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ABSTRACT 

The encroachment o f  sea water  i n t o  t h e  c o a s t a l  a q u i f e r  o f  t h e  M a r i t i m  F landers ,  
n 

w i t h  a s u r f a c e  o f  about  600 kmL, i s  i n v e s t i g a t e d  i n  c o n s i d e r a t i o n  o f  t h e  i n t e r f e -  

rence o f  t h e  a g r i c u l t u r a l  dewater ing  on t h e  p o s i t i o n  o f  t h e  i n t e r f a c e  between f r e s h  

and s a l t  groundwater nea r  ground. Dewater ing  accentua tes  t h e  groundwaters s a l i n i t y  

wh ich  a r e  t r a n s f e r e d  toward  t h e  channels then  u t i l i z e d  f o r  i n d u s t r i a l  water  supply.  

Measures o f  h y d r a u l i c  c o n d u c t i v i t y ,  o f  s a l i n i t y  and wa te r  l e v e l s  have been r e a l i z e d  

on 258 p iezometers  d i s t r i b u t e d  on 86 s i t e s  o f  o b s e r v a t i o n  d u r i n g  low and h i g h  wa te r  

c y c l e s  d u r i n g  the  1979-1980 years .  The s i m u l a t i o n s  o f  i n t e r f a c e  f l u c t u a t i o n s  w i th  a 

mathemat ica l  model by boundary element method w i t h  heterogeneous a n i s o t r o p i c  s o i l  

a l l o w  o p t i m i z a t i o n  o f  t h e  dewater ing  system which w i l l  used. Three s imu la ted  maps 

( a t  one, t h r e e  and f i v e  days)  i n d i c a t e  the  geograph ica l  e v o l u t i o n  o f  t h e  zones po l -  

l u t e d  by s a l t  wa te r  i n  the  case o f  a sys temat i c  d r a i n i n g .  

INTRODUCTION 

The a g r i c u l t u r a l  p r a c t i s e  i n  m a r i t i m e  F landers  p o l d e r s  appeals t o  t h e  dewater ing  

techn iques  because o f  t h e  s h a l l o w  dep th  o f  groundwater. The volume o f  groundwater 

so e x t r a c t e d  i s  thrown i n t o  a m u l t i t u d e  o f  cana ls  and d i t c h e s .  Dur ing  r a i n y  t imes 

t h e  underground d r a i n s  provoke t h e  r a i s i n g  o f  t h e  i n t e r f a c e  between f r e s h  water  

and s a l t  water .  The g r e a t  q u a n t i t y  o f  s a l t  wa te r  d i s t u r b s  t h e  q u a l i t y  o f  s u p e r f i -  

c i a l  f r e s h  wa te r  which i s  u t i l i z e d  f o r  i n d u s t r i a l  wa te r  supp ly .  

DESCRIPTION OF THE STUDY AREA (GEOLOGY, MORPHOLOGY) 

L i m i t e d  i n  t h e  SW p a r t  by c h a l k y  ou tc rops  o f  t h e  Boulogne r e g i o n  and i n  t h e  SE 

by a r g i l l a c e o u s  F landers ,  t h e  c o a s t a l  p l a i n  o f  t h e  N o r t h  o f  France i s  about  10 t o  

20 k i l o m e t e r s  wide and about  30 k i l o m e t e r s  long. 

The sedimentary depos i t s ,  c o n s t i t u t e d  by a r g i l l a c e o u s  sands, sands and peats,  

have l e d  t o  t h e  c l o g g i n g  o f  t h e  p l a i n  w i t h  t h e  f o r m a t i o n  o f  o f f s h o r e  bars .  
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Pedo log ic  s tudy  i n d i c a t e s  a g r e a t  v a r i e t y  o f  beds w i t h  sometimes f i J e  d i f f e r e n t  

depos i t s .  The th i ckness  o f  t h i s  heterogeneous a n i s o t r o p i c  f o r m a t i o n  i s  t hough t  t o  

be about  30 meters,  near  t h e  harbour  o f  Dunk i rk ,  where i t  o v e r l i e s  t h e  " c l a y  o f  

F1 anders". 

