
Proc. lOth SWIM, Ghent 1988, 
(W. DE BREUCK & L. WALSCHOT, eds) 
Ghent: Natuurwetenschappelijk Tijdschrift 1989 

Natuurwet. Tijdschr. 
vol. 70, 1988 (published 1989) 

p. 191-199,10figs. 

Experiments on the movement of brackish water near infiltration 
and abstraction wells 
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ABSTRACT 

The Provincial Waterworks of North Holland (PWN) are starting the construction of a 5 million m3/a 
deep-well plant in the North Holland dune area near the North Sea. In this plant, injection of filtrated 
IJssel-lake water and abstraction will take place at a depth of respectively 10 and 25 metres above the 
brackish zone, which is located about 100 m below mean sea level. Due to the fact that the injection will 
exceed the abstraction, intrusion and upconing of brackish water will be prevented. 

In case of calamities, when the infiltration may be interrupted, it is important to know for how long the 
abstraction can be continued, before upconing of brackish water will occur. For that purpose, in the 
period 1983-1987 the Provincial Waterworks have investigated the movement of the brackish zone by 
abstracting and infiltrating water in a deep well, of which the filter was located only 10 metres above 
the brackish zone. During the experiments the movement of the brackish zone was intensively measured 
by vertical multi-electrode cables. 

During the abstraction the brackish zone reached the well-filter within two months. Aft~r a break of a 
few years, during which the measurements were continued, the brackish zone was pushed downwards by 
inilltrating fresh water. Due to the growing distance between the well fllter and the brackish zone 
during the infiltration, the vertical velocity of the brackish zone decreased in time. 

In order to extrapolate the conclusions of the infiltration and abstraction experiment to the future deep
well plant, the experiments on the movement of the brackish zone are simulated by computer modelling. 
For the simulations two different computer codes AQ-AS and SALTP3 have been tested and compared. 

I. INTRODUCTION 

The Provincial Waterworks of North Holland yearly 
produce about 67 million m3 of drinking water. 
About 20 million m3 is produced by treating 
surface water, 13 million m3 by abstracting 
groundwater and 34 million m3 a year by recharge 
of filtrated IJssel-Lake water which is infiltrated 
in the North Holland dune area by means of open 

inflltration canals. However, all these production 
techniques have some disadvantages. 
Production of drinking water by treating surface 
water has the disadvantage that there is little 
storage space and that the product is of uneven 
quality. Abstracting groundwater and infiltration 
of surface water both have a negative influence 
on the ecosystem; furthermore the infiltration 
canals visually disturb the natural dune landsca
pe. Because of these disadvantages a new pro-

... 
Ir., Provincial Waterworks of North Holland, Essenlaan 10, NL-2060 BA Bloemendaal, The Netherlands. 



192 

, 

NORTH SEA 

North-Holland 
dune area -----;• 

DWAT 

Fig. 1. Location of the future deep-well 
plant DWAT. 

duction technique was needed. From 1990 on the 
production capacity will be increased by means of 
deep-well infiltration. The Provincial Waterworks 
have started the construction of a 5 million m 3 / a 
deep-well plant (DWAT) in the North Holland 
dune area near Castricum (fig. 1) (PWN 1988). 

In a deep-well plant surface water is infiltrated 
by infiltration wells in a (semi-)confined aquifer. 
Almost all the infiltrated water will be abstracted 
by abstraction wells, which are located in the 
same aquifer. 

The great advantages of deep-well infiltration 
are : a relatively small influence on the natural 
ecosystem, and a negligible visual influence on 
the landscape. 

In the future deep-well plant DWAT infiltration 
and abstraction will take place by 20 infiltration 
and 12 abstraction wells at a depth of respective
ly 10 and 25 metres above the brackish zone, 
which is located about 100 m below mean sea 
level. 

Due to the fact that the injection will exceed the 
abstraction by 10 %, intrusion and upconing of 
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brackish water will be prevented (fig. 2). In 
case of calamities, when the infiltration may be 
interrupted, the storage depends on how long 
abstraction can be· continued before upconing of 
brackish water will occur. 

In order to examine the movement of brackish 
water near infiltration and abstraction wells, in 
the period 1983-1987 the Provincial Waterworks 
have investigated the movement of the brackish 
zone by abstracting and infiltrating water in a 
deep well the filter of which was located only 10 
metres above the brackish zone. During the 
experiment the movement of the brackish zone was 
intensively measured by electrode cables. 
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Fig. 2. Upconing of brackish water below an 
abstraction well. 
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2. EXPERIMENTS 

For the experiments an infiltration well, built in 
1975, was used. In the period from 1975 to 1976 
the well was used for experiments on well clog
ging (OLSTHOORN, 1977). 

