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PARTIAL DEPLETION OF SALINE 
GROUNDWATER BY SEEPAGE 

x J.C. van DAM 

This paper is inspired by the geohydrologic conditions 

prevailing in the western part of the Netherlands. The 

distribution and seepage of saline groundwater in such areas 

is changing due to the reclamation of so-called deep polders. 

The ultimate situation is studied in a highly schematized, 

one-dimensional model. To this aim some principles have been 

worked out and a calculation method has been developed. The 

results indicate interesting tendencies. Suggestions are made 

for further studies, such as more complicated models and the 

study of transitional stages. 

1. BACKGROUND 

This paper is inspired by the geohydrologic conditions 

prevailing in the western part of the Netherlands. 

As the name "the Netherlands" (Nederland, les Pays-Bas, 

die Niederlande) indicates, this country has a low elevation. 

This applies in particular to the numerous so-called polders 

in the western provinces Noord-Holland, Zuid-Holland, Utrecht 

and Zeeland and to the few large polders in the IJsselmeer 

(former Zuiderzee). Many polders are reclaimed lakes or parts 

x J.C. van DAM, Prof. Dr. Ir., Technische Hogeschool Delft, 
Afdeling der Weg- en Waterbouwkunde, Stevinweg l, Delft 8, 
The Netherlands. 
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Fig. l. Contour map of the Netherlands. 
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Fig. 2. Isopiestic contour lines of the Pleistocene aquifer, 
at a depth of 25 m below mean sea level in Middle
west-Netherlands. 
Levels in meters below mean sea level. 
Average conditions over 1971. 
By courtesy of mr. K.E. WIT (1974). 
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Fig. 3. Isopiestic contour lines of the Pleistocene aquifer 

in the IJsselmeer region. 
Levels in meters above and below mean sea level. 
Average conditions over 1968. 
Borrowed from Driemaandelijks Bericht Zuiderzeewerken 
(1969). 
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thereof and have a land elevation up to several meters below 

mean sea level (fig. 1). The groundwater tables in these 

polders are roughly equal to the so-called polder levels, the 

water levels maintained in the dense network of canals and 

ditches. The polder levels are artificially controlled at 

depths of about 0,3 to 2 m below land surface by means of 

embankments, sluices and pumping stations. 

The so created depressions in the groundwater table 

are reflected in the pattern of the piezometric level of the 

underlying Pleistocene aquifer, as appears clearly form the 

figures 2 and 3. This Pleistocene aquifer ranges to depths 

in the order of 200 to 250 m below mean sea level and is 

covered by semi-permeable clay and peat layers of Holocene 

age, ranging from the land surface to depths of up to 25 m 

in the western part, decreasing to zero in the eastern part 

of the areas concerned. The Pleistocene aquifer can be 

subdivided into more and less permeable layers of sand and 

,gravel with some intercalations of clay layers of local and 

regional extent (fig. 4). 

The groundwater in the Pleistocene aquifer is partly 

fresh, partly brackish and saline. The general picture is that 

the salinity increases with depth. In some places there is a 

rather sharp interface between fresh and saline groundwater, 

in 

l. 

others the salinity increases gradually with depth. 

The groundwater in the polder areas is recharged by : 

effective rainfall percolating in the sand dunes along the 

North Sea coastline and in the glacial and other hills east 

of the low-lying polder areas. There is a continuous flow 

of groundwater from these recharge areas into the low-lying 

polder areas in between; 

2. fresh surface water percolating in the relatively high 

polders and lakes bounding the deeper polders; 

3. sea water percolating in the North Sea bottom and flowing 

inland, passing below the fresh water lens built up in the 

sand dunes. 
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The discharge of groundwater in the polder areas 

consists of : 

1. seepage of fresh, brackish and saline water into the deepest 

polders; 

2. abstraction of fresh, brackish and saline groundwater for 

consumption or cooling. After being used this water is 

mostly rejected into surface waters. 

