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Abstract 

Seepage of brackish groundwater is one of the main causes of saliniza

tion in the southwest of the Netherlands. Especially in the province 

of Zealand the water of ditches and channels has become useless for 

agricultural purposes. Flushing is the usual way to compensate for 

salt water intrusion. During investigations into the possibilities of 

fresh water supply of the island Schouwen-Duiveland it was found that 

the amount of fresh water needed for flushing surpasses the agri

cultural demand by a factor two and a half. It seems to be natural to 

ask whether it is possible, instead of flushing, to control salt water 

intrusion right at the source. The answer to this question is the 

subject of this paper. Design formulas are presented for a seepage 

barrier, consisting of a line of wells that intercept intruding saline 

groundwater. 

1 Introduction 

In the western part of the Netherlands, where freatic groundwater 

levels are generally well below mean sea level, seepage of brackish 

groundwater is one of the main causes of salinization. This applies 

especially to the deltaic area of the rivers Rhine and Scheldt, known 
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as Zealand. The vast majority of the canals and ditches in this region 

carry brackish or even saline water, rendering them useless for agri

cultural purposes. Fresh water may be obtained from the lower branches 

of the Rhine by pipeline or by open channels, but the costs are 

considerable and until now no water supply system has been realized in 

Zealand. Since the dry summer of 1976, however, the demand for fresh 

water for sprinkling is ever increasing. At present investigations are 

being conducted into the costs and benefits of a supply system for the 

most promising areas. One of them is the isle of Schouwen-Duiveland 

(fig. 1). 

Figure 1. Situation of Schouwen-Duiveland in the south-western part of 

the Netherlands 

A team of agricultural and hydrological researchers estimated that 

once in ten years the fresh water deficiency of the crop on Schouwen

Duiveland surpasses 2.1 m3/s. Since the island suffers severely from 

salinization, a substantial quantity of flushing water will be 

required in addition. Numerical modelling studies indicate that this 

quantity mounts up to 5.1 m3/s at the start of the growing season, 

even after excluding the saltiest areas from suppletion. (Werkgroep 

Landbouw GZZ, 1982). It may be clear that the excessive need for 

flushing water badly reduces the attractiveness of a water supply 

system. The prospects might improve considerably when it would be 

possible to reduce the rate of seepage of brackish groundwater. This 

train of thoughts led the investigators to the concept of a seepage 

barrier, being the subject of this paper. In the sequel the hydrolo-
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gical and technical aspects of the seepage barrier will be discussed 

and the financial benefits will be indicated for the isle of Schouwen

Duiveland. 

2 Hydrological conditions at Schouwen

Duiveland 

Schouwen-Duiveland has an area of about 250 km2. Roughly speaking 

there are two or three semi confined aquifers, except for the western 

dune area. Laying very low and being completely surrounded by the sea 

the island is constantly intruded by seawater. As a part of the inves

tigations into the possibilities of fresh water supply a numerical 

model was formulated in order to simulate the transient seepage of 

brackish groundwater. (Van Boheemen et. al., 1983). Fig. 2 shows the 

areal distribution of the computed mean chloride load of the surface 

waters, during the first two months of the growing season of 1976. 

> 10 ooo kg crl day 1 1oo ha 

5000 - 10000 kg cr/ day/ 100ha 

25oo - 5 ooo kg crl day 1 1oo ha 

5oo _ 2 5oo kg crl day 1 1ooha 

o - 5oo kg crl day 1 1oo ha 

0 

~igure 2. Computed areal distribution of the chloride load of the 

surface water (April/May 1976) 
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Although the inflow of seawater is more or less a stationary process, 

the outflow of brackish groundwater to ditches and channels turns out to 

fluctuate wildly. This is illustrated by Figure 3. 

As might be expected, the chloride load is maximum in the winter and 

minimum at the end of the summer. Based on experience elsewhere in the 

Netherlands the initial expectation was that raising ditch water levels 

would completely suppress seepage during the growing season, and 
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Figure 3. Computed temporal fluctuation of the chloride load of the 

surface water in 1976 

consequently no water would be required for flusfu~~g.The modelling study 

pointed out that experience with fresh water supply cannot be 

transferred without a thorough understanding of hydrological processes. 

As the dotted area in Figure 3 indicates, raising ditch water levels 

surely diminishes the salt charge, but only with some forty percents. 

