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in Belgium as a result of fresh-water intrusion into 

sediments in chemical equilibrium with the sea 
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A..BSTRACT 

The present distribution of the groundwater quality in the semi-confined Ledo-Paniselian aquifer is the 
result of the marine conditions prevailing in the sediments before the last regression. These marine 
conditions, evident in a marine pore solution and in a marine-cations adsorption on the clay-minerals 
surfaces, are being gradually expelled by infiltrating fresh water. First the marine pore solution has 
been diluted and then cation exchange started between the fresh water and the clay particles. 

In the course of time groundwaters of successively different qualities where thus leaking out from the 
overlying Bartonian clay into the Ledo-Paniselian aquifer. The resulting groundwater types are found in 
consecutive zones in the aquifer. The hydrochemistry of these different zones is described according to 
the classification of STUYFZAND (1986), the use of which allowed for examination of the different pro
cesses taking place in the clay layers during the expulsion of marine features. 

The distribution of the different groundwater types in the Ledo-Paniselian aquifer may be correlated with 
the calculated natural groundwater flow. Until now, this distribution, surveyed on a regional scale, is 
not influenced by the heavy pumpings of the last years, which have changed the groundwater direction 
and velocity completely. 

1. INTRODUCTION 

The Ledo-Paniselian sediments are part of a 
sequence of alternating clayey and sandy sub
horizontal Tertiary deposits that are gently 
sloping toward the north. The geology of the 
Tertiary surface below the Quaternary sediments 
is shown in fig. 1. 

The survey area (WALRAEVENS, 1987) is compo
sed of the northern parts of the provinces of 
East and West Flanders in Belgium, and of Zea
land Flanders in the Netherlands. The southern 

boundary of the survey area is formed by the 
maximum extension of the Bartonian clay, which is 
overlying the Ledo-Paniselian sediments. The 
Ledo-Paniselian aquifer is thus semi-confined 
within the survey area. 

2. GROUNDWATER FLOW 

The natural groundwater flow in the Ledo-Panise
lian aquifer was calculated with the mathematical 
model of LEBBE et al. (1985). The result has 
been represented in fig. 2. The lines are lines 

*Dr. sc., Senior Research Assistant of the National Fund for Scientific Research (Belgium), Laboratory 
for Applied Geology and Hydrogeology, State University of Ghent, Krijgslaan 281, B-9000 Ghent (Bel
gium). 

**nr. sc., Research Associate of the National Fund for Scientific Research (Belgium), Laboratory for 
Applied Geology and Hydrogeology, State University of Ghent, Krijgslaan 281, B-9000 Ghent (Belgium). 



N 

® 
~ 

~~ 
0~ 

~1>
c;, 

Jr Jr Jr )C 

..,.. Jr 

Scheidt 

--......_ - --- .,a.~ "' Jr Jr 
~ ~ + Jr • 

{ . I eEeklo 

\ ({ I j~_,_.S'. "-

.,.. 
.,.. 

MIOCENE AND .,_ 
PLIOCENE ~ SANDS 

)( 

0 s ·~ 
1( 

1( 

~ . ..;l.,. • ·-·---· ... 1,¥\ (' 
•-"'.. _,_!~lfog-BS LEDO- PANISELIAAN SANDS I' ~rnrnrlA 

~ 
+ + + + Dutch-Belgian frontier 
- - -- profile A-A' 
- •- bot.ndary Bartoon clay /Lecb-Paniseliaan 5 10 lcm 

sands = southern liJnit survey area 

Fig. 1. Geological map of the survey area (scale 1/400.000) . 
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Fig. 2. Natural groundwater flow in the semi-confined Ledo-Paniselian aquifer 
(scale 1/400.000). 
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of equal head. The arrows indicate the direction 
and velocity of the horizontal groundwater flow 
within the aquifer. The paired triangles repre
sent the direction and velocity of the vertical flow 
through the over- and underlying semi-pervious 
layers : the upper one of each pair of triangles 
forms an arrow that indicates the direction and 
the velocity of vertical groundwater flow through 
the Bartonian clay. 