The present distribution of fresh, brackish and saline 

groundwater within the polder areas is most complicated both 

in terms of depth and extension (J.C. van DAM & J.J. MEULEN

KAfl'iP, 1967). This is no wonder as this distribution is the 

result of geologic processes since the end of the Tertiary 

Age - i.e. during the Pleistocene period (roughly 1.000.000 

years) and the Holocene period (roughly 10.000 years) of the 

Quarternary -, as well as the result of intensive human 

intervention during the very short period of roughly the last 

1000 years. 

Several authors have tried to explain the present 

sal distribution, taking into account transgressions and 

regressions of the sea, the processes of groundwater flow, 

dispersion and diffusion as well as human activities, such as 

land reclamation and groundwater abstraction. The most recent 

paper by C.R. MEINARDI (1973) refers also to previous authors 

on this subject. 

Much work has also been done to describe the present 

situation in terms of intensities and salinities of seepage. 

The result has been laid down in a great many of technical 

reports and notes by and for local and regional water 

authorities. The paper by MEINARDI (1973) is such a report. 

It contains a list of references on this subject. 

Remarkably, until present not much has been published 

on the outlook of the future of the salinity distribution 

and of the occurrence of saline seepage in the deeper polders . 

... ____________________________ __ 
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2. 
The scope of this paper is to look into the future of 

the distribution and seepage of saline groundwater in 

situations as described in paragraph 1. Some lines of thought 

will be developed and some formulae and diagrams are presented 

to enable explanation and calculation of the ultimate 

situation of a fresh water - salt water interface and the 

corresponding seepage conditions in a most schematized model. 

Therefore any result can not be more than indicative for the 

most complex reality, described in paragraph 1. Nevertheless 

this paper will end up with some conclusions concerning the 

ultimate situation that can be expected. The influence of 

polder level, dimensions and location of deep polders on the 

distribution of saline groundwater and on the temporary or 

permanent occurrence of saline seepage will be dealt with as 

well as the e:fect of pumping saline groundwater. 

Once the basic principles, outlined in this paper, are 

understood, it will still be a most difficult task to arrive 

at a picture of the future situation of salinity distribution 

and seepage in the low-lying polder areas in the Netherlands. 

First of all the actual system is most complex and consequently 

the model required will be much more complicated than the 

simple one described in this paper. Secondly the available 

geohydrologic data are limited. Finally the principles outlined 

in this paper enable one to calculate only the ultimate 

situation. The calculation of transitional stages, say at 

100 years intervals is not dealt with for even the schematized 

model. 

3, APPROACH 
Figure 4 shows a geohydrologic profile perpendicular 

to the coastline in Holland (the low-lying western part of the 

Netherlands). In figure 5 this profile is even more schematized 
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This figure shows a repetition of alternatingly high and low 

polders. In reality the low polders are more or less circular. 

In this approach however the profile of figure 5 will be 

considered as a strip of unit width out of an area which 

extends uniformly and infinitely long perpendicular to the 

plane of drawing. In case the repetition of alternatingly high 

and low polders would be uniform and on both sides to infinity 

it would be obvious that the piezometric level of the water 

in the aqui the groundwater flow and the transition from 

to saline groundwater could be described as an infinite 

repetition of the solution for an isolated compartment as 

indicated by dotted lines in figure 5 and drawn in figure 6 

and its mirror-image. Unfortunately in reality there are only 

few such repetitions and they are not uniform either. 

Nevertheless it is worthwile to study first the solution for 

an isolated compartment. After that we will consider the effect 

of removing the inner "impermeable walls", separating any two 

adjoining compartments and leaving only the two outer 

impermeable walls. Finally the influence of the nearby sea 

will be introduced in the model. 

