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THE DISTRIBUTION OF FRESH AND SALT GROUNDWATER IN THE DUTCH COASTAL AREA AND THE 
QUATERNARY-GEOLOGICAL EVOLUTION 

by J.J. de Vries* 

ABSTRACT 

Historical sequences of encroaching seawater and recharge of fresh water under 
different geological and geomorphological conditions during the Quaternary are 
responsible for a rather complicated distribution of fresh and salt groundwater 
in the Dutch coastal area. A qualitative genetic model is proposed based on the 
Holocene landscape evolution. 

INTRODUCTION 

The complicated spatial distribution of fresh and salt water in the subsurface 
of The Netherlands in relation to the hydrogeological evolution of the coastal 
area, has been under discussion for a long time now (e.g. Versluys, 1918; van 
Dam & Meulenkamp, 1967; Geirnaert, 1973; de Vries, 1974; Meinardi, 1975; ICW, 
1976; Engelen, 1981). These authors deal with either a particular area or with 
a special aspect of the processes involved. Recently more information became 
available for the area between Den Helder and The Hague through systematic 
mapping by the Groundwater Survey (TNO), the Geological Survey and t4e Insti
tute for Land and Water Management Research (ICW). 

The present study is based on a combination of an overall view of the fresh
salt water** distribution, derived from the reports of the surveys mentioned 
above, and the hydrogeological history of the area during the Quaternary. A 
tentative genetic explanation is proposed for the present groundwater condi
tion, especially based on the Holocene geomorphological evolution of the 
coastal district. For the Quaternary-geological history of the area, see e.g. 
de Jong, 1967 and Oele, SchUttenhelm & Wiggers, 1979. 

*Institute for Earth Sciences, Free University, P.O. Box 7161, 1007 MC Amsterdam, 
The Netherlands 

**In this study salt water is defined as water with a chlorid·e content of more 
than 500 ppm. 
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GENERAL SCOPE 

From a hydrogeological viewpoint, The Netherlands can be considered as a half
circular groundwater basin, which is continuous to the west and to the north. 
The basin is mainly filled with coarse Pleistocene fluvial deposits with a base 
of fine grained Tertiary sediments in the east and clayey Early-Pleistocene in 
the west. The Tertiary as well as the Early-Pleistocene deposits are of marine 
origin and contain connate salt water. The thickness of the Pleistocene aquifer 
increases north-westward and shows an average value of about 200 m in the coast
al area. The Pleistocene aquifer is covered in the western part of the country 
with Holocene clays and peat, reaching a maximum thickness of over 20 m. These 
deposits were formed in a tidal area with alternating salt, brackish and fresh 
water character. 

During the Quaternary, the western part of The Netherlands has been repeatedly 
invaded by the sea. Much of the Pleistocene aquifer is therefore filled with 
saline groundwater. The spatial distribution of fresh and salt water is caused 
by the historical sequences of encroaching sea water and discharge and recharge 
of fresh water. A relatively rapid redistribution of salt and fresh groundwater 
was initiated by the morphological changes that started about 1000 years ago. 
The lower older dune ridges on top of the coastal barriers were covered from 
that moment for a part by higher so-called Younger Dunes, reaching local eleva
tions of over 30 m. The shape and location of the initial fresh water lenses 
below the dune area must have been modified by these morphological changes. 
About 700 years ago, the creation of the polder landscape started, initially 
by land drainage and later also by the reclamation of lakes. Due to the arti
·ficially maintained groundwater table in the polders and its lower elevation, 
a more or less continuous flow of groundwater from the higher regions to the 
lower ones was initiated, causing upward seepage of groundwater from the Pleis
tocene aquifer into the polder area. The loss of water from the Pleistocene 
aquifer was partly compensated for by subsurface intrusion of sea water. 

Fig. 1 shows the location of former Quaternary coastlines and the present inte
rior salt/fresh water line in the Pleistocene aquifer; table 1 lists the strati
graphy. 
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THE SPATIAL DISTRIBUTION OF FRESH AND SALT GROUNDWATER 

~~~~~~!-~~~~~~~~~ 
- Saline groundwater is found in the Early-Pleistocene and Tertiary marine de
posits of the lower boundary of the Pleistocene aquifer. The maximum depth of 
this lower salt/fresh interface is reached below the ice-pushed ridges in the 
central part of the country and in a large graben structure in the south. Deeply 
infiltrated rainwater in the high ridges (with an altitude up to 100m), and a 
great thickness of fluvial deposits filling the graben may explain this distri
bution. The easternmost penetration of salt water in the Pleistocene aquifer is 
found in the large southeast-northwest oriented valleys of the rivers Rhine, Eem, 
and Hunze. The salt water tongues most probably are the result of dragging up 
of salt water from the marine deposits at greater depth by the upward flow of 
groundwater below these valleys (fig. 1). Other salt intrusions from the lower 
marine deposits into the Pleistocene aquifer are connected with : (i) Upward 
diffusion of salt into a stagnant groundwater body and dispersion through hori
zontal flow of groundwater at greater depth. (ii) Upwelling of salt water below 
deep polders through upward seepage. 

- Invasion of the sea took place mainly in four periods after the Early-Pleis
tocene : In the Cromerian, in the Holsteinian, in the Eemian and in the Holo
cene (fig. 1 and table 1). The intruded salt from the Cromer-, the Holstein-
and the Eem sea in general was removed from the coarse fluvial deposits by 
flushing during the subsequent continental period of the Weichselian, which 
lasted some 70,000 years. The presence of fresh water directly below marine 
Eemian clay in most areas supports this idea. Exceptions occur in the northern 
part of Friesland and near Amsterdam, where saline water from respectively the 
Cromerian/Holsteinian and Eemian are found in sandy lenses with clayey glacial 
deposits. Most probably a zone of brackish water with an eastward dipping inter
face was present in the lower part of the aquifer at the end of the Pleistocene, 
as a result of diffusion and dispersion of salt from below (Meinardi, 1975). 

- The Holocene sequence started with the development of a thick peat layer on 
the Pleistocene surface, in front of the invading sea. Subsequently, the peat 
was covered by lagoonal clayey deposits. These less-pervious layers initially 
protected the Pleistocene aquifer from salt water intrusion by density currents. 
However, the transgression of the sea was more aggressive during the younger 
Holocene. Deep tidal inlets came into being, cutting partly into the Pleistocene 
subsurface. This caused a relatively high chlorite content in the larger part of 
the coastal area in both Holocene and Pleistocene deposits. But fresh water 
lenses are still found below clay layers of Early-Holocene, Eemian and Pleisto
cene-glacial origin. Furthermore, extensive fresh water lenses have been devel
oped below the coastal dunes. 

