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Abstract

For th e  ex tens ion  o f th e  h a rb o u r o f A n tw e rp  (B e lg ium ), excava tion  Is needed fo r  a n e w  dock. A p p ro p r ia te  
m easures need to  be taken  fo r  th e  m o n ito rin g  o f  th e  possib le  d is tu rb a n ce  o f th e  sa lt/fresh  w a te r d is tr ib u ­
tio n  In th e  ph re a tlc  aqu ife r. The d is ru p tio n  can be caused by th e  d e p o s itio n  o f th e  d re d g in g  s ludge. In sev­
eral p iezom ete rs, m easurem ents  have been carried  o u t be fo re  th e  d re d g in g  s ta rte d . In th is  w ay, the  
sa lt/fresh  w a te r d is tr ib u tio n  a t tim e  t0 (M arch  2 0 0 3 ) has been q u a lif ie d . In M arch  2 0 0 4 , th e  firs t m eas­
u rem en ts  to  Inves tiga te  th e  possib le  changes In g ro u n d w a te r q u a lity  have been ca rried  o u t. There are no 
s ig n if ic a n t changes expected In th e  g ro u n d w a te r q u a lity  a fte r one  year. This Is co n firm e d  by th e  e le c tro ­
m a g n e tic  In d u c tio n  logg ings .

Keywords: m o n ito rin g ; e le c tro m a g n e tic  In d u c tio n ; sa lt/fresh  w a te r d is tr ib u tio n ; g ro u n d w a te r e lectrica l 
c o n du c tiv ity

Introduction

D uring  th e  past fe w  years th e  v o lu m e  o f c o n ta in e r tra ff ic  In th e  p o rt o f A n tw e rp , B e lg ium , has g ro w n  a n n u ­
ally. The ex is ting  c o n ta in e r te rm in a ls  on th e  r ig h t b ank  o f th e  Scheldt rive r have n o w  reached th e ir  m a x i­
m um  capac ity . In o rd e r to  deal w ith  th is  e xp o n e n tia l g ro w th , It w as dec ided to  bu ild  a new , tid a l c o n ta in ­
er dock, th e  D eu rganck  dock, on th e  le ft b ank  o f th e  Scheldt, In th e  po lders.

To bu ild  th e  n e w  dock, th e  soil has to  be excavated and s tocked In th e  v ic in ity  o f th e  ex is ting  Doei dock. 
The p o ld e r area Is a ffected  by th e  presence o f  sa lt g ro u n d w a te r. Saline o r b rackish p o re w a te r leak ing  o u t 
o f th e  s tock  p iles m ay change th e  loca l fre sh /sa lt w a te r d is tr ib u tio n . The re ference s itu a tio n  (M arch  2 0 0 3 ) 
has been de fined  by sam p ling  th e  g ro u n d w a te r a t d iffe re n t d ep ths  and p e rfo rm in g  e le c tro m a g n e tic  (EM) 
In d u c tio n  lo g g in g  In each p iezom eter.

0  C o rre s p o n d in g  a u th o r
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Electrom agne tic  Induction  m ethod  to  characterize  th e  reference s itu a tio n  o f fresh -sa lt w a te r d is trib u tio n  a t th e  area o f the  Deur­
ganck  Dock, A n tw e rp , Belgium

To e va lua te  th e  In fluence  o f th e  leakage  o f th e  soil on th e  g ro u n d w a te r qua lity , a m o n ito rin g  p rog ram m e 
has been set up. Each year, sam ples o f th e  g ro u n d w a te r w ill be taken  In each p ie zo m e te r to  fo l lo w  up th e  
g ro u n d w a te r qua lity . The EM In d u c tio n  lo g g in g s  In th e  p iezom e te rs  w il l a lso be repea ted  yea rly  to  see th e  
e vo lu tio n  o f  th e  c o n d u c tiv ity  w ith  dep th  as a fu n c tio n  o f tim e.

