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THE ORIGIN OF BRACKISH 
GROUND\~ATER IN THE LOWER 
PARTS OF THE rlETHERLAi~DS 

C.R. MEINARDIX 

In the sandy aquifers of the Netherlands brackish 

groundwater can be found even far inland. In the coastal 

region it may reach the surface. As the upper parts of these 

aquifers are of fluviatile origin, the salt must have been 

brought there afterwards. Existing theories about the 

transport mechanism do not always stand a critical review. The 

occurrence of brackish groundwater can only partly be 
explained by recent (Holocene) transgressions of the sea. In 

sea-covered areas chlorine ions are transported into the 

underground mainly by molecular diffusion. Another source is 

formed by the deep lying marine sediments of Earl Pleistocene 

and Tertiary Age. The salt may be transported upwards by 

hydrodynamical dispersion Brackish-groundwater bodies have 

changed after the creation of polders, which strongly 

influenced groundwater flow. 

l, GENERAL SCOPE 

A hydrological problem of practical interest for the 

public water supply in the Netherlands is the occurrence of 

brackish groundwater in aquifers suitable for groundwater 

recovery. Pumping stations can be mentioned where the recovered 

x . . . . . . . 
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groundwater has continuously grown more brackish, resulting in 

a forced reduction of the capacity, or even in abandonment of 

certain wells of the well-field. This phenomenon has to be 

faced in many parts of the Netherlands but particularly in the 

lower regions (the polder area) , where only a few places bear 

fresh groundwater. In this area the brackish groundwater is 

even interfering with agriculture. 

A general and satisfactory theory to explain the occur

rence of the brackish groundwater has not yet been published. 

This is probably due to the fact that in the course of 

geological history the Netherlands have repeatedly been invaded 

by the sea, making it possible for scientists to find partial 

explanations, each of them related to such a transgression of 

the sea. Furthermore the trasport mechanism of the chlorine 

ions may adopt different forms. Therefore these partial 

theories, sometimes being correct for the particular area of 

investigation, may prove to be wrong if extended to other areas. 

Research was also hampered by the fact that not enough data 

were available for a general view. Only recently geo-electrical 

investigations made it possible to obtain - at least globally -

the interface between fresh and brackish groundwater in large 

parts of the Netherlands. 

In this paper the validity of some of the existing 

theories will be reconsidered, the number of possible transport 

mechanisms for the chlorine ions will be extended by one and 

a general review will be given on the origin of the brackish 

groundwater bodies, describing the phenomena which gave them 

their actual shape. 

2. VOLKER'S THEORY 

The reclamation of the former Zuiderzee (now IJsselmeer) 

led to extensive geohydrological investigations in that area, 

some of them also concerning the quali t:y of the groundwater. 

Theories were developed by MAZURE (1940) and VOLKER (1961) on 

the different chloride contents of the groundwater of the upper 
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and the lower layers. They stated that transport of the chlori

ne ions has almost exclusively been accomplished by molecular 

diffusion. 

The general differential equation describing molecular 

diffusion for the one-dimensional case is : 

de 
dt = 0 

where, 

c =chloride concentration in p.p.m.; 

h = depth in m; 

t = time in days; 

D = the diffusion factor for diffusion through pores in 

granular sediments in m2 per day. 

The solution of this equation is dependent on the boundary 

conditions. MAZURE and VOLKER having found an analytical 

solution satisfying the boundary conditions in their case, 

were able to calculate the chloride concentration in the upper 

15 m of the underground of the IJsselmeer as a result of 

diffusion of chloride from the seawater into the underground 

ing the existence of the Zuiderzee (between about A.D. 1300 

and 1932) and a reverse process after the enclosure (when 

Zuider Sea became IJssel Lake). For the calculation a value of 

the diffusion factor D had to be determined by laboratory 

experiments; surprisingly D turned out to be equal for both 

sandy and (not too heavy) clayey layers, a mean value being 

0,015 m2 per year. The calculated chloride concentration at 

different depths appeared to be in close agreement with 

measured values. VOLKER repeated certain measurements, thus 

making it possible to follow the process of molecular diffusion 

in the course of time. In this case too, the measured values 

were in accordance with theory. As molecular diffusion is 

effective under all circumstances, groundwater moving or not, 

the existence of an additional transport mechanism of chlorine 

ions e.g. by infiltration of seawater, is not likely. So 

theories trying to explain the chloride concentration in the 

---------------------------------
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upper layers of the underground of the IJsselmeer from other 

phenomena than diffusion are probably not correct. 