The Ledo-Paniselian aquifer is fed mainly by 
infiltration through the Bartonian clay. The most 
important infiltration occurs in the two highest 
regions of the survey area : the lobe-shaped 
extension of the occurrence of the Bartonian clay 
between Bruges and Eeklo in the western part, 
lind the area of Sint-Niklaas in the east. Out of 
the recharge area, water is continuously leaving 
the aquifer by an upward flow through the Barto
nian clay. 

Within the Ledo-Paniselian aquifer the groundwa
ter is mostly flowing horizontally to the north or 
to the northwest. 

The groundwater flow as it is nowadays was 
approximated by considering · the known pumping
stations in the mathematical model. These are 
represented in fig. 3. Fig. 4 shows the calcula
ted flow when groundwater withdrawal has been 
taken into account. Especially in the region of 
Sint-Niklaas the situation has drastically changed 
in respect of the natural conditions. The hy
draulic heads that under natural conditions were 
the highest ones of the region, have been con
verted into a deep depression cone. Also to the 
north of Ghent the hydraulic heads have been 
largely depressed, mainly as a result of the 
SID MAR-pumping. 

3. HYDROGEOLOGICAL HISTORY 

In the Tertiary period the survey area underwent 
several succeeding transgressions and regressi
ons. During the transgressions, sandy and 
clayey sediments were deposited alternately. In 
periods of regression, erosion could take place. 
At the end of the Tertiary period the sea defini
tely drew back out of the southern part of the 
area. In the Quaternary period fluvial activity 
caused an important erosion, and the topography 
became pronounced. The highest regions of the 
survey area were formed in this way, by fluvial 
erosion in the surroundings. 
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The two factors determining the mean natural 
groundwater flow are the layering of the ground
water reservoir, defining the distribution of 
horizontal and vertical conductivities, and the 
topography and hydrography, which both define 
the configuration of the water table. The change 
in the groundwater-flow cycles during geological 
history is mostly due to the latter. 

The dissection of the landscape in the Quaternary 
period thus induced a new pattern of the ground
water flow. Precipitation was recharged in the 
highest regions of the survey area. Fresh water 
was thus infiltrating into the sediments that were 
still in chemical equilibrium with the former 
marine environment, expressed by a salty pore 
solution on the one side, and by marine cations 
adsorbed on the clay-minerals surfaces on the 
other hand. 

4. GROUNDWATER CHEMISTRY 

4.1. Classification system 

The observed hydrochemical variations could 
possibly be explained by the old marine influence. 
Therefore a groundwater classification system was 
needed which clearly expresses even a slight 
marine influence. The classification system of 
STUYFZAND (1986) appeared to be the most 
appropriate. It has the important advantage that 
it is able to recognize whether cation exchange 
has occurred in a water sample. Indeed cation 
exchange has proved to be an important diagnos
tic criterion for salt- or fresh-water intrusion. 

562 analyses of Ledo-Paniselian water were avail
able, not only within the semi-confined survey 
area, but also in the phreatic part of the aquifer. 
423 analyses were complete, which means that the 
concentrations of all main elements had been 
determined. All the analyses were classified 
according to the classification system of STUYF
ZAND (1986). The aforementioned paper is 
referred to for an extensive discussion of the 
application and restrictions. In the present 
study, the circumstances can be supposed to be 
ideal, and no restrictive conditions are encounter
ed. 

The distribution of the groundwater types is 
represented in fig. 5. The code for a water type 
is composed of four symbols each referring to a 
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classification item. The names for the items are (2) hardness code: 
somewhat different from STUYFZAND's for reasons 
that are explained below. 

The four classification items are 

(1) main type: 

the first symbol in the code, defining the 
main type, refers to the Cl-content {table 
I). 

the second symbol in the code refers to the 
total hardness (table II). In the cases of 
salt- and of fresh-water intrusion (which are 
obviously dominating extensive aquifer 
systems), the hardness proves to be less 
diagnostic for identifying processes that 
have determined the main characteristics of 
the groundwater chemistry (e.g. the F/F -
NAHC0

3
+-water type on fig. 3, in which b 

Table I. Determination of first symbol in code 
for water type according to Cl-content. 