Background information

History o f the storage zone

To g u a ra n te e  th e  access ib ility  o f  th e  harbour, d iffe re n t m a in te n a nce  a c tiv itie s  have been carried  o u t In th e  
past, such as d re d g in g  th e  docks. The s a n d - ln -w a te r s lu rry  Is s to red  In d iffe re n t phases In d iffe re n t zones 
su rrounded  w ith  dikes. F igure 1 show s th e  s tudy  area w ith  th e  d iffe re n t ex is ting  s tocks and th e  zones th a t 
w il l be used fo r  th e  s a n d - ln -w a te r s lu rry  fro m  th e  n e w  D eurganck  dock. A ll th e  zones have a lready  been 
raised up fo r  a b o u t 2 m w ith  s ludge  fro m  fo rm e r m a in te n a nce  ac tiv ities . For th e  n e w  D eurganck  dock, th e  
s to rage  o f th e  s a n d - ln -w a te r s lu rry  s ta rted  In A p ril 20 0 3  on to p  o f th e  ex is ting  soil storages. The to ta l
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Figure 1. S tudy area w ith  In d ic a tio n  o f  th e  s to rag e  zones and  p iezom ete rs .
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h e ig h t o f th e  s to rage  w ill be up to  8 m above  th e  o rig in a l surface level. The d re d g in g  o p e ra tio n  w ill take 
place in d if fe re n t phases, fo r th e  w a te r to  a llo w  to  perco la te , be evapo ra ted  are be pum ped  o u t. A lso  the  
e x is tin g  d itches  are respons ib le  fo r the  d ra in in g  o f the  storage. W hen th e  zone is s tab ilised  a n e w  phase 
can s ta rt w ith  n e w  s a n d - in -w a te r slurry.

Structure of the shallow groundwater reservoir

The g ro u n d w a te r reservo ir consists o f Q u a te rn a ry  sed im ents  and sandy Tertia ry  sed im ents . A t a dep th  o f 
ca. 30  m in the  sou th  and up to  4 6  m in the  no rth  o f th e  s tudy  area, a heavy Tertia ry  c lay se d im e n t occurs 
and fo rm s th e  base o f th e  g ro u n d w a te r reservoir.

A t several places, a n th ro p o g e n ic  sed im en ts  occur on to p  o f the  Q u a te rn a ry  sed im ents . The th ickness  o f 
these sed im en ts  can be up to  2 m .T hey are de rived  fro m  the  fo rm e r d re d g in g  a c tiv itie s  in the  h a rb o u r area. 
Q u a te rn a ry  sed im en ts  consist o f po ld e r clay, peat, and som etim es a sand layer. The th ickness  o f the  p o ld ­
er c lay varies b e tw een  a fe w  dm  to  2 m. The p o ld e r clay rests on a p ea t layer. The base o f th is  peat, th a t 
can co n ta in  sand or clay, occurs a t a m ax im um  dep th  o f 10 m b e lo w  surface. In m ost cases, a Q ua te rn a ry  
sand layer overlies  th e  
Tertia ry  sed im ents. The 
bo u n d a ry  b e tw een  the  
b o tto m  o f the  Q u a te r­
nary sed im en ts  and th e  
T e rtia ry  s e d im e n ts  is 
d if f ic u lt  to  de fine . The 
T ertia ry  sed im ents  con ­
s is t m a in ly  o f  sh e lly  
sands w ith  g la u co n ite  
and a sm all a m o u n t o f 
clay. The base o f the  
g ro u n d w a te r  rese rvo ir 
is c lea rly  d e fined  by the  
in te rphase  sand/c lay.

The re su lts  o f  th e  
m easurem ents  o f n a tu ­
ral g a m m a  ra d ia tio n  
(figu res  2 and 3) a llo w  
to  d is tin g u ish  th re e  lay­
ers. A t th e  surface, h igh 
v a lu e s  o f n a tu ra l 
g a m m a  ra d ia tio n  are 
m easured, w h ic h  co rre ­
spond  w ith  the  a n th ro ­
pogen ic  sed im en ts  and 
th e  p o ld e r clay. The sec­
ond layer, w ith  ve ry  lo w
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Figure 2. In te rp re te d  layers based on n a tu ra l g am m a  lo g g in g  a lo n g  p ro file  A A '
(see F igure  1).
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Figure 3. In te rp re te d  layers based on n a tu ra l g am m a  lo g g in g  a lo n g  p ro file  BB' (see F igure  1).

values fo r  th e  n a tu ra l gam m a ra d ia tio n , can be a ttr ib u te d  to  th e  p ea t layer. B eneath th e  pea t layer, th e  n a t­
ural ga m m a  values increase, b u t n o t as h igh  as m easured in th e  to p  layer. This co rresponds w ith  th e  sand 
layer. Since th e  w e ll lo g g in g  w as ca rried  o u t in th e  e q u ipped  p iezom ete rs, th e  base o f th e  g ro u n d w a te r 
reservo ir has n o t been reached.

