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Tools for investigating the origin of anomalies in chloride content of 
groundwater in coastal lowlands 

J.C. de RUITER* 

ABSTRACT 

In this paper are described various tools which can be used to investigate the origin of anoma
lies in chloride content of groundwater. 

( 1) The best tool for starting an investigation of this kind is to look for descriptions and 
maps or other information in order to get an idea of the succession of different landsca
pes in the area from e.g. the end of the Pleistocene until now. 
Transgression stages with salt-water influence may have alternated with regression stages 
with freshening influences from rivers and peat moors. A change of the relative altitude 
of parts of the landscape may have caused a reversal of the direction of freshening and 
salinizing processes. For instance, peat moors originally grew several metres above MSL 
in areas which are now deep polders. Also the coastal dunes became much higher and 
broader causing different flow systems and probably formed a safeguard against salt
water intrusion. 

(2) A possible second tool is the chemical groundwater classification according to STUYF
ZAND, with emphasis on cation exchange in order to determine the difference between 
salinizing and freshening processes in combination with chloride content. As no time 
labels are pinned on the processes, interaction with the information on landscape changes 
in the area is necessary to design some hypothetical successive situations. 

(3) To screen the hypothetical situations a third tool, the study of isotopes is chosen. With 
isotope measurements a differentiation of the ages and the origins of fresh water can be 
made (rain-water and melting-water rivers, infiltration water in peat moors etc). 

(4) Hand in hand with the study of isotopes other chemical parameters can be used, depen
ding on the hypothetical origin of the groundwater. 

(5) The fifth tool to be used in the remaining hypothetical situations might be two- or three
dimensional groundwater flow and transport modelling. For an example, to model a former 
peat moor, some parameters must be determined from other known parameters, e.g. 
influence depth and influence time. However, no data about the heights of the former 
peat moors in the western part of the Netherlands are known. By making different 
models the plausibility of the hypotheses might be tested, using a number of hypothetical 
heights as input data for the model code. 

* 

The aim of these exercises is not only to explain the origin of the anomalies in chloride 
content but also to get a better insight in the reactions of flow systems on changes of the 
environment. Our environment is often changed by groundwater extraction and artificial 
infiltration, by changing polder levels, by dumping polluted soil on exfiltration areas 
transforming them into infiltration areas etc. Therefore the consequences of these actions 
must be known very well. 

Drs, TNO-DGV Institute of Applied Geoscience, P.O. Box 285, NL-2600 AG Delft, The Netherlands. 
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1. INTRODUCTION 

In the province of South Holland an investigation 
of the flow systems with their quality aspects has 
been carried out (de RUITER, 1988). To get an 
optimal result from this desk study, as many tools 
as possible were used. They are : 

chemical ana,lyses, 
chloride contents, 
isotope measurements. 
geological, paleogeographical, archeological and 

historical maps and their descriptions, 
gemorphological maps, 
soil maps, 
water-management maps, 
isohypse maps, 
investigations in the studied area, 
investigations on specific subjects, 
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two- and three-dimensional computer flow models. 

To show the interrelationship of the various tools, 
the not yet solved phenomenon of extended chlo
ride inversions on the island Goeree Overflakkee 
is chosen as an example (fig. 1). 

Fig. 1. Location map. 
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An unsolved problem was chosen to concentrate 
on the choice of tools and their interrelationship. 

Chloride inversions are groundwater lenses of 
lower chloride content between lenses of higher 
content. They are found near the coast and on 
the southern islands of the province of South 
Holland and also on the adjoining islands of the 
province of Zeeland (van 't LEVEN, 1957). 

2. FIRST TOOL, INFORMATION ON THE 
SUCCESSION OF DIFFERENT LANDSCAPES 
FROM EARLY TIMES UNTIL NOW 

Topography and circumstances at different times 
form the base for successive flow systems and 
their quality. The present quality distribution 
results from superpositions of the successive flow 
systems. The information on the succession of 
different landscapes is extracted from the illus
tration of the geological map of Goeree and Over
flakkee (Geological Maps), 

2.1. Pleistocene 

In Pleistocene times fluviatile sands were deposi
ted on the island. At the end of the period sea 
level was rising and therefore the late Pleistocene 
rivers braided and deposited sands in a wide 
horizontal and vertical range of coarseness. Fine 
materials were deposited in backswamps, where 
peat growth could start. 

