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ABSTRACT 

The area studied is an almost rectangular area of 3 km wide and 9 km long. The northern boundary is 
the low-low-waterline of the North Sea. The western boundary is the French-Belgian border. In that 
area 127 groundwater samples have been taken from the phreatic aquifer which ranges in thickness from 
35 m in the north to only a few metres in the south. Every sample has undergone a total chemical ana
lysis, the results of which are classified according to STUYFZAND (1986). For explanation of the present 
hydrochemical distribution, knowledge of the geological evolution and of the mean water and/or drainage 
levels is all-important. 

From north to south one distinguishes the shore, the young dunes (partly covering the outmost old-dune 
ridge, partly overlying old tidal-flat deposits), a strip of polderland, the inmost old dunes and De 
Moeren. The southern boundary of the survey area coincides with the boundary between De Moeren and 
the surrounding polders. De Moeren are low-lying polders, which were reclaimed much later than the 
surrounding polders. Formerly, the area of De Moeren was a brackish lake, mostly isolated from the sea. 
This brackish lake developed due to the formation of the inmost old dunes. The captured seawater was 
gradually diluted by the addition of fresh surface water from the surroundings. The mean water level of 
the lake was slightly higher than the mean groundwater level in the old tidal flat between both old-dune 
ridges. As a consequence the salt, and later brackish lake water infiltrated, flowing toward the tidal flat 
with a deep water cycle, under the fresh-water pocket of the inmost old-dune ridge. This groundwater 
movement was increased as the old tidal flat in between both old-dune ridges was reclaimed as polder
land. 

As De Moeren were reclaimed as low polders, the considered groundwater flow was reversed, and the old 
salt to brackish waters that once infiltrated De Moeren, return to them now by an upward flow. The 
fresh-water pocket under the inmost old-dune ridge between the old tidal flat (now polders) and the 
former lake (now low polders) changed shape only slightly. 

The development of the young dunes, partly on the outmost old dunes and partly on the old tidal flat, 
caused the fresh-water pocket under the outmost old-dune ridge to expand toward the south. 

Beneath the shore this fresh-water pocket ends up in a fresh-water tongue, which is covered by a 
salt-water lens. This salt water is infiltrating the higher parts of the shore and is seeping out on to the 
lower part of the shore and under the sea. 
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1. INTRODUCTION 

During the period 1974-1984 several hydrogeolo
gical studies were carried out in the Belgian 
coastal plain near the French border (fig. 1). 
The first study dealt with the groundwater flow 
in the fresh-water pocket under the young dunes 
(LEBBE, 1978; 1979). This study was followed 
by a detailed study of the groundwater flow and 
distribution under the shore (LEBBE, 1981; 
1983). Finally the area south of the young 
dunes, comprising the polders, the old dunes and 
the low polders, was studied (LEBBE 1: PEDE, 
1986). 

All these studies were comprehensive. Different 
methods were used to investigate the groundwater 
flow and distribution. Paleogeographical and 
historical data have been collected together with 
field data. These field data consist of borehole 
loggings, hydraulic heads, pumping tests and 
chemical analyses. With the borehole loggings, in 
particular the gamma-ray loggings, the layering 
of the groundwater reservoir was studied (BOL
LE, 1983; VAN HOUTTE, 1984; DE VOS, 1985; 
VAN DE WALLE, 1986). The calibration of the 
LN-resistivity loggings with the total salt content 
of the chemical analyses enabled us to deduce the 
fresh-/ salt-water distribution from the resistivity 
profiles (LEBBE & PEDE, 1986). The interpreta
tion of the multiple pumping test in the layered 
groundwater reservoir has procured the horizontal 
conductivities of the different pervious layers, 
together with the vertical conductivities of the 
semi-pervious layers (LEBBE et al., 1984; LEB
BE, 1985). All these data were used for the 
simulation of the evolution of the groundwater 
flow and distribution in different parts of the 
studied area (LEBBE, 1983; LEBBE II PEDE, 1986; 
VAN DE WALLE, 1986). 

Until now the chemical analyses were only used to 
study the fresh- and salt-water distribution. In 
this study the chemical analyses of all former 
studies have now been used to describe the 
distribution of the different genetic groundwater 
types according to STUYFZAND (1986). With the 
historical and paleogeographical data and the 
results of the simulations, the evolution of the 
distribution of groundwater types to their present 
state is explained. 
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2. DISTRIBUTION OF GROUNDWATER TYPES 

The sampled groundwaters were classified accor
ding to STUYFZAND (1986; cf. WALRAEVENS II 
LEBBE, 1988). The distribution of water types is 
represented in fig. 2 (phase 4). 