Fresh-salt water interface

The L a bo ra to ry  fo r  A p p lie d  G eo logy  and H yd ro g e o lo g y  has m apped  th e  de p th  o f th e  fre sh -sa lt w a te r  in te r­
face in th e  p h re a tic  a q u ife r by m eans o f re s is tiv ity  p ro filin g  (De Breuck, 1989). F igure 4  show s th e  fre sh /sa lt 
w a te r in te rfa ce  in th e  s tudy  area. From th is  fig u re  it can be in fe rred  th a t th e  sa lt w a te r occurs a t a d ep th  
o f less th a n  5 m.
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Figure 4. D epth  o f  th e  fre s h -s a lt w a te r In te rfa ce  In th e  u n c o n fln e d  a q u ife r  (De B reuck, 198 9 ). 

Installation o f the piezometers

In o rd e r to  Insta ll p iezom ete rs, 16 d rillin g s  have been carried  o u t up to  a m ax im um  de p th  o f  19 m. None 
o f th e  d rillin g s  reached th e  base o f th e  g ro u n d w a te r reservoir. The lo ca tio n  o f  th e  p iezom ete rs  has been 
chosen a long  5 lines w ith  Increasing d is tance  to  th e  s to rage  ac tiv ities . P iezom ete r 6 Is p laced o u ts id e  the  
zone w h e re  a change  In hydrau lic  head Is expected. In each bo re h o le  tw o  filte rs  are Insta lled  In o rd e r to  
sam p le  th e  g ro u n d w a te r. The deep f i l te r  Is p laced a t a dep th  o f a b o u t 7 m; th e  s h a llo w  f i lte r  Is Ins ta lled  a t 
th e  dep th  o f th e  w a te r tab le .

3 5 7
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Defining the reference situation (t0, March 2003)

Groundwater quality

In M arch  2 0 0 3  g ro u n d w a te r sam ples have been taken  in each p iezom eter. In o rd e r to  d e fine  th e  re ference 
s itu a tio n  a w id e  range o f pa ram ete rs  has been analysed (m a jo r Ions, pa ram ete rs  th a t Ind ica te  p o llu ­
tio n , . . . ) .  The c lass ifica tion  o f S tuyfzand has been used (S tuyfzand, 19 8 6 ) In o rde r to  d e te rm in e  th e  g ro u n d ­
w a te r types. The resu lts  a lo n g  th e  p ro files  A A ' and BB' are rep resen ted  In fig u re s  5 and 6. A lo n g  p ro file  
A A ', a b rackish to  sa lt N a C I-w a te r type  Is th e  m ost Im p o rta n t. O n ly In th e  s h a llo w  f i lte r  a fresh C a H C 0 3- 
w a te r occurs. P rofile  BB' (F igure 6) show s m ore va rie ty  In th e  g ro u n d w a te r types. The s h a llo w  g ro u n d w a ­
te r types vary  fro m  brackish to  fre sh /b ra ck ish . In th e  deep filte r, th e  m ain  g ro u n d w a te r types are brackish 
to  salt.
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Figure 5. G ro u n d w a te r q u a lity  a lo n g  p ro file  A A ' (s itu a tio n  in 2 0 0 3 ).
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Figure 6. G ro u n d w a te r q u a lity  a lo n g  p ro file  BB ' (s itu a tio n  in 2 0 0 3 ).

The results  a lo n g  p ro file  A A ' and BB' sh o w  th a t th e  d is tr ib u tio n  o f g ro u n d w a te r types is very com plex.

This c o m p le x ity  can be exp la ined  by th e  long h is to ry  o f th e  s tudy area. In th e  M id d le  Ages, peop le  tr ie d  to  
ga in  land fro m  th e  sea and co nstruc ted  dikes. In u n d a tio n s  lie a t th e  basis o f in f ilt ra t io n  o f sa lt w a te r. In 
th e  2 0 th century, th e  expans ion  o f th e  h a rb o u r o f A n tw e rp  is respons ib le  fo r n e w  changes. N e w  docks are 
con s tru c te d , s to rage  areas w ith  d redged  soil are e xp lo ited , and so a rtif ic ia l in f ilt ra t io n  areas are c rea ted. 
In fluences by th e  tides  o f th e  S che ld t have also to  be considered . The d ire c tio n  o f g ro u n d w a te r f lo w  
changes c o n tin u o u s ly  in tim e . N ow adays, th e  in fluence  o f all th e  a c tiv itie s  to  b u ild  th e  D eurganck  dock  w ill 
c o n tr ib u te  to  n e w  changes in th e  d ire c tio n  o f th e  g ro u n d w a te r f lo w  w ith  changes in th e  d is tr ib u tio n  o f 
g ro u n d w a te r q u a lity  as a resu lt.