The success of this explanation for the upper layers led 

VOLKER to a similar hypothesis for the deeper layers. The chlo

ride concentration of the groundwater in the deeper layers 

(which are of fluviatile origin from NAP -20 m to NAP -200 a 
300 m ( 1) is characterized by a continuous increase with depth, 

atgreat depth a mighty reservoir of chloride is available in 

thick marine layers of Early Pleistocene and Tertiary Age. In 

the absence of groundwater flow during at least the Pleistocene 

period following the Saalian Glaciation (about 200.000 years 

ago) measured chloride concentrations at different depths can 

be explained by molecular diffusion. 

Against this second part of the theory a couple of 

arguments can be raised. 

a. If the diffusion factor D is the same for lithologically 

different layers and geological history being essentially the 

same for the whole western part of the Netherlands, chloride

concentration profiles with depth should be the same every

where. That this is not the case, can be deducted from figure 

1, and from the values VOLKER (1961) gives. 

VOLKER's argument that this irregular distribution 

pattern is due to recent Pleistocene transgressions (the 

Holsteinian and the Eemian Sea) does not sound very convincing. 

b. The assumption that no groundwater flow occured during the 

last part of the Pleistocene Age might very well not be true. 

This proposition however is an essential feature, because 

molecular diffusion needs a very long time to become effective 

over such a height as the thickness of the f luviatile 

Pleistocene layers. There is a good chance that at least at 

the end of the Pleistocene and in the beginning of the 

Holocene Age groundwater flow has occurred. At that time the 

land surf ace in the west and the northwest of the present 

ll)NAP is the national reference level, approximately mean 
sea-level. 
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Fig. 1 We.st- East ge.ahydrologicol section (schematically) 

through the central -western part of the Netherlar.ids 
(after Breeuwer and Jelgersmo, 1973) 
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Netherlands had a slope of about 5 m over 25 km as can be seen 

from figure 2 (note that figure 2 does not represent the level 

at that time, the land having subsided since, the slope however 

will be about correct). Permafrost conditions, prevailing 

during the last part of the Pleistocene Age, will have been 

absent or reduced at the beginning of the Holocene Age. The 

river system of that time is thought to have been composed of 

braided rivers. Considering all this, the slope of the land 

surface might very well have been representative for the slope 
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in groundwater level. Assuming a permeability of 30 m per day 

for the coarse fluviatile sediments, th.e actual velocity of 

the corresponding groundwater flow was about 10 m/year, 

according to Darcy's law. The groundwater in and under the 

ice-pushed ridges of the Veluwe and the Utrecht Hills may 

presumably have grown fresh, shortly after the formation of 

these ridges (see figures 1 and 2). All the groundwater 

between these ridges and the coast may, according to the.above 

calculated velocity, very well have been replaced, the present 

groundwater not being older than some 10.000 years (the 

duration of the Holocene Age) . 
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3, SOME POPULAR OPINIONS ABOUT BRACKISH GROUND\'IATER 

Two of the afore mentioned partial explanations need 

some further comment, not because of their intrinsic importance 

but because of their widespread use, by engineers and 

geologists. 

The first one is that salt water from the actual North 

Sea is intruding the underground of the Dutch polders, polder 

levels lying in general a few meters under mean sea-level. 