Main type 

fresh 

fresh-brackish 

brackish 

brackish-salt 

salt 

hyperhaline 

Name 

very soft 
soft 
moderately hard 
hard 
very hard 
extremely hard 
extremely hard 
extremely hard 
extremely hard 
extremely hard 
extremely hard 

Code 

F 

Fb 

B 

B s 

s 

H 

Table II. Determination of second symbol in code for water 
type according to total hardness (TH). 

Code 

* 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

-Cl (mg/1) 

<150 

150 - 300 

300 - 1 000 

1 000 - 10 000 

10 000 - 20 000 

> 20 000 

TH(°F) 

< 5 
5 - 10 

10 - 20 
20 - 40 
40 - 80 
80 - 160 

160 - 320 
320 - 640 
640 - 1280 

1280 - 2560 
> 2560 
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three different hardness codes are found; 
the important processes - Na/Ca-exchange, 
associated with a minor contribution of 
mixing with the old marine pore solution -
are pointed out by the remaining part of the 
name, whereas the hardness code only gives 
an indication of the degree up to which 
cation exchange took place - see below). 
For this reason we prefer not to use the 
important name of "type" for this criterion. 

(3) type: 

the most diagnostic feature for identifying 
the processes determining the groundwater 
chemistry, is the relative distribution of the 
cations and anions. Traditionally this has 
been referred to as "water type". Therefore 
we prefer to reserve the name of "type" for 

(Al+H)+ (Fe+Mn) 

ca••. Mg.,. 

K. W ALRAEVENS & L. LEBBE 

designating the preponderant cation(group) 
and anion(group). The way of determining 
the type is given in fig. 6, which is taken 
from STUYFZAND (1986). 

(4) cation-exchange code: 

the last symbol in the code for a water type 
indicates whether and which kind of cation 
exchange has occurred in the water. The 

+ + + . 
sum of Na , K and Mg 2 (meq/1) 1s correc-
ted for the seawater contribution : 

(Na + K + Mg) = 
(Na + K + M )corr - 1.061 Cl 

g measured 
with 

Na + I{ + Mg (meq/1) 
= 1.061 

Cl(meq/1) 

for mean ocean water. 

Fig. 6. Determination of the type of water on the basis of the proportional share of main constituents in 
the sum of cations (left) and anions (right) in meq/1. First the strongest hydrochemical families at the 
corners of each triangle are determined, e.g. the ((Na+K)+ NH4)- and (HCO +C0

3
)-families. Then the 

strongest (couple) within a family is chosen, e.g. (Na+K) and HC0
3

, and iubsequently the strongest 
wi~hin a couple, e. g. Na. The combination of e. g. Na and HCO gtves the type, here NaHCO . The 
couples within a family have been put between brackets. The stroftgest members of a family, whi~h have 
been discovered hitherto, have been placed in the proper fields within the triangles (STUYFZAND, 1986). 
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Table III. Determination of cation-exchange code. 

Signification 

(Na + K + Mg)-deficit 

(Na + K + Mg)-equilibrium 

, (Na + K + Mg)-surplus 
I 

The cation exchange code is allocated accor
ding to the sign of (Na + K + Mg) , 

f . . corz:, 
taking account of a margin o deClston equ .... 
to ll/2Cl (table III). 

The cation exchange code will be "+" in the 
case of a f resh-water encroachment in a 
marine environment. A ''/f''-code indicates 
that no evidence of cation exchange is found 
in the water. The code will be "-" when a 
salt-water encroachment has occurred in a 
fresh-water environment. 

4.2. Discussion 

In the phreatic part and in the western recharge 
area, the Ledo-Paniselian groundwater is fresh, 
hard and of the CaHC03_-ty~e. No cation ~xchan
ge has occurred in 1t m the phreatic part 
(CaHCO:f>, whereas in the semi-confined part 
there is evidence of cation exchange (CaHC0

3
+). 

The MgHCO +-water type occurs north of the 
CaHCO +- w~ter type. It is also fresh and hard. 
Cation ~xchange has been active in these waters. 