With rising sea level, the river mouths were 
flooded and a clay and peat complex was deposi
ted upstream. Remnants of that complex are now 
found at a depth of about 15 m below MSL. It is 
not sure whether at the end of the forming of 
this complex the sea flooded it gradually or in 
different periods. 

2.2. Calais 

During the Calais period the sea transgressed 
from west to east, eroding in the western part of 
the island the clay and peat comple11; and forming 
deep gullies in the Pleistocene deposits. 
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The marine sediments of Calais then formed, 
have, in the western part, a thickness of about 
15 m and consist of fine sandy material with small 
silt layers, while in the eastern part the sedi
ments have a thickness of about 5 m and consist 
of clay with a few sandy layers near the base. 

At the end of the Calais period the estuary silted 
up, and the river Rhine found an opening more 
to the north. In the early Subboreal peat grew 
from east to west, while the estuary (without 
river-water supply) aggraded. This peat, con
sisting of eutrophic peat bog and oligotrophic 
peat moor, is named "Holland Peat". In the 
eastern and northern part the peat growth star
ted about 2700 B.C. ; layers of more than two 
metres thick formed. In the western part it 
started about 1700 B.C. and reached a thickness 
of less than one metre. 

2.3. Dunkirk 

During the Dunkirk I transgressions (between 300 
B.C. and 0) in the western part of the island 
peat was no longer growing because covered by 
marine sediments. 

During the Dunkirk II transgressions (between 
250 and 600 A.D.) marine sediments were deposi
ted on a larger western part of the island, whe
reas in the eastern part peat growth continued. 

The Dunkirk III transgressions (starting 800 
A.D.) gradually covered the whole island with 
marine sandy sediment, eroding the top of the 
peat in the eastern part. The St. Elisabeth's 
storm flood in 1421 was the most aggressive flood 
of that period. In 1682 most of the island was 
flooded and in 1953 it was flooded almost comple
tely. 

2.4. Formation of the dunes 

The original Young Dunes in the outermost wes
tern part of the island were formed after Dunkirk 
II ( 600 A.D. ) • Later on they covered the marine 
sediments of Dunkirk I and II in eastward direc
tion, lowering the height of the ridge. That 
ridge was formed by the low-tide flow from the 
northern sea arm. A hook was formed at the 
southern end by the high-tide flow in northward 
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cycle A 

Start of regression period flooding at high tide 

Peat +fresh water tense during a regression period 

Transgression period 

8 

peat . digging , polder levels 

W® saline /brackish 

fresher /fresh 

v ., v ., v peat 

dunes 

Fig. 2. Hypothesis of the origin of chloride in versions on flat islands , 
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cycle B 
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direction. After widening of the sea arm since 
the St. Elisabeth's Flood in 1421, a new ridge 
with a hook was formed on the seaward side with 
a zone of marine sediments in between. 

2.5. Human influence 

From the Middle Ages onwards peat was dug to 
obtain salt by burning. Topography changed by 
this practice and the water table was lowered. 
The effects were disastrous during storm floods, 
since a lot of sea water could then be stored, 
forming gullies on its way. 

Since 1000 A.D. some areas behind the dunes 
have been protected from the sea by dikes, 
though most of the area was flooded regularly. 
Peat digging from under the clay layers continu
ed, with disastrous results after a dike-burst. 
Later on, water level in the diked polders was 
lowered artificially, causing a change in the flow 
systems. 

After the St. Elisabeth's Flood in 1421 the sea 
enlarged the sea arms north and south of the 
island with the result that during each high and 
low tide a lot of material was displaced, forming 
new land as well as new deep gullies between 
them. 

3. HYPOTHETICAL ORIGINS OF 
THE INVERSIONS 

From the first tool the changing influence of the 
sea since Pleistocene times is clear. The base of 
the marine sediments on the fluviatile Pleistocene 
sands is now found at a depth of about 15 m 
below MSL. As all Pleistocene sands on this 
island now contain brackish water (except under 
the dunes), chloride inversions in the upper part 
must date from Holocene times. Therefore the 
origin of chloride inversion must be Holocene. 