~~~~~~~!-~~~~~!~~~~ 
-In the area of Westfriesland (north of Amsterdam, fig. 2 and 3), a large fresh 
water lens occurs in the upper Pleistocene layers, east of the brackish zone 
behind the dunes. -Near the northern and western limits of this lens (Wieringer
meer and Geestmerambacht, freshwater has only been preserved below confining layers 
layers, creating an inverse salinity distribution. The Westfrisian fresh water 
occurrence can be explained by the Holocene history of the area. The top of the 
Holocene sediments, which is slightly below mean sea level at :present, was 
formed about 3000 years ago at an elevation of approximately 1.5 m above mean 
sea level at that time. Subsequently the area was covered by a peat layer, which 
has disappeared since, so that Westfriesland has been some metres above sea level 
during more than 1000 years. The clayey tidal flat deposits have been dissected 
in this area by many sand-filled channels, some of which exceed a width of 1000 
m and penetrate deeply into the underlaying Pleistocene (fig. 4). The combination 
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of a relatively permeable soil and a high elevation may have caused a deep in
filtration of rainwater and the forming of a fresh water lens , analogous to 
those below the coastal dunes. Evidently, this fresh water lens is not in hy
draulic equilibrium with the present sea level, and will therefore have been 
submitted to an upward pressure from the surrounding salt water. However, a num
ber of deep polders have been created in the area around Westfriesland, espe
cially in this century through the reclamation of parts of the former Zuyder Sea. 
As a result the piezometric level in the Pleistocene aquifer has been lowered to 
more than 2m below m.s.l., restoring the old equilibrium. 

-East of Westfriesland, the former Zuyder Sea area shows neither strong Holocene 
salt intrusion, nor fresh water infiltration. The chloride content in the Pleis
tocene deposits is regularly increasing with depth, indicating a predominance of 
diffusion from below (fig. 3 and 5). Before the enclosure of the Zuyder Sea in 
1932, the chloride content in the Holocene deposits decreased from about 6000 ppm 
at the top, to less than 1000 ppm at a depth of about 12 m. This vertical chlo
ride distribution was quantitatively explained by Volker (1961) by downward salt 
diffusion from the Zuyder Sea, which used to have a chloride content of about 
6000 ppm. This process started in Medieval times when the Zuyder Sea gradually 
came into being by destructive invasion of the sea through a tidal inlet into 
this former peat area. Evidently the Holocene clayey deposits prevented the salt 
water intrusion into the Pleistocene by density currents, for there were no 
deeply incised tidal gullies, opening up the aquifer from above. 

- The morphology of the area between Amsterdam and The Hague is dominated by a 
central zone with deep polders, boundered by a coastal dune belt in the west and 
the Utrecht ice-pushed ridge in the east. Fresh groundwater from these ridges and 
salt groundwater from greater depth, discharge into the polder area as upward 
seepage. Furthermore, salt water intrusion is observed along the northern and 
southern limits of the area, where Young-Holocene tidal inlets and estuaria dis
sected the coastal barriers. Local groundwater flow systems connected with the 
polder topography are superimposed on the regional systems (fig. 2). 

CONCLUSION 

A reconstruction of the Quaternary geological and geomorphological history is the 
best approach towards understanding of the present spatial distribution of fresh 
and salt water in the subsurface of a coastal area. A geological survey will how
ever yield only qualitative models of a hypothetic nature, which need to be test
ed subsequently by hydraulic and hydrochemical methods. Quantitative deductions 
ask for rather accurate morphological reconstructions, necessary to arrive at 
proper boundary conditions. Until now this state has not been reached in The 
Netherlands, in spite of recent very intensive Quaternary-geological research 
and groundwater survey. A combined effort is needed; let this be a first trial. 

~:~~~~~~~~~~~~!~ 
Drawings were made by Mr. H.A. Sion; Dr. H.A. van Lunsen corrected the English 
text. 
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Large scale topographic and geologic structures, former coastlines and 
the fresh-salt water interface at greater depth. 
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present. 
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Fig. 4 Geological section showing wide and deep tidal inlets buried in the 
Holocene deposits of Westfriesland, and the land surface relative to 
former sea level (after Pons & Wiggers, 1959/1960). 
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Fig. 5 Vertical chloride distribution in the subsurface of the former Zuyder 
Sea area (after Volker, 1961). 