4 • r1ATHEMAT l CAL ARSENJl.L 

Figure 7 shows a strip of unit width of the geohydrolo

gic profile concerned. Both the aquifer and the semi-permeable 

top layer are homogeneous and isotropic. The groundwater in 

the semi-permeable top layer is fresh. The aquifer contains 

fresh water to a depth H below the top of the aquifer. At this 

depth there is a sharp interface between fresh and saline 

groundwater. H is variable with the distance x. The saline 

groundwater is stagnant; its salt-water potential is every

where at a height A above the top of the aquifer. For con

venience this level is chosen as reference level. The 

groundwater table is at polder level, at a height p above this 
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Fig. 7. Geohydrologic profile with symbols. 

reference level. The piezometric level of the fresh water in 

the aquifer is variable with the distance x. It is expressed 

by the height h above the reference level. In the ultimate 

situation the fresh water is in steady flow. The Badon-Ghijben

Herzberg principle states 

h = ll (A + H) (1) 
where 

PS - pf 
ll = (2) 

Pf 

and PS = density of the saline water, 

Pt = density of the fresh water. 
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The equation of motion, Darcy's law, reads 

dh q = -kH -dx 

and the equation of continuity 

( 3) 

(4) 

So far it was not possible to find an exact solution to 

these three equations. A good approximative solution was found 

by replacing the variable h in the continuity equation by an 

estimated average value h for a certain reach and checking 

this estimate afterwards and so on by iteration. Thus, instead 

of equation (4) : 

(5) 

The equations (1), (3) and (5) enable us to find the 

following analytical expressions for H, h and q 

H = v 6(Rk~6A) - P • x2 + Clx + C2 (6) 

h __ ,~(H_+_A'"'")_-~P 2 
u - • x + c1x + c2 + 6A kc6 

q = 6(H +A) - p 
c • x -

Calculations can be done by iteration. 

H corresponds to h according to equation (1) 

h = 6 (A + H) 

The constants cl and c2 follow from the boundary 

conditions in each particular case. For instance if for 

x = o, H = Ho and q = qo' then c2 = H2 and c
1 = -2qo and 

0 k6 

( 7) 

(8) 

thus 



' 

119 

6 (!! + A) - p 
q = - • x + q c 0 

After substituting 

H2 
0 

and reworking the expressions (9) and (10) become 

H = ~ + \!Hz + ~ H 
4kc V o 2kc o 

q = _ l'.x (H + HJ _ ( t.A - p) x 
qo 2c o c 

This enables the following calculation scheme 

x = 0 x = x 
l 

etc. 

(9) 

(10) 

(11) 

( 12) 

(13) 

where the stations x 1 , x 2 , x
3 

••.. etc., at equal intervals, 

are successively taken as x = o. This procedure is stepwise 

straight forward and no longer iterative. 

5, POSSIBLE SOLUTIONS FOR ONE ISOLATED COMPARTMENT 

The mathematical arsenal presented in paragraph 4 

enables the calculation of the interface and the piezometric 

level in the isolated compartment described in paragraph 3 and 

,,}l~~ .._ ____________________________ __ 
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presented in figure 6. 'rhe symbols used in paragraph 4 are 

repeated in figure 6 .. The low polder level in the left-hand 

polder is at an elevation p-, the high polder level in the 

right-hand polder is at p+. The lengths of the polders are 

L 1 and L2 respectively. The impermeable base is taken at such 

a depth that the interface does not touch it. The prope 

solution must satisfy the boundary conditions 

x = 0 q = 0 

When starting calculations on the left-hand side one 

does not yet know the value of H at the impermeable wall or, 

occasionally the distance x from that wall where H = o. After 

assuming a value to start the calculations of H and q can 

be made stepwise up to the impermeable wall at the right

hand side. Of course, when passing the dike, the value of p 

in the formulae must be changed from p- into p+ and the value 

of c in the high polder may also differ from that in the low 

polder. Being arrived at the impermeable wall on the right

hand side the value of q is the check for correctness of our 

assumed initial value. If q = 0 the assumption was correct, if 

not the whole calculation must be repeated with another start 

value, until indeed q = 0 at the impermeable wall on the 

right-hand side. 

This procedure is illustrated by figure 8, showing the 

results of calculations for the following example 

L1 = L2 = 1000 m (it is not essential that L1 and L
2 

are 

equal) 

p = - 1 m 
+ + 5 p = m 

A = 20 rn both for the high and the low polder. 

k = 25 rn/day This equality is not essential. 

c = 1000 days 

A = 0,02 
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The calculation has been made in steps of 200 m. 

