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The transport and
management of pollutants
in the river Rhine basin
and North Sea deal with a
variety of functions and
environmental aspects.
Water quality rnadelling is
used to evaluate the effect
on the water quality of
managerial actions aiming
to reduce the discharge of
pollutants.
Throughout history, river basins and
coastal zones provided the foundation for socio-economie developments.
In river basins water is used for
domestic, agricultural and industrial
purposes, the river fishery is a traditional resource, rivers offer routes for
navigation and water power is used
for electricity production. In coastal
zones fishery is also a traditional
resource and the sea also offers
routes for navigation.
For centuries the major concerns
in river basins and coastal waters
have been flood proteetion and the
availability of water to fulfil the various water demands. However, in the
last decades of this century it became
apparent that the quality of the water
is of vita! importance for many of the
user functions.
Due to human activities in the
catchment areas of rivers, large
amounts of nutrients and pollutants
are disposed into the rivers and
transported through the rivers into
the coastal waters. Pollution of the
water interferes with some of the
user functions, such as drinking
water, fishing, irrigation and recreation.
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Also, the need for proteetion and
rehabilitation of the ecology of the
river Rhine and the coastal zone of
the North Sea has become an important issue. The river Rhine flows
through highly urbanised and industrial areas. Consequently, the pollution of the river has been a serious
problem for many years.
During the last decade, however,
significant improvements have been
made as a result of international sanitation programs. Within the framework of the Rhine Action Plan (RAP)
it was agreed to take further actions
in order to reduce the load by at least
50 per cent between 1985 and 1995.
The reduction of the cadmium load
between 1975 and 1993 is a good
example that effective measures can
be taken.
Monitoring and modelling techniques have been used inthelast two
decades in an interlinked way to
analyse, evaluate and predict the
impact of sanitary actions. The way
the mathematica! models are developed depends on their purpose.
As an example, an Accidental Spill
Model has been developed for the
river Rhine to simulate the transport
of pollutants in case of accidental
spills. This model is operational at
the Ministry of Transport, Public
Works and water management of the
Netherlands (Rijkswaterstaat) as
well as in other countries of the river
Rhine basin.
The
developments
described
above have lead to a need for the
integration of water quality management in river basin and coastal zone
management. Delft Hydraulics has
developed an approach to assist the
responsible authorities in this task.
The approach (Framework of
Analysis) is a particular way of analysis and includes the use of mathe-
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matical modelling. The mathematica!
models are part of a so-called Decision Support System (OSS). The OSS
includes a database, the rnathematical models and tools to assist in the
process of defining, evaluating and
presenting the results of strategies.
The OSS for the Rhine river basin
as wellas for the North Sea has been
developed in the framework of two
ongoing studies: 'Chemica! Pollution
and its Sourees in the Basin of the
Rhine' and 'Management Analysis
North Sea'.
The river basin study was commissioned by the National Institute
of Public Health and Environmental
Proteetion (RIVM) ar\d the International Institute of Advanced Systems
Analysis (IIASA) in Austria, and the
Research Centre for Water Resources
Development (VITUKI) in Hungary
arealso involved in the cooperation.
The North Sea study was commissioned by the Directorate North Sea
of Rijkswaterstaat in the Netherlands.
The Rhine river basin project
includes the quantification of the
inputs of nutrients, heavy metals and
organic micro-pollutants into the
water system as a function of human
activities. The major natura!, point
and diffusive sourees are distinguished. The transport of the pollutants through the rivers and the estuary, and their dispersion in the
coastal waters of the Netherlands are
analysed, evaluated and predicted
using a mathematica! framework.
Physical, chemica! and biologica!
processes in the water are taken into
account and the uptake of pollutants
by organisms and their accumulation
in the food chain can be analysed.
The sedimentation of pollutants and
related accumulation in sediments in
the downstream region of the Rhine