Moreover, when the water supplied is used for sprinkling, the 

beneficial effect is partly canceled. 
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3 Principle and design of a seepage barrier. 

Flushing is the usual means to compensate for salt water intrusion. It 

was indicated already in the introduction (par. 1) that in the case of 

Schouwen-Duiveland the amount of additional flushing water would be 

5.1 m3/s whereas the fresh water demand of the crop is only 2.1 m3/s. 

So the supply system should have a capacity of 7.2 m3/s. It is natural 

to ask wether it would be possible, instead of flushing, to control 

the intrusion of seawater right at the source. The answer is in the 

affirmative. Making use of the age-old principle of the artesian well, 

seawater can be captured at a certain distance from the shore, before 

it reaches the fresh water supply system. Hydraulics of wells being 

one of the most elaborate branches of hydrology, all the theory needed 

is readily available. 

The principle is illuminated by the figs. 4a and 4b. 
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Figure 4 a. Present situation 
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Figure 4 b. Attainable situation with seepage barrier 
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A screen of wells parallel to the coast discharges freely (i.e. 

without pumping) into a salt water channel. It stands to reason that 

this channel is to be seperated from the fresh water. This channel 

conveys the saline water to the excisting pumping stations. As no 

moving parts are involved the wells operate at minimal costs and 

maintenance is hardly required. 

Suppose that at the beginning of the growing season, when sprinkling 

is to be applied for the first time, the freatic groundwater level is 

lower than the water level in de ditches of the supply system. The 

discharge q by the screen of wells is then easily shown to satisfy the 

relation: 

Tlj>o 1 

q < ~sinh(L/A.) 

where 

q 

L 

discharge per meter 

distance from the wells to the coast 

,P
0 

mean sea level with respect to the waterlevel 

in the ditches 

A. 

T 

c 

ITc 

transmissivity of the aquifer 

resistance of the aquifer 

(l) 

[L] 

[L] 

[L 2T-l] 

[T] 

Behind the wells the hydraulic head ,P of the aquifer is lower than the 

water level in the ditches, so seepage is eliminated there. The wells 

can be said to act as a barrier against seepage. 

It is to be noticed that the total amount of seawater intruding the 

island increases under the influence of the seepage barrier by a 

factor 

f < coth(L/A.) (2) 

So far, is has been tacitly assumed that the flow to the screen of 

wells is one dimensional. In actual practice there will be radial flow 

in the vicinity of the individual wells, thus introducing a radial 

48 



resistance to flow. In order to compensate for this the level in the 

salt water discharge channel should be lowered as compared with the 

level in the fresh water supply system by an amount 11
1 

which in a 

first approach can be set equal to 

1 qa R 
111 = 211: 1 ln I 

where 

11
1 

required lowering of the level of the salt water discharge 

channel as compared with the water level in the fresh water 

(3) 

supply system in order to compensate for radial flow (L] 

a distance between the individual wells of the seepage 

barrier 

R radius of the wells 

(L] 

(L] 

In deriving (3) it is assumed that a << L. An additional lowering 11
2 

is required when the wells are not fully penetrating. Using a well 

known formula for partially penetrating wells (Anonymus, 1964, p. 92) 

11
2 

is found to be given by 

11 - 1...... !E ( 1 D) ln Ifl 
2 - 21t T - l R 

where 

11
2 

required additional lowering of the level in the salt 

water discharge channel in order to compensate for partial 

penetration 

D 

1 

thickness of the aquifer 

depth of penetration 

(4) 

(L] 

(L] 

(L] 

Finally the level of the salt water discharge channel should be chosen 

so as to compensate for frictional losses inside and around the wells. 

4_9 



These losses are to be estimated by the formula 

L\3 (
illL)2 ..L (1-llll l-l212) 

2 6R + 2 + 2R n;R2 g 

where 

g gravitational constant 

i-ll coefficient of friction in the perforated part of 

the well 

id. in the non perforated part 

length of the perforated part 

id. of the non perforated part 

(5) 

(-] 

[-] 

[L] 

[L] 

(Kruijtzer, 1971). Generally the coefficients i-ll 2 will be of the 

order 10- 2 • Frictional losses may become significa~t for small values 

of R, but they decrease very rapidly when R increases. 