The e l e v a t i o n  o f  t h e  p l a i n  i s  h i g h  ( 5  t o  10 meters )  a long  t h e  c o a s t  w i t h  sand- 

The groundwaters show an i n t e r f a c e  between t h e  f r e s h  wa te r  and t h e  s a l t  wa te r  

h i l l s  and decreases g r a d u a l l y  i n  t h e  i n t e r n a l  sou thern  p a r t  ( 2  t o  -2 meters ) .  

which i s  r e l a t e d  t o  t h e  s u p e r f i c i a l  wa te r  system and underground h y d r a u l i c  moving 

i n  l a t e r a l  connect ion  w i t h  t h e  sea ( r e f .  6). 

FIELD RESULTS (AQUIFER PARAMETERS, WATER TABLE LEVELS, SALINITY) 

november 1979 t o  October 1980 some parameters were no ted  : h y d r a u l i c  c o n d u c t i v i t y ,  

p i e z o m e t r i c  va lues  o f  wa te r  t a b l e ,  wa te r  s a l i n i t y  a t  1.80 m, 2.80 m and 3.80 m un- 

derground ( r e f .  2) .  
Shor t  i n j e c t i n g  t e s t s  (Le f ranc  method) have been executed  on a l l  s i t e s .  The hy- 

d r a u l i c  c o n d u c t i v i t y  (K) shows a p a r t i c u l a r  s t a t i s t i c a l  r e p a r t i t i o n .  The t r a n s f e r  

o f  these va lues  r e a l i z e d  on a gausso - loga r i t hm ic  paper i n d i c a t e s  t h e  presence o f  

two major  d i s t r i b u t i o n s  ( r e f .  2) : 

A network o f  p iezometers  (258 on 86 s i t e s )  has been c r e a t e d  and r e g u l a r l y  f rom 

- a f i r s t  f a m i l y  f rom 4.10-3 t o  2.10-1 m/d wh ich  r e v e a l s  t h e  a r g i l l a c e o u s  cha- 

- a second f a m i l y  f rom 2.10-1 t o  100 m/d r e l a t i v e  a t  f i n e  and coarse  sands and 

I n  t h e  area o f  Dunk i rk ,  l a b o r a t o r y  t e s t s  and pumping t e s t s  have shown ( r e f .  3 ) ,  

r a c t e r i s t i c  and t h e  f i neness  o f  mar ine  sediments ( s i l t ,  c l a y s ) ,  

peats.  

a f t e r  Oagan and Hantush hypotheses, t h e  a n i s o t r o p y  o f  t h e  h y d r a u l i c  c o n d u c t i v i t y  

(Kh/Kv). The va lues  a r e  ranged between 2 (sands) and 15 ( a r g i l l a c e o u s  sands) f o r  

t h e  f i r s t s  t e s t s  and a r e  equal  t o  10 f o r  t h e  seconds t e s t s .  S t o r i n g  va lues  f l u c -  

t u a t e  between 0.02 and 0.2. 

The l e v e l s  o f  t h e  p h r e a t i c  su r face  a r e  r e g u l a r l y  measured and some p i e z o m e t r i c  

maps have been drawn. I n  t h e  genera l  case we no te  two g r e a t  s e c t o r s  ( r e f .  2) where 

t h e  water  l e v e l s  a r e  ve ry  low w i t h  nega t i ve  va lues  : between t h e  S t  Omer channel 

and t h e  Oye r i v e r  (SE o f  C a l a i s )  and i n  t h e  r e g i o n  o f  t h e  Colme channel (S ,  SW and 

SE o f  Dunk i r k ) .  

The groundwater f l o w s  run  f rom n o r t h  t o  south  a long  t h e  coas t  i n d u c i n g  a mar ine  

i n t r u s i o n  o f  s a l t y  waters .  I n  t h e  i n l a n d  t h e  wa te r  i s  d r a i n e d  by d i t c h e s  and cana ls  

d u r i n g  t h e  r a i n y  months. 

and p e r m i t s  a c a r t o g r a p h i c a l  r e s t i t u t i o n  o f  t h e  t h i c k n e s s  o f  f r e s h  water .  

depths o f  1.80 m, 2.80 m and 3.80 m f o r  a y e a r  on eve ry  piezometer.  