The correct solution was found for H = 45 m (see the 
0 

upper part of figure 8) as appears from the lower part of 

the figure where q 2000 • 0 for the curve with parameter 

H
0 

= 45 m. For smaller values of H
0 

and with e200 = 0 and 

H400 = 0 the piezometric level in the aquifer shows a ground

water divide in the aquifer under the high polder. For initial 

values of H
0 

> 45 m the water divide comes beyond the 

impermeable wall at the right-hand side or there is even no 

water divide at all, as for the cases with parameter H
0 

= 180 m 

and H
0 

= 220 m. See also remark 1 later on in this paragraph. 

The solution for !! = 45 is correct for the given value 
0 

of A. For any other value of A other solutions are found. This 

is shown in figure 9. The lines in this figure have been 

calculated for the same example as before, except that the 

values of A were successively taken 20,00 m (as before) 

20,40 m and 21,00 m. The correctness of the solutions appears 

from the fact that q 2000 = 0 for each of these three cases. 

Figure 9 shows that higher salt-water potentials lead 

to thinner fresh-water lenses and vice versa. This implies 

that for the continuation of this study one must know what 

salt-water potential to apply. Therefore it is necessary to 

find out first what other criterion must be satisfied. This 

will be dealt with in paragraph 6. 

First some remarks will be made with respect to the 

calculations made so far. 

REMARK 1 

As in this example the piezometric level must be 

everywhere below the high polder level : 



124 

+ or 6(A + H) < p 

- 5- - 20 = 0,02 230 m 

As soon as somewhere H > 230 no water divide is found at the 

right-hand side of the dike (not even beyond the impermeable 

wall at the right-hand side when continuing the calculations 

there). More general restrictions for h will be dealt with 

in paragraph 6. 

REMARK 2 

In order to be able to draw the figures 

correctly it was useful to analyze the values 

~ in particular for points where H
0 

= 0 with 

q = o. After differentiating the expressions 
0 

8 and 9 
of dH and 

dx 
q

0 
'I O and 

(12) and (13) 

and substituting the values of H and q the result was as 
0 0 

follows : 

H = 0 H = 0 H 'I 0 
0 0 0 

qo 
,,,. 0 qo = 0 qo = 0 

dH 

2: V ~c 
' + 00 E) dx - (A - 0 6 

£g p - 6A p - 6(A + Ho) dx c c 
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The greater values of ~~ are mathematically correct 

but physically incorrect. This is because for such values 

the Dupuit assumption of horizontal flow lines used in 

equation (3) is no longer satisfied. 

REMARK 3 

The graphical representations of the discharge q in 

the figures 8 and 9 shows kinks under the dike. When 

describing the gradient~ just left of x = L1dby (~)x = L 

and the gradient~ just right of x = L1 by (~)x = L+, the 

kink is 

+ 

h + 
--i,l - p 

c 
- - ($:!) 

= L ox x = 
(14) 

c 

+ 
= p - p 

c = constant and 

independant of A, H and k. 

This property holds irrespective of the presence of 

an interface with saline water below it. 

6. CRITERIA FOR THE CORRECT SOLUTION 

Paragraph 5 dealt with possible solutions for the 

interface in the isolated compartment. Still we have to 

formulate criteria to determine the correct solution. In 

order to be able to formulate such criteria it is necessary 

to present first the diagram of figure 10. The design of 

this diagram begins with two fixed horizontal lines, the top 

of the aquifer and the polder level at a fixed height K 

above it. The salt-water potential is at a height A above 

the top of the aquifer. The level of the salt-water potential 

can be varied. Thus the fixed polder level is at a variable 

height p above the salt-water potential, such that 

A + p = K (15) 
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CD fresh 

seepage CD 

~I 

fresh water © 

Fig. 10. Diagram for the analysis of possible conditions 

in general. 

Both A and p can also be negative, except some 

restrictions which will be dealt with later on. The horizon

tal line corresponding to the top of the aquifer serves as 

the axis along which the variable 6H is plotted, running 

from -6K to + 00 • The vertical lines H = -K and H = 0 (or 

h = 6A) have already been drawn. Furthermore the figure 

contains three important lines indicated by h = O, h = p 

and h =-A. 