3.1. Drawing of a hypothetical solution 
(fig. 2) 

Drawing 1 

On this drawing an island is emerging du
ring sea regression. There ·will be many 
gullies and consequently important differen-
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ces in clay and sand deposits. When the sea 
stops flooding the island, a thin layer of 
fresh water, floating on the denser brackish 
water will form. 

Drawing 2 

Here a peat bog starts forming and the 
fresh-water lens will grow a little. Some
times there will be a transition to peat moor. 
A deep fresh-water lens may then form. 

Drawing 3 

A new transgression of the sea starts for
ming a salt-water layer above the fresh-wa
ter lens. Also new marine sediments will 
form. 

Drawing 4 

The island emerges again because of a new 
regression. The layer of brackish or salt 
groundwater will grow because some infiltra
tion. of salt water by high-tide flooding takes 
place during ebbing. When· the island 
remains dry during high tide some salt water 
brought by storm floods will still infiltrate. 
Also density differences have influence on 
the thickness of the salt-water lens. The 
fresh-water lens will be driven down almost 
horizontally by the brackish or salt ground
water on top. As there are hardly any 
height differences on the island at this stage 
the deeper water will exfiltrate sideways in 
the deep gullies. The clay and sand pattern 
is so dense, that it will act as a sieve. 

Drawings 5 and 6 

These drawings are in fact a repetition of 2 
and 3. 

Drawing 7 

On this drawing another cycle starts. It is 
stopped by human intervention. 

Drawing 8 

Some dunes have formed and man-made 
landscape changes took place, as a result of 
drainage, peat digging and regulation of 
polder levels. Flow systems changed very 
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much because of the increase of groundwa
ter-level differences. 

Seepage makes the inversion rise a little by 
flushing, diminishing the chloride differen
ces. Infiltration makes the inversion fall 
without much flushing and without much 
change of the chloride content. Locally sand 
and clay differentiation also has much influ
ence. 

3.2. Clay-peat complex a possible origin 

At the start of the Holocene transgression the 
clay-peat complex may have been flooded by the 
sea temporarily. It may have continued its 
growth in between floodings, forming a fresh-wa
ter lens. 

3.3. Holland peat a probable origin 

The best opportunity for a fresh-water lens to 
have formed is found between Calais and Dunkirk 
sediments, during a period of peat growth (Hol
land Peat) . The depth of the base of the Holland 
Peat is about 2, 50 m below MSL at the western 
side and almost 5, 50 m below MSL at the eastern 
side . The depth of the fresh-water lens at that 
time is not known. 

A 
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The Dunkirk I and II transgressions flooded parts 
of the island, whereas during the Dunkirk III 
transgression the whole island was flooded by salt 
or brackish water, salinizing the peat layers. It 
is known that the peat was salinized, as later on 
peat was dug and burnt to obtain salt. 

3.4. Other regression periods 
a possible origin 

Between the Dunkirk transgressions peat growth 
may have continued after flooding in some situa
tions. New fresh water lenses may have formed 
under new peat sites and under sandy gullies. 

4. SECOND TOOL, CHEMICAL GROUNDWATER 
CLASSIFICATION 

Chemical groundwater analyses or, if not avail
able, chloride contents are now necessary to 
compare with the results from the first tool. On 
the island only a few samples useful in Stuyf
zand's classification (STUYFZAND, 1986) are 
obtainable, but a dense network of known chlori
de contents exists. Most wells show inversions 
except for the middle-northern part, where all 
Holocene sediments were eroded by the northern 
sea arm during the Dunkirk III transgression. 
Roughly two inversion depths can be distingui
shed, one about 20 m and another about 45 m 
below MSL. 

B 

0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 

Fig. 3. Distribution of the depths of the chloride inversions. 



4.1. Some chloride data 

1 

7m 8084 lm 
16m 2018 7m 
24m 9943 18m 
36m 9707 28m 
52m 11018 38m 
73m 10681 48m 
9lm 10416 

111m 10244 
126m 10388 
141m 9943 
166m 10689 
181m 11391 

The wells with and without chloride inversions are 
rather equally distributed over the whole island. 
Out of 99 sampled wells (with more than one 
filter) 49 show one inversion and 3 show two 
inversions. The distribution of the depths of the 
inversions is given in fig. 3. There seem to be 
two different groups of inversions, one about 20 
m -MSL (A) and another about 45 m -MSL (B). 
On fig. 1 the areas with A and B are marked. 
In the area marked C both depths occur. 