The well, called AlP, has two filters at depths of 
60 and 90 metres. The diameters of the well and 
the filter are respectively 0,8 and 0,2 m. The 
well filter is 10,0 m long. 

2.1. Description of tbe experiments 

From 1983 to 1988 four experiments were carried 
out. 

(1) From 28 July 1983 until 5 December 1983 a 
continuous volume of 15 m3 /h was abstracted 
from the lower filter. 
During the abstraction the upconing of the 
brackish zone was carefully watched. 

(2) After the abstraction experiment the descent 
of the brackish zone was observed over a 
course of one year. In this period no 
abstraction or infiltration was carried out. 

(3) After a few years, when the position of the 
brackish z.one should be the same as before 
the experiments, from 14 May 1987 to 1 
September 1987 a continuous volume of 
22 m3 /h was infiltrated. For the infiltration 
the lower filter was used. 

( 4) From September 1987 a continuous volume of 
60 m3/h has been abstracted. For the 
abstraction the upper well filter is used. 
The abstraction is still being continued. 
The measurements have not yet been evalua
ted. 

For the measurements an observation well is used. 
This well is located 8 metres from the pumping 
well and equipped with 7 piezometers at different 
depths from 10 to 130 metres below the surface 
level, and two salt watches to follow the movement 
of the brackish zone (PWN, 1987). 

2.2. Geohydrological and geochemical 
situation 

During the experiments water was abstracted and 
infiltrated in a semi-confined layer extending from 
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50 to 100 metres below the surface level. The 
aquifer is bounded on the lower side by a thin 
clayey layer. The groundwater below this layer 
is brackish. The upper part is bounded by a 
relatively thick clayey layer (fig. 3) • 

The horizontal conductivity of the aquifer is 
about 30 m/day, the vertical conductivity amounts 
to about 10 m/day. At the start of the experi
ments, the top of the salt-water zone is situated 
about 17 m below the well filter. 

The top of the brackish zone is situated only 8 
metres below the well filter (fig. 3). 
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2.3. Interpretation of the measurements 

During the infiltration and abstraction experi
ments ( 1983-1988) the position of the brackish 
zone was narrowly observed by means of two 

electrode cables, located in the observation well. 
An electrode cable is composed of 7 or 13 electro
de pairs. 

In the cable an electric field is generated. The 
potential drop and the current strength between 
the electrodes are measured. The quotient gives 
the resistivity of the soil-water medium, which 
depends on the salinity of the groundwater and 
the mineralogical composition of the soil. 

By calibrating the cable, the influence of the soil 
on the measured resistivity can be determined 
("formation-factor"). Knowing this influence, it 
is possible to determine continuously the salinity 
of the groundwater by measuring the resistivity 
in the cable at various depths. In this case the 
distances between the electrode pairs of the cable 
were about 4 metres. Because there are two 
cables, at intervals of 2 m depth, the salinity of 
the groundwater was measured (TNO, 1976). 

Fig. 4 shows the movement of the brackish zone 
measured during the abstraction and infiltration 
experiments in the period 1983-1987. In the 
course of the abstraction the top of the brackish 
zone (for instance defined by a salinity of 300 
mg/1) reached the level of the well filter in the 
observation well within 2 months. Due to its 
higher density and the large distance to the well 
filter, the upconing of the salt-water zone (defi
ned by a salinity of 10.000 mg/1 or more) pro
ceeds much more slowly than the upconing of the 
brackish zone (300 mg/l). 

The salt-water zone did not reach the well filter 
even after a period of 4 months. After 4 months, 
abstraction was terminated and the descent of the 
brackish zone was monitored for a year (1984). 

It took the top of the brackish zone almost the 
whole year to return to its original position. 
Probably because of its higher density, it took 
the salt-water zone "only" half a year to return. 

In May 1987 the experiment was repeated, now by 
infiltrating fresh water into the aquifer. This 
caused the brackish zone to be pushed down
wards. It was obvious that the vertical velocity 
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of the brackish zone diminished as the distance to 
the well filter increased. 

2.4. Conclusions based on the 
experiments 

From these experiments the following general 
conclusions can be drawn 

(1) the vertical velocity of the salt-water zone is 
observably influenced by its density; 

(2) after the brackish zone has reached the well 
filter, it takes a relatively long time to 
return to it's original position; 

(3) the distance from the well filter to the 
brackish zone has a great influence on the 
vertical velocity of this zone. To calculate 
this velocity by computer modelling, the 
vertical flow below the well filter has to be 
calculated. 

As only one observation well was available, it was 
not possible to investigate whether the descent of 
the brackish zone, after termination of the infil
tration, was caused by vertical density flow or by 
horizontal (natural) flow. To examine the move
ment of the brackish zone near infiltration or 
abstraction wells, it is therefore recommended to 
use at least two observation wells. 