The distance on a horizontal line between the line 

indicated by h = 0 and the vertical line H = 0 is at any 

level equal to 6A. Any other point P on such a horizontal 
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line, as drawn in figure 10, corresponds to a value tJA read 

on the horizontal axis. Thus the distance along the horizontal 

line from the line h = 0 to point P equals 6(A + H) = h (see 

figure 7), where hand H satisfy the Badon-Ghijben-Herzberg 

principle. In order to illustrate the idea clearly the 

figure has been drawn for 6 = 0,2, which is far from the 

realistic value 0,02 to 0,025. 

The line h = p is at any level a distance p, variable 

with the level, to the right of line h = O. 

The line h = -A, drawn for negative values of A only, 

is at any level a distance -A, to the right of the dotted 

part of the line h = O. 

The physical reality is always bounded by the following 

three conditions : 

L H " -K, as the interface cannot be above polder level; 

2. h > o, otherwise there is no fresh-water lens; 

3. h > -A, otherwise the water in the aquifer is phreatic 

instead of semi-confined. 

Therefore the part of the diagram left of the lines 

H = -K (or h = -6p) , h = O and h = -A is dotted. 

In the remaining part of the diagram six different 

areas can be distinguished viz. 

l. the area bounded by the lines h = 6A (vertical) and h = p. 

Any point in this area is a situation where h > p, 

which implies the occurrence of (fresh) seepage in the 

polder. 

2. the area bounded by the lines h = -6p (vertical), p = 0 

(horizontal) and h = 6A (vertical) . 

Just as in area 1 any point in this area is a situation 

where h > p, which implies seepage. However, as the inter

face is within the semi-permeable layer (-K < H < 0) this 

;)~t~~~ ..................................... 
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interface will rise because of continuity. So in the end 

the interface will reach the polder level and from that 

moment on the seepage will turn saline. 

3. the area bounded by the lines p = 0 (horizontal), h = 6A 

(vertical) and h = p. 

This area differs from area 2 only in that the interface 

will come to a standstill at the level where h = p, within 

the semi-permeable layer, and thus H = ! - A. 

4. the area bounded by the lines h = -A, h = 6A (vertical) 

and h = p. 

Any point in this area is a situation where h < p, which 

implies percolation of surface water to the aquifer, where 

it can flow in horizontal direction. 

5. the area bounded by the lines h = 0, h = 6A (vertical) 

and p = 6A (horizontal) . 

Just as in area 4 any point in this area is a situation 

where h < p, which implies percolation. However, as the 

interface is within the semi-permeable layer 

(
1

-K , < -A < H < 0) this interface will come down because 
+ 0 

of continuity. So in the end the interface will reach the 

top of the aquifer and from that moment on the percolated 

water can build up a fresh-water lens in the aquifer. 

6. the area bounded by the lines p = 6A (horizontal), h = 0 

and h = p. 
This area differs from area 5 only in that the inter-

face will come to a standstill at the 

the semi-permeable layer, and thus H = 

level h 

E - A 6 . 

= p within 

The diagram of figure 10 enables us to study the case 

of the isolated compartment, described in paragraph 5. Imagine 

first that there is an original state with only one polder 

level p+, the higher one of the two. Then suddenly the lower 

polder is created with a polder level p . The original state 
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exists since long ago. The water is stagnant, there is 

neither seepage, nor percolation and the interface is 

horizontal. The thickness H and the salt-water potential A 

are interrelated according to the line h = p in figure 10. 

This means that there is an infinite number of possible ori

ginal states. One of these possible states is represented by 

point X in figure 11. The corresponding thickness H follows 

from 6H on the horizontal axis, the corresponding salt-water 

potential A+ is read at the left-hand side of the diagram. 

/ / 

' n r. 
/ <J <1 

' 

Fig. 11. Diagram for the analysis of possible conditions in 

one isolate$ compartment with a high and a low polder 

level (
1 

+Kt > K-). 