Chloride contents (mg/1) of the wells with two 
inversions (on fig. 1 marked with a dot) 

1 2 3 

2m 7700 lm 380 9m 8900 
8m 5850 5m 340 19m 1940 

20m 1250 17m 36 30m 5150 
27m 7100 27m 60 39m 4500 
34m 6100 38m 9300 48m 7500 
42m 6780 45m 4425 

Some chloride contents (mg/1) from wells in the 
north-eastern part (A) are shown in next table. 
They are all situated in marginal polders• diked 
between 1400 and 1500 (on fig. 1 marked with x). 

2 3 4 

9058 lm 360 5m 7248 8m 
8855 8m 1360 16m 1539 18m 
1311 18m 1140 26m 1903 26m 
2998 31m 1300 35m 3169 34m 
4837 40m 1940 46m 5265 47m 
5043 48m 3600 

* The land of a marginal polder is younger, 
deposited around 'a central' old land. 

** The land of a central polder is old. 
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5 6 

4465 7m 8200 
399 20m 505 

5926 25m 495 
7161 44m 3450 
5926 
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1 

Some chloride contents (mg/1) from wells in the 
middle-southern part (B) are shown in next 
table. They are situated in a relatively deep 
( 1, 25 m -MSL) central polder** diked between 
1300 and 1400 (on fig. 1 marked with squares). 

2 3 4 

285 

5 6 

5m 12550 8m 14700 1m 
14m 14690 16m 14500 8m 
26m 14280 27m 14600 18m 

2460 28m 
14800 33m 
15230 58m 

15200 23m 
16200 35m 
12900 39m 

18000 
19800 
19800 

24m 
44m 
57m 

14300 
15600 
14100 

41m 11190. 39m 
65m 11340 49m 
82m 12770 

lOOm 13220 
115m 13310 
132m 13600 
161m 13660 
174m 11680 

1 

13700 29m 16500 
14200 38m 11617 

47m 12660 

Some chloride contents (mg/1) from wells in a row 
in the middle part of the island are shown in the 
following table. Well 118 is situated in the oldest 
central polder* (ca. 1050 A.D.), well 94 and 35 
in a marginal polder** diked between 1500 and 
1600 and wells 7, 49 and 34 are situated in a 
marginal polder** diked between 1600 and 1700 
(on fig. 1 marked with circles). 

2 3 4 5 6 

6m 
15m 
23m 
31m 
51m 

12400 
14400 
14900 
14500 

7m 
17m 
24m 
32m 

11500 12m 9800 
13400 22m 12100 
10000 31m 12700 
14900 49m 1660 

6m 12700 9m 
18m 12620 18m 
30m 12780 24m 
37m 14660 30m 

11700 
12200 
12000 
13300 

10m 
19m 
31m 
40m 

11440 
11490 
12010 
10000 

9700 53m 14200 

5. HYPOTHESES VERSUS CHEMICAL DATA 

As only three wells show two chloride inversions, 
the hypothesis of two different origins everywhe
re on the island does not seem logical. In the 
north-eastern part of the island (A) only inver
sions about 20 m -MSL occur, in the middle-sou
thern part (B) only inversions about 45 m -MSL, 
while in the western part (C) the inversions of 
both depths seem to be scattered randomly. The 
inversions about 20 m and 45 m -MSL in the 
different parts of the island can however have 
originated from different periods. 

48m 11960 44m 1960 

Another possibility is a depth differentiation by 
seepage and infiltration differences caused by 
groundwater-level differences or by transmissivity 
differences. The depth can also be about the 
original depth of a fresh-water lens formed in 
peat. 

As to the pattern of absolute chloride contents, 
about the same pattern reigns as to the depths : 
brackish in the north-eastern part, saline in the 
middle-southern part and many different contents 
in the western part. 



5.1. North-eastern part (A) 

In the north-eastern part the clay and peat 
complex was not eroded during the Calais trans
gression, but the flooding salinized the Pleis
tocene sediments by a mixture of river water and 
sea water. The growth of the "Holland Peat" 
started in this part one thousand years earlier 
than in the other part of the island and grew 
twice as thick. It was flooded during the Dun
kirk III transgression, again with a mixture of 
river and sea water, and during the storm floods 
of 1682 and 1953. The fresh water from the 
"Holland Peat" may have been "pushed down" to 
about 20 m -MSL, or it may still be at about the 
original depth of the lens. It may even have 
been "pushed up" since the artificial polder levels 
changed the flow system. 