The superficial salt-water lens under the shore 
belongs to the NaCl-type. The cation-exchange 
code is "o", so that no evidence of cation exchan
ge is present in the water. The fresh-water 
tongue below is of the CaHCO -type, also without 
traces of cation exchange. A narrow transition 
zone of brackish and brackish-salt water exists 
between both. 

The fresh-water pocket under the young dunes 
belongs to the CaHC0

3
-type. In the upper part, 

there is no evidence of cation exchange. In the 
lower part, the cation-exchange code is "+", 
pointing to a fresh-water intrusion in a salt-water 
environment . 

In the polders the salt content of the groundwa
ter is gradually growing with increasing depth, 
from the fresh CaHCO -type over the brackish 
and the brackish-salt ~aCl-types up to the salt 
NaCl-water type. In the upper part of the 
aquifer, just like in the northern lower part, the 
positive cation-exchange code indicates a fresh
water intrusion in a salt-water environment. In 
the southern lower part of the aquifer, the 
negative cation-exchange code points to a salt
water intrusion in a fresh-water environment. In 
between, the cation-exchange code is "o". 

Under the old dunes the fresh-water pocket 
contains fresh CaHC0

3 
-water without evidence of 

cation exchange. Near the Tertiary substratum 
the water is brackish-salt, belonging to the 
NaCl-type and with evidence of a salt-water 
intrusion in a fresh-water environment. 

Practically all groundwater under the low polders 
of De Moeren is brackish-salt NaCl-water. In the 
northern part, the cation-exchange code is mostly 
negative, whereas in the southern part it is 
positive in the upper half, and zero in the lower 
half of the aquifer. 

3. HYDROCHEMICAL EVOLUTION 

The origin of the actual groundwater-quality 
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Fig. 1. Physiography of the survey area. 
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Fig. 2. Evolution of groundwater quality in profile. Actual distribution of groundwater 
types and hydrochemical zonation. 
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distribution can be understood with the help of removed in the direction of groundwater flow as 
the geomorphological history of the area and the younger ones appear. 
record of human interference. 

In the initial situation the complete profile is 
considered to be in equilibrium with a marine 
environment. This equilibrium was disturbed in 
four consecutive phases. The first phase was set 
off by the formation of the old dunes, in Subbo
real times. As a consequence, De Moeren became 
a salt, and later on a brackish-salt lake. At the 
onset of the second phase the polders were 
reclaimed, about 1100 A.D. A third phase to 
consider is the situation in which the brackish 
water was pumped out of De Moeren, although 
different attempts at reclamation proved to be of 
no lasting success. In this phase, from 1626 up 
to 1826, De Moeren were alternately reclaimed 
polders and a fresh to brackish lake. The fourth 
phase started with the definitive reclamation of De 
Moeren in 1826. This has led to the present 
situation. The distribution of groundwater types 
that must have developed in each of these four 
phases, is represented in fig. 2. The four 
representations are only snapshots, designed for 
visualizing the development of the water types; 
they do not represent the equilibrium state at the 
end of each phase. 

3.1. Phase 1: Formation of the old dunes 
(at the beginning of Subboreal times: 
about 3950 B.P.) 

In the first phase, starting with the formation of 
both old dune ridges, the young dunes have not 
yet developed. The old dune ridge along the 
shore extended at that time much more in a 
seaward direction than the young dunes do now. 
A part of the actual young dunes and the present 
polders were the tidal flat. 

At the initial time all sediments were saturated 
with sea water (S-NaC10-water type). After the 
formation of both old dune ridges, fresh water 
starts to infiltrate the dunes. The pore water in 
the sediments is gradually diluted, leading to the 
formation of a fresh-water pocket under the 
dunes. The first water type to result is the 
S-NaCl+-type, with a lower salt content than sea 
water, so that cation exchange can occur. Sub
sequently the following water types are generated 
successively : Bs-NaCl+, B-NaCl+, F-CaHC03+, 
F-CaHC0

3
t'l. The last of these water types only 

originates when a cation-exchange equilibrium is 
established between the sediments and the infil
trating fresh water. The older water types are 