+ When lowering the polder level from p to p all over 

the surf ace of the compartment the entrapped mass of saline 

water cannot change and thus, when neglecting the compressibi-

let#' ............................................... 
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lity of water and soil, the interface will not change. So H 

remains the same and the salt-water 
p+ - p-

potentials will be drawn 

down by 1 + ~ to the value A . 

It is obvious that the case where the lower polder level 

p is installed in the left-hand part of the compartment, 

only is an intermediate case between the two extremes just 

described. 

a level A, 

In this case the salt-water potential will attain 
+ -somewhere between A and A . On this, so far 

unknown, level A in figure 11 one may expect a range of H

values e.g. those represented by the segment PQ. The greater 

values (near Q) occur under the high polder, the lower values 

(near P) under the lower polder. The range of H-values, for 

any particular value of A, is bounded by the lines h = p+, 

h = p and h = -6p . 

For all those cases where the saline groundwater does 

not reach the lower polder level there is no escape of 

saline groundwater and the following reasoning can be built 

up. 

The correct value of A is the one which leaves the 

original volume of saline water below the interface, or : 

where H 
0 

The 

following 

is the original thickness of fresh groundwater 

correct value of A can be found when applying 

dodge. The equation 

Ll Ll + L2 + 
h - p p - h dx J dx = J 

0 c 
Ll 

c 

(16) 

(17) 

(l ) The meaning of H , h , A and h in this paragraph differs 
. o oh 4 from that in paragrap . 

...f'~~--------------------......... .. __ 
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expresses that the total seepage of fresh water in the low 

polder is equal to the total percolation in the high polder. 

Equation (17) can be reworked as follows 

Ll Ll + L2 

f h dx - + 
h dx p Ll = p L2 - f ( 18) 

0 Ll 

Ll + L2 

f h dx = p 
0 

Ll + 
+ p L2 ( 19) 

Ll + L2 

f 
tl (A + H) dx 0 = p Ll + 

+ p L2 (20) 

Ll + L2 
+ tl [A(L 1 + L

2
) + f H dx} = p Ll + p L2 ( 21) 

0 

When using equation (16) 

(A (L 1 + L2) + '1 (Ll + L2) } = Ll + 
+ 

L2 ( 2 2) tl 
' 0 

p p 

Ll + p 
+ p L2 

tl (A + H ) = ( 2 3) 0 Ll + L2 
+ p Ll + p L2 

or A = 
tl (L l + L2) 

- H (24) 
0 

This result means that A depends on the dimensions of 

the polders, the polder levels, the factor 6 and on the depth 

of fresh water originally present in the aq11ifer. 

The relationship of equation (23) can be visualized in 

the diagram of figure 11 by a line 

+ 
L2 p Ll + p ( 1 ) (25) h = h = 6 (A + Ho) = 0 Ll + L2 

parallel to the lines h = p + and h the dotted = p ' as e.g. 

line. 

'isii, .. i ----------------



132 

Now it is clear that the only correct value of the 

salt-water potential (A) is the level where the lines 

ilH = 6H
0 

and 

+ 
L2 p Ll + p 

h = intersect. 
Ll + L2 

For those cases where the saline groundwater reaches 

to the lower polder level the situation is more complicated. 

Therefore we must first make an analysis of the areas, in 

terms of the diagram of figure 10, that are covered by the 

conditions under the high and under the low polder for 

different values of A, with respect to K+ and K-. The results 
K+ -

of such an analysis, based on figure 11, where l+il > K is 

given in the table 1. 

TABLE 1 

area 

value of A 

under the high polder under the low polder 

K+ A 
K+ 

6 2 > > --
1+6 

K+ - and/or --> A > K 5 4 2 and/or 1 
1+6 

-- K 
K > A > --1+6 

5 and/or 4 3 and/or l 

-
.!S__> A 4 1 
1+6 

The results of a similar analysis, based on figure 12, 
K+ 

where K > 
1 

+ 
6 

is given in table 2. 

