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SPATIAL SALINITY VARIATIONS IN THE NETHERLANDS 

by J.A. Boswinkel
1 

ABSTRACT 

After a short review of the geological history of The Netherlands some aspects 
of groundwater salinity variations in The Netherlands are presented. Attention 
is paid to the processes involved in the redistribution of fresh and salt 
groundwater as well as the detection methods, used to determine the depth and 
thickness of the transition zone from fresh to salt groundwater. 
On the base of the available data, the regional distribution of fresh and 
salt groundwater is discussed and some characteristic vertical chloride pro
files are explained in relation to geology and hydrology. 

INTRODUCTION 

In the Netherlands, the chloride content is generally used as an overall 
single parameter for salinity. For that reason investigations related to 
salinity are generally focussed on the chloride content and its variations. 
The variation in groundwater chloride content with depth is amongst others 
related to geological history, lithology and geohydrological processes 
(natural or induced by human activity). 

A qualitative approach of the processes involved can be given about the 
regional and vertical distribution of fresh and salt groundwater. 

GEOLOGICAL CONDITIONS 

The origin of the distribution of salt water in the underground can be deduced 
from geological history (figure 1). As The Netherlands is situated at the edge 
of the North Sea basin, from the beginning of the Tertiary period large 
amounts of sediments have been deposited due to tectonic subsidence. During 
Tertiary and Old Pleistocene ages mostly marine sediments were deposited. 
After regression of the sea in the beginning of the Pleistocene the depositio
nal zones of both Rhine and Meuse as well as the North German rivers extended 
in western direction and until about 200.000 year ago sediments have been de
posited by these braided rivers. At the end of the Mid-Pleistocene period 
there was an extension of the Scandinavian ice sheet, which covered also half 
of the Netherlands (Saalian glaciation) . This ice sheet caused both valleys 
and ridges in the central part of the Netherlands. 
In recent periods the sea transgreded several times the western and northern 
parts of the Netherlands and partly the valleys originated from the Saalian 
glaciation, depositing marine sediments (Eemian and Holocene transgressions). 
Also dunes were formed along the North Sea coastline. 

PROCESSES MODIFYING FRESH- SALT WATER DISTRIBUTION 

Bearing in mind that marine sediments originally have been filled with salt 
water and continental sediments with fresh water one would expect a distri
bution of salt and fresh water corresponding to the distribution of marine 
and continental sediments. In reality, however, there are considerable 
deviations from this simple concept (figure 1). Some examples of the 
processes causing these deviations are given below. 
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The depth of the interface between fresh and salt groundwater may change 
through displacement, due to difference in density of fresh and salt water. 
An example is given in figure 2. Rising of the fresh groundwater level results 
in a lowering of the interface between fresh and salt water. In the relation 
between fresh water and sea water it means that if the water table of fresh 
water is 1 metre above the sea level, the interface will be about 40 metres 
under this seawater level (based upon considerations of hydrostatics) . This is 
the wellknown principle of Ghyben-Herzberg. 

In reality there is not always a sharp interface, but often there is a 
transition zone from fresh (chloride content ~ 150 ppm) to salt (chloride 
content> 1000 ppm) water. 
Where fresh and salt water meet, there will be a migration of chloride ions, 
tending to level the concentration difference in chloride content in both 
types of water. This process is called molecular diffusion. 
Moreover, due to flow of groundwater this contact of fresh and salt water is 
very dynamic. The combined action of molecular diffusion and movement of 
groundwater is called hydrodynamic dispersion. 
In consequence of this dispersion a gradual transition from fresh to salt 
groundwater is usually observed. 

The depth of the transition from fresh to salt groundwater can also be 
influenced by compaction. Sediments will compact if subject to a load and 
there will be a decrease of volume. Water will be driven out and displace or 
mix with the water of surrounding sediments. 

DETECTION METHODS 

In order to gather information about the distribution of fresh and salt water 
in the subsurface, not only chemical analysis of groundwater samples can be 
made, also physical properties of groundwater like its electrical conductivity 
or resistivity can be used as well. 

Chemical analysis of groundwater samples gives an exact picture of the 
chemical composition of the groundwater at the depth the sample is taken. 
About the salinity of the groundwater in between the screens in one borehole, 
or at different locations, interpolation methods have to be used. 