Undeniably, an inward directed groundwater flow has been 

created by the drainage of the polders. Its effect however 

is small, as will be shown. Let us take the example of the 

Haarlemmermeerpolder (fig. 8), lying on a relatively short 

distance, about 10 km, from the coast and havin~ a polder 

level of about NAP -6 m. Taking Darcy's law the actual velocity 

of the eastward directed groundwater flow can be estimated 

to be 15 m per year. The polder having been reclaimed 100 years 

ago, the front of the salt groundwater has moved only 1,5 km in 

that lapse of time. Most polders are older, yet the age of the 

deep ones very often does not exceed 300 years (the time 

windmills came into common use). The inward flow of seawater 

could therefore have intruded somewhat further than 1,5 km, 

nevertheless the vast amount of brackish groundwater in the 

fluviatile sediments of the Dutch underground cannot be 

explained by this theory. 

The secound theory states that during recent transgres

sions of the sea (the Eemian Sea and different stages of the 

Holocene North Sea, see figure 3) seawater infiltrated from 

above into the up to then fresh fluviatile sediments, the 

driving force being the difference in density between fresh 

and salt water. 
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Development of salt water wedges might he ;i:esponsihle 

for a horizontal spreading of the brackish groundwater towards 

areas not having been covered by the sea. The groundwater 

will not obtain the chloride concentration of seawater due to 

mixing with the original fresh groundwater. Moreover after 

retreat of the sea a reinstalled fresh groundwater flow dilutes 

the brackish groundwater. 

The validity of this theory is questionable for the 

following reasons. 
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1. No quantitative proof has ever been given to support the 

infiltration theory. However, MAZURE and VOLKER gave convin

cing evidence that the intrusion of chlorine ions from the 

Zuiderzee into the underground followed the laws of molecular 

diffusion (note that various types of seafloor, both sandy 

and clayey have been researched). It is difficult to under

stand why salt intrusion during earlier transgressions or in 

other regions, but showing essentially the same general 

features, should follow another path. Due to local differences 

concentrations of chloride may vary, but the transport 

mechanism will have been the same. 

2. Some of the observed phenomena in nature do not easily 

fit in with the infiltration theory. Should infiltration and 

subsequent mixing with fresh groundwater have occurred then 

not a continuous increase of chloride concentration with 

depth is to be expected but just the opposite. Furthermore 

brackish groundwater has been observed in fluviatile sediments 

at a distance of 10 km and more from any recent coastline 

(fig. l and 3). Salt wedges of such an extend are not very 

plausible. 

3. Groundwater flow in sea-covered areas will generally be 

absent or very weak as it can only be initiated by small 

differences in density. 

It may be concluded that recent transgressions of the 

sea most certainly will have influenced the groundwater in 

the invaded areas, however, molecular diffusion should be 

placed at the base of this influence. 

4, TRANSPORT OF CHLORIDE BY HYDRODYNAMICAL DISPERSION 

In constructing a theory on the occurrence of 

brackish groundwater, attention should be paid to groundwater 

flow. Assuming groundwater flow and taking into account the 

existence of a large reservoir of chloride in the deep lying 
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marine sediments of Early Pleistocene and Tertiary Age, it 

is worthwile to consider chloride transport by hydrodynamical 

dispersion. Hydrodynamical dispersion is the combined action 

of molecular diffusion and movement of groundwater. In flowing, 

groundwater has to find its way through the inhomogeneities 

of the underground. Hereby groundwater coming from a deeper 

and more brackish part of the aquifer may contact groundwater 

from a more fresh part. During the time of contact interchange 

of chlorine ions is possible by molecular diffusion, tending 

to level the concentration differences. The steady-state 

situation of hydrodynamical dispersion, being dependent on 

molecular diffusion and groundwater flow (rate and direction), 

is reached much quicker than that of molecular diffusion 

alone. 