,_,;;;:~:;........................................ 
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Fig. 12. Diagram for the analysis of possible conditions 

in one isolated compartment with a high and a low 
K+ 

polder level (K > 1 + 6). 

TABLE 2 

area 
value of A 

under the high polder under the low polder 

7+ - 6 2 " > A > K 

K- > A > 
K+ 

6 3 
1 + 6 
-

['' K 5 and/or 4 3 and/or 1 
1+6 

>A 4 l 
11+6 
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Complications occur when area 2 of figure 10 comes in 

the picture, because then there is seepage of saline ground

water. Such a situation cannot be steady unless there is an 

external supply of saline water. If so, the lower limit of 

integration in the left-hand member of equation (16) differs 

from O; say it is L
0

. The fresh water does not reach to the 

impermeable wall on the left-hand side as e.g. in the case of 

A = 21 m of figure 9. There is no reason why 

( 2 6) 

should still be equal to H
0 

(L 1 + L2l. 
In reality seepage of saline water means an escape of 

saline water. This saline water is replenished by fresh water 

by percolation. This gives a further lowering of the salt

water potential until in the end the seepage of saline water 

terminates. Then the wound of bleeding saline water is closed. 

The total volume of fresh water in the aquifer has been in

creased. The salt-water potential in the ultimate situation 

can be well above the lower polder level. The case of 

A = 20,40 m of figure 9 is an example of such a situation. The 

ultimate situation depends on the dimensions. If, for instanc~ 

L
1 

>> L
2 

the ultimate salt-water potential can come down to 

the low polder level. Then the saline water reaches precisely 

to the low polder level over a certain distance from the 

impermeable wall at the left-hand side and there is no more 

seepage of saline water. 
The three examples shown in figure 9 are also presented 

in figure 13 in a diagram as described in this paragraph, on 

the proper scale. Below the level A = 20,40 m the lines 

connecting the values h and h . run asymptotically max min 
downward to the line 

(2 7) 
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. - . 
l ' ---- ----"'"LH <0 meters 

These figures 
represent 

H . .,.,,n,P ond Hrn;n 

Fig. 13. Diagram of figure 11 applied to the example of 

figure 9. 

where h = 6(A + R) and H, the average value of H, equals H . 
0 

Above the level A = 20,40 m hmin = hA and for theoretical 

interest the lines h = hmin = 6A, h = h and h = hmax have 

been drawn tentatively as dotted lines to the point where 

they intersect 

A = K 25,0 24 5 = 1102 = , 1 m; 6H = O. l + 6 

Of course it will take considerable time to reach the 

ultimate situation after reclamation of the lower polder. The 

time aspect is left out of consideration here. 

The conclusions of this paragraph are 

l. The ultimate situation after reclaiming a new polder in 

our so-called isolated compartment depends on the dimensions 
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of the polders, the polder levels, the factor ~ and on the 

depth of the interface in the original state. 

2. After reclamation seepage will occur. Depending on the 

conditions there are different possibilities for the 

ultimate situation : 

a. the seepage is always fresh. Then the volume of saline 

groundwater in the underground remains unchanged. 

b. the seepage can after some time become saline. This 

saline seepage comes to an end and finally there will 

be fresh seepage only. In case saline seepage occurs 

temporary the volume of saline water diminishes, but 

ultimately there will still saline water be left in the 

underground. Depending on the situation there are two 

possibilities. 

I. The interface reaches to the top of the aquifer just 

beside the impermeable wall at the left-hand side of 

the isolated compartment. The salt-water potential 

is still above the lower polder level. 

II.The stagnant saline water reaches the polder level in 

the left-hand part of the low polder, which means that 

the salt-water potential is precisely at the lower 

polder level. 