The p o s i t i o n  o f  i n t e r f a c e  was ob ta ined  by e lec t ro -geophys ica l  p r o s p e c t i o n  ( r e f .  4 

The s a l i n i t y  va lues  o f  groundwaters have been no ted  a t  t h e  t h r e e  r e s p e c t i v e  
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The Spr ing  season shows t h e  c o n t r i b u t i o n  o f  r a i n  w i t h  t h e  appearance o f  f r e s h  

We n o t e  t h e  h y d r a u l i c  p a s s i v i t y  o f  t h e  d r a i n s  i n  november 1979 t b e f o r e  t h e  w in-  

t e r  recharge)  wh ich  l e d s  t o  some sma l l  p e r t u r b a t i o n s  i n  t h e  sou th  o f  C a l a i s  and i n  

t h e  s e c t o r  o f  Colme channel. 

wa te rs  around Dunkiirk. 

I n  a p r i l  1980 these l a s t  ones i nc reased  a f t e r  t h e  w i n t e r  a c t i v i t y  o f  d ra ins .  

The s t a t i s t i c a l  r e p o r t  o f  NaCl s a l i n i t y  va lues  on a gausso- logar i thmic  paper 

( r e f .  2) shows t h e  presence o f  two f a m i l i e s  o f  c o n c e n t r a t i o n  on b o t h  s ides  o f  t h e  

1 g/1 l i m i t  : 

- f rom 1 t o  10 g / l ,  t h e  f i r s t  one c h a r a c t e r i z e s  t h e  d r a i n  a c t i v i t y  i n  35 % 

(november 79) and i n  55 % ( a p r i l  80)  o f  t h e  r e g i o n a l  cases, 

- f rom 0.5 t o  1 g/1 t h e  second one i s  p e c u l i a r  t o  t h e  undra ined  reg ion .  We can 

see t h e  impor tance o f  t h e  dra inage a c t i v i t y  on t h e  r i s e  o f  t h e  i n t e r f a c e .  It 

v a r i e s  d i f f e r e n t l y  wether  t h e r e  i s  o r  n o t  a d r a i n i n g  i n  some p a r t s  o f  F lan-  

ders.  T h e o r e t i c a l l y  t h e  absence of  d r a i n s  l eads  t o  a decreas ing  o f  t h e  NaCl 

c o n c e n t r a t i o n s  when t h e  l a y e r  o f  f r e s h  wa te r  i nc reases  a f t e r  r a i n s  ( t h e  water  

t a b l e  i s  near  ground su r face ) .  

I n  o t h e r  words when d r a i n s  a r e  p resen t  and a c t i v e  t h e  c o n c e n t r a t i o n  inc reases  w i t h  

t h e  t i m e  ( t h e  r a t e  o f  i n f i l t r a t i o n  i s  c o n s t a n t ) .  A t h i r d  case can be cons idered : 

t h e  d r a i n  i s  pass ive  d u r i n g  low wa te r  and a c t i v e  i n  h i g h  water.  

MATHEMATICAL MODEL 

The c o m p l e x i t y  o f  t h e  m o b i l i t y  o f  t h e  i n t e r f a c e  r e q u i r e s  a mathematical  t o o l  

wh ich  g i v e s  a good i n s i g h t  i n t o  t h e  e f f e c t s  o f  any m o d i f i c a t i o n  o f  parameters 

( h y d r a u l i c  c o n d u c t i v i t y ,  a n i s o t r o p y  and i t s  d i r e c t i o n s ,  boundar ies  c o n d i t i o n s ,  

d e n s i t i e s ,  d r a i n  discharges.. . ) .  

A i d e a  o f  i t  i s  ob ta ined  by making t h e  parameters v a r y  i n  g i v e n  problem. The 

f l o w  can be assumed t o  be two-dimensional  i n  u s u a l l y  cases and an a n a l y t i c a l  func-  

t i o n  method was e s t a b l i s h e d  b y  Van Der Veer ( r e f .  5) who i l l u s t r a t e d  t h i s  method 

by  a computer program f o r  two-dimensional  groundwater f l o w  w i t h  steady and non 

s teady  f l o w  p a t t e r n s  i n  a r b i t r a r y  shaped reg ions  t h a t  may c o n t a i n  seve ra l  f l u i d s  

and i nhomogenei t i e s .  