river receive special attention
because of the implications for water
management.
The impact on the aquatic fauna is
of special concern in the Wadden Sea
because this is a breeding area for
crustaceans and fish and this area
receives considerable amounts of
pollutants from the Rhine.
This paper is limited to OSS systems for analysing water quality and
ecology. However, the OSS of the
MANS study also includes tools to
analyses economical consequences of
strategies.
This paper presents some applications of water quality rnadelling in
the Rhine, the Rhine-Meuse estuary
and the adjacent coastal water of the
North Sea and the Wadden Sea.
Results are presented for cadmium.
The major sourees for the cadmium
input into the Rhine are presented as
well as the impact of the reduction of
the main cadmium sourees on the
cadmium concentration in the Rhine
during the 1980s. The impact of these
reductions, and the reductions proposed in the Rhine- and North Seaaction plan, on the cadmium pollution in the North Sea become clear
~"rom model simulations of cadmium
for past, presentand future years.
Finally, the impact of reduction of
cadmium loads into the Rhine on the
cadmium content of fish in the North
Sea and in the Wadden Sea is simulated.
The river Rhine drainage area
amounts to 160 000km2 (Figure 1).
The Rhine-Meuse estuary consists of
a network of rivers, carrying fresh
water supplied by two Rhine
branches, the Lek and the Waal, and
by the Meuse. The Rhine-Meuse
estuary functions as a main transport
route to and from the Rotterdam harbours.
The area also has a function for
recreation and at several locations
river water is taken in for the production of drinking water. The
authorities recognise the ecological
function of the river biotopes and the
importance of naturallandscapes.
The discharge of the Rhine-Meuse
estuary finds its way into the coastal
waters of the Netherlands, Germany
and Denmark and may even reach
the coastal waters of Norway. Rhine
water also finds its way towards the
Wadden Sea following the route of
the Rhine, river IJssel and Lake IJssel.
The discharge into the Wadden
Sea of Rhine-derived compounds is
influenced by the exchange of water
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Figure 1. Cadmium flow (t011/year) scile1ne in tile Riline river basi11 averagedover 19831987 (redrawn after RIVM 1992).

between Lake IJssel and the Wadden
Sea and by the physical, chemica!
and biologica! processes in Lake IJsse! (such as sedimentation in some
areas).
The North Sea study area under
consideration includes the watersheds of most rivers discharging into
the North Sea south of latitude 56°N,
which covers a substantial part of
Europe. The North Sea is rather shallow; winds and tides induce a
counter-clockwise circulation, with
major inflows from the English
Channel and the North Atlantic
Ocean. It contains a highly productive biotic community, due to the
presence of many estuaries and
interticlal wetland such as the Dutch
Wadden Sea.
Partsof the seashore are important
recreational areas. The North Sea
also contains important natura!
resources, such as oil and gas, sand
and gravel and other minerals. As
these raw materials become depleted
on land, the incentives to explore the
North Sea increase. Last, but not
least, the North Sea acts as a major
food resource, providing fish, shell
fishand other products.
The core of the rnadelling framework for the river Rhine and the
North Sea is the DELft WAter Quality model (DELWAQ), a general purpose software package to solve the
adveetion diffusion equation. It is a
flexible tooi to compute the transport
of substances in 1-, 2- or 3-dimensional (0) schematisation.
In this application, 1D is used for
the riverine part of the model area
and 20 for the marine part. Various
physical and chemica! processes contribute to additional souree and sink

terms in the adveetion diffusion
equation. Separate modules calculate
those terms for the suspended solids
and the toxic contaminants. In the
model the suspended solids are
divided into two fractions, an
organic (Particular Organic Carbon
(POC), including algae) and an inorganic fraction (< 63J..Lm). The POC
concentration in the water phase is
imposed as a forcing function.
The inorganic suspended solid
fraction is calculated by the model,
given the inflow concentrations at
the model boundaries and the point
and diffusive contaminant loads in
the various river segments. Both
fractions are influenced by sedimentation and erosion processes, according to Krone (1962) and Parteniades
(1965). The sedimentation velocity is
constant for POC, while for the inorganic suspended solids the sedimentation velocity depends on the concentration of suspended solids.
The sediment is modelled as follows: the model considers the upper
weilmixed sediment layer, which
consists of two fractions (organic and
inorganic). The thickness of this layer
can be defined by the user. If this
maximum thickness of the layer is
exceeded due toa net sedimentation
flux, burial will occur into the deeper
sediment layer. Only thesediment in
this upper layer is available for erosion. There is no completion from the
"deep" sediment, to avoid having to
cope with an infinite suspended
solids souree in erosion areas. The
organic fraction in the sediment is
subdued toa first order decay.
Heavy metals adsorb to both
organic and inorganic suspended
solids, organic micro-pollutants only