More northward the NaHCO +-water type is en
countered in a broad WNW-E~E directed strip. It 
is fresh or fresh-brackish. Its hardness varies 
from soft in the west, over moderately hard in 
the central area, to very soft in the east. The 
water gives evidence of cation exchange. 

Still further towards the north, the brackish 
NaCI+-water type is encountered. It is modera-

Code Condition (meq/l) 

- (Na + K + Mg) < - ll/2Cl corr 

;I - ll/2Cl :ii (Na + K + Mg) :::ll/2Cl corr 
+ (Na + K + Mg) > ll/2CI corr 

tely hard, except in the east, where it i~, soft. 

The areas in the outermost north contain bra
ckish-salt moderately hard water of the NaCl
type. The southern part of both zones shows 
evidence of cation exchange (NaCl+). In the nor
thern one no cation exchange has occurred in the 
waters (NaC]p). 

4.3. Interpretation 

As the sea drew back at the end of the Tertiary 
period, the newly exposed sediments were in 
equilibrium with the former marine environment. 
The equilibrium was expressed by the presence of 
salt water in the sediment pores, and by marine 
cations adsorbed on the clay-minerals surfaces. 

As fresh water began to infiltrate in the recharge 
areas, the pore solution was gradually washed out 
at first. This gradual dilution was not accompa
nied by any cation exchange. The last phase of 
this first stage is represented in the survey area 
by the B 1-NaClJi-water type, which consists of 
rather st~ongly diluted seawater. The early 
formed waters were pushed to the north, in the 
direction of groundwater movement in the aquifer, 
as more precipitation was infiltrating the recharge 
areas. 

As the terminal phase of dilution was approached, 
cation exchange began to play a role. At first, 
dilution of the pore solution was still decisive for 
groundwater quality, leading to the NaCl+-water 
type. The gradual dilution is expressed by the 
B -NaCl+-water type being situated to the north 
of the B-NaCl+-type. 

1 



In the next stage dilution was still continuing, 
but cation exchange became the most important 
process determining water quality. The cations 
on the clay-minerals surfaces are adsorbed more 
or less str<+ngly + accordi_J:lg to the affinity se; 
quence : Na < K < Mg2 • This means th~ Na 
will be released first, in exchange for Ca2 -ions 
from the percolating fresh water. Indeed, the 
NaHC0

3
+-water type is seen to appear first; the 

MgHC0
3
+-water type originated later, as is shown 

by its occurrence south of the NaHC03 +-waters. 
More southward the Ledo-Paniselian groundwater 
is of the CaHC0

3 
+-type, which is still giving 

evidence of cation exchange, but t..f.ris exchange 
has been less important, so that Ca2 remains the 
dominating cation. 

Where the leaching out has been completed, the 
aquifer is in equilibrium with the infiltrating 
water. The fresh water in the aquifer shows no 
marine influence, and no cation exchange has 
occurred in it. The CaHCOJ!'-type water origi
nates from precipitation in wn1ch Caco3 has been 
dissolved. 

It can be concluded from fig. 2 and 5 that the 
succession of water types can be explained in 
conjunction with the pattern of natural ground
water flow. Although the groundwater flow has 
changed drastically in recent years as a result of 
groundwater· withdrawal, this change has not yet 
influenced the distribution of the groundwater 
types. Indeed the groundwater movement is 
occurring only slowly, and the displacement of a 
certain volume of water from one place to another 
will take quite a long time. In a semi-confined 
aquifer, even decades of heavy pumping will not 
substantially change the groundwater-type distri
bution on a regional scale. 

Total hardness is lowered from the NaCl- to the 
NaHC03-~ater type, as a result of cation exchan
ge. Ca2 was ~ken out of the water to be 
exchanged for Na on the clay-minerals surfaces, 
lowering the hardness of the water. I~ the next 
stage of cation exchange howfver, Ca2 from the 
wat~{ was exchanged for Mg2 from the clay. ~s 
Mg 2 also contributes to hardness, next to caz , 
this exchange is not lowering the hardness of the 
infiltrating water. The MgHC03+-water type is 
thus hard, as well as the CaHC03+- and the 
CaHCOaJ~-water types. 

