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Abstract

G r o u n d w a t e r  q u a l i t y  In c o a s ta l  a q u i fe r s  Is la rg e ly  In f lu e n c e d  b y  t h e  I n te ra c t io n  b e t w e e n  th e  sea a n d  th e  
b o r d e r in g  a q u i f e r  sys tem s.  This I n te ra c t io n  can re su l t  In f r e s h e n in g  o f  sa l in e  a q u i fe r s  o r  s a l i n iz a t io n  o f  f resh  
w a t e r  bod ies .  In c o m p le x  cases even  b o t h  s i t u a t i o n s  can  be f o u n d  In t h e  s a m e  a q u i f e r  s ys te m .  W h i le  th e  
m a in  m e c h a n is m  f o r  s a l i n iz a t io n  o r  f r e s h e n in g  Is h y d ro d y n a m lc a l l y  d r iv e n  ( g r o u n d w a t e r  f l o w ) ,  a lso  phys ica l  
a n d  c h e m ic a l  p roce sses  w i t h i n  t h e  a q u i f e r  w i l l  a l te r  g r o u n d w a t e r  c o m p o s i t i o n .  C a t i o n  e x c h a n g e  Is In m a n y  
cases an I m p o r t a n t  p roce ss  to  c o n s id e r ;  It resu l ts  In a h y d ro c h e m ic a l  s p e c t ru m  o f  g r o u n d w a t e r  typ e s  
re f le c t in g  b o t h  t h e  h y d ro d y n a m ic a !  a n d  h y d ro c h e m ic a l  c h a ra c te r is t ic s  o f  t h e  aqu i fe r .

In o r d e r  to  u n d e rs ta n d  t h e  n a tu ra l  g r o u n d w a t e r  q u a l i t y  a n d  t h e  c o n t r o l l i n g  p roce sses  In a c o a s ta l  aqu i fe r ,  
It Is c ruc ia l  to  k n o w n  b o t h  t h e  h y d ro d y n a m ic a !  a n d  h y d ro c h e m ic a l  b e h a v io u r  a n d  th e  w a y  th e s e  a re  l inked  
to g e th e r ,  b e c a u s e  u su a l l y  o n l y  t h e  I n te ra c t io n  b e t w e e n  t h e m  can e x p la in  t h e  o b s e rve d  q u a l i t y  d i s t r ib u t io n s .  
W h e r e  m ix in g  o f  f resh  a n d  sa l t  w a t e r  occurs ,  d e n s i t y -d r i v e n  f l o w  m a y  b e c o m e  I m p o r t a n t  a n d  c h a n g e  
q u a l i t y  d i s t r i b u t i o n ,  w h i l e  t h e  g r o u n d w a t e r  c o m p o s i t i o n  I tse l f  In f lu e n c e s  h y d ro d y n a m ic s .  A n  In te g ra te d  
a p p ro a c h  o f  b o t h  asp e c ts  Is In d isp e n sa b le .

