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Abstract 

For the water supply of Amsterdam, groundwater is extracted from the 

dune area near the North Sea. To stop salt water intrusion artificial 

recharge is applied in the upper aquifer by means of infiltration ponds. 

Since the area is important from the point of nature conservation, new 

infiltration works at the surface using the phreatic aquifer for storage 

are not advisable. Therefore the feasibility of storage in the deep 

aquifer by means of infiltration wells is investigated. For that reason, 

the Amsterdam Waterworks started a deep-well infiltration experiment in 

1981 injecting fresh water into an aquifer containing saline water. 

Water samples taken from observation wells and measurements from geohm

cables indicated that a fresh water lens has been formed with a rather 

sharp interface. To analyze the experiment and simulate the moving 

interface, a program SLAX has been developed, based on Josselin De 

Jong's vortex-theory. With the data available on the movement of the 

interface the program has been tested. Results show a rather good 

agreement, 

are found 

though some differences between the model and the experiment 

as well. Development of the model will continue and 

improvements are suggested. 

1 Introduction 

The experimental infiltration well is situated in the dunes, a water 
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catchment area for the Amsterdam Waterworks. Infiltration of fresh 

water in the deep saline aquifer started in january 1981. Results of the 

first eight months were presented by Schuurmans and Van den Akker 

(1981). The present paper deals with the results of the last five 

years. In the first part of the paper the experimental set-up is 

described. For detailed information the reader is referred to Steinmetz 

and Schuurmans (1984), Steinmetz (1986) and Kooiman et al. (1984). 

During the last five years, techniques have been studied to describe 

groundwater flow with varying density and some computer programs have 

been developed. At the SWIM in Uppsala Van den Akker (1981) presented a 

paper in which was shown how the vortex theory of De Josselin De Jong 

(De Josselin De Jong,l960,1977) is used to calculate the flow pattern in 

sharp interface problems. Since then a finite element program SLEM has 

been developed for 2-dimensional plane groundwater flow based on 

Lagrange's streamfunction (Van den Akker, 1982). For the simulation of 

the deep-well experiment a new program SLAX has been developed, which is 

introduced in the second part of the paper. SLAX is based on Stokes' 

streamfunction and is suitable for 2-dimensional axial symmetrical flow 

problems. Results of a simulation of the moving interface are given and 

discussed. 

2 The Dune Area 

For the water supply of Amsterdam, groundwater is abstracted from the 

dune area near the North Sea (Figure 1). Groundwater abstraction 

started in 1853, using a simple system of excavated drainage canals. To 

cope with the growing demand of drinking water from the city the deep 

seated fresh water in the deeper aquifers has been pumped, which has 

caused a serious increase of salt water intrusion. To stop this process 

of intrusion, in 1957 part of the dune water catchment area has been 

prepared for artificial recharge. An amount of 70 million m3 pre-

treated surface water is now infiltrated yearly by means of infiltration 

ponds. The surface water is taken from a branch of the river Rhine at 

Nieuwegein and is mixed with an effective rainfall of 13 million m3;year 
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to assure a production of 83 million m3 . 

/ 

N 

Figure 1 

Situation of dune area. 

During the dry period 1971-1976 it became clear that a total production 

of 70 million m3/year resulted in a rise of the chloride content above 

150 mg/1. This was due to the bad quality of the supplied river water, 

which had worsened during the 20 years before. Apparently storage and 

production capacity of the dune area is insufficient and should be 

enlarged. However, the last two decades a growing concern for nature 

conservation in the dune area has arisen, and it has been recognized, 

that new infiltration ponds on the surface and an increasing storage of 

river water in the phreatic aquifer are not advisable. Therefore, 

during the last 10 to 15 years research has been carried out on 

artificial recharge by means of deep-wells. Another reason for 

considering artificial recharge with wells is that infiltration of fresh 

water into the deep saline aquifers may be used to remove saline and 

brackish water and to avoid further intrusion of saline water. 

