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ABSTRACT 

Natural precipitation created a fresh-water lens underneath the dunes along the North Sea. Since 1850 
two permanent human interferences have had influence on the fresh-water lens : 1. the groundwater 
abstraction for drinking-water supply; and 2. the reclamation of the Haarlem Lake behind the dunes. 
The salt- and brackish-water intrusion has been known since 1904, when the deep abstraction of fresh 
water began. With these observations the intrusion can be modelled with a computer program. 

A first step is to make a "representative" cross section perpendicular to the coast. The influences of 
groundwater abstraction and reclamation on the salt-water intrusion can be calculated, as well as_. the 
length of the "fresh-water" tongue underneath the North Sea and the consequences of deep-well infiltra
tion in the dune-water catchment area. 

1. INTRODUCTION 

For a number of centuries the natural groundwa
ter recharge created a fresh-water lens under the 
dunes along the North Sea. Since 1850, only 140 
years ago, human activities also influenced the 
shape and the size of the fresh-water lens very 
clearly. Two important activities can be menti
oned : 

( 1) groundwater abstraction for drinking-water 
supply; and 

( 2) the reclamation of the Haarlem Lake. 

The consequences on the fresh-water body have 
been studied more than once, especially by water
supply companies, because they are interested in 
a vast stock of good, fresh groundwater. Re
sults of these studies have been presented at 
earlier SWIM's. The development from 1850 till 
1982, based on a great number of observations, 
was shown at SWIM-8, Bari (SCHUURMANS, 
1983). The calculations are necessarily based on 

rough schematic outlines in space and time. 

The development of computer programs makes it 
easier to carry out complex calculations, and also 
to make predictions. A good example of a pro
gram taking into account groundwater with diffe
rent densities is Konikow-Bredehoeft (SWIM-9, 
KOOIMAN et al., 1986a). 
Now, in this third part of the "continuing story", 
the observations and calculations presented at 
SWIM-8 will be used in modelling the salt-water 
intrusion in the dune-water catchment area with 
the computer code Konikow-Bredehoeft. 

2. SITUATION 

The dune-water catchment area is situated along 
the North Sea coast (fig. 1). Till 1850 a 8 km 
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Fig. 1. Map showing the dune area. 

wide strip of land with dunes and polders was 
situated between the North Sea in the west and 
the Haarlem Lake in the east. Water tables in the 
North Sea and the Haarlem Lake are equal, the 
water table in the dune area was several metres 
higher (maximum 7 m above sea level). By 
natural replenishment of the deeper aquifers a 
fresh-water lens was created, floating on the 
heavier salt water. 

The abstraction of groundwater from the upper 
aquifer for drinking-water supply, started in 
1854, resulting in decreased leakage of fresh 
water to the deeper aquifer. Abstraction from 
the deeper aquifer started in 1903, which resulted 
in a heavy salt-water intrusion and a decrease of 
the total amount of fresh water. This process 
stopped in 1957, when the artificial recharge of 
the upper aquifer with pre-treated river water 
was introduced, and deep abstraction decreased. 
From this time on, the fresh-water pocket in the 
deep aquifers began to grow again (SCHUUR
MANS, 1983). 

The reclamation of the Haarlem Lake in 1850 
reduced the water table from NAP +0 m to NAP 
-5,5 m (NAP = Ordnance Datum), which introdu
ced a natural groundwater flow into the deep 
aquifer from the North Sea to the 'Haarlem Lake 
Polder , 

3. SCHEMATIC OUTLINE 

The extended version of the computer program 
Konikow-Bredehoeft calculates the chloride dis
tribution in a vertical, two-dimensional cross 
section (KOOIMAN et al., 1986a). Modelling the 
salt-water encroachment in the total dune area 
requires a number of cross sections, all with a 
heigth of 180 m and a length of several kilome
tres. A first step is to make a "representative" 
cross section of the catchment area. 

The "representative" cross section is shown in 
fig. 2 : a strip of land with a total length of 
12,5 km. The western boundary represents the 
sea, and is situated 1 km from the coast; the 
eastern boundary is the middle of the Haarlem 
Lake Polder. Horizontally 4 parts can be distin
guished : 

(1) 

(2) 
(3) 

(4) 

sea and coast 
dunes 
polders Rijnland 
a part of Haarlem Lake 

(1500 m); 
(4000 m) ; 
(4000 m); 

Polder (3000 m). 

