primary waters, concentration differences larger than a factor of 10
occur.

These differences are a direct consequence of concentration differences in the soil
compartments, which results in different chemical amounts leaching to the
saturated soil zone and draining to the surface water compartments. The series of
chemical space plots for the natural soil compartment in the catchment for the
soil emission scenario is shown in Figure 4b, but this situation applies
approximately for all compartments with emissions to soils and concentration
ratios >100. Chemicals with a log Kaw ranging from )6 to )3 and a log Kow from
5 or 6-8 show the largest concentration ratios. These compounds tend to bind to
organic material on the one hand and are not very volatile on the other hand.

Large concentration ratios are only found for chemicals with degradation half-lives
in water of 24 or 168 h. This is caused by differences in the soil penetration depth
of the chemicals, which is low for compounds with low degradation half-lives in
water and soil. As a result, the process of volatilization becomes relatively
important for those compounds, so in case of emissions taking place to the
cropland soil compartments, the differences in emission densities between the
upstream and downstream areas are being strengthened by this volatilisation
flow. Therefore, large concentration differences arise in the upstream and
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downstream areas. In cropland soils their selves, the concentration ratio is not so
large, since for those compartments the emission process is much more
important than the volatilisation flow. Consequently, the concentration ratio in the
cropland soil compartments equals more or less the soil emission ratio. As is the
case by emissions to river water, the degradation half-life of chemicals in air does
hardly influence their fate. Examples of real chemicals having the property
combinations that result in large concentration differences between the upstream
and downstream areas are tributyltin adipate (cas # 7437-35-6; pesticide; PAN,
2005), oleic acid (cas # 112-80-1; high production volume chemical, used in
consumer products, building materials and pesticides; Scorecard, 2005),
dicyclohexyl phtalate (cas # 84-61-7; high production volume chemical, used as
plasticizer; Scorecard, 2005), and tetradecanol (cas # 112-72- 1; high production
volume chemical, used in consumer products, building materials and pesticides;
Scorecard, 2005).

Air emission scenario

In case of emissions occurring towards the air compartments, none of the
compartment types shows a concentration ratio between the upstream and
downstream areas larger than 100, and only a few compartment types show a
ratio larger than 10. Due to rapid mixing of chemicals in the atmosphere and
because air-based chemical transport takes place both in upstream and in
downstream directions, the concentration differences between the downstream
area and the upstream area remain relatively low.

Uncertainty

From these calculations it becomes clear, that for certain types of chemicals large
concentration differences can exist within one river basin. One remark should be
made on the model results for the compounds with low degradation half-lives in
air, water and soil and with a high Kow (half-life in water of 24 h, log Kow from 7
to 8). Although these compounds have a low soil penetration depth in reality,
predicted soil penetration depths are even considerably lower. The algorithm of
the soil penetration depth in BasinBox was primarily designed for compounds with
less extreme property combinations, and it is not possible to extrapolate it
directly to all chemicals. Therefore, the concept of the soil penetration depth in
BasinBox does not apply very well on extreme hydrophobic and rapidly degrading
compounds. Since the soil penetration depth largely influences the concentration
ratios, especially when emissions take place to the soil, for these compounds the
model results are not very reliable. However, for the other compounds the model
relations do apply and compounds showing large concentration ratios still exist.

The relevance of the BasinBox model not only depends on relative differences
that are found between the upstream, midstream and downstream areas of a
river basin, but also on the absolute concentration differences. When
concentration differences are large, but absolute chemical concentrations are very
low, knowledge about the concentration differences is not very relevant. Since the
example calculations were based on relative emissions, the model predicts only
relative concentrations. To get an idea about absolute concentrations anyhow, we
compared the relative concentrations in cropland soils and in natural soils after
emission of chemicals to cropland soils.

We assumed that if natural soil concentrations are less than six orders of
magnitude lower than cropland soil concentrations (after cropland soil emission),
these concentrations might be of serious concern. This appeared to be the case
for 89% of the hypothetical chemicals, and for 76% of the chemicals that show
concentration ratios >100 between downstream and upstream areas. For 10% of
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all chemicals the natural soil concentrations are even less than three orders of
magnitude lower than cropland concentrations. These numbers indicate that for a
large number of chemicals relevant concentrations may be found, in any case in
natural soils. For these chemicals also knowledge about concentration variances
will be relevant. Although it is quite difficult to validate this type of generic
models with such a large amount of compartments, a validation study has to be
carried out to judge whether the spatial variation in predicted concentrations in
BasinBox agrees with actual concentration differences throughout a river basin. In
a next step in research we will perform a validation study for the BasinBox model
using real chemical data in different river catchments, based on real emission
scenarios.

Conclusion

BasinBox is a new generic multimedia fate model that predicts environmental
concentrations of chemicals in large river basins. It distinguishes an upstream,
midstream, and downstream area with different environmental characteristics.
Water transport is modelled in a downward direction, and floodplain inundations
are taken into account. It appears that BasinBox predicts significant concentration
differences between upstream and downstream areas of the river Rhine basin for
different types of chemicals and different emission scenarios. There is a clear
trend of increasing chemical concentrations in the downstream direction of the
river basin. This case study shows that taking into account spatial variability
between upstream, midstream and downstream areas of large river basins can be
important in the predictions of environmental concentrations by multimedia fate
models.
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