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Abstract 

For the watersupply of Amsterdam, groundwater is abstracted from the 

dune area near the North Sea; since 1853 from the phreatic aquifer by 

means of canals, and since 1903 also from the deep aquifers. From 1957 

the upper aquifer is artificially recharged with r i verwater which has 

higher chloride contents than the original dunewater. 

The Boogkanaal, in the northern part of the dunewater catchment area, is 

important because of the low chloride content of the abstracted water. 

As a result of the continuous abstraction a heavy intrusion and upconing 

of brackish and salt water occurred. Therefore, in 1978, the deepwell 

abstraction was terminated. Before taking these wells into use again 

research has to be done, by computer modelling, to assess the 

consequences for the fresh water pocket. 

A supplementary version of the two-dimensional groundwater contaminant 

transport program Konikow-Bredehoeft, as presented by Lebbe (1983,1984), 

is suited for the calculations mentioned. The program calculates the 

transport of solutes in the saturated zone. In an adapt ion to the 

original version the effects of differences in density are taken into 

account. 

The model was calibrated with the available data. The consequences of 

different groundwater abstraction policies on the chloride content of 

the abstracted water can be computed. 
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Introduction 

Amsterdam Waterworks is in charge of the drinking water supply of more 

than 1.000.000 citizens. Three production units are used: 

1. Dune waterworks 

2. Lake waterworks 

3. Hilversum Pumping Station 

83 Mm3/a (72 %) 

30 Mm3/a (26 %) 

2 Mm3/a ( 2 %) 

The dunewater catchment area is a very important unit, not only 

quantitatively but also qualitatively: it is property of Amsterdam 

Waterworks and so groundwater quality can be protected effectively 

against pollution by agriculture, industry or waste disposal. 

On the other hand there is the continuous threat of salt water intrusion 

and upconing of brackish and salt water. Especially in the last decades 

this presents problems in water production. To minimize these problems 

the optimum distribution of total capacity over the different 

abstraction units in the dune area, especially those in the deep 

aquifer, has to be determined. 

2 Dunewater catchment area 

The ,dunewater catchment area of the Amsterdam Waterworks is situated 

along trie Dutch North Sea coast, south of Haarlem (Figure 1 ). 

Withdrawal of water in this area - some 36 sq. km - started as early as 

1853, 'by the simple method of draining a system of excavated canals. In 

this' way, water was abstracted from the phreatic aquifer, and it was not 

until many years later that the presence of a vast stock of semi

confined water of good quality was discovered deeper down in the 

subsurface. 

In the catchment area, the subsurface at greater depth is saturated with 

salt water. The fresh water is limited to a fresh water pocket, or 

lens, under the dunes. Since 1903 water has been abstracted from the 

deep aquifer by a system of wells. 

Over the years the volume of withdrawal from the dune area increased 

gradually. From the early twenties the total water production exceeded 

the natural replenishment by effective precipitation. A heavy salt water 

intrusion occurred in the deep aquifer, resulting in an increasing 
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Figure 2. Geohydrological cross-section perpendicular to the Boogkanaal 
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number of wells contaminated with salt water (Roebert, 1972). 

To stop this process of intrusion, from 1957 a part of the upper aquifer 

is artificially recharged with pretreated water from the river Rhine. 

The water abstraction from the deeper aquifer at that time decreased to 

a low level. 

There remains, however, a vast stock of groundwater of good quality 

which is used for quality reasons and during periods when the riverwater 

intake has to be interrupted. To avoid continuous salt water intrusion 

and upconing the deep abstraction is limited (Schuurmans, 1983). 

Nowadays the total water production of the entire dune area varies 

between 55 and 60 million m3/a. Some 10 million m3/a is natural 

dunewater. 

3 Production unit Boogkanaal 

The Boogkanaal, in the northern part of the dunewater catchment area, 

has a length of 1 000 meter, more or less parallel to the coast at a 

distance of 2. 5 km (Figure 1 ) . The geohydrological situation in a 

cross-section perpendicular to the Boogkanaal is given in Figure 2. 

Abstraction from the Boogkanaal started in 1887. By artificially 

maintaining a low waterlevel (N.A.P. -1.70m; N.A.P. is approximately 

mean sea level), the canal abstracts water from the upper aquifer in an 

amount which slightly varies between 1 and 1.5 million m3/a (Figure 3). 

In 1903 the withdrawal from the upper part of the deep aquifer started 

(Table 1 ). Because of the increasing chloride content of the abstracted 

water the abstraction of deep groundwater was terminated in 1978 (Figure 

4). 

