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ABSTRACT 

In studying the explanation of the presence of saline water in de deeper layers 
of the subsoil of the present coastal area of the Netherlands it was necessary 
to find the process of salinization during a former interglacial period. 
The subsurface inflow of chloride is at present almost in balans with the outflow. 
Most of the chloride being present in the subsoil at this moment must have been 
infiltrated during the geological past. To get an insight in the processes involved 
a study has been made of the intrusion of chloride during the Eemian inter
glacial. To that end maps werde made of the ground surface at the end of this 
period and of the transmissibility of the subsoil at that moment. An estimation 
was made of the amount of chloride intruding into the studied region during the 
Eemian inundation. With this result the total amount intruded during the entire 
Pleistocene epoch was calculated. 

INTRODUCTION 

At the SWIM meeting of 1972 at Copenhagen a pictur e was shown about possible 
processes inthe subsoil during a glacial cycle that could give an explanation 
for the presence of salt water in de deeper part of the subsoil of the Midwest 
Netherlands (Fig. 1). This theory was worked out during the past years. 
As the author was not content with the usual explanation for the presence of salt 
water in the subsoil he tried to find another one. Most explanations are based 
on the fact that during Tertiary a long marine sedimentation period formed a 
large stock of saline water which is the base of salinization of the younger 
continental layers. Zagwijn 1s curve (Fig. 2, from ZAGWIJN, 1975) shows 
however, that at the beginning of the Pleistocene Epoch a long glaciation took 
place, during which most of tertiary salts will have been washed out . Therefore 
another explanation for the actual presence of these salts was necessary. 
The theory is that part of the salts infiltrated in the subsoil during an inter
glacial were moved to the deeper under ground during a glacial by the permafor st. 
Processes .like this were observed in Alaska by LEWELLEN (1973), WILLIAMS 
and VAN EVERDINGEN (1973). It is sure that the permafrost in the subsoil can 
reach depths of several hundreds of meters. In Siberia depths of 600 meters 
are not an exception; in Alaska 300 to 400 meters occur frequently. 
It can be stated that similar circumstances were present in the coastal regions 
'of Western Europe. The observations in Alaska show high concentrations of 

·.salts just below the permafrost {LEWELLEN, 1973). These high concentrations 
of salts only can be explained by 4;_i~~ .fpatio n of salts from the higher layers 
in the subsoil. Laboratory experiments gave a confirmation of these observations 
in the field. The rate of complete dissipation depends on the time necessary for 
the freezing to take place. In nature a complete dissipation is possible because 
of the slow rate of freezing of the subsoil, which cannot be imitated in a 
laboratory. 

GLACIAL CYCLE AND HYDROCHEMICAL PROCESSES 

The glacial cycle is the succession geological and geomorfological processes 
due to changes in climate between a moment during a glacial or interglacial and 
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The table shows the subdivision of the Uppermost Tertiary and 
Quaternary based on climatic changes. The time-scale is in 
millions of years and relies on palaeomagnetic data. Tt .. · tem
peraturecurveisinferredfrompollenanalyticdata. The Quaternary 
is characterized by an alternation of several warmer and colder 
phases. Some of the stratigraphic units show alternatingwllrm and 
cold phases ("Cromerian complex"), other units include warm 
and cool phases (Tiglian, Waalian). The uppermost cold phases 
(Eisterian, Saalian, Weichselian) comprise some interphases of 
less severe cold. 
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Fig. 2. Zagwijn 1 s paleoclimatic curve 
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the similar moment in the next or former glacial or interglacial. 
The last complete cycle was the Saalien glaciation, followed by the Eemian 
interglacial, in its turn followed by the Weichselien glaciation (Fig. 3, modified 
after Neth. Geological Survey, 1972). The possible processes during this 
period are the basis of estimations of chloride intrusion during the entire 
Pleistocene epoch. 
At the beginning of the Eemian interglacial the groundwater was fresh up to the 
boundary of the froz.en subsoil. After melting of permafrost a sharp interface 
between fresh and salt groundwater was found, which afterwards gradually 
became blurred by diffusion. Groundwater flow can be neglected up till the 
moment that most of the ground-ice was melted. 
Before the moment that the bottom was inundated by seawater, salinization of 
the aquifer only took place by dispersion from the deeper salt- containing layers. 
After that moment salinization of the aquifer occurred both from the inundating s ea 
water and the deeper saline layers. After inundation groundwater flow becomes 
again negligible. The rate of diffusion of salts depends on the difference between 
the salinity of groundwater at both sides of the interfaces between salt and fresh 
water. 
Presuming that the salinity of the deeper groundwater is equal to that of sea 
water, half of the salts being diffused into the aquifer originates from the 
deeper layers (and is not new in the subsoil) and the other half originates from 
the sea that has inundated the former land. The last mentioned source is the 
cause of the increase of the salt c ontent of the deeper subsoil. 
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PRESENT SITUATION AS RESULT OF PLEISTOCENE GEOLOGY 