Formulas (1) through (5) suffice for a first orientation on the 

feasibility of a seepage barrier. The design parameters are seen to be 

the distance L from the seepage barrier to the coast; 

the distance a between the individual wells; 

the radius R of the wells; 

the depth of penetration 1 of the wells into the aquifer; 

the level Ll1 + L\2 + L\3 of the salt water discharge channel with 

respect to the level to be maintained in the fresh water supply 

system. 

All parameters having a distinct effect on costs the final choice 

should be the outcome of an optimization study, _whereby linear 

programming will proof to be an effective tool. 

Besides the design parameters, that have to be chosen judiciously, the 

formulas contain the hydrological parameters T and "-· The transmis

sivity T of the aquifer can be obtained by well known hydrological 
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methods. The available methods to obtain A are, however, are not 

unambiguous. Therefore, let us consider the hydrological scheme shown 

in fig. 5. 
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Figure 5. Simplified geohydrological profile of Schouwen Duiveland 

Here, as in actual practice, the covering aquitard is provided with 

drains and with ditches having a fixed level. It is supposed that the 

freatic groundwater level is higher than the drains. Taking the water 

level of the ditches as a reference, the hydraulic head ¢ of the 

aquifer can be written as 

where 

(¢ -A) e-x/v +A 
0 

hydraulic head of the aquifer 

mean sea level 

variable of place 

(6) 

[L] 

[L] 

[L] 

(cf. appendix 1). The parameters A and v are to be obtained from field 

observations (where at least to piezometers are needed). The problem 

is now to calculate A from A and v. It turns out that A depends on the 

rate of precipitation. Selecting a period with little rain (but with 

the freatic groundwater level still higher than the drains) it can be 

argued that 

51 



2 
2 

A. "' "' v "'dr A 

where 

<Pdr height of the drains above the water level of the 

ditches 

(7) 

[L] 

As the hydrological schematization underlying the design formulas 

is rather crude, additional modelling (both analytical and numerical) 

is to be recommended in order to improve the design, once the feasi

bility has been assessed. Some formulas for more complicated hydrolo

gical situations are presented in appendix 2. 
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Figure 6. Computed areal distribution of the cloride load of the 

surface water in the presence of a seepage barrier 

(April/May 1976) 
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4 Application to Schouwen-Duiveland 

The effect of a seepage barrier on the chloride load of the surface 

waters of Schouwen-Duiveland has been simulated with a numerical 

model. The result is shown in fig. 6, which has to be compared with 

fig. 2. The distances between the wells of the seepage barrier are 

written along the dashed line around the island. 

Technically speaking it is possible to completely prevent the seawater 

to reach the fresh water supply system. For economical reasons, 

however, some salinization has to be accepted in the case of Schouwen

Duiveland. 
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Figure 7. Computed temporal fluctuation of the chloride load of the 

surface water in 1976, in the presence of a seepage barrier 

Figure 7 displays the effect of the seepage barrier as a 

function of time. It is seen from this graph that the barrier along 

the southern coast is much more effective than the northern barrier. 
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Table 1 finally shows the costs of a fresh water supply system with 

and without a seepage barrier. The latter alternative is seen to save 

more than 6 million guilders (about 2.4 million U.S. dollars). 

without barrier with barrier 

internal supply system 

fresh water pipeline 

seepage barrier 

24.3 * 10 6 

20 

15.5 * 106 

15 

7.4 * 106 

total (dutch guilders) f 44.3 * 10 6 37.9 * 10 6 

Table 1. A comparison of costs of fresh water supply with and 

without a seepage barrier. 

In the case of Schouwen-Duiveland there are a number of additional 

benefits of the seepage barrier that have still to be quantified: 

5 

some areas that were initially excluded from fresh water supply 

because of serious salinization can now also benefit from the new 

approach; 

due to the seepage barrier the water quality in the supply system 

will be better during most of the growing season, yielding 

agricultural products of higher quality; 

in the vicinity of the seepage barrier dewatering of agricultural 

land improves considerably; 

the fresh water, originating from the river Rhine, is contaminated 

by heavy metals and p.c.b. 's. From an environmental point of view 

as little Rhine water as possible should be imported; 

The water required for flushing has to be discharged on the Eastern 

Scheldt. This estuary being of extreme ecological value, the Dutch 

gouvernment spent more than Dfl 2.7 * 109 (about U$ 1.1 * 109 ) for 

its protection. Discharge of fresh and contaminated Rhine water on 

this seawater basin is undesirable. 