A powerful method for obtaining continious information on vertical salinity 
variations is geophysical well logging. 
Geophysical well logging gives amongst others information about the resis
tivity of the bearing formation. This resistivity can be correlated to the 
total amount of dissolved solids or, as usually is done in The Netherlands, 
to the chloride content of the groundwater concerned, provided that accurate 
lithological information is available or can be inferred from other geo
physical logs. For qualitative interpretation a few groundwater samples, 
taken at selected depths should be analysed for calibration. 

A variation on this principle is the permanent electrode system, which does 
not only provide information in the vertical but also in the time. The perma
nent electrode system, permanently installed in a borehole, consists of a 
multi strand special cable, into which a number of electrodes are attached in 
pairs. Each pair forms an observation point. The electrical formation resis
tivity at the location of an observation point can be determined. From this 
resistivity the total salt content and, with some additional chemical analyses 
for calibration, the chloride content can be deduced. 
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These "salinity watchers" are used for permanent groundwater salinity monitor
ing where upcoming of the salt water can be expected. 
Extension from the information in the vertical to a three-dimensional pattern 
is given by gee-electrical sounding. 
Gee-electrical sounding provides information about the conductivity of the 
subsoil. With some additional information the resistivity of the groundwater 
can be deduced and a estimation of the salintiy can be made. With this method, 
which is frequently used in The Netherlands, the subsoil has to be schema
tized. The concept of a sharp interface between fresh and salt groundwater is 
often used. 

ANALYSIS OF OBSERVED PATTERNS 

With the available data it is possible to obtain an idea of the depth of the 
transition zone from fresh to salt groundwater as well as the thickness of the 
transition zone and the change of chloride content with depth in this zone. 

Depth of the transition zone 

The most simple approach to consider the transition from fresh to salt ground
water is a sharp interface. Of the available data a map is produced which in
dicates roughly the isochloride plane of 150 mg per litre (fresh/salt water 
map, figure 3). The choice of this chloride concentration is related to prac
tical implications as taste and detection methods. 

If we assume displacement as the main process, there will be a relation with 
the piezometric level. 
A comparison of the fresh-salt water map with the piezometric level pattern of 
The Netherlands (figure 4) gives a rough resemblance in pattern. High ground
water levels coincide with a deep lying interface, low groundwater levels with 
a shallow position of the interface. 
Only to get an indication of the order of magnitude of the process of displace
ment, the simple Ghyben-Herzberg relation is used, although the assumptions in 
this relation (horizontal flow of fresh groundwater, no flow of salt ground
water, sharp interface) are not always realistic. 
In this approach the sea is used as reference level all over The Netherlands 
and hydrostatic conditions are assumed. Deviations will occur due to dynamic 
conditions, the distance to the coast, inhomogeneity and because of boundary 
conditions may change before the processes involved have reached equilibrium. 

First we consider the eastern and south-eastern undulating and higher part of 
the Netherlands, as well as the higher dune area along the Nort Sea coast. 
In these higher regions a part of the drainage water is removed by gravity 
through a system of small brooks and rivers, mostly of natural origin. The 
remaining part of the water flows as groundwater towards the lower regions, 
the rivers and the sea. 
In the dunes area along the coast the average piezometric level is about 2 m 
above Mean Sea Level. According to Ghyben-Herzberg the interface will be at a 
depth of 80 m. In reality the salt water is encountered at a depth varying of 
50 to 100 m below MSL. Remarkable is a slight displacement in eastern direc
tion, most probably due to an inward direction of the groundwater flow. 
In the province of Drenthe the piezometric level is more than 10 m above MSL. 
The position of the interface is roughly 150 to 200 m below MSL. Probably due 
to the very fine lithology of the sediments of Pliocene and Miocene ages below 
a depth of 200 m, the distance to the coast and dynamic conditions, the Ghyben
Herzberg relation (interface> 400 m) does not hold here. 
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In Twente the mean piezometric level is 10 to 20m above MSL. However, the 
transition from fresh to salt groundwater is encountered at small depth. This 
is probably due to a shallow position of silty and clayey marine tertiary 
sediments, with a predominantly surface and shallow subsurface discharge of 
precipitation and hardly any deeper infiltration. 
In the central part of The Netherlands in the region called the Veluwe the 
mean groundwater level is up to 20 m above MSL. According to Ghyben-Herzberg 
the interface will be deeper than 600 m below MSL. In reality this position is 
not known. Here again we find a slight displacement of the fresh water in the 
direction of flow, especially in north-western direction. 
In the Utrecht-hill area the piezometric level of about 4 m above MSL has to 
result, according to Ghyben-Herzberg in a position of the interface of about 
150 to 200 m below MSL. This agrees with the real situation. Here again is a 
slight displacement in north-west direction. 
Finally in the Brabant Massif the piezometric level is about 15 m above MSL. 
The interface lies deeper than 300 m below sea level, whereas according to 
Ghyben-Herzberg it should be at about 600 m below MSL. 
Summarising, in the higher part of The Netherlands we find mostly a displace
ment of the interface in a downward direction: freshening of marine sediments. 