7, SOLUTIONS FOR INTERCONNECTED COMPARTMENTS 

As shown before the geohydrologic profile which forms 

the background of this study can be described as a number of 

compartments n~xt to another. These compartments have different 

dimensions, geohydrological constants and depths to the 

interface on the original state. When removing in thought the 

impermeable walls between every two adjoining compartments 

and maintaining the two outer impermeable walls a more 

4 ._ ________________________ 111111111111111111111111111111111111111111111 
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complicated model is obtained. This model can, in principle, 

be dealt with in right the same way as the isolated 

compartment. Depending on the original depth of fresh water 

in the aquifer the ultimate situation can be 

1. one where the ultimate position of the interface is 

everywhere below the top of the aquifer and no saline 

seepage occurs; 

2. one where the ultimate salt-water potential is above the 

lowest polder level and the interface touches the top of 

the aquifer in one point only. No saline seepage occurs; 

3. one where the ultimate salt-water potential is precisely 

equal to the lowest polder level and though the saline 

water reaches to the surf ace in part of the lower polder 

no saline seepage occurs. 

In the last two cases saline seepage can occur temporary, 

i.e. before reaching the ultimate situation. In the ultimate 

situation the remaining saline water is stagnant. The fresh 

seepage is then recharged by percolating fresh surface water. 

So far the outer walls were impermeable and consequently 

there was no recharge of saline water, the only recharge was 

by infiltration of fresh water. If one of the outer impermea

ble walls of the above described model is at some distance 

in the sea there is rech2rge of saline water on the sea botto~ 

As mean sea level is several meters above the polder levels 

of the deepest polders there will remain an inland flow of 

saline groundwater. As, because of continuity, discharge 

equals recharge there will be permanent seepage of saline 

water in at least one deep polder of our profile. Whether the 

seepage in shallower polders closer to the coastline will 

also be saline depends on the location of the polders and 

their polder levels. 
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In contrast to the closed system without recharge of 

saline water the ultimate situation in this case is no longer 

determined by the original position of the interface but by 

the dimensions and levels of the polders only. 

In this real case the saline groundwater is no longer 

stagnant between the sea and the deep polder which is subject 

to saline seepage. Consequently the formulae derived in this 

paper are no longer applicable to that part of our model. The 

theory must be expanded. 

8 · CoNcLus r oNs 

The following conclusions can be drawn. 

1. All conclusions are based on the study of a highly 

schematized, one-dimensional model. Therefore the 

conclusions indicate but tendencies. As the actual system 

is generally much more complex the actual picture can 

only be figured out after developing more complicated 

models. To that aim it will be necessary to develop two

and three-dimensional models and to allow for spatial 

variations of the geohydrologic constants in such models 

and to account for the flow of the saline groundwater. 

2. In a deltaic area as described in this paper the seepage 

of saline water induced by reclamation of so-called deep 

polders will partly be of a temporary nature. In some 

polders, since their reclamation, the seepage will first 

be, or has been, fresh, then becomes saline and later on 

again fresh for ever. In others the seepage of saline 

groundwater has a temporary component and a permanent 

component. 

The temporary seepage of saline water comes from a 

diminution of the volume of saline water present in the 

aquifers. The permanent seepage of saline water is 

currently recharged by seawater. 



139 

3. The permanent seepage will remain in deep polders and 

possibly also in some shallower ones located between those 

deep polders and the sea, depending on the location of the 

polders and on their polder levels. 

4. The lower the polder level of the deep polders the greater 

the permanent seepage of saline groundwater and also the 

greater the volume of saline groundwater, which will occur 

as temporary seepage, while it is replaced by an equal 

volume of fresh water by percolation. The presence of a 

great volume of fresh groundwater is attractive as a one

time reserve for emergency cases. 

5. The process of partial depletion of saline groundwater by 

seepage can be accelerated artificially and the volume of 

fresh water can be increased by pumping the saline ground

water e.g. for production of water for domestic or 

industrial use by desalting. This possibility deserves 

serious attention. 

6. The calculations on which this paper is based concern the 

ultimate situations only. In further studies the 

transitional stages should also be calculated, i.e. the 

time should be introduced as a variable. 

7. After a rough estimate the partial depletion of saline 

groundwater by temporary seepage of saline groundwater 

will take centuries. Thus no person will be able to 

observe the whole process. Therefore due attention should 

be paid to record the salt-water potentials, the depth of 

the interface and the rates and salinities of seepage. 
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