Observations in the Midwest Netherlands show that there was a gradual rise in 
salt content of the groundwater from groundlevel to the deeper layers. Di s
turbances can be explained by Holocene geology and groundwater processes. Fig . 
4 shows a boring near Haarlem. The increase in chlorinity takes place to a depth 
of 150 meters, then it remains aPProximately constant at a level of about 15 000 
mg Cl- /1. A similar image is pr~:sent in ma~y borings. There is an increase of 
the depth at which a fixed chlorinity of 15 000 mg/ 1 is found from the South (circa 
120 meters) to the North (circa 140 meters). The suggestion that there should be 
a relation with the depth of the Icenien sediments is not correct because this 
level is found at a smaller depth in the South (near Rotterdam circa 100 meters) 
than in the f'.Torth (near Haarlem circa 200 meters). The statement that the 
chloride in the deeper layers should be of Icenien age is neither correct. It is 
true that a t the end of the Icenien a long period of constant marine sedimentation 
ended, but it is not to be expected that "the formation-water of this preglacial 
sediments have been con-served without any new supply. 

PERMAFROST 

The permafrost thickne ss depends among other things on the mean surfac e tempe
rature as was observed in Alaska and Northern Canada (JUDGE, 1973). According 
to ZAGWIJN ( 197 5) the mean surface temperature of July in the Weichselien was 
higher than in the Saalien. It is probable that during the Saalien the permafrost in 
the regions outside the glacier- covered areas was thicker than during the W eichselien. 
From Zagwijn's curve (Fig. 2) it can be observed that the mean summer tempe
rature in Weichselien of about 
3 ° C is comparable with the 
situation in the Northern part 
of Canada, where a permafrost 
thickness of 400 meters is 
observed (Fig. 5). During the 
Saalien a greater thickness can 
be expected outside the glacier
covered areas. 

SOURCES OF CHLORIDE 
DURING AN INTERGLACIAL 
TRANSGRESSION 

During an interglacial transgres 
sion there are two sources of 
infiltration of chloride in the 
subsoil: 

a. diffusion through the sea 
bottom; 

b. formation-water of new 
sediments. 

ad a . With the aid of the formula 
of MAZURE (1936) the 
water layer being salinized 
due to diffusion can be cal
culated: 

Fig . 4 . Chloride content of groundwater in 
boring 25-C/ 12 near Haarlem 
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Fig. 5. Permafrost thickness in Canada (from JUDGE, 1973) 
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where D = salinized thickness (meters) 
t' = time of marine inundation (years) 2 
K' = diffusion-coefficient for sands (0,016m /year) 

In a 15 000 year period (the period of marine inundation during Eemian) a layer 
(D) of 17.5 meters thickness can be saline due to diffusion. In this layer the top 
has a salinity equal to that of seawater ( 17 g/ 1) and the bottom that of rain 
water (10 mg/1) and in total averages 8 to 9 g/1) 