3 

3.1 

Deep-well infiltration 

Objectives 

After preliminary experiments with a first well to study clogging, a 
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second infiltration well was constructed in 1980 to investigate 

infiltration of pre-treated river water in the deep aquifer and to study 

the behaviour of fresh water in a saline aquifer. There are several 

secondary objectives as well. One of them is to investigate the 

possibility of measuring and controlling the storage in the deep 

aquifers and to follow the extension of the infiltrated water by means 

of piezometers and geo-electrical measurements. Automatic processing of 

data with help of a computer also is an important aspect, which will be 

necessary in the near future to exploit a system of infiltration wells. 

Another objective is the development of a computer program for the 

simulation of the extension of the fresh water pocket. This model will 

help in making optimum use of the available data and to get more 

knowledge about the. extension of infiltrated water, which can be used in 

designing a new infiltration plant. 

3.2 Deep aquifers 

Figure 2 

DUNEWATER 
CATCHMENT AREA 

10 KM 

The deep aquifers (Figure 2) are situated between 20 and 150 m below NAP 
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(NAP ~ Mean Sea Level) and are separated from the phreatic aquifer by a 

clay layer with an average hydraulic resistance of 12 years or 4400 

days. At the depth of 150 m layers of fine sand with silt and clay 

lenses are found. The deep aquifer itself may be subdivided in three 

important layers: two aquifers separated by a semi-pervious loam layer 

from about 60 until 90 m below NAP. This loam layer has a hydraulic 

resistance varying from 500 days in the north-eastern part of the area 

to 5 days in the southern part. 

3.3 Location 

The ideal location to achieve the main objective of the experiment has 

to meet with the following geohydrological requirements: 

a) a confining layer with a small hydraulic resistance; 

b) no brackish and salt water above the layer; 

c) only salt water under the confining layer; 

d) a sufficient transmissivity of the aquifer. 

To achieve earlier mentioned secondary objectives as well, and 

considering practical aspects, a location has been chosen, where about 

10 meters of brackish water is present under the confining layer. To 

achieve the main objective the top of the infiltration screen is set 

some 15 meters below the loam layer, in the salt water. A disadvantage 

of this construction is that between the infiltrated fresh water and the 

loam layer a large amount of natural brackish water had to be pushed 

away. 

3.4 Observation wells 

At first 5 observation wells have been installed (Figure 3) around the 

infiltration well. Three wells are situated in the direction of the 

natural groundwater flow at distances of 5, 15 and 40 meter. The other 

wells are at distances of 100 and 125 meter in different directions to 

collect information on the radial symmetry of the fresh water lens. 

Three years after the start of the infiltration, in 1984, two more 

observation wells were drilled at distances of 250 and 260 meter in the 
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direction of the natural groundwater flow to get information on the 

extension of the fresh water body and to measure the rate of extension. 

• = observation well 

Figure 3. Location infiltration well. 

4 Results of the experiment. 

N 

+ 

~ ~ection of natural 
~ oundwatertlow 

20o' 

The infiltration started on January 26, 1981, and until now (May, 1986), 

five periods may be distinguished : 

1) First run January 26, 1981 - June 16, 1982 505 days 

2) First stop June 16, 1982 - December 22, 1982 188 days 

3) Second run December 22, 1982 - March 10, 1984 444 days 

4) Third run March 10, 1984 - July 10, 1985 487 days 

5) Second stop July 10 1985 - now 

Soon after the start of the experiment it was found that a fresh water 

lens was formed. The extension in horizontal and vertical direction was 

followed by the measurements (Figure 4). The volume flux amounted 

constantly 20 m3(h. Originally brackish zones were formed all around 
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the small fresh water lens. Due of the small contrast between the 

original brackish water above the screen, and the brackish water formed 

by the infiltration, the interface between both types could not be fixed 

exactly. On the bottom of the fresh water lens after some 100 days a 

sharp transition zone between fresh and salt water arose, with a 

brackish zone of 3 to 5 meter. 

To follow the extension of the 'brackish nose' is not that easy, due to 

the distance between the observation wells. Approximate calculations of 

the content of the fresh water lens confirmed that in the beginning a 

high percentage of the infiltrated fresh water was mixed to brackish 

water. This was also caused by the position of the infiltration screen. 