For the quality of the abstracted water from the dune area it is 

desirable that the total installed capacity at the Boogkanaal can be 

used. In the direct surroundings of the canal there is no artificial 

recharge, so the abstracted water has a very low chloride content 

(40 mg/1). Therefore it is used mainly for mixing purposes in order to 

lower the chloride content of the supplied water. If, as a result of the 
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Figure 3. Annual abstraction of phreatic groundwater from the Boogkanaal 
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deep abstraction, the chloride content increases to 90-100 mg/1, which 

was the case in the early seventies, the Boogkanaal will loose this 

important function. Nowadays the amount of 1 to 1.5 million m3/a is only 

2% of the total water production of the dune area, including the 

infiltrated riverwater, but it is 10-15% of the total amount of 

abstracted natural water. Regarding the fact that a substantial part of 

this natural water is mixed with the infiltrated water, the importance 

of the Boogkanaal for the watersupply is obvious. 

Table 1. Deepwell abstraction from the Boogkanaal 

Period 

1903-1909 

1909-1929 

1929-1954 

1954-1978 

1978- now 

Number Maximum 

of wells abstraction 

Mm3/a 

40 1.4 

55 3.7 

79 3.6 

20 2.9 

20 0.0 

Remarks 

Along north-west side of canal 

Extension to the south with 1 5 wells 

24 extra wells along south-east side 

20 new artesian wells along canal 

No deep abstraction 

The movement of the salt, brackish and fresh water until 1970, as a 

result of the continuous abstraction, has been studied by Roebert 

(1972). He used the observations of three boreholes located on a line 

perpendicular to the centre of the Boogkanaal (Figure 1): no. 31 (just 

near the canal), no. 48 (500 meter to the west) and no. 257 (500 meter 

east of the canal). 

In Table 2 and 3 the developments from 1920 until 1985 are presented, 

which, for a good understanding, have to be compared with·the abstrac

tion amounts as presented in Figures 3 and 4. 

From these tables one can see the rise of the 100 mg/1 isochlor with a 

velocity of 1.5 m/a in the years 1920-1950 at the site of observation 

well 31. Due to the increasing abstractions in the years between 1950 

and 1960, from the Boogkanaal as well as from other abstraction units 

south, east and north at distances of 500 to 750 meter, the rising 

velocity increased to some 3 m/a. But after the start of the artificial 
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recharge in 1 957 and the decrease of the abstract ions, the velocity 

reduced to 1 m/a. The period 1968-1978 is characterized by a stabili

zation of the situation, whereas in the last period the ending of the 

deepwell abstraction in 1978 resulted in a displacement in the opposite 

direction. 

Table 2. Average rising velocity [m/a] of 100 mg/1 and 10000 mgll 

isochlor in wells 48, 31 and 257 

Period 

1920-1930 

1930-1940 

1940-1950 

1950-1955 

1955-1960 

1960-1968 

1968-1978 

1978-1985 

48 

1.0 

0.5 

0.4 

1.2 

2.4 

1.0 

0.0 

0.0 

100 mgll 

31 

1.5 

1.5 

1.5 

3.0 

1.5 

1 .0 

0.0 

-1.0 

10000 mgll 

257 48 31 

1.5 0.5 0.5 

1.0 0.5 0.5 

1.5 0.4 0.5 

1.5 0.2 0.5 

2.0 0.1 0.5 

1.0 0.0 0.5 

-0.8 0.0 -0.5 

-0.7 0.0 -0.7 

257 

0.5 

0.6 

0.8 

1.4 

0.0 

0.0 

-0.4 

-0.5 

Table 3. Position of 100 mg/1 and 10000 mg/1 isochlor in meters below 

N.A.P. (Mean Sea Level) in wells 48, 31 and 257 

Year 100 mgll 10000 mgll 

48 31 257 48 31 257 

1920 -116 -108 -112 -124 -116 -120 

1968 -71 -33 -46 -105 -92 -94 

1985 -71 -40 -60 -109 -102 -102 
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4 Computer programs for salt/fresh water 

calculations 

To manage fresh groundwater resources that are in contact with saline 

water it is essential to obtain quantitative understanding of the 

pattern of movement and mixing between fresh and saline water. Recently 

Reilly and Goodman (1985) amply reviewed the factors that determine the 

appropriate methods to be used. They considered three major factors: 

assumptions about the physics of the mixing process, 

characteristics of the aquifer system under study and 

desired scale and detail of the resulting analysis. 

In practice problems often are presented by the movement of slightly 

brackish water. This is why an approach with sharp interfaces between 

finite numbers of (immiscible) fluids is instructive but academic. It is 

more appropriate to model the behaviour of just one fluid with differ

ences in concentrations of dissolved solids (transport models). These 

differences bring about gradients in density that can influence the flow 

pattern. 