In the lower parts of The Netherlands, the hydrological regime has been 
changed thoroughly since 1200 AD by human activity. Before this time the area 
behind the dunes was drained by a system of broad slowly streaming rivers. 
Afterwards the big rivers have been endiked and the areas in between became 
polders. Former lakes partly originated as result of peat mining, were re
claimed. What has been left from a swampy flat area with some natural streams 
and lakes, is a complicated pattern of smaller and larger polders with 
different artificial surface water levels and consequently different 
groundwater levels. 
The creation of deep polders has initiated an intensive groundwater flow. 
Especially in the middle of these polders there is an upcoming of the inter
face, due to lowering of the fresh w~ter table. As a result near recharging 
rivers the interface lies deeper than under low lying polders, where the 
interface sometimes reaches the surface. 
Most probably here hydrodynamic dispersion plays an important role too. More
over, a complicating factor is the recent holocene transgressions of the sea. 
In sea-covered areas, chloride ions are transported into the subsurface by 
molecular diffusion. 
Therefore, the assumption of a sharp interface is, especially in the lower 
parts of The Netherlands, not very realistic. 
Summarising, in the lower half of the country there is an upward movement of 
the interface: salinisation of fluviatile sediments. Due to recent inter
ference by man, there will be no equilibrium yet. 

Finally on figure 3 is indicated where inversion occurs. Here the general 
trend of chloride content increase with depth is disturbed. 
These zones with a complex fresh-salt water stratification are mainly grouped 
around the IJssellake. In the eastern part, they will probably be related to 
lateral fresh water intrusions from the high lying surrounding areas. In the 
province of North Holland they are most likely related with fossile water, as 
this part of the Netherlands has been an area with a lot of islands for a long 
time. 
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Change of chloride content with depth 

In order to get an overall indication of the distribution of fresh and salt 
groundwater the assumption of a sharp interface was made. To get a more shaded 
impression the change of chloride content with depth at one location is con
sidered. 

Interpretation of geophysical well logs, supplied with chemical analysis of 
groundwater resulted in a number of detailed vertical chloride profiles. 
Three types of vertical profiles can be distinguished. 
A. Displacement 
B. Combined influence of displacement and hydrodynamical dispersion 
C. Inversion 

Displacement (figure 5) 

42B-51 l). The vertical profile, shown on figure Sa is located in the dune 
area around Haamstede in the province of Zeeland. 
The thickness of the transition zone is rather small; the increase of chloride 
content with depth from 100 to 10.000 ppm occurs within 20m. This transition 
zone is located in marine sediments, as the base of fluviatile sediments is at 
about 40 m below MSL. According to Ghyben-Herzberg the interface is supposed 
to be on a depth of 100 m below MSL. This agrees with the depth encountered in 
reality. 

24F-56. This location is in the dune are~near Zandvoort. 
The part of the profile shown in figure 5 deals with fluviatile sediments. 
The top of marine sediments is at a depth of about 180 metres below MSL. 
Before the development of the dunes the sea must have intruded the subsurface 
and salinised the fluviatile sediments. Afterwards, due to a higher fresh 
water level the process of displacement was generated. 
As the increase of chloride content from 100 to 10.000 ppm occurs within 5 m, 
we deal with a real interface. The depth of this interface at about 100m 
below sealevel is conform the Ghyben-Herzberg relation as the piezometric 
level is about 2 m above MSL. 