The high percentage seems to decrease in the course of time. A 

combination of the fact that the brackish nose broke through in WP 100 

(north-west direction) and WP 125 (north-east direction) at the same 

time after about 11 month, and a natural groundwater flow of about 10 

m/year from west to east, pointed at a radial symmetrical shape of the 

fresh water body. A dished-like deepening of the fresh water body was 

present at short distance all round the infiltration screen due to the 

higher pressure in the infiltration well (Figure 4). 

Caused by clogging the infiltration had to be stopped. The deepening of 

the fresh water body was rapidly filled up with salt water, and after 

about 2 months the lens had a flat bottom (Figure 4). At the 

infiltration well itself the salt water raised 20 meters, in WP 40 some 

5 meters. On the outer ends the lens slowly continued to expand during 

the stopping period. In the second run the infiltration capacity 

increased, as a result of some technical modifications, to an amount of 

25 m3/h. After one month the original shape of the lens around the 

infiltration well was recovered. During the run the infiltration 

continued without interruptions. The lens expanded continuously in 

horizontal direction. Changes in vertical direction were small. 

The third run started immediately after the second run. Now the 

infiltration capacity increased to 40 m3/h by radical changes in the 

technical performance. During this run brackish water arrived at the 

wells at 250 and 260 meter, but the break-through curve was very flat 

with no indication of any fresh water. Also vertical changes of the 

fresh water body were established. The technical parts of the system 
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Fig. 4 The extension of the infiltrated fresh water on several points of time 
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worked well and no hydrological problems occurred during infiltration. 

However, problems .with the pretreatment of the river water led to an 

increased clogging of the infiltration screen. 

Eventually, the third run stopped after some 930 days of continuous 

infiltration. During this second stop the same phenomena occurred as 

during the first stop. The break-through of brackish water at 250 and 

260 m continues slowly, due to the natural groundwater flow, but until 

now (May 1986) no fresh water has been measured. 

5 Vortex Theory. 

It has been shown by De Josselin DeJong (1960,1977) that the flow of 

inhomogeneous fluids can b~ described with a distribution of 

singularities. The flow of a fluid with a varying density e.g., where 

rotation is created, may be described with a distribution of vortices. 

The strength of the vortices depend on the horizontal density variation. 

An alternative method, closely related to the vortex theory, was 

presented by Bruggeman (1983) at the 8th SWIM in Bari. Bruggeman uses a 

distribution of pressure generators with a strength that corresponds to 

the vertical density variation. Analytical solutions for vortex 

distributions have been used by Haitjema (1980), who studied upconing, 

and by Peters (1983), who studied the behaviour of a fresh water body in 

a saline aquifer. Van den Akker (1982) showed that the vortex theory 

can be incorporated in a finite element model (SLEM) using Lagrange's 

streamfunction. To analyze the infiltration experiment a finite element 

model SLAX has been developed, based on Stokes' streamfunction. 

6 Stokes' Streamfunction 

For two-dimensional· axisyrnrnetrical flow a strearnfunction exists, similar 

to Lagrange's strearnfunction (Lamb,l932). Figures 5 and 6 illustrate 

schematically the analogies and distinctions between these 

streamfunctions. A line in figure 6 e.g. generates an annular surface 

by rotation around the axis of symmetry, while lines in figure 5 

represent surfaces perpendicular to the plane of the diagram. 
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Figure 5. Lagrange Figure 6. Stokes 

In both cases the strearnfunction is defined by the flux across this 

surface. Lines generating surfaces with no flux across it are 

streamlines. Along these lines the strearnfunction is constant. The flux 

Q across a line connecting two adjacent streamlines (or rather the flux 

across the surface generated by this line) is equal to ~2 -~ 1 for 

Lagrange's streamfunction and to 2TI(~ 2 -~1 ) for Stokes' streamfunction. 