M o d e l l i n g  Is an  I m p o r t a n t  t o o l  In u n d e r s t a n d in g  h o w  a q u i f e r  sys tem s  w o r k .  U n t i l  recen t ly ,  h y d ro d y n a m ic a !  
a n d  h y d ro c h e m ic a l  asp e c ts  w e r e  ta c k le d  se p a ra te ly ,  w i t h  d i f f e r e n t  m o d e ls .  H y d ro d y n a m ic a !  a sp e c ts  have  
b ee n  s tu d ie d  w i t h  f l o w  m o d e ls  (such as M O D F L O W )  o r  a c o m b in a t i o n  o f  a f l o w  a n d  a s o lu te  t r a n s p o r t  
m o d e l  (such as M T 3 D )  f o r  s im u la t in g  sa l t  t r a n s p o r t ,  c o u p le d  t o g e t h e r  f o r  I n c o r p o r a t in g  d e n s i t y - d r i v e n  f l o w  
(such as In SEAW A T).  On t h e  o t h e r  h a n d ,  h y d ro c h e m ic a l  asp e c ts  h a v e  b ee n  In v e s t ig a te d  w i t h  
h y d ro g e o c h e m lc a l  m o d e ls  based  o n  s p é c ia t io n  a n d  a re a c t io n  sch e m e .  In h y d ro g e o c h e m ic a l  m ode ls ,  
g r o u n d w a t e r  f l o w  w a s  e i t h e r  n o t  ta k e n  In to  a c c o u n t ,  or, a t  bes t ,  It w a s  c o n s id e re d  In a ve ry  s im p l i f i e d  
a p p ro a c h  (a lo n g  a p a th - l in e ) .  Recent ly ,  c o d e s  h a v e  be e n  d e v e lo p e d  c o m b in in g  t h r e e - d im e n s i o n a l  f l o w  
m o d e ls  f u l l y  w i t h  t h e  f l e x ib i l i t y  o f  an e x te n s ib le  h y d ro c h e m ic a l  m o d e l  b a se d  on  t h e r m o d y n a m ic  d a ta b a se s ,  
such as PHAST, w h i c h  c o m b in e s  t h e  w e l l - k n o w n  PHREEQC m o d e l  w i t h  t h e  HST3D m o d e l  f o r  f l o w  a n d
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t r a n s p o r t .  S im u la t io n s  w i t h  t h e  PHAST m o d e l  h a v e  s h o w n  t h a t  It Is c a p a b le  o f  s im u la t i n g  t h e  w h o l e  
h y d ro c h e m ic a l  s p e c t r u m  o f  g r o u n d w a t e r  t y p e s  In c o a s ta l  a q u i fe r s  u n d e r  f r e s h e n in g  a n d  sa l ln lz ln g  
c o n d i t io n s  I n c o r p o r a t in g  c a t io n  e x c h a n g e  p rocesses  a n d  m in e ra l  e q u i l i b r ia  such as c a lc l te  d i s s o lu t i o n .  The 
c a p a b i l i t ie s  o f  th i s  n e w  g e n e ra t io n  o f  m o d e ls  w i l l  a lso  a l l o w  f o r  I n c lu d in g  re d o x  c o m p o n e n t s  ( I ron c o n t e n t  
o f  t h e  w a t e r )  o r  p rocesses  such as s u r fa ce  c o m p le x a t i o n  (e .g .  s o rp t io n  o n t o  h yd ro x id e s ) .  The f u t u r e  f o r  such 
m o d e ls  lo o k s  b r ig h t ,  b e c a u s e  f o r  t h e  f i r s t  t i m e  th e y  w i l l  p ro v id e  t h e  c o m p le te  g r o u n d w a t e r  c o m p o s i t i o n  as 
t h e i r  o u t p u t .

H o w e v e r ,  m o d e ls  n ee d  t o  be based  o n  g o o d  a n d  s u f f i c ie n t  f ie ld  d a ta !  W i t h o u t  t h e m  t h e  re l i a b i l i t y  o f  t h e  
m o d e ls  Is u n k n o w n  a n d  th e i r  v a lu e  f o r  p r e d ic t i v e  p u rp o s e s  Is h y p o th e t i c a l .  T h e re fo re  t h e  a d v a n c e s  In 
m o d e l l in g  s h o u ld  g o  t o g e t h e r  w i t h  n e w  t e c h n iq u e s  o f  s a m p l i n g ,  m e a s u r in g  a n d  m o n i t o r i n g  a n d  w i t h  
Im p ro v e d  a n a ly t ic a l  m e th o d s .  A d v a n c e s  h a v e  b ee n  m a d e  a lso  In t h e s e  f ie lds .

Yet, t h e  m o s t  I m p o r t a n t  a d v a n c e  In u n d e rs ta n d in g  n a tu ra l  g r o u n d w a t e r  q u a l i t y  Is n o t  re la te d  t o  a spec i f ic  
t e c h n ic a l  In n o v a t i o n  b u t  rests  In t h e  m in d s  o f  h y d ro g e o lo g is t s .  In d e e d ,  o n l y  a p r o f o u n d  In s ig h t  In t h e  
c o m b in e d  h y d ro d y n a m ic a !  a n d  h y d ro c h e m ic a l  asp e c ts  by  a re f in e d  sys tem  ana lys is  can p r o v id e  t h e  key to  
rea l ly  u n d e rs ta n d  w h a t  c o n t ro ls  g r o u n d w a t e r  q u a l i ty ,  a lso  In c o a s ta l  aqu i fe rs .

Keywords: n a tu ra l  g r o u n d w a t e r  q u a l i t y  In c o a s ta l  a q u i fe rs ,  s a l i n iz a t io n / f r e s h e n in g ,  c a t io n  e x ch a n g e ,  
r e a c t io n - t r a n s p o r t  m o d e l l in g