All aquifers are inhomogeneous. In practice an approach with homogeneous 

flow systems might suffice, most of the time it does not. In that case 

resort to numerical models -that can account for differences in charac

teristics of the aquifer- is essential. Once the flow problem is solved, 

transport of solutes due to both advection and dispersion has to be 

determined. Well-known are the problems that go along with this. Solu

tions sometimes contain errors -due to numerical dispersion- which in

validate the solution. Numerical dispersion can be minimized when the 

method of characteristics (MOC) is used. The two-dimensional model as 

documented by Konikow and Bredehoeft ( 1978) is a numerical transport 

model that uses MOC. In the case that is presented in this paper, flow 

predominantly occurs in two directions (vertical and horizontal). An 

approach with a two-dimensional flow system can be justified. However it 

is essential to adapt the original version of the model to account for 

the flow induced by density differences. 
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5 Groundwater contaminant transport model 

Konikow-Bredehoeft 

The Konikow-Bredehoeft model has been developed by the U.S. Geological 

Survey and is based upon the finite difference method (for solution of 

the flow equation) together with the method of characteristics (for 

solution of the solute transport equation). The model requires that the 

aquifer in the area of interest is divided by a regular grid into a 

number of blocks. The purpose of the model is to compute heads and 

concentrations at any specified time and place (in the centre of a 

block, 'block-centred grid'). 

To account for density induced flow the model has been adapted as 

described by Lebbe (1983,1984). Water pressures are computed as fresh 

water heads. Vertical flow components are adjusted for relative 

densities. Further information on program and adaptions can be found in 

the reference list (Konikow and Bredehoeft 1978, Lebbe 1983,1984). 

Some practical problems were encountered when running the program: 

The program first computes the head distribution. With this 

information the velocities (and dispersion coefficients) on cell 

boundaries are determined. These velocities depend on the average 

density in a cell. With these velocities so-called tracer particles 

are moved within the flow field. After the displacement of the tracer 

particles and the calculation of the dispersion the new average 

density in a cell is computed. Then the process restarts with the 

computation of the head distribution. 

It was found that instabilities arise when the displacement of tracer 

particles within one timestep, without recalculation of the pressure 

head, becomes too large. This can be explained by the following 

example (largely exaggerated!): Under an abstraction well with 

limited capacity, a sharp interface is found. Salt particles under 

the well will have a velocity component in upward direction. If such 

a salt particle is allowed a large displacement it can move upward 

beyond the equilibrium position of the interface. Then recalculation 

of heads takes place. A large vertical velocity downward will be 

computed (because of the extreme upconing). The particle can now move 

below its initial position: an instability is created. 
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The remedy for the problem is clear: the displacement of particles 

between two successive computations of the pressure head distribution 

should not be too large. 

Especially when abstractions are limited, the calculation of the 

pressure head has to be done very accurately. A tolerance of 0.00001m 

was used. 

The water pressure in the model is expressed in fresh water heads. If 

the solute content along the boundary is not constant, the fresh 

water head will not be constant either, even if there is no vertical 

flow. To eliminate boundary 'rotations' the pressure head has to fit 

the chloride content along the boundary. In our case the heads had to 

be given in millimeters accurately. 

Schematization and calibration 

Computations are made in a vertical plane, perpendicular to the 

Boogkanaal. The cross section, contains several observation wells. Three 

of them are measured for chloride content (wells 48, 31 and 257; Figures 

1 and 2). The west boundary is located at well 48. The east boundary at 

257. With the computer model it is tried to describe the chloride 

content at the middle observation well 31, just near the Boogkanaal 

(calibration). 

The input for the model is extensive. As with all groundwater flow 

models the characteristics of the flow domain have to be given, i.e. the 

spatial distribution of hydraulic conductivities in horizontal and 

vertical direction, porosity and storage coefficients. And because a 

solute transport model is used, information is needed on the behaviour 

of the solute. Furthermore initial and boundary conditions have to be 

described for heads and concentrations. 

The schematization of the subsoil is straightforward as shown in 

Figure 2. Three aquifers separated by semi -permeable clay- and 

loamlayers. The hydrological basis is situated at 155m below mean sea 

level. The quantitative data are based on a pumping test analysis and 

borehole information. The vertical hydraulic conductivities are chosen 
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to be ten times smaller than the horizontal conductivities throughout 

the system (anisotropy). 

Chloride is a non-reactive (decay equals zero) and non-adsorbing solute. 

Introduction of dispersion deals with the process of mixing of fresh and 

salt water. It should be noted that actually it is not justified to 

model hydrodynamic dispersion in non-isotropic media with longitudinal 

and transversal components (Bear, 1979). 

Very small dispersi vi ties showed the best results (dispersion is the 

product of dispersivity and velocity). A longitudinal dispersivity of 

0.02m is used. The transversal dispersivity is smaller to a factor 10. 