I n  a f i r s t  s tep  we have examined an homogeneous s o i l  and i n  a second s tep  a m u l t i -  

bed s o i l  ( r e f .  2) .  

Many cases taken  i n  t h e  s tudy  area  have been computed w i t h  d i f f e r e n t  hypotheses. 

The e s s e n t i a l  and p r a c t i c a l  conc lus ions  a r e  t h e  f o l l o w i n g  ones : 

- t h e  r i s e  o f  t h e  i n t e r f a c e  i s  v e r y  i m p o r t a n t  when t h e  va lues  o f  t h e  c o e f f i c i e n t  

- t h e  e x i s t e n c e  o f  an a r g i l l a c e o u s  bed c o n t r i b u t e s  t o  an a t t e n u a t i o n  o f  t he  i n -  

of  p e r m e a b i l i t y  a r e  i n c r e a s i n g  f rom t h e  lower  t o  t h e  upper p a r t  o f  s o i l  sec t i on ,  

t e r f a c e  movement, 
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- the quar te r  o f  t he  Flanders area i s  probably submitted a t  a s t rong  contami- 

- 45 per  cent  o f  the Flanders area are p a r t i a l l y  p o l l u t e d  depending on the 

na t i on  by s a l i n e  water as soon as the a c t i v i t y  o f  dra ins begin, 

permeabi 1 i ty values. 

DYNAMIC OF POLLUTION CAUSED BY SALINITY 

We have j u s t  seen the importance o f  the pe rmeab i l i t y  values d i s t r i b u t i o n  w i t h  

respect  t o  the i n t e r f a c e  m o b i l i t y  when the t h e o r i t i c a l  s t a b i l i t y  o f  the p iezometr ic  

l e v e l  remains so dur ing along enough pe r iod  o f  t ime (one week). This work hypothe- 

s i s  must be completed by the examination o f  the impact o f  a rough recharge o f  t he  

water t a b l e  dur ing a sho r t  pe r iod  which however ac ts  upon on the i n t e r f a c e  pos i t i on .  

We have repor ted on f i g u r e  1 two moda l i t i es  o f  an apprehension o f  the dynamic o f  

t he  sa l tness phenomenon. 

f amplitude 

\-, 

Explanation - 
curve 1 : d r a i n  discharge 
curve 2 : p iezometr ic  head 
curve 3 : s a l i n i t y  

I I I  

t i m e  

Fig. 1. Moda l i t i es  o f  the i n t e r f a c e  m o b i l i t y  i n  permanent s t a t e  (A) and a f t e r  a 
rough recharge o f  sho r t  pe r iod  (B). 

Modal i ty  "A".  A constant p r e c i p i t a t i o n  make a water l e v e l  steady owing t o  the 

d r a i n  a c t i v i t y .  We note a c e r t a i n  i n e r t i a  o f  the d r a i n i n g  system observed exper i -  

menta l ly  on the f i e l d  ( re f .  1). The curve o f  s a l i n i t y  v a r i a t i o n  ( s t a b l e  a t  t = 0) 

a t  the output  o f  the d r a i n i n g  system decreases a t  f i r s t  t ime because o f  a v e r t i c a l  

acc re t i on  o f  f r e s h  water which compensates the head o f  s a l t  water and which gene- 

ra tes  a s t a r t  o f  the hyd rau l i c  a c t i v i t y  o f  the drains. As  soon as the d r a i n  discharge 
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reaches a c r i t i c a l  va lue  t h e  i n t e r f a c e  s t a b i l i z e s  momentar i l y  and b e g i n  r i s i n g  

( w i t h  an i n c r e a s i n g  o f  s a l i n i t y ) .  The mathemat ica l  s i m u l a t i o n  ve ry  w e l l  shows t h i s  

process wh ich  keeps a f i x e d  va lue  when t h e  i n t e r f a c e  meets t h e  t o p  o f  t h e  water  

t a b l e .  