C oncern ing  those  aspects, it  is very  d if f ic u lt  to  reco n s truc t th e  h is to ry  o f th e  e v o lu tio n  o f g ro u n d w a te r q u a l­
ity  w ith  th e  ava ilab le  in fo rm a tio n .
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Well logging

W ell logs w e re  p e rfo rm e d  In th e  deepest p iezom ete rs. These Inc luded  na tu ra l gam m a lo g g in g  and  e le c tr i­
cal c o n d u c tiv ity  logg ings . The na tu ra l gam m a lo g g in g s  w e re  used to  d e fine  th e  g ro u n d w a te r reservo ir (see 
a lso  2 .1 ). No changes In tim e  are expected.

The c o n d u c tiv ity  lo g g in g s  w e re  ca rried  o u t by m eans o f e le c tro m a g n e tic  In d u c tio n  In a ll p iezom ete rs. The 
d is tr ib u tio n  o f  fo rm a tio n  c o n d u c tiv ity  a lo n g  th e  p ro file s  w ith  th e  co rresp o n d in g  types o f g ro u n d w a te r are 
p resen ted  In fig u re s  5 and 6. Table 1 g ives th e  co rresp o n d in g  g ro u n d w a te r q u a lity  g ro u p  w ith  th e  co rre ­
sp o nd in g  g ro u n d  co n du c tiv ity . W e assum e TDS (m g/L ) to  be a p p ro x im a te ly  equa l to  g ro u n d w a te r co n du c­
t iv ity  (pS /cm ) a t fo rm a tio n  te m p e ra tu re  ( 1 1°C). G round  c o n d u c tiv ity  Is th e n  o b ta in e d  d iv id in g  by th e  fo r ­
m a tio n  fa c to r F (F =  4 ) (W a lraevens et al., th is  vo lu m e ). The m easurem ents  o f th e  c o n d u c tiv ity  In th e  
p iezom e te rs  sh o w  th a t th e  g ro u n d w a te r reservo ir Is m od e ra te ly  b rack ish  to  m o d e ra te ly  sa lt (M a rte n s  and 
W alraevens, 2 0 0 3 ). The q u ic k  succession o f th e  d if fe re n t g ro u p s  can be ascribed to  th e  h is to rica l d e ve lo p ­
m e n t o f th e  area. N everthe less, th e  resu lts  fro m  th e  c o n d u c tiv ity  survey s h o w  th a t th e  pea t layer co n ­
tr ib u te s  to  a m ore  sa line  w a te r  typ e  th a n  th e  layer above  o r b e lo w  (see F igure 6).

Table 1. G ro u n d w a te r q u a lity  g ro u p  ve rsus g ro u n d w a te r c o n d u c tiv ity  and  g ro u n d  e lec trica l co n d u c tiv ity .
Groundwater quality 

group
TDS

(mg/L)
Groundwater 
conductivity 

ECW (pS/cm, 11°C)

Ground 
conductivity 

EC„,(mS/m, 11°C)
Very fresh (VF) < 2 0 0 < 2 0 0 <  5

Fresh (F) 200 -  400 200 -  400 5 - 1 0
M oderate ly fresh (MF) 400 -  800 400 -  800 1 0 - 2 0

W eakly fresh (WF) 8 0 0 -1 6 0 0 8 0 0 -  1600 2 0 - 4 0
M oderate ly brackish (MB) 1 6 0 0 -3 2 0 0 1 6 0 0 -3 2 0 0 4 0 - 8 0

Brackish (B) 3200 -  6400 3200 -  6400 80 -  160
Very brackish (VB) 6 4 0 0 -1 2 8 0 0 6 4 0 0 -  12800 1 6 0 - 3 2 0

M oderate ly sa lt (MS) 1 2 8 0 0 -2 5 6 0 0 1 2 8 0 0 -2 5 6 0 0 320 -  640
Salt (S) >  25600 >  25600 > 6 4 0

Situation in t = 1 year (April 2004)

Storage activities

The c o n s tru c tio n  o f  th e  D eu rganck  d o ck  Is re su ltin g  In th e  excava tion  o f so il; th e  s a n d - ln -w a te r s lu rry  Is 
be ing  s to red  on to p  o f th e  fo rm e r s to rage  zones. S ince A p ril 2 0 0 3  a n e w  phase has s ta rte d  In zone C 63. 
Up to  A p ril 2 0 0 4 , five  zones have been In use fo r  th e  n e w  excava tion  (C 34 , C 60, C 61 , C62 and C 63). In 
a fu r th e r  stage, th e  o th e r ava ila b le  zones w il l  be used (see F igure 1).