to adsorb to the organic fraction. The
degree to which the contaminants
adsorb is determined by the partitition coefficient. Adsorption and des.,~ orption are assumed to be reversible
processes. It is asumed that there is
an
instantaneous
equilibrium
between the dissolved and the
adsorbed fraction, based on the partition coefficients.
The modeHing part of the MANSOSS consists of:
• a 20 hydrodynamic model
(ZUNOOW AK) which simulated the
vertically averaged residual flow
field, using south-westerly winds of
4.5m/s;
• a water quality model (DELWAQ)
which calculated the horizontal concentration distribution of pollutants
taking into account physical, chemica! and microbial processes.
Finally, the uptake of contaminants by organisms is considered in
the river Rhine Basinas well as in the
North Sea system (including the
Dutch Wadden Sea). Both the direct
uptake from the water phase and the
sediment phase, as the uptake by the
food web is modelled.
For this analysis food web relations are derived from available data
on the biomass of characteristic
groups of organisms and their interrelations (biofluxes). The databases
of the DSS also include information
about water quality standards for
comparison with measured data and
simulated model results. In the analysis special attention is given to the
uptake of pollutants from the sediment by benthic organisms and its
contribution to the accumulation of
pollutants in the food web.
One aim of the present studies is
to determine the linkages between
sourees of selected pollutants in the
basins and the pathways by which
they are transported to the river and
the coastal waters. Such pathways·
include runoff from land to the river
of pollutants from non-point (diffuse) sources, as well as direct discharges to the river from point
sourees (Figure 1).
Another aim is to determine how
the sourees of pollution have
changed over time and what the
impact will be of sanitary measures
for specific point or diffusive sourees
a long the river basin and the coast on
the loads of pollutants into the water.
The methad to determine the
loads relies on the analysis of con-
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Figure 2. Average cadmium concentration in the water (unfiltered) at Lobith in the last
two decades (data are from Rijkswaterstaat, The Netherlands ).
centratien-discharge and laad-discharge relationships respectively,
using the monitoring data on the
Rhine and its tributaries that are
given in water quality monitoring
reports by the International Commission for Proteetion of the Rhine'
(ICPR) and the 'Deutsche Kommission zum Schutz des Rheins vor
Verunreinigung' (DKSR) (Behrendt
in preparation, Behrendt and Bohme
in preparation).
Concentratiens of heavy metals in
the Rhine have increased during this
century up till 1975. However, in the
last two decades the concentrations
have decreased due to reduction of
the input (Figure 2). The reduction of
the cadmium concentratien in the
river Rhine at the German-Dutch
border is mainly due to the reduction
of the industrial loads in Germany.
The loads from Dutch industry
were not reduced to the same extend
as in Germany up til! 1991. However,
Dutch industrial point sourees have
been reduced recently. The diffusive
loads (run-off and drainage from the
catchment area) have not been
reduced to the same extend and consequently this contribution becomes
increasingly important.
During the last few decades, the
southern part of the North Sea has
been exposed to high inputs of pollutants from sourees such as water
from the North Atlantic, the English
Channel, atmospheric deposition
and coastal inputs from Belgium, the
Netherlands, the UK and Germany.
In the last decade the contribution of
the river Rhine has decreased
because of the reduction of the cadmium concentratien in the river, as
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well as by the starage of dredging
sludge from the Rhine-Meuse estuary. However, long-term simulation
of accumulation of pollutants in the
sediment, showed that due to the
long time scale, the reduction of the
seabed can take several decades.
Until 1984, the dredging sludge
from the Rotterdam harbour area
was dumped into the North Sea at a
dumpside called 'Loswal Noord', situated approximately 5km offshore.
Due to the pollution of the sediments, dumping of the most polluted
sludge into the North Sea was no
Jonger permitted. Therefore, large
starage basins were constructed to
reduce the load into the North Sea.
Modelling techniques are used to
evaluate the impact of the reduction
off cadmium in the Rhine and dredging of harbour sludge on the input
into the North Sea. Within the framewerk of the Dutch Interdepartmental
Committee for North Sea Affairs
(ICONA), MANS was initiated to
evaluate the need and possibilities
for managerial actions. Based on
field data and rnadelling results, a
tentative scheme of cadmium transport in this region was quantified for
1980 and 1985.
Approximately 50 per cent of the
river input of cadmium into the Rotterdam Waterway setties in the harbeurs and the port entrance (Van
Pagee 1984, Van Pagee and Winterwerp 1990). In addition to the settling of fluvial sediments, marine
sediment setties as well. This marine
import consists of recirculated
dredging sludge which was dumped
at Loswal Noord.
In 1985 the transport of the cad-