If this connecting line is chosen in the direction of the coordinate

axis and 6n becomes vanishingly small the following expressions for the 

specific discharge q are found: 

Lagrange's streamfunction: 

( 1) 

Stokes' streamfunction: 

(2) 

Using Darcy's law and eliminating the pressure by cross-differentiation 

the following differential equation is found for Stokes' strearnfunction: 

L o'¥ o 1:!:. o'¥ 
kr ~ + ~(k ~) 

.21. 
-r or (3) 

where vis the dynamic viscosity ,k the intrinsic permeability andy the 

specific weigth of the fluid. 
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7 Finite element approximation. 

Because of the length of the paper a variational formulation of 

differential equation for Stokes's streamfunction is given here without 

proof: 

u 
l 

2 

L o'l' 2 o'l' 2 ~ 
J J kr { C5;) + C5;) } dr dz - j J or 'l' dr dz (4) 

Here U denotes the functional that has a minimum if 'l' satisfies (3). In 

case of a sharp interface the second integral reduces to a line integral 

along the interface I given by: 

(5) 

Problems with moving boundaries are often studied using a moving grid. 

In the model SLAX ,however, a fixed grid is used, since the grid also 

determines the structure of the aquifer with its heterogeneities. A 

moving grid of moving elements with different permeabilities would 

result in a changing geological system. 

Rectangular linear elements are used as described by Ergatoudis et. al. 

(1968). Although SLAX has been developed mainly for axial symmetrical 

flow problems the algorithm is designed such that easily can be switched 

from Stokes streamfunction to Lagrange's streamfunction. This makes the 

model suitable for plane 2-dimensional flow problems as well. 

8 Simulation of the moving interface 

With the model SLAX calculations have been carried out to simulate the 

movement of the interface. The domain that has been modeled is shown in 

figure 7, giving a vertical cross-section with the infiltration well at 

the axis of symmetry (the left boundary). The grid consists of 16*16 

rectangular elements, with a height of 3 meter and a length varying from 

0.75 meter near the well to 20 meter further from the well. Total height 

of the aquifer is 48 meter, from NAP -86 to -134 meter, and length of 

the modeled area is 100 meter. The grain size distribution found in the 

boreholes for the observation wells varies from coarse (white, k=54 
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Fig. 7 The calculated position of the salt-freshwater interface on several 

points of time 
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m/d), medium (light dots, k~27 m/d) and fine (dark dots, k~l.S m/d). 

Porosity in each element is assumed to be constant at 0.30. In the 

present version of the model anisotropy is not taken into account. The 

effect of anisotropy will be discussed later. Lower and left side are 

impermeable boundaries, except the infiltration screen from NAP -101 to 

-116 meter. There is a small outflow through the upper boundary, less 

than 4 %of the infiltrated volume of 20m3/h. At time t~O the aquifer 

is filled with salt water, and the interface is located along the 

infiltration screen. The relative density difference between fresh and 

Only a part of the first run is 

calculated, using constant boundary conditions. During calculations it 

turned out that small timesteps had to be used (0.01 to 0.1 day) to 

avoid instabilities at the interface. In the present model the 

displacement of the interface is found by multiplication of the velocity 

perpendicular to the interface and the timestep. Since the velocity 

varies with 1/r during the displacement this is a rather rough 

approximation. More sophisticated techniques to follow the moving 

interface will be applied in new versions of the model. 

Figure 7 shows the calculated extension of the fresh water at several 

times. The arrows indicate the flow direction at the center of the 

elements. The infiltrated fresh water is forced to move upward by 

gravity and by the difference in permeability. However, in the 

simulation the fresh water lens is more forced up than has been found by 

measurements. The shape of the fresh water body is quite similar for 

calculations and measurements. Probably this is the effect of anisotropy 

that has not been taken .into account in the model SLAX. In the next 

version anisotropy will be incorporated. 

9 Conclusions 

It is possible to infiltrate fresh water in a salt aquifer, to 

build up a fresh water pocket, and to measure the extension of the 

infiltrated water. The experience obtained with the experiment is 

useful in designing a new plant for deep-well infiltration. 

The first results of modeling with the program SLAX indicate that it 
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is possible· to simulate the experiment of deep-well infiltration. 

Modifications still have to be made to get a better fit between the 

model and the measurements. 
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