3. SIMULATION 

3.1. Used programs 

In order to compare the conclusions of the infil
tration and abstraction experiments with the 
AlP-well to the future deep-well plant DWAT, it 
is necessary to simulate the movement of the 
brackish zone by computer modelling. In a 
simulation test two different existing groundwater 
programs (AQ-AS and SALTP3) were used. The 
geohydrological parameters used in the calculati
ons are the same as the parameters near the 
AlP-well. Both programs consider the vertical 
flow below the well filters. One of the two 
programs (AQ-AS) neglects the influence of 
density differences on flow. 
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3.2. AQ-AS-simulation 

AQ-AS : 

The base of this program was developed by the 
National Institute of Public Health and Environ
ment (VAN DEN AKKER l CREMERS, 1978). With 
the AQ-AS-program it is possible to calculate the 
stream lines and travel times of water particles. 
In the program a steady-state piezometric field is 
calculated. Based on this field the velocity 
distribution and the travel times of the water 
particles are determined. The program is 3-di
mensional, so it calculates the vertical flow below 
the well filter and does not deal. with the Dupuit
assumption (AQUISOFT, 1987). 

The starting point of the calculations is the 
density distribution as measured before abstrac
tion was started (fig. 3). 

Based on the calculated steady-state velocity 
distribution and travel times, the movement of the 
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various density levels can be calculated, which 
gives the density distributions at various times. 
With the AQ-AS-program the movement of the 
density levels of 300 mg/1 and 10.000 mg/1 are 
calculated in time (fig. 5). 
The top of the brackish water zone reaches the· 
well filter within two weeks, the top of the salt
water zone reaches the well filter within 3 
months. 
Fig. 6 shows that there is a good degree of 
comptability between the calculated and measured 
up coning below the observation well at 8, 1 m 
distance from the pumping well. 
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Fig . 5. Movement of the salt and brackish zone during the abstraction experiment 
as calculated with the AQ-AS-program. 
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3.3. SAL TP3-simulation 

SALTP3: 

This program was published in 1984 by VAN DER 
EEM. The program is a 3-layer transient Dupuit 
finite elements program. The program calculates 
the movement of a sharp interface between fresh 
and salt groundwater. The calculated movement 
of the interface is corrected for the influence of 
the higher density of the salt water. Recently a 
resistivity term for vertical flow partially pene
trating wells has been included (VAN DER EEM, 
1987). An important restriction of the program is 
that the fresh/ salt interface is always situated in 
the lower (third) aquifer and cannot pass through 
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the semi-permeable layer. This means that in the 
case of infiltration the salt water can only be 
pushed aside. Because SALTP3 is a transient 
density dependent flow-program, it is also possi
ble to simulate the descent of the brackish zone 
after the abstraction has finished (fig. 7) . 

The calculated upconing with the SALTP3-program 
near the observation well is compatible with the 
upconing as calculated by means of the AQ-AS
program and with the measurements (fig. 7 and 
8). 

The calculations with AQ-AS and SAL TP3 almost 
give the same results and suggest that the varia
tion in density has a negligible influence on flow. 
However, in fig. 9 it is shown that there is a 
large difference between the upconing of the top 
of the salt-water zone (10. 000 mg/1) as calculated 
with the AQ-AS-program and the SALTP3-program 
below the pumping well. 

Compared with the chlorinity of the abstracted 
water (fig. 10), it is shown that the upconing as 
calculated with the AQ-AS program is probably 
overestimated. The calculated upconing with the 
SAL TP3-program gives a more realis.tic result. 

4. CONCLUSIONS AND RECOMMENDATIONS 

EXPERIMENTS 

(1) The movement of the brackish zone is 
strongly influenced by its distance to the 
well filter. 

(2) Upconing below abstraction wells is a very 
local phenomenon which can only be accura
tely measured by electrode cables which are 
located in the abstraction well. 

(3) To measure whether the upconed brackish 
zone is moving horizontally or vertically, 
when the abstraction has been finished, the 
use of at least two observation wells equip
ped with electrode cables is recommended. 

( 4) When up coning occurs it takes the salt-water 
zone a long time (one year or more) to 
descend to its original position. 

SIMULATIONS 

(1) When upconing is simulated, the influence of 
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Fig. 10. Measured <:hlorinity of the 
abstracted water. 

the distance from the brackish zone to the 
well filter on the upconing has to be calcula
ted, the vertical flow below the wells has to 
be considered. 

(2) Neglecting the influence of density differen
ces on flow, gives reasonable results for the 
calculated upconing at a cel'toin distance 
from the well, but considerably overestimates 
the upconing right under the well. 
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