As a result of the formation of the inmost old 
dune ridge, the area of De Moeren is cut off from 
direct marine influence (BRUNEEL, 1979). From 
the hinterland fresh water is conducted to De 
Moeren, so that the sea water is gradually dilu
ted. De Moeren is then a salt to brackish-salt 
lake, without drainage possibilities. Consequent
ly, the water level in this lake becomes higher 
than the mean sea level, so that a groundwater 
flow results from De Moeren towards the tidal 
flat. This flow cycle occurs rather deep under 
the old dunes, due to the presence of the fresh
water pocket and because of lithology. As the 
salt content in the lake is lower than in sea 
water, cati'?..n exchange will occur upon infil
tration : Na -ions from the clay-minerals surfaces 
are exchanged for Ca 2 +-ions from the water. In 
the beginning Cl- is still higher than 10.000 
mg/1, and the resulting water is of the S-NaCl+
type. It spreads in the direction of groundwater 
flow. 

3.2. Phase 2: Reclamation of the polders 
(11th-12th century) 

At the beginning of the second evolution phase, 
the polders are reclaimed. At that time, the 
young dunes have already formed, and the topo
graphy is more or less equal to the present one. 

Due to the infiltration of fresh water in the 
young dunes, a fresh-water tongue is formed 
under a salt-water lens beneath the shore. This 
salt water (S-NaClt'l) enters the sediments at high 
water level. 

The young dunes have partly been formed upon 
the old dunes and partly upon the old tidal flat. 
Where they are present above the old dunes, 
replenishment of the already existing fresh-water 
pocket is just simply continuing. The fresh-wa
ter influence there will already be much clearer 
than in the area where the young dunes have 
developed upon the old tidal flat. In this last 
part, the fresh-water pocket has just started to 
develop. South of the young dunes, a strong 
upward flow occurs, so that this area must have 
been waterlogged until a drainage canal was dug. 

The fresh-water pocket under the inmost old 
dunes is enlarged as a result of the hydraulic
head lowering in the polders. This lowering also 
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causes the groundwater flow from De Moeren 
towards the polders to become somewhat greater. 
The water in the brackish-salt lake of De Moeren 
is gradually being diluted by the addition of 
fresh water from the hinterland. The infiltration 
of the brackish-salt NaCl-lake water (without 
traces of cation exchange, of course) thus conti
nually causes Na +-ions from thl clay-minerals 
surfaces to be exchanged for Ca 2 -ions from the 
water, leading to a positive cation-exchange code. 
The resulting B -NaCl+-water type spreads in the 
direction of grofindwater flow. A remnant of the 
previously formed salt S-NaCl+-water type is 
locked between the B -NaC}+-water type coming 
from the direction of D~ Moeren,. and the ground
water from the developing fresh-water pocket 
under the young dunes. A shallow fresh-water 
infiltration is occurring in the polders. 

3.3. Phase 3: Unstable situation in De Moeren: 
alternately reclaimed polders and 
fresh to brackish lake (1626-1828) 

At the beginning of the third phase, the bra
ckish-salt water was pumped out of the lake. 
But during th~ course of 200 years De Moeren 
were mostly inundated by fresh water from the 
hinterland. Sometimes this water was made 
brackish by the addition of sea water, as a result 
of the strategic opening of the sluices at Dun
kirk. 

Under the shore and the young dunes, we see a 
situation similar to todays : the salt-water lens on 
the fresh-water tongue under the shore, both in 
cation-exchange equilibrium, and the fresh-water 
pocket under the young dunes. The upper part 
of the pocket is in cation-exchange equilibrium, 
the lower part still shows evidence of cation 
exchange as a result of a fresh-water encroach
ment in a salt-water environment. 

The groundwaters under De .Moeren were in 
equilibrium with the pumped-away brackish-salt 
lake water : also traces of cation exchange had 
disappeared. The groundwater was of the B -
NaClo-type. As at that time fresh to bracki~ 
water was present in the lake, some dilution 
occurred in the upper part of the subsoil, leading 
to cation exchange : B -NaCl+. 

s 

The water level in De Moeren can still be consi
dered to be on a somewhat higher level than the 
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one in the polders, so that fresh to brackish lake 
water is flowing towards the polders, under the 
fresh-water pocket of the old dunes. 

3.4. Phase 4: 
Definitive reclamation of De Moeren (1826) 

In the beginning of the fourth phase, De l\loeren 
are definitively reclaimed. Consequently, the 
water level in De Moeren becomes lower than the 
one in the polders. The fresh-water pocket 
under the old dunes before was asymmetric, with 
its larger part in the direction of the polders. 
As the flow will now be occurring mainly towards 
De Moeren, the fresh-water pocket changes 
shape, and its larger part is now in the direction 
of De Moeren. 