Introduction

U n d e r s ta n d in g  n a tu ra l  g r o u n d w a t e r  q u a l i t y  c o n t r o ls  In a n y  a q u i f e r  s h o u ld  r e su l t  f r o m  an  In te g ra te d  
h y d ro g e o lo g ic a l  I n v e s t i g a t i o n  (F igu re  1), as h y d ro g e o c h e m i s t r y  Is t i g h t l y  l in ke d  to  h y d ro d y n a m ic s .  Such 
s tu d y  s ta r ts  w i t h  a t h o r o u g h  c h a ra c te r i z a t i o n  s tage ,  In w h i c h  e x is t in g  d a ta  a re  c o l le c te d ,  a n d  necessary  
n e w  d a t a  a re  a c q u i r e d . D a ta  c o n c e rn e d  a re  re la te d  t o  a q u i f e r  g e o m e t r y ,  h y d ra u l i c  p a ra m e t e rs  o f  a q u i fe r s  
a n d  a d j a c e n t  a g u l ta rd s ,  g r o u n d w a t e r  f l o w  w i t h i n  a q u i fe r s  a n d  In te ra c t io n  a m o n g s t  t h e m ,  g r o u n d w a t e r  
q u a l i t y  d i s t r i b u t i o n  a n d  t h e  e f fe c t  o f  ( o v e r ) e x p lo l t a t lo n  on  g r o u n d w a t e r  f l o w  a n d  chem is t ry .

D a ta  ana lys is  Is p e r fo r m e d  In a sys tem  ana lys is ,  c o n s is t in g  o f  a h y d ro d y n a m ic a !  a n d  a h y d ro c h e m ic a l  pa r t .  
The h y d ro d y n a m ic a !  s ys tem  ana lys is  revea ls  t h e  f u n c t i o n in g  o f  g r o u n d w a t e r  f l o w  cyc les  w i t h  r e c h a rg e  and  
d is c h a rg e  areas, a n d  a l l o w s  to  d e d u c e  g r o u n d w a t e r  f l o w  v e lo c i t ie s  a n d  th e  d e l im i t a t i o n  o f  w e l l  c a p tu r e  
zones .  The  h y d ro c h e m ic a l  s ys tem  ana lys is ,  b y  p re fe re n c e  a lso  I n c lu d in g  Is o to p lc  d a ta ,  c o n t r ib u te s  to  t h e  
u n d e rs t a n d i n g  o f  t h e  o r ig in  o f  g r o u n d w a t e r  ch e m is t r y ,  d e te r m in e d  by  e n d  m e m b e rs  a n d  ch e m ic a l  
processes, I n c lu d in g  I n te ra c t io n  w i t h  t h e  s e d im e n t  (C u s to d io ,  1 9 8 7 ) .

In te g ra t io n  o f  b o t h  p a r ts  o f  t h e  sys tem  ana lys is  le ads  t o  t h e  c o n c e p tu a l  m o d e l ,  w h i c h  Is te s te d  In t h e  
s u b s e g u e n t  m a t h e m a t i c a l  m o d e l l i n g  s tep.  F inal ly , t h e  c a l i b ra te d  m o d e l  can be a p p l ie d  f o r  m a n a g e m e n t  
p u rp o se s ,  e.g. p re d i c t i o n  o f  t h e  r e sp o n se  to  n e w  m a n a g in g  s t ra te g ie s ,  d e l im i t a t i o n  o f  p r o te c t io n  z o n e s  a n d  
o p t im iz a t i o n  o f  p u m p in g  scena r ios .
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UNDERSTANDING  NATURAL G RO UNDW ATER QUALITY CO NTROLS
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Figure 1. U n d e rs ta n d in g  n a tu ra l g r o u n d w a te r  q u a l ity  c o n tro ls

Natural groundwater quality controls in coastal aquifers

C o a s ta l  a q u i fe r s  a re  m o s t l y  c h a ra c te r iz e d  by  t h e  c o n f r o n t a t i o n  b e t w e e n  m a r in e  a n d  c o n t in e n ta l  c o n d i t io n s .  
This m a y  re su l t  In t h e  s a l i n iz a t io n  o f  f resh  a q u i fe rs ,  o r  conve rse ly ,  t h e  f r e s h e n in g  o f  sa l in e  a q u i fe rs .

S a l in iz a t io n  can be In d u ce d  by  n a tu ra l  e ven ts ,  such as m a r in e  t r a n s g re s s io n s  a n d  f l o o d in g ,  o r  by  
a n t h r o p o g e n i c  causes, such as o v e re x p lo i t a t i o n  o f  t h e  aqu i fe r .  F re shen ing  can h a v e  n a tu ra l  o r ig in s ,  such as 
t h e  d e v e lo p m e n t  o f  d u n e  be l ts  a lo n g  t h e  co a s t l in e ,  o r  It can be t r ig g e re d  by  m a n  by  a r t i f i c ia l  re cha rge .  Each 
o f  th e s e  m e c h a n is m s  has Its o w n  t i m e  sca le  (F igu re  2), a n d  t h e  p re s e n t  f re s h /s a l t  w a t e r  d i s t r ib u t io n  In a 
c o a s ta l  a q u i f e r  Is v e ry  o f t e n  d e te rm i n e d  by th e  l o n g - t e r m  h y d ro g e o lo g ic a l  a n d  p h y s lo g ra p h lc a l  h is to r