Test set up on a one-to-one scale 

A field test has been conducted on a one-to-one scale, involving 10 
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wells with a spacing of 50 meters, at a distance of about 400 meters 

from the coast. Hydrological measurements completely confirmed the 

theory (which of course, is not surprising at all as it is merely the 

classical theory of flow to wells in a semi confined aquifer). 

A secondary effect was the improvement of the dewatering of 

agricultural land. This improvement was so manifest that the farmers 

concerned requested the investigators not to terminate the test. It is 

finally mentioned that no clogging of wells has been encountered so it 

is expected that the maintenance costs will turn out to be low. 
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APPENDIX 1 

OBTAINING A FROM FIELD OBSERVATIONS 

The hydrological parameter A = /Tc occuring in formulas 1, 2 and 3 can 

be calculated from field obeservations performed in the wet season. 

Consider the hydrological scheme shown in fig. 5. The covering 

aquitard is provided with drains and with ditches, the latter having a 

fixed level. Taking this level as a reference, the hydraulic head in 

the aquifer is given by 

2 

T4-
dx 

1 1 
4>(- + -) 

cd c 

4>f-4>dr 4>-4>f 
------ = ---- + p 

cdr c 

4>(0) 

iicx~co) 
dx 

Here 

0 

c 

T transmissivity of 

c resistance of the 

cd resistance of the 

cdr resistance of the 

the aquifer 

aquitard 

ditches 

drains 

Sh 

(a1) 

(a2) 

(a3) 

(a4) 

[L] 

[T] 

[T] 
[T] 



hydraulic head in the aquifer 

mean sea level 

freatic groundwater head 

$dr height of the drains above the water level 

in the ditches 

p 

X 

precipitation 

variable of place 

It follows from (a2) that 

$ = $drc + $cdr + Pcdrc 

f c + cdr 

2 -1 
[L T ] 

[L) 

[L] 

[L) 
2 -1 

[L T ] 

[L] 

(a2') 

Notice that $ f depends on $ and consequently is not a constant with 

respect to x. Elimination of $f from (a1) yields 

tl_.L= A (aS) 
dx2 v2 v2 

where 

$dr + Pcdr 
A 

T(c cdr) 
. v2 

+ 

and 

1 1 1 1 
-=- (-+--) 
v2 T dd c+cdr 

Solving (aS) under the conditions (a3) and (a4) it is found that 

$ = ($-A) e-x/v +A 
0 

(a6) 

which is identical to eq(6), par. 3. The parameters A and v can be 

calculated from field obeservations of $, using at least two 

piezometers. The problem that remains to be solved is to 

derive A= /Tc from A and v. As in practice cdr<<c it can be seen that 
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Choosing a period with little precipitation, but with ~f still higher 

than the drains, A can be approximated by 

(a7) 

which is a convenient expression to calculate A· 
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APPENDIX 2 

FLOW TO A SEEPAGE BARRIER 

IN A MULTIPLE AQUIFER SYSTEM 

Is was stated in par. 2 that at Schouwen-Duiveland there are two or 

three semi confined aquifers. As multiplicity of aquifers is the rule 

rather than the exception, formulas for multiple aquifer flow to a 

seepage barrier are of practical interest. Consider the geohydrologic

al scheme shown in fig. 8. Formula (1), par. 3, is easily extended to 

this case. Using matrix notation it can be shown that 

q < T lA sinh-1 {L/A} ~(0) 

where 

q 

T 

A 

lj>(o) 

discharge vector of the seepage barier 

transmissivity matrix of the system 

system matrix of steady multiple aquifer flow 

hydraulic head vector at x = 0 

Defining an entrance resistance R at x 0 by 

q(o) R{h- lj>(o)} 
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[L 2T-1] 

[L 2T-1] 

[L -1] 
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it is found that 

-1 
(RTIA coth{LIA} + I) h (a10) 

where h = h times the unit vector and h represents mean sealevel with 

respect to the water level in the fresh water supply system. More 

details on the use of matrix calculus in problems of multiple aquifer 

flow are presented by Maas (1986). 
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Figure 8. Seepage barrier in a multiple aquifer system 
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