Vertically the model consists of 5 layers 3 
aquifers divided by two resistance layers, and an 
impervious base. 
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Fig. 2. Cross section of model area. 

The element size is 50 x 10 m2 • There are 250 
elements in horizontal and 18 elements in vertical 
direction. Other parameters, such as dispersivity 
and anisotropy, are taken from earlier investiga
tions {KOOIMAN et al. , 1986a). 

4. CALIBRATION 

During calibration use is made of the data given 
by SCHUURMANS {1974, 1978, 1983). The total 
calculation period of 134 years from 1854-1987 is 
divided into 8 parts {fig. 3). In every of the 8 
periods the values of the variables are kept 
constant. 
The boundary of the model area is divided into 8 
parts, each with its own boundary condition (fig. 
2) : 

Boundary Level 

The deep abstractions are concentrated in three 
elements, at x = 2500 m, 3500 m and 4500 m, 
directly below the clay layer (fig. 2). The deep 
abstraction amounts per period as well as the 
dune levels (boundary conditions) are given in 
fig. 3. 

The initial chloride distribution in 1854 was not 
known and had to be estimated. Starting with 
this estimated situation the chloride prof'Iles of 
1904 and 1974 are calculated and compared with 
existing profiles in a certain cross section (fig. 
1) of these two years (SCHUURMANS, 1974). By 
"trial and error" the initial situation of fig. 4 was 
found, with the use of the calibration graphs in 
fig. 5 and 6. For surveyability only the lines of 
100 and 10000 mg/1 are given. The differences, 
especially in 1974, are due to the fact that the 

Chloride 

1. West boundary 
2. Sea (1000 m) 

sea level == NAP -0,08 m 
sea level = NAP -0,08 m 

{Cl') = 17000 mg/1 
{Cl') = 17000 mg/1 

3. Coast (500 m) 
4. Dunes(4000 m) 

5. Polders Rijnl.{4000 m) 
6. Haarlem Lake Polder (3000 m) 
7. East boundary 

8. Bottom 

average of sea level and dune level 
dune level, different in 
every period (fig. 3) 
Rijnlands level = NAP -0,60 m 
Polder level = NAP -5,5m 
no flow boundary, because 
of assumed watershed 
below the middle of the polder 

no flow boundary 

(Cl') = 30 mg/1 

{Cl') = 30 mg/1 
(Cl') = 100 mg/1 
{Cl') = 1000 mg/1 
{Cl') = initial 
condition 1000 mg/1 
on top, increasing 
to 14000 mg/1 on 
the bottom 
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Fig. 3. Phreatic groundwater table and deep-well abstraction 1854-1987. 
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Fig. 4. Chloride distribution 1854. 

real profiles are not completely "representative", 
firstly because the supposed distribution to the 
three abstraction points of the deep abstraction 
differs from the real distribution, and secondly 
the map of 1974 does not exactly show the results 
of upconing. 

With the results of the model, water balances are 
also calculated from the aquifers below the dune
water catchment area. They are not completely 
comparable with earlier calculated water balances 
(SCHUURMANS, 1978). The reason for this is 
that with the Konikow-Bredehoeft program the 
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Fig. 5. Calibration 1904. 
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Fig. 6. Calibration 1974. 

Table I. Water balances 1854-1974 (121 years) 
in million m 3 , 

According to calculations of 1978 1988 

1. Leakage from upper aquifer 697 661 
2. Inflow from west 379 527 
3. Outflow to east 442 551 
4. Deep-well abstraction 635 637 

water balances for the two aquifers are calcula
ted, while SCHUURMANS had already done this 

for the fresh layer and the salt layer. However, 
comparison of the total inflow from the west and 
the total outflow to the east of the dune-water 
catchment area (table I) shows that the amounts 
calculated with Konikow-Bredehoeft are much 
bigger. Two reasons for this might be : 

(1) the difference in boundary conditions east of 
the dune-water catchment area in the Polders 
Rijnland; 

(2) the difference in water pressure in the deep 
aquifer between the North Sea and the 
eastern boundary, due to the differences in 
density (sea : (Cl') = 17000 mg/1; east : 
(Cl') = 12000-14000 mg/1). 
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The differences require more and detailed calcula
tions, but at the moment the model is sufficient 
as a "demonstration" model. 