Groundwater flow is a component of the hydrological 

situation. The present hydrological conditions for the lower 

parts of the Netherlands can be described sufficiently, but 

one must bear in mind that the creation of the polders 

(begun at about A.D. 1200) has significantly changed the 

hydrological regime of the polder area. As groundwater is 

generally moving at a very slow rate one should expect that 

the basic form of the brackish-groundwater bodies already 

existed before A.O. 1200. This means that ancient hydrologi

cal conditions have to be estimated. A few postulations are 

necessary : 

1. In most of the geological periods after the Saalian Ice 

Age a certain groundwater flow will have occurred. This is 

obvious for the Eemian Interstage; climate being more or 

less comparable to today's, one may certainly expect ground

water flow in areas not covered by the Eemian Sea. The 

situation is less clear for the Weichselian Age. During this 

period the subsoil of the Netherlands will most probably have 

been frozen permanently (permafrost). Nevertheless the perma

frost layer will in all likelihood not have reached the base 
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of the aquifer system, at a depth of several hundreds of 

meters. Moreover, permafrost layers often contain unfrozen 

parts through which discharge and recharge of groundwater can 

happen (as can be concluded from research in actual perma

frost areas) . So even in Weichselian times groundwater flow 

is not unlikely to have occurred. 

Groundwater flow in the beginning of the Holocene Age 

has been discussed already. In the rest of the Holocene Age 

groundwater flow will have been rather weak, the growth of 

big peat layers in that period indicates a flat country with 

slowly moving or stagnant water. Yet, as the drainage systems 

of the fen areas were linked with the big rivers passing 

through, there may have been a weak slope in the land surface, 

generally directed towards the coast. This would mean that a 

gradient in groundwater level and consequently a certain 

groundwater flow have existed. 

2. The general direction of groundwater flow resembled at any 

time the general direction of the surface water (= the 

direction of the big rivers). One may take it for certain that 

before the construction of the dikes the Dutch rivers were 

draining rivers. The rate of groundwater flow is not known. 

3. An assumption pertaining the properties of chloride is 

that no chemical changes have affected the chlorine ions, not 

even on a long term. 

Literature on hydrodynamical dispersion is becoming 

extensive. For the present paper use has been made of 

VERRUIJT's mathematical treatment of steady-state dispersion 

across an interface (VERRUIJT, 1971). An approximative 

solution is given for two cases of steady-state dispersion 

by uniform flow in an isotropic porous medium, the first one 

concercing polluted (salt) and non-polluted (fresh) water 

moving with the same velocity parallel to the interface, 

whereas in the second one the salt water is at rest. For this 

.......................................... 
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last problem the following solution is given 

y v c = l - erf (2VX) - \fTIX exp. 

The symbols used represent the following dimensionless 

variables : 

C = c/c
0 

the concentration at (x, y) divided by the 

concentration in the salt water, which is assumed 

to be constant, 

y = y/( p + 2µ) :1)1/2, 

X = x/ (:I + 2µ), 

y = the co-ordinate perpendicular to the interface 

heading towards the fresh water, 

x = the co-ordinate in the direction of the groundwater 

flow, 

:I and µ are constants giving the relation between the 

components of the velocity vector and the dispersion 

tensor. They are of the same order of magnitude as 

the inhomogeneities in the underground (e.g. the 

grain size) and have the same dimension as x and y. 

The term V~X exp. ( - ~~),containing the velocity of 

the groundwater flow will be discussed further as it may be 

omitted. This term is of importance for small values of x 

(small-scale problems), however, the occurrence of brackish 

groundwater is a regional-scale problem. 

At many points similarity exists between VERRUIJT's 

theoretical case and the groundwater flow situation in the 

lower parts of the Netherlands (the region between the out

cropping of the Pleistocene layers and the coast, see figures 

land 2). Let us take in figure 2 the lowest point of the 

fresh-water pocket under the Utrecht Hills as the point 

{x = o, y = o), x heading horizontally towards the coast and 

y vertically upwards. This deepest point, the location of 
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which is not exactly known but which may be estimated to lie 

at a depth of about NAP -350 m, may be situated in Tertiary 

clay layers of great extend and thickness (marine Miocene and 

older). Groundwater flow under the interface (x>o, y<o) will 

be practically zero, chlorine ions will be transported by 

molecular diffusion from the deeper layers containing salt 

water at rest. At (x = o, y>o) a fresh-groundwater flow towards 

the coast begins. This flow is not exactly uniform, but may be 

taken as such. As groundwater flow in the above sense is 

likely to have occurred since the Saalian Ice Age, dispersion 

will have reached a practically steady-state situation. 