Lee et al. (1980) found comparable values. 

In literature laboratory tests show very small dispersivi ties indeed 

(see for example Li and Lai, 1966). Field studies indicate larger 

values for the dispersivi ty (several researchers reported about the 

scale-dependency of dispersion ( Molz et al., 1 983; Gillham et al. , 

1984)). Sometimes these values are found at locations where tidal 

movement is important. In our case tidal influence is small, which 

might explain the low dispersivity. It should be emphasized here that 

in the case of a predominantly horizontal flow the solute transport in 

vertical direction is mainly caused by transversal or lateral dispersion 

(dispersion perpendicular to the flow). 

The relative density difference amounts 2.5% for a chloride content of 

18630 mg/1. 

Boundary conditions are taken from observation wells 48 and 257. A sharp 

interface between fresh and salt water is chosen as initial condition. 

The salt water layer extends over the lower 30m of the lower aquifer 

(horizontal interface). Because no storativity effects are taken into 

account initial values of heads are not necessary. 

The groundwater suppletion by effective precipitation is taken constant 

at 0.465 m3/m2/a. 

The finite difference grid exists of rectangular blocks of 40m*1 Om. 

The number of blocks in horizontal direction is 27 and in vertical 

direction 16. In each cell initially five tracer particles are placed. 

A period of 80 years is simulated, starting in 1903, coinciding with the 

start of deep groundwater abstraction. For periods of five years 
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groundwater abstractions and boundary conditions are defined. Pressure 

heads and the position of tracer particles are computed in timesteps of 

one month. These timesteps are this small to avoid the maximum 

displacement of tracer particles to exceed 30m. 

The abstractions of phreatic and deep groundwater have to be computed as 

an abstraction per meter. It is not sufficient to simply divide the 

total abstraction by the length of the abstraction means. Because of 

the finite length of Boogkanaal and the line of deepwells the 

abstraction will not be equally distributed. Right in the middle of the 

Boogkanaal, where the vertical cross-section is made, the abstraction 

will be a factor R smaller than the average. For the phreatic and deep 

water abstractions this factor was fixed at 0. 75 respectively 0. 70 

(Huisman, 1972). 

7 Results 

For three filters of observation well 31 the measured chloride content 

in time is compared with the calculated chloride content (Figures 5,6 

and 7; for a location of the filters see Figure 2). The peaks and dips 

in the figures are caused by the discretization of the solute in space 

(only five tracer particles in each grid). Despite of the 

simplifications (two-dimensional flow, little spatial variability in 

aquifer characteristics, no storativity, constant dispersivities etc.) 

the chloride content in time can be satisfactorily simulated with the 

model. The largest deviations are found for filter 6. This can be 

explained partly because small absolute deviations here are relatively 

large and partly because filter 6 is located at distance from the 

chloride-source, i.e. the salt water body. Furthermore, as we look at 

the spatial distribution of the chloride content (Figure 8), we can see 

an upconing of brackish water at the east side of the abstrations. This 

is caused by natural groundwater flow from west to east. When we little 

overestimate this natural groundwater flow the cone of brackish water is 

displaced too far to the east. This might be another cause of the 

observed deviations in filter 6. 

With the model the chloride content of the abstracted water is predicted 
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for 25 years. Deep water abstraction is assumed 0. 5 Mm3/a and the 

phreatic abstraction is fixed at 1.0 Mm3/a. The initial concentration 

profile is the generated chloride content at the end of the simulation 

period of 80 years. Boundary conditions are kept constant. 

During the prediction period no serious increase in chloride content of 

the abstracted water is found. From analysis of the head distribution it 

becomes clear that a stagnation point occurs just east of the deepwell 

abstractions. This stagnation point causes the brackish cone to more or 

less stabilize at its current position. 

It can be concluded that a deepwell abstraction of e.g. 0.4 Mm3/a might 

be safe. Additional observation wells at the east side of the Boogkanaal 

are necessary to trace the movement of the brackish cone under the 

renewed withdrawal. 

8 General conclusions and recommendations 

With the computer model of two-dimensional solute transport in ground

water, as documented by Konikow and Bredehoeft and adapted for density 

induced flow by Lebbe, a good insight can be obtained in the formation 

and behaviour of the brackish water. However, predictions on whether an 

abstraction will show a chloride content of 100 mg/1 or 200 mg/1, a 

relevant difference if the water is used for production of drinking 

water, cannot be given accurately enough. Yet, the model can indicate 

whether problems with brackish water can be expected. Furthermore it can 

be used as an effective tool in developing a system for monitoring the 

brackish water. 

The reasons for obtaining rather small dispersivities are not clearly 

understood. For the sake of future investigations research on actual 

values for the dispersion parameters should be carried out. 
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