5. THE INFLUENCE OF GROUNDWATER 
ABSTRACTION AND RECLAMATION 

The influences of groundwater abstractions and 
reclamation started at the same time : so it is not 
known which part of the salt-water intrusion is 
caused by the one or the other. With the "cali
brated" model it is possible to calculate the 
influences separately, and therefore three extra 
situations area made, resulting in .the 4 following 
cases, all starting with the situation given in fig. 
4. 
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The abstraction of groundwater (difference be
tween 1 and 3) is the main cause of the changes 
in the dune-water catchment area, but it has 
little influence on the chloride distribution east of 
it. The average chloride content of the middle 
aquifer of the dune-water catchment area (fig. 9) 
shows that the influence of the reclamation on the 
chloride content is negligible. 

The water balances (in rounded-off values) of the 
total period from 1854-1987 are given in table II. 
The following remarks can be made : 

(1) the decrease of groundwater from the wes
tern boundary across to the sea (term 2) is 
due for 15 % to the reclamation and for 85 % 
to the groundwater abstraction; 

Situation Abstraction Dunes Level Haarlem Lake Polder 
(metres NAP) 

1. "Real" 
2. only abstraction 
3. only reclamation 
4. "1854" 

yes 
yes 
no 
no 

The level in Polders Rijnland is in all situations, 
NAP ·-0,60 m. In this paper only results from 3 
important years are given : 

1902 start of the abstraction from the deep 
aquifers; 

1956 start of the artificial groundwater 
recharge; 

1987 present-day situation. 

The development of the chloride distribution in 
the "real" situation is given in fig. 7a and 7b. 
From this picture one can see that during the last 
30 years there has been a more or less stationary 
situation in the dune-water catchment area. 

Chloride distributions calculated for the different 
situations in the year 1987 are given in fig. Sa 
and 8b, while chloride profiles of other years 
give similar results. The reclamation of the 
Haarlem Lake (difference between 1 and 2) has 
had little influence on the chloride distribution in 
the dune-water catchment area, but influenced 
the situation below the Polders Rijnland greatly. 
Due to the reclamation, the flow of fresh water 
from the dune area to the east increased. 

-5,50 
-0,15 
-5,50 
-0,15 

(2) another effect of the reclamation is that the 
brackish water below the Polders Rijnland is 
sucked in the direction of the Haarlem Lake 
Polder, which resulted in an increased 
outflow of fresh water from the dune-water 
catchment area to the east in the middle 
aquifer (term 3); 

(3) in the initial situation ("1853") there is 
inflow in the deep aquifer over the western 
boundary (term 4). The increase of this 
inflow is caused for 25 % by the reclamation, 
for 75 % by the groundwater abstraction. 

( 4) the increased flow in an easterly direction in 
the deep aquifer (term 5), caused by the 
reclamation, gives a salt- and brackish-water 
upconing in the Haarlem Lake Polder, and 
decreased the upconing in the dune-water 
catchment area (term 6). 

6. PREDICTIONS: INFLUENCE OF 
DEEP-WELL INFILTRATION 

The calculated "real" situation of 1987 is the 
initial situation for predictions. Although a great 
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Fig. 7a. 100 mg/l chloride in 1902, 1956 and 1987. 
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Fig. 7b. 10000 mg/1 chloride in 1902, 1956 and 1987. 
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Fig. Sa. 100 mg/1 chloride in 1987 for 4 situations 

1 = "real" 
2 = abstraction 
3 = reclamation 
4 = "1854". 

s~------~-----------------------.-----------------------,----------------~ 

·ID~~~,-~~~~~~~~~~~~~T?~~~7?r7~~7?r7~~~T?~~~T?~~~7?r7~ 
-aa~~~~~~~~~~~~~~~-'~~~~~-'~~~~-'~~~~~~~~~~-'~~~~~ 

1100 uaa uaa tasao 

Fig. 8b. 10000 mg/1 chloride in 1987 for 4 situations. 
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Fig. 9. Average chloride content of the middle aquifer 
of the dune-water catchment area, 1854-1987, for 4 situations 

1 = "real" 
2 = abstraction 
3 = reclamation 
4 = "1854". 