There is a striking difference between the 
groundwater chemistry in both important recharge 
areas : in the recharge area in the west, cation 

K. WALRAEVENS & L. LEBBE 

exchange is in its terminal phase, and the water 
is of the CaHC0

3
+-type; in the recharge area in 

the east, cation exchange is in its most important 
stage, far from being complete, and the water is 
of the NaHC03 +-type. The reason is that the 
Bartonian clay cover above the Ledo-Paniselian 
aquifer is much thicker in the east than in the 
west, and that the Bartonian clay is buried 
deeper under the Oligocene sand and the Rupelian 
clay. The fresh water that has infiltrated 
through the Rupelian clay partly flows horizontal
ly through the Oligocene sands and partly flows 
vertically through the Bartonian clay. Because of 
the much smaller amount of percolating water, the 
vertical flow velocity through the Bartonian clay 
is much smaller in the eastern than in the wes
tern recharge area. Because of the larger thick
ness and the smaller vertical velocity the time 
needed for the clay to be leached out is much 
longer in the .recharge '-rea in the east. This 
explains why +K and Mg2 , that are only exchan
ged after Na , have not yet been taken out of 
the_ clay. Thus, MgHC03+- and CaHC0

3
+-water 

types are not found here yet. The th1ck clay 
cover also causes the Na/Ca-exchange to be more 
intense, so that more Ca2+ is taken out of the 
water, and total hardness is lowered more. This 
explains why the NaHCO +-water type is very 
soft in the east, where fue clay cover is very 
thick, soft in the west, where the clay cover is 
less thick, and moderately hard in the middle, 
where a very slight recharge occurs through a 
very thin clay cover. This leads us to the 
conclusion that the hardness gives an indication 
of the degree to which Na/Ca-exchange took 
place. Also within the B-NaCl+-water type we 
notice that the water is softer to the north of the 
easterly recharge area. This is also due to a 
Na/Ca-exchange that was stronger than in the 
remaining part of the survey area. 

5. RESEARCH ON CATIONS ADSORBED 
TO BARTONIAN CLAY MINERALS 

5.1. Generalities 

49 undisturbed ground samples were taken from 
two borings, especially from the clayey sediments. 
They were analysed for their cation-exchange 
capacity (CEC) and for the kind of adsorbed 
cations. 

The first boring TGO 81-9/B5 by the Department 
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of Applied Geology (State University of Ghent, 
VAN DYCK et al., 1984) is situated in the wes
terly recharge area. The second boring 142GD123 
by the Belgian Geological Service is out of the 
recharge area. Both have been indicated on fig. 
1. 

The purpose of the research on the ground 
samples is to compare the adsorbed cations in 
both borings. 
CEC was determined by means of NH +-acetate. 
The exchangeable cations were wifhdrawn from 
the adsorbing clay by means of NH +-acetate, and 
then determined with atomic adsorpfion spectrome
try. As the salts soluble in water also dissolve 
in NH

4 
+-acetate, they have to be determined 

separately, and the result is subtracted from the 
one in NH 

4 
+ acetate. 

5.2. Cation-exchange capacity (CEC) 

The results are shown in fig. 7, where 
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Fig. 7. Comparison of CEC in ground samples 
from dug wells TGO 81/09-BS and 142 GD123. 
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corresponding stratigraphic sections are made to 
coincide. 

CEC is obviously high in the clay horizons of the 
Bartonian sediments (a

1
, a

2
, a

3 
and Asb-a). It 

is low in the sandy horizons s
1 

and s , in the 
Oligocene sands s

3 
and in the Ledo-~aniselian 

sands. In the Pamselian clay it is higher again. 

A comparison of the Bartonian clay a
1 

reveals 
that CEC is similar in both borings, although it is 
slightly lower in 1420123. 