Difficulties arise when one has to estimate the size 

of the inhomogeneities to be taken into account. For small

scale problems one may probably take -as VERRUIJT suggests

the grain size, in the present case it is more likely that 

the size of the inhomogeneities is in the order of magnitude 

of the thickness of clay layers or may be even of geological 

formations (in the range of 0,5 m to several meters). At this 

point we should also remark that the underground is far from 

being an isotropic porous medium. 

In figure 5 some computed lines of equal chloride 

concentration are shown. They are based on VERRUIJT's formula, 

and his suggestion on the relation between the size d of the 

inhomogeneities and the constants \ and µ. The value C = 0,01 

is thought to represent C
0 

= 15 OOO mg per liter (supposed to 

be the chloride concentration in the deep Tertiary layers) and 

C = 150 mg/l (the concentration at the salt-fresh interface 

in figure 1). 

For a size d of the inhomogeneities of the order of 

magnitude of 1 m a reasonable fit exists between the measured 

and the computed line. A perfect fit is not obtained, due to 

local circumstances (polders) and also due to the fact that 

in the western part of the question recent (Holocene) 

transgressions have salted up the upper layers. 

iL .......................................... _ 
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In figures 5,6 and 7 the vertical chloride distribution 

at different distances from the origin is given for different 

values of d. They are compared with measurements in the 

IJsselmeer area (where deep borings have been made and where 

disturbances by polders have been absent until recently). The 

origin of the fresh-groundwater flow, defining x, might in 

this case be situated in the central area of the Veluwe. 

Again the measured values of the chloride concentration are 

in agreement with computed values for sizes of the inhomo

geneities of the order of magnitude of l m. As could be 

expected a perfect match cannot be obtained; the somewhat 

more complicated groundwater flow pattern and the irregulari

ties in the underground, to be met in nature, cannot be taken 

into account. 
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Conclusion : Transport of chloride from the deep brackish 

layers into the originally fresh fluviatile layers by 

hydrodynamical dispersion can explain the following observed 

phenomena. 

1. The increase in chloride concentration with depth at any 

place in the lower western part of the country. 

2. The increase in chloride concentration at a given depth 

towards the coast (being generally also the direction of the 

groundwater-flow). 

Local singularities, e.g. deviations from the general 

rule expressed under l), are not constraining this theory, as 

they might in many cases be explained by a locally more 

complicated groundwater-flow pattern or by varying sizes of 

the inhomogeneities in the underground. 
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5 • GROUND~IATERc-FLOW PATTERN AFTER A, D, 1200 

a 

Groundwater flow before A.D. 1200 can be discussed in 

way (as has been done in the previous chapter). This 

is not possible with respect to the groundwater movement after 

that time, as since then the hydrolo~ical regime in the lower 

of the Netherlands has been thoroughly changed by 

of man. The big rivers (Rhine and Meuse) passing 

the Netherlands have been endiked and the areas in between 

became polders. Former lakes were reclaimed, after 1600 even 

the deeper ones. As a result a complicated pattern of different 

surface-water levels and consequently different groundwater 

levels even within small areas was formed. In general highest 

groundwater levels can be found near or at the big rivers or 

former river branches. In these regions groundwater is rechar

ged, they form the present starting point for groundwater 

flow. The deepest polders, often being reclaimed lakes are 

attracting groundwater and discharging it. Consequently near 

the rivers in the interface between fresh and brackish 

groundwater is lying deeper than under the deep polders 

(GEIRNAERT, 1973), where it sometimes reaches the surface. 