INFLUENCE OF DEEPER LAYERS ON THE SALINITY OF THE AQUIFER 

After melting of the permafrost groundwater flow - which was negligible before -
was set in move. According to VERR UYT ( 1971) and MEINARDI ( 1974, 197 5) the 
exchange of ions between the deep layers with salt water and the covering fresh 
water layers was influenced both by diffusion and by mixing of salt and fresh 
water due to groundwater flow. This process is called dispersion. The g,round
water flow had its influence up till the transgressing sea covered our region, 
i.e. a period of 3000 years (based on the experience with Holocene). In that 
period the groundwater flow is assumed to have been stopped. The thickness of 
the layer salinized due to dispersion can be read from Fig. 6. The distance x io 
the distance from the starting point of groundwater flow - c. q. the Utrecht Hills -
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Fig. 6. Possible positions of the interface between fresh and brackish 
groundwater (from MEINARDI, 197 5) 

and the present coastline and amounts to 60 km. Meinardi states that Verruyt's 
value d - the size of inhomogenities - amounts to 2 m. After a period of 3000 
years the fresh- salt water interface ( 150 mg/ 1) can be expected to be at a level 
of 300 m above the position of the interface at the beginning of this 3000 year 
period. So the interface should be found at a depth of at least 100 meters below 
Eemian mean sea level. Then a fresh water layer of at least 80 meters was left 
below the above mentioned intrusion layer of 17. 5 m thickness near the ground
level. 

THE EEMIAN 

In the Midwest Netherlands the marine Eemian sediments only occur in the 
western part of the region, along the present coastline. Fig. 7 shows the region 
where the sediments are found. The sediments are seldom observed in situ, due 
to the great depth at which they are found. The marine Eemian sediments in the 
Midwest Netherlands were only observed in situ during the construction of the 
tunnel under the North Sea Canal near Velzen, where an open pit of several tens 
of meters was available for a long time. In the region they consist of three sub
layers i. c.: 

a. a bottom set of coarse grained sands of discordant parallel structure; 
b. a layer of homogeneous sands with a fine ripple structure; 
c. a top set of the same texture as the bottom set. 

In most of the borings this division was found except near the eastside where 
layer b is a bsent and where layer a passes into layer c. In Fig. 8 the above 
mentioned layers are visible in a cross-section through the Eemian sediments 
perpendicular to the present coast line. 
This picture shows the coarse g~ined bottom- and top sets rich in large pieces 
of shells intersected by the finer grained very homogeneous layer with fine 
particles of shells. At the right hand side the layer b is absent. The same was 
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observed by the Netherlands Geological Survey on the island of Goeree-Over
flakkee, South of our region. 
This situation illustrates the usual pattern during an interglacial inundation by 
the sea. The bottom sets are formed during the quick rise of the sea with a 
landward moving beach, layer b is formed in deeper sea water and layer c 
along the seaward moving beach at the end of the interglacial. In the long period 
the Eemian sea covered our region a thick layer of beach sands was built up in 
the eastern part of the inundated region . 
At the beginning of the Eemian a glacial drainage system was present. In this 
badly drained landscape peat was formed which for the greater part was removed 
by the sea, although occasionally it is found. 
Fig. 9 shows the groundlevel at the beginning of the Eemian, where the mos t 
important drainage gullies can be recognized. This drainage system had a 
function in the beginning of the Eemian inundation. 
Fig. 7 shows the top level of Eemian sediments. It is a flat landscape without 
deep gullies and - probably wind blown - hills near the present coast. The 
eastern boundary of the sediments is found at a depth of about 20 meters minus 
present datum level. The deep position of this boundary is caused by the conti
nuous tectonic fall of the region, which is going on up to present time. 

ESTIMATIONS OF CHLORIDE INTRUSION DURING THE PRESENCE OF THE 
EEMIAN SEA 

It is remarkable that: 

a. th,~ thickness of the Eemian sediments does not show remarkable variations ; 
b. among the borderline of the marine Eemian sediments the thickness of these 

sediments amounts mostly to more than 2 meters. 