5.3. Exchangeable Na+ 

+ 
The difference of exchangeable N a in the two 
borings (fig. 8) is very striking. Out of the 
recharge area an important amount of N a+ -ions is 
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Fig. 8. Comparison of exchangeable N a+ in 
ground samples from dug wells TGO 81-09/BS 

and 142 GD123. 
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adsorbed to the Bartonian clay minerals. On the 
contrary, the intense percolation of fresh water 
in the recharge area has leached out almost all 
Na+-ions. The Paniselian clay still contains a lot 

+ of adsorbed Na • 

5.4. Exchangeable K+ 

The exchangeable K + present in both borings is 
represented in fig. 9. It is seen that in the 
recharge area the Bartonian clay a

1 
!s impover

ished with respect to exchangeable K • On the 
other hand, the Paniselian clay still contains a lot 

+ 
of adsorbed K . 
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Fig, 9. Comparison of exchangeable K T in 
ground samples from dug wells TGO 81-09/BS 

and 142 GD123. 

5.5. Exchangeable Mg2+ 

a+ • The comparison of exchangeable Mg. m the two 
borings is shown in fig. 10. An impoverishment 

K. WALRAE\"ENS & L. LEBBE 

of the Bartonian clay a1 in the· recharge area 
could not be ascertained. Maybe the differing 
CEC in both a

1
-profiles plays a role. The com

parison of a greater number of borings is needed 
here. Nevertheless, the distribution of t~e 

groundwater types (fig. 3) indicates that Mg2 -

exchange has certainly occurred. 
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Fig. 10. Comparison of exchangeable Mg2 in 
ground samples from dug wells TGO 81-09/BS 

and 142 GD123. 

5.6. Exchangeable Cal+ 

+ 
The exchangeable Ca2 -content is represented in 
fig. 11. It is clear that the Bartonian clay a1 
contains more ad\orbed Ca2 -ions in the recharge 
area. These Ca2 -ions were take~ up in exchan
g~ for the <\_elivery of mainly Na -ions, and also 
K - and Mg2 -ions. 
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Fig. 11. Comparison of exchangeable Ca 2 in 
ground samples from dug wells TGO 81-09/B5 

and 142 GD123. 

5. 7. Conclusion 

The study of the adsorbed cations confirms that 
the Bartonian clays has been leached out to a 
large extent in the westerly recharge area, wher; 
the percolation through the clay is intense. ~a2 

dominates the adsorbed cations, whereas Na is 
practically absent. 

Out of the recharge area, the marine influence 
can still be traced back. This is most promi
nently expr~ssed by the high concentrations of 
adsorbed N a . 
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6. SYNTHESIS 

The quality of the groundwater in the Ledo-Pani
selian aquifer is determined by the marine condi
tions dominating the sediments during the last 
transgression. The succeeding water types 
reflect the decreasing marine influence as more 
fresh water is added in the recharge area. 

At first the marine pore solution is gradually 
diluted by the infiltrating fresh water and remo
ved in the direction of groundwater flow. The 
resulting groundwaters have a composition of 
diluted seawater, and belong to t~e N-fCl-typ~. 

Secondly, the marine cations (Na , K , Mg2 ) 
adsorbed by the clay surfaces +are gradually 
exchanged for the dominant Ca 2 -ion from the 
infiltrating water, in order to establish the e
quilibrium between cla~-minerals surfaces and 
fresh pore solution. Na • which is adsorbed the 
least strongly, is released fi~st, leading to the 
NaHC03-wat~r type. Next K is released, and 
finally Mg2 , which was adsorbed the most 
strongly. The most important Mg/Ca-exchange 
produced the MgHCO -water type. Lastly, when 
the marine traces ( s;A pore solution and adsorbed 
marine cations) have been leached out for the 
most part, the groundwater composition is mainly 
determined by the dissolution of lime occurring in 
the infiltrating precipitation. The waters pro
duced are of the CaHC0

3
-type. 

This interpretation for the origin of the different 
groundwater types is confirmed by the study of 
the cations adsorbed by the Bartonian clay mine
rals : out of+ the recharge area, marine cations 
(especially Na ) are adsorbed by the clay mine
rals surfaces; in the westerly recharge area, 
which has been leached most strongly'- the marine 
cations have been exchanged for Ca2 to a large 
extent. 

The pattern of natural groundwater flow is clearly 
expressed by the succession of groundwater 
types. On the scale of the survey the groundwa
ter-quality distribution is not influenced by the 
changed groundwater flow as a result of the 
heavy pumpings of the last decades. 
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