M o d a l i t y  "B".  A rough p r e c i p i t a t i o n  d u r i n g  a s h o r t  p e r i o d  genera tes  a r i s e  o f  

t h e  wa te r  t a b l e  l e v e l  wh ich  q u i c k l y  e n t e r s  i n  i t s  d r y i n g  up phase. A f t e r  a de lay  

t h e  a c t i v i t y  o f  d r a i n i n g  appears d u r i n g  a s h o r t  t ime  w i t h o u t  reach ing  t h e  maximum 

i n t e n s i t y .  A l i t t l e  r i s e  o f  t h e  i n t e r f a c e  occurs  w i t h  a s low s t a b i l i z a t i o n  then i t  

decreases u n t i l  i t  reaches a s teady  s t a t e  ( p r e c i p i t a t i o n s  a r e  absent  d u r i n g  t h e  

cons idered p e r i o d ) .  

S i m u l a t i o n  maps o f  s a l i n i t y .  The a p p l i c a t i o n  o f  t h e  mathemat ica l  method f o r  t he  

s e t t i n g  o f  s imu la ted  d r a i n i n g  on t h e  whole F landers  a rea  has been t r i e d  i n  o r d e r  

t o  show up t h e  s e n s i t i v e  sec to rs  w i t h  rega rd  t o  a con tamina t ion  by  s a l t  water.  We 

have supposed a s t a t e  o f  a c t i v e  and cons tan t  d r a i n i n g  ( w i t h  r e s p e c t  t o  h y d r a u l i c  

parameters o f  eve ry  s i t e )  d u r i n g  t h r e e  p e r i o d s  o f  one, t h r e e  and f i v e  days. We have 

r e t a i n e d  t h e  s i t e s  wh ich  w i l l  show an i n t e r s e c t i o n  o f  t h e  d r a i n  p o s i t i o n  w i t h  t h e  

i n t e r f a c e  a t  36 g /1  o f  s a l t .  The t h r e e  maps ( f i g u r e  2) i n d i c a t e  t h e  geograph ica l  

STUDY AREA 

o I ille 

O Paris 

F i g .  2. S i m u l a t i o n  maps o f  t h e  
geograph ica l  e v o l u t i o n  o f  p o l  1 u ted  
zones a f t e r  one, t h r e e  and f i v e  
days o f  d r a i n i n g .  
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e v o l u t i o n  o f  p o l l u t e d  zones by s a l t  water  i n  t h e  case o f  a systemat ic  d r a i n i n g  

( i n t e r - d r a i n  space o f  12 m y  d r a i n  d iameter  : 0.06 m and head o f  water  t a b l e  on t h e  

d r a i n  : 0.60 m). We n o t i c e  a general  d isplacement d u r i n g  t ime o f  t h e  s a l t  water  

boundary f rom S t o  N o f  F landers w i t h  a j u n c t i o n  s e c t o r  w i t h  t h e  coas t  a t  t h e  W o f  

Dunkirk.  One then two l i t t l e  l e n t i c u l a r  d i s t r i c t s  appear S-SE p a r t  o f  Cala is .  Prac- 

t i c a l l y  these maps p e r m i t  a d e l i m i t a t i o n  o f  sore reg ions  as regards p o l l u t i o n  where 

approp r ia te  m o d a l i t i e s  e i t h e r  dra inage o r  o f  t h row ing  o u t  s a l t  waters  i n t o  s p e c i f i c  

canals  ( i n  connect ion w i t h  sea) w i l l  be proposed. 

CONCLUSIONS 

The study o f  t h e  i n t e r f a c e  m o b i l i t y  i n  the  coas ta l  a q u i f e r  o f  F landers has r e -  

q u i r e d  the  s e t t i n g  o f  a vas t  program o f  r e a l 3 z a t i o n  and s u p e r v i s i o n  w i t h  severa l  

hundred s h o r t  p iezometers.  A f t e r  a f i r s t  p e r i o d  o f  p h y s i c a l  and h y d r a u l i c  parame- 

t e r s  a c q u i s i t i o n ,  a mathematical  mode l i sa t i on ,  by t h e  boundary elements techn ics  

and by the  a n a l y t i c a l  f u n c t i o n  method, has a l lowed us t o  know the  i n f l u e n c e  of  de- 

wa te r ing  on the  i n t e r f a c e  r i s i n g  w i th  regard t o  h y d r a u l i c  parameters v a r i a t i o n s  i n  

connect ion w i t h  t h e  geo log ica l  and pedo log ica l  contexts .  
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