mium changed as a result of reductions in the input from the river
Rhine and the storage of the most
polluted dredging sludge in the
Slufter storage basin. Due to reductions in both the cadmium load from
the river Rhine and the storage of
dredging sludge in land deposits, the
net cadmium load into the North sea
has been reduced from approximately 47.5t/year in 1980 to approximately 11 .7t/year in 1985.
The North Sea receives waste
loads generated by shipping and offshore mining operations, or entering
through rivers, atmospheric deposition or sea currents. Contaminants
that enter the North Sea disperse and
accumulate in estuaries and intertidal sedimentation areas, such as the
Wad den Sea area, or sediment in the
deep, northern parts of the North
Sea.
The Rhine Action Plan (RAP) and
the North Sea Action Plan (NAP)
aims at reduction in 1995 of heavy
metals by at least 50 per cent of the
emission in 1985. In the case of cadmium, the target is set at a reduction
of 70 per cent (ICPR 1991).
Simulated model results are
shown in Figure 3: the cadmium concentrations will be decreased considerably in 1995 if RAP /MAP succeeds. At present, it seems that the
goals of RAP /MAP will be made.
Nevertheless, to avoid accumulation
in sediments a further reduction of
cadmium loads is necessary.
Pollutants, entering the North Sea
from at the Dutch, Belgium and
English coast will show a net movement towards the north-east and will
eventually reach the German Bight,
the Danish west coast and the southern and western coast of Norway.
Consequently, the flora and fauna in
the Wadden Sea are exposed to pollutants originating from the river
Rhine.
Contaminants are taken up by
phytoplankton and benthic organisms and then transferred to, and
accumulated in, higher levels of the
food chain. As a result of this accumulation, effects become apparent at
the top of the food chain (birds,
mamma is).
A steady state bioaccumulation
model was applied using historica!
data for cadmium concentrations in
water and sediment of the Dutch
Wadden Sea. On the basis of a realistic description of the local food web,
development of accumulated concentrations of cadmium in demersal
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Figure 3. Simulated concentration of total cadmium in the North Sea in 1985 (calibrated
with measured data) and for 1995 assuming the realisation of RAP/MAP (70% reduction of
cadmium /oads compared to 1985). Calculations made by the MANS mathematica/ mode/s.

fish and deposit feeders through
time could be calculated. In recent
decades, considerable amounts of
cadmium have been stored in the
sediments. Therefore, the cadmium
concentration in the sediments
remains high for a number of years
after decrease of the concentration of
cadmium in the water.
Consequently, concentrations of
cadmium in animals living and eating in the water are expected to
decrease more rapidly (one lifecycle)
compared with animals living in the
sediments (Figure 4, overpage).
We can conclude that the concentration of cadmium in the Rhine
decreased considerably between
1975 and 1993. The cadmium
decrease in the river was mainly
caused by successful sanitary measures taken by German industry. In
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addition, in recent years the main
industrial point sourees in the
Netherlands have also been reduced.
Consequently, the load of the RhineMeuse estuary into the North Sea has
been reduced considerably.
The discharge of cadmium into the
North Sea has been further reduced
because settled sediment in the
Rhine-Meuse estuary is being
dredged and dumped in a depot for
polluted sediments (the Slufter).
Also, the relative contribution of the
contribution of the river Rhine to the
cadmium concentration in the Wadden Sea has decreased compared
with the other contributions, such as
the Thames, the English Channel and
atmospheric deposition.
Model calculations have been
made to simulate the accumulation
of pollutants in aquatic organisms.

Cadmium bio-accumulation: Wadden Sea
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Figure 4. Measured and simulated concentration of cadmium in demersal fishand deposit
feedersin the Wadden Sea (measured field data are from !CES monitoring programme).
The reduction of cadmium loads into
the Rhine is reflected in the simulated decrease of the cadmium contents of organisms in the Wadden
Sea. The approach used enables the
simulation of the whole pathway of

production of pollutants in the river
basin to sedimentation of the pollutants in the estuary, its transportinto
the sea and the uptake by organisms.
The rnadelling framework can be
used to estimate the relative contri-

butions of different souree categories, such as riverine inputs and
atmospheric deposition. Because the
major point and diffuse sourees are
distinguished, it is possible to determine the impact of managerial
actions aimed at the reduction of
loads into the water for specific
sources. In this way, the OSS developed for the Rhine river basin and
the North Sea may be useful in the
complex decision making process
with regard to water quality management in river basins and coastal
zones.
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