5.2. Middle-southern part (B) 

In the middle-southern part the clay and peat 
complex was eroded during the Calais transgres
sion. The Pleistocene sediments were salinized 
thoroughly by sea water. The growth of the 
"Holland Peat" started later on and became less 
thick than in the _eastern part. The middle-sou
thern part was flooded by all Dunkirk transgres
sions. The fresh water from the "Holland Peat" 
lens may have been "pushed down" deeplier than 
in the north-eastern part because it has been 
flooded several times and at some places with 
more storage due to the peat digging. The 
inversions occur also in places where the nor
thern sea arm made a very deep gully since the 
St. Elisabeth's Flood in 1421. 

Another explanation for the origin of this inver
sion about 45 m -MSL might be a restored clay-

peat complex during the Calais transgression. It 
might also be about the original depth of the 
fresh water lens, not being "pushed up" when 
artificial polder levels changed the flow system. 

5.3. Western part (C) 

The western part was subjected to the same 
influences of the sea until the formation of the 
dunes. The reason for the irregular pattern may 
lie there. This part is too complicated to deal 
with in this paper. 
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5.4. Human influence 

The large differences in depth can not be explai
ned easily by the changed flow systems caused by 
human intervention. The result should often be 
the opposite since the deepest inversions someti
mes occur in the deepest polders. Man's influen
ce however may lie in the fact that floods were 
more disastrous in areas where peat was dug, 
especially in diked areas. The pattern does not 
show however. 

6. THIRD TOOL, STUDY OF ISOTOPES 

The most plausible ongm of the chloride inver
sions is that of "pushed down" groundwater from 
peat bogs and moors. Data on chloride contents, 
exchange values and different isotopes from other 
sites point to groundwater leaving peat moors and 
penetrating brackish groundwater. Isotope data 
may be used to give indication of the age as well 
as of the origin of the infiltrated groundwater. 
The results from inversions in other areas show 
that peat moors may form a deep fresh water 
lens; so this part of the hypothesis is possible. 

7. FOURTH TOOL, OTHER CHEMICAL 
PARAMETERS 

The exchange values might be a very good help. 
Especially the sequence of the values of the 
different filters in one well gives much infor
mation. The few values of which we have the 
disposal, give confusing information yet, as the 
direction of flow has probably changed several 
times. The chloride ions react faster than the 
adsorbed cations that define the exchange values. 
After processing many values the pattern will 
probably become clear. 

8. FIFTH TOOL, TWO- OR THREE-DIMENSIONAL 
GROUNDWATER FLOW AND TRANSPORT 
MODELLING 

Modelling of peat moors of different heights and 
of different infiltration depths on different sub
soils could be compared with some knowledge 
acquired already. We might find some boundaries 
to check the hypotheses by changing parameters. 
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9. EVALUATION OF THE TOOLS 

The first tool, t he succession of different land
scapes, gave a fair idea about the possible origin 
of the chloride inversions. It also gave the 
pattern of different depths and chloride contents 
(A, B and C). 

In the second tool, chemical groundwater (classi
fication) and chloride informationJ only chloride 
contents could be used, as not enough data for 
Stuyfzand's classification are available. The 
chloride contents in this case gives about the 
same pattern as with the first tool. 

The third tool, the study of isotopes, could give 
some answers as to the origin and the age of the 
chloride inversions. 

From the fourth tool, other chemical parameters, 
especially the exchange values from the Stuyf
zand's classification in combination with chloride 
contents in vertical sequences, could help much 
to understand the effect of changing flow direc
tions on cation exchange. Many samples would be 
needed and laboratory experiences could also be a 
great help. 

With the fifth tool, two- or three-dimensional flow 
and transport modelling, a rough idea could be 
obtained of the height of a peat bog or moor 
necessary to form a fresh-water lens of a certain 
depth in a certain time. Also modelling of cir
cumstances of high and low tide and storm floods 
on rather a large flat island could give much 
information. 

Other tools to u se can be borehole descriptions of 
the wells and some statistical grouping programs 
to see if some pattern makes sense. 
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