This may be illustrated by two maps, compiled at the 

Institute for Land and Water Management Research (VAN REES 

VELLINGA et al., 1972) and showing the chloride concentration 

of the groundwater at two different levels. These maps concern 

upper part of the fluviatile layers. This means that 

the influence of the Holocene transgressions should be 

At a depth of NAP -15 m to -25 m (fig. 8) some distinct 

areas with groundwater containing a high chloride concentra

tion can be seen. Of them the Westland area near Rotterdam 

Waterway has to be related to the recent Dunkirk transgression, 

when the sea invaded it at about A.D. 1000. The chlorine ions 

may have penetrated into the underground in the same way as 
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happened in the Zuiderzee area. The same holds for two areas 

along the former Rhine branch "Oude Rijn". These two regions 

do not coincide with the area invaded by the Dunkirk Sea. It 

looks as if the invaded area was split up into two parts, one 

having moved north and the other one south. The reason for 

this can be found in the actual groundwater-flow pattern. 

Riverwater and rainfall are continuously recharging the 

groundwater under the Oude Rijn and the shallow polders 

alongside. The undeep layers once having been brackish are 

being flushed by fresh water, while the brackish groundwater 

is driven both to the north and to the south. The other 

areas containing groundwater with a high chloride concentration 

are all situated in very low polders which are now the centers 
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of groundwater discharge (this means that locally even 

important vertical components in groundwater flow may occur). 

The attracted brackish groundwater may be partly of Holocene 

origin but another part will have arrived from the much older 

brackish groundwater at greater depth. 

At the level of NAP -15 m to -25 m no clear traces can 

be found of the earlier Holocene period of transgressions, 

called the Calais Age (about 4000 years ago). The chloride 

being brought into this layer will have been removed (by 

diffusion) during the long period of regression after the 

retreat of the Calais Sea. 

Yet, at the level of NAP -45 m to -55 m (fig. 9) part 

of the chloride penetrated into the underground during the 

Calais transgressions is still present. This can be concluded 

from the fact that the areas where groundwater with a chloride 

concentration of more than 200 mg/l (and even more than 

1000 mg/l) predominates closely agree with the areas covered 

by Calais sediments (compare figs. 3 and 9). This is in 

accordance with VOLKER's theory that at this depth a certain 

amount of chloride diffused during the Calais Age may still 

be found. 

However, from figs. 4, 5 and 6 it may be concluded that 

part of the chloride at the NAP -45 m to -55 m level originates 

from dispersion from the brackish water in the marine Early 

Pleistocene and Tertiary layers. At increasing depth the 

chloride of Calais Age will loose its preponderance in favor 

of the chloride being transported by means of dispersion 

from beneath. 

6, CONCLUSIONS 

Major sources of the brackish groundwater in the 

fluviatile sediments in the underground of the lower parts 

of the Netherlands are : 
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6.1. DISPERSION. Chlorine ions are transported by hydrodyna

mical dispersion from deep lying marine sediments of Early 

Pleistocene and Tertiary Age into the fluviatile layers. This 

has resulted in a desalination of the marine layers near the 

starting point of the groundwater flow, situated under the 

ice-pushed ridges of Utrecht and Gelderland and in a salting

up of the lower parts of the fluviatile layers, beginning at 

a certain distance from the starting point and increasing in 

the direction of the groundwater flow and with depth. 

6.2. MOLECULAR DIFFUSION. In or near areas where, during 

Holocene transgressions, the sea invaded the present area of 

the Netherlands,brackish groundwater can be found in the 

upper part of the fluviatile sediments. Presumably the 

chlorine ions have been transported downwards by molecular 

diffusion in the same way as it has been shown by MAZURE and 

VOLKER for the chloride of the Zuiderzee. 

Desalination of the groundwater in these areas will 

have occurred in periods of regression, partly by molecular 

diffusion and partly by flushing with fresh groundwater. 

6.3. RECLAMATION. After the reclamation, groundwater flow 

has grown to be more intense and more diversely directed. This 

has caused a change of the brackish-groundwater bodies in the 

sense that the interface between fresh and brackish ground

water has gone down under the big rivers and shallow polders 

and has risen in the underground of the deep polders. 

Intrusion of brackish groundwater from the recent North 

Sea by a landward directed groundwater flow is only of minor 

importance, this phenomenon being restricted to a narrow zone 

along the coast. 

The different origins of the brackish groundwater in the 

lower parts of the Netherlands are shown schematically in 

figure 10. 
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