Table II. Water balances 1854-1987 (134 years) in million m'. 

Number of situation 

1 2 3 4 
"real" abstr. reclam. "1854" 

Leakage from upper aquifer 730 595 990 845 
Inflow from west (middle) 5 -35 -245 -290 
Outflow to east (middle) 200 125 365 285 
Inflow from west (deep) 550 440 225 llO 
Outflow to enst (deep) 420 205 585 365 
Leakage from middle to deep -130 -235 380 270 
Deep-well abstraction 660 660 0 0 

J.W. KOOIMAN 

1980 2000 
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number of different calculations is possible, only 
2 will be presented here, with the objective of 
calculating the influence of deep-well infiltration. 

Deep-well infiltration is the artificial recharge 
with water of the middle and/or deep aquifer by 
means of wells, aimed at building a fresh-water 
pocket in the deep aquifer, and/or increasing the 
deep abstractions without salt-water intrusion. 
From pilot plant studies (SCHUURMANS, 1981; 
KOOIMAN et al., 1986b) it is clear that by mi
xing-processes during infiltration, brackish water 
is created. In designing a system of deep-well 
infiltration it is important to know how much 
brackish water is created and where it flows to. 

This resulted in two situations : 

(1) 111987 11 : for 30 years (1988-2017) every-
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continued, but now also the deep 
abstraction increased with 4 million 
m3 /a to a total amount of 5,73 
million m 3 / a. 

The most important conclusion from fig. 10 is that 
after a period of 30 years there is no difference 
in water quality (chloride) outside the dune area 
between a situation with and another without 
deep-well infiltration. As expected deep-well 
infiltration influences the chloride distribution 
below the dune-water catchment area, but the 
present schematic outline is too rough to give 
detailed conclusions about it. 

thing is kept constant as it was in 7. CONCLUSIONS AND RECOMMENDATIONS 
period number 8; 

(2) "Deep infiltration" : (1) The differences between the results presen
ted above and the data given by SCHUUR
MANS (1974, 1978, 1983) requires more and 
detailed calculations. Special care has to be 
taken with regard to the boundary conditi
ons. 

a) during 3 years (1988-1990) 
there is only one difference with 
the "1987 11 situation : an amount of 
4 million m3fa is infiltrated at x = 
3500 m, directly above the loam 
layer, with a chloride content of 
125 mg/1; 
b) after that period, from 1991-
2017, the deep-well infiltration 

(2) According to conclusion 1, the results pre
sented in par. 5 and par. 6 are more useful 
for comparison of the different situations 
than for describing the real situation. 

5~------~-------------------------,-----------------------,------------------T 
•10~~-T~~~~-T-r~~~~~~~~~~~~~~~~~~~~~~~~~~-T~~~~-T-r~ 
•20~~~~~~~~~~-L~~._~~-L~~~~-L~~~~-L~~._~~-r~~~~-L~~~~~ 

•115~-------------r----------------------------------------;----------------------------------------;-------------------------------L 
0 1500 ssoo 1500 12500 

Fig. 10. Chloride distribution in 2017 for 2 situations : 

1 = 11 1987" 
2 = deep infiltration. 



(3) The changes in chloride distribution in the 
layers of the dune-water catchment area are 
mainly due to the groundwater abstraction, 
and only for a small part to the reclamation 
of the Haarlem Lake. 

( 4) The changes in chloride distribution below 
the Polders Rijnland are mainly due to the 
reclamation of the Haarlem Lake, and only 
for a small part to the groundwater abstrac-

tion. 
(5) Deep-well infiltration in the dune-water 

catchment area has no or little influence on 
the chloride distribution below Polders 
Rijnland and the Haarlem Lake Polder. 

(6) Because of the rough schematic outline used, 
the influence of deep-well infiltration on the 
chloride distribution below the dune-water 
catchment area can not be calculated. 

(7) The growth and size of the fresh-water 
tongue west of the dune-water catchment 
area can be studied with the present model. 

J.W. KOOlMAN 
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