40B-305. The location of borehole 40B-305 is situated near the town of Arnhem 
at the periphery of the Veluwe. Here the bottom of fluviatile sediments are at 
a depth of about 100 m below MSL, so the transition from fresh to salt ground
water as shown on figure Sc occurs in marine sediments. According to the re
lation of Ghyben-Herzberg this transition zone should be on a depth of about 
300 metres below MSL. In reality this transition zone is encountered at a 
depth of about 120 m, amongst others due to the change of lithology in fine 
sediments. In these sediments hydrodynamical dispersion may be responsible for 
the slight increase of chloride content. 

Combined influence of displacement and hydrodynamical dispersio~ (figure 6) 

49F-240. In this example, situated in the western part of the province of 
Brabant, at a depth of about 190 m a considerable increase of chloride content 
(figure 6a) is observed. It looks like displacement in the coarse sediments. 
According to Ghyben-Herzberg the interface should be on a depth of 150 - 200 m 
below MSL. 
Remarkable is the change in increase of chloride content with depth. After the 

1) 
Borehole number 51 on topographic map 42B. 
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sudden increase in the coarse sediments, there is only a slow increase in the 
fine grained silty sediments. In the latter the process of hydrodynamical dis
persion is probably dominating. 

44A-369. This profile is located in the dense river system near Dordrecht. 
As the mean piezometric level is at about MSL there should be no influence of 
Ghyben-Herzberg and the transition from fresh to salt water should be on the 
depth of the transition to marine sediments i.e. about 70 m. As shown on 
figure 6b we find a slow increase at a greater depth. This can be explained by 
the influence of the infiltrating river system near this location. 

31B-111. In the polder area near Aalsmeer where the profile, shown in figure 
6c, is located, the Ghyben-Herzberg relation in reverse direction can be 
expected. If the fresh water table is lowered, the interface between fresh and 
salt water will rise. As we have here a piezometric level below MSL, there 
will be an upcoming of the salt water. Due to hydrodynamical dispersion a 
slow increase with depth is observed. The top of marine sediments is at about 
160 m below MSL. 

39H-119. Figure 6d shows an example of very gradual increase of chloride 
content with depth. The thickness of the zone covering the increase of 
chloride content with depth from 100 to 10.000 ppm is almost 150 metres. In 
these fine silty marine sediments (top of marine sediments is at about 70 m 
below MSL) most probably the hydrodynamical dispersion is dominating. 

Inversion 

21C-113. The vertical chloride profile, shown on figure 7a is located near the 
mouth of the IJssel in the IJssellake. Up to the clay layer at a depth of 
about 130 m there is a rather constant chloride content. In top there is a 
slight increase which may be ascribed to the salt water in the Zuiderzee, as 
the IJssellake was called before the dam was built (1932). Under the clay 
layer of fluviatile origin (depth of marine sediments is at about 190 m) , 
there is water of very low chloride content. This has to be related to 
lateral flow of fresh groundwater from the high lying areas south and east 
of this location. 

260-42. Another example of inversion is given on figure 7b Only the deeper 
part is shown; above there is an increase of chloride content to several 
thousands of ppm chloride. The higher content of chloride concentration in the 
upper part is related to diffusion from seawater, covering the fluviatile 
sediments in recent times. The top of marine sediments is lying at a depth of 
about 240 m below MSL. The top is freshened due to lateral flow of fresh 
groundwater originated from the Veluwe. 

25A-943. This profile (figure 7c) is located in western North Holland near the 
North Sea Canal, at the transition from dune area to polder area. 
The influence of the polder area is expressed in an upcoming of the salt water 
into the fluviatile sediments; the top of pleistocene marine sediments is at a 
depth of about 250 m below MSL. In the upper part displacement is dominating. 
There is a clear interface at a depth of about 100 m below MSL; salt water 
originated from recent transgression periods is displaced, due to higher fresh 
groundwater levels in newly formed dunes. The clay layer at 60 - 80 m depth, 
disturbs this process. Moreover, perhaps the process of compaction plays a 
role here. Fresh water is pressed out of this fluviatile clay layer, 
freshening the underlying sediments, which have been slowly saltened already. 
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