The average thickness of the Eemian sediments amounts to 7 meters. The topl 
surface of the inundated area in the Midwest Netherlands amounts 1018.7 km . 
Both values will be used in the following calculations. 
As stated before a layer of the pre-Eemian aquifer of 17 . 5 meter thickness was 
intruded by chloride- ions. The average chloride content amounted at the end of 
Eemian inundation to 8. 5 g/ 1. In the entire regiCn the chloride intrusion during 
Eemian inundation can be estimated to be 53.10 tons based on a pore-volume 
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Fig. 9. Base level of marine Eemian sediments in meters below present mean 
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of 35o/o. B es ide this the marine Eemian sediments contained saline formation
water with a chloride- content equal to that of sea-water (circa 18 g/ 1). With an 
avera_ge thickness of the marine Eemian sediments of 7 meter and a pore-volume 
of 35o/t the amount of chloride in the inundated region can be e~timated to be 
45.10 tons. Therefore at the end of Eemian inundation 98.10 tons of chloride 
was present in the subsoil due to Eemian inundation. 

CHLORIDE LOSS AFTER THE RETREAT OF THE EEMIAN SEA 

At the end of the marine period a flat landscape was left. From Fig. 7 it can be 
observed that only at the site of the present coast, wind blown hills have been 
conserved . Behind these hills first a tidal region was present. It is to be expec
ted that the tidal channels have been in function during the entire regression 
period, which had a duration of 3000 years. In this period a fresh water layer 
was built up, first washing out the salt water present in the subsoil. In the areas 
between the gullies small fresh water bodies were built up. The expelled salt 
water' drained via the tidal channels (Fig , 10A). The fresh water layer became 
thicker the more the sea retreated, so that in the end the tidal channels only 
contained fresh water originating from drainage of the surrounding land surface. 
The fresh - salt water interface then was below land surface as well as under the 
bottom of the drainage gullies (Fig. 10B). No more drainage of salt water through 
the gullies occured. The growth of the fresh water layer resulted in a downward 
movement of salt water into the aquifer. In coastal hills area no surface run-off 
took place. This resulted in a thick fresh water body similar to the one found 
today under the dunes. 

CALCULATIONS 

Coastal hill area: As stated a thick 
fresh water pocket was built up. The 
present salt water was pressed into 
seaward direction and got losto Thz 
surface of the hilly area is 140 km . 
Before desallnization this area con
tained 12. 10 tons of chloride. 
Former· tidal area: During the pre
sence of salt water in the gullies a 
fresh water layer of 12 meters thick
ness was built up, based on a drainage 
distance of 5000 meters and an effec
tive precipitation of 200 mm/ year. The 
salt water in this layer was completely 
drain~d away which resulted in a loss of 
62 o 10 tons of chloride. 
The total loss of Shloride therefore 
amounts 74.0 , 10. tons of chloride. At 
the beginning: of the W eichs eli en glacia
tion 24.5.10° tons of chloride was left. 
This amount of chloride was pressed 
down by the generating permafrost of 
the next glaciation and was joined to the 
amount of chloride already present in 
the deeper layers. 

PRE-EEMIAN PROCESSES 

Fig . 10 o AP groundwater flow during the 
presence of saline water in the 
channels of a tidal landscapeo 
B, groundwater flow after 
freshening of the water in the 
former tidal channels 

A 

B 

I I fresh water 

V : ;;;-;j saline water 

From Fig. 3 it can be observed that a similar situation was found during at 
least th:r:ee interglacials, c. q. Tiglian, Waalian and Holsteinian. Zagwijn' s 
curve (Fig. 2) shows that the situation of an interglacial followed by a glacial 
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like the situation around the Eemian was found in the Upper Tiglian, Upper 
Waalian, Middle Menapian, Lower-, Middle- and Upper Cromerian, Holsteinian 
and Eemian, i. c. 8 times. The duration of Eemian

6
was 25 thousand years, so 

the increase in one thousand years amounts 0. 9 .1 0 tons of chloride. The 
duration of the former interglacials is given in table 1. 

Table 1. Duration of interglacials 

Eemian 
Holsteinian 
Upper Cromerian 
Middle Cromerian 
Lower Cromerian 
Middle Menapian 
Upper Waalian 
Upper Tiglian 

Total time involved 

25 000 years 
50 000 
70 000 
60 000 
50 000 
20 000 

100 000 
180 000 

555 000 years 

If the rate of chloride accumulation ~ring these periods equals that of the 
Eemian, an increase of about 520. 10 tons of chloride during the entire 
Pleistocene is to be expected. 
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