The deeper flow cycle is also changed : previous
ly the groundwater was flowing from De Moeren 
towards the polders; now: the flow direction is 
reversed : water will be flowing from the polders 
towards De Moeren, resulting in an upward flow 
in the northern part of De Moeren. The succee
ding F-CaHC0

3
+ to B-NaCl+, B -NaCl+ and 

S-NaCl+-water types are now m3ving back in the 
direction of De Moeren, along the top of the 
Tertiary substratum. The B -NaCl+ and S-NaCl+
waters are thus entering sefuments that formerly 
contained fresher water. T~ese sediment~ wi~ 

exchang~ their adsorbed Ca2 -ions for Na , l_$. 
a:r:J.d Mg1 -io~s from the water. A deficit of Na , 
K and Mg1 -ions in the water will result, chan
ging the "+"sign in a "o" and further in a 
"-"sign. The fresh to brackish water from the 
third phase has already disappeared completely 
due to the upward flow in the northern part of 
De Moeren. This upward flowing water results in 
a brackish-salt-water tongue with a length of 
about 1,5 km. The water type is B -NaCl- and it 

s 
also occurs under the fresh-water pocket of the 
old dunes. Further north it passes into the 
S-NaCl--type. 

The shallow groundwater cycle in the polders has 
become important. This was possible as the 
groundwaters beneath it were taken away towards 
De Moeren. Consequently, the influence of the 
fresh cycle in the polders could reach the Terti
ary substratum, isolating the deep waters to the 
north. Originally these were salt S-NaCl+-wa
ters. Due to dilution by the fresh-water cycle, a 
part of it has become brackish-salt : B -NaCl+ . 

s 
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Fig. 3. Hydrochem· leal zonation in the surv ey area. 
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4. HYDROCHEMICAL ZONATION 

On the grounds of the present distribution of 
groundwater types, the cross section could be 
divided into 5 hydrochemical zones (fig. 2) : 

(1) the southern part of De Moeren, where the 
sediments are f':Llled with the remnants of the 
brackish-salt lake; there is only slight to no 
groundwater flow; 

(2) the part of De Moeren where brackish-salt
water seepage occurs, due to a strong 
upward flow from the top of the Tertiary 
substratum; 

(3) the inmost old dunes and the polders : the 
lower part of the aquifer is filled with salt 
to brackish-salt water, originating from 
infiltration in De Moeren at the time when 
the water level in De Moeren was higher 
than the one in the polders; the upper part 
of the aquifer is filled with fresh water, 
from the fresh-water pocket under the old 
dunes, and from fresh-water infiltration in 
the polders ; 

( 4) the young dunes where the fresh-water 
pocket extends up to the Tertiary substra
tum; 

(5) the shore, where a fresh-water tongue 
occurs under a salt-water lens. 

This hydrochemical zonation can also be represen
ted on the map (fig. 3). 

5. CONCLUSION 

The groundwater-quality distribution beneath the 
shore and the young dune ridge has mainly been 
induced by the present topography and the actual 
sea level : the flow in the fresh-water pocket 
under the dunes is extended into the fresh-water 
tongue beneath the shore, where the semi-diurnal 
sea-level fluctuations give rise to the salt-water 
lens. The groundwater in the lower part of the 
aquifer under the young dune ridge is still 
showing evidence of former saline conditions. 

The groundwater quality in the remaining part of 
the surveyed profile is considerably influenced by 
the much earlier situation, when the piezometric 
level in the De Moeren lake was higher than the 
one in the polders. The salt, and later brackish
salt-lake water, that infiltrated in the lake in n 
deep flow cycle towards the polders, is still found 
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back in the lower part of the aquifer under the 
polders, and in the main part of the aquifer 
underneath De Moeren. As the piezometric level 
in De Moeren after reclamation became lower than 
the one in the polders, the deep flow cycle was 
reversed : groundwater is now flowing towards 
De Moeren, back to where it came from. Bra
ckish-salt-water seepage is resulting in the 
northern part of De Moeren. As formerly salt 
lake water infiltrated first, being followed by less 
saline water, the groundwater seeping out now in 
De Moeren upon flow reversal, is gradually be
coming more saline. The flow reversal is clearly 
observed in the groundwater chemistry. The 
deep flow cycle is occurring below the fresh
water pocket of the old dunes, and the shallow 
fresh-water infiltration in the polders. In the 
southern part of De l\1oeren, the former brackish
salt lake water is present as more or less immobile 
groundwater. 
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