Electrical conductivity

In M a rch  2 0 0 4  th e  m easu rem en ts  o f  c o n d u c tiv ity  have been carried  o u t. As s to rage  a c tiv itie s  w e re  per­
fo rm e d  o n ly  recently, th e  c o n d u c tiv ity  m easu rem en ts  w e re  o n ly  pe rfo rm e d  In th e  p iezom e te rs  c losest to  th e  
s to rage  zones, and a lso  In p ie zo m e te r 6 as a reference.
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The co n d u c tiv ity  m easured in M arch  2 0 0 3  is p lo tte d  to g e th e r w ith  th e  m easured c o n d u c tiv ity  in M arch 
2 0 0 4  (F igure 7). The co n du c tiv itie s  m easured in 2 0 0 4  in p ie zo m e te r 1A  are lo w e r th a n  those  m easured in 
2 0 0 3 . A t f irs t s igh t, it  seems th a t th e  g ro u n d w a te r reservo ir is fre she n in g ; th is  is n o t w h a t is to  be e xp ec t­
ed. The results  in th e  o th e r p iezom ete rs  sh o w  th a t th e re  are no s ig n if ic a n t d iffe rences  be tw e e n  bo th  co n ­
d u c tiv ity  p ro files . The observed d iffe rences in all p iezom e te rs  are w ith in  5%  o f th e  accuracy o f th e  m eas­
u ring  in s tru m e n t, a lso fo r p ie zo m e te r 1A.

Besides th e  geo lo g ica l s tructu re , a lso th e  hyd rodynam ics  are very im p o rta n t to  exp la in  th e  n e g lig ib le  
changes. The po ld e r clay, to g e th e r w ith  th e  pea t layer, act as an a q u ita rd . The a q u ita rd  s low s d o w n  th e  v e r­
tica l g ro u n d w a te r f lo w  to  th e  deep aqu ife r. The local d itches are respons ib le  fo r  th e  d ra inage  o f th e  w a te r
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Figure 7. M easu red  e lec trica l c o n d u c tiv ity  in 2 0 0 4  co m pa re d  w ith  m easu red  c o n d u c tiv ity  in 2 0 0 3 .
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Electrom agne tic  Induction  m ethod  to  characterize  th e  reference s itu a tio n  o f fresh -sa lt w a te r d is trib u tio n  a t th e  area o f the  Deur­
ganck  Dock, A n tw e rp , Belgium

from  th e  s a n d - in -w a te r slurry. A n d  las t b u t n o t least, several pum ps are Insta lled  to  dra in  th e  w a te r from  
th e  s to rage  zones. For th e  co n s tru c tio n  o f  th e  D eu rganck  dock  It Is Im p o rta n t th a t w a te r d isappears  fas t, 
so th a t n e w  s a n d - ln -w a te r s lu rry  can be s to red  on to p  o f It. The a m o u n t o f  w a te r In f ilt ra t in g  In to  th e  
g ro u n d w a te r reservo ir Is co n se g u e n tly  reduced.

Conclusion

The expans ion  o f th e  h a rb o u r o f A n tw e rp  Is needed. For th is , a n e w  dock  has to  be co nstruc ted  and d re d g ­
ing a c tiv itie s  are p e rfo rm e d . The s to rage  o f th e  s a n d - ln -w a te r s lu rry  w il l be on to p  o f th e  a lready  ex is ting  
s to rage  fro m  fo rm e r m a in te n a nce  a c tiv it ie s  In th e  h a rb o u r area. In th e  firs t phase o f th e  study, th e  re fe r­
ence s itu a tio n  (M arch  2 0 0 3 ) has been d e te rm in e d . A fte r  one year o f d re d g in g  a c tiv it ie s  and s torage, ne w  
m easurem ents  have been p e rfo rm e d . The resu lts  o f these m easurem ents  s h o w  th a t th e re  are no s ig n if ica n t 
changes b e tw een  th e  re ference s itu a tio n  and a fte r 1 year. This Is due to  th e  sh o rt pe riod  o f  dep o s it, th e  
g e o log ica l s tructu re , th e  loca l d ra in ag e  system and th e  pum ps th a t d ra in  w a te r fro m  th e  basins. Because 
th e  co n s tru c tio n  o f th e  n e w  dock  Is n o t fin ish e d  ye t and th e  d re d g in g  Is s till go in g  on, th e  s to rage  o f th e  
s a n d - ln -w a te r s lu rry  Is s till c o n tin u in g . To fo l lo w  up th e  possib le  changes In g ro u n d w a te r qua lity , fu r th e r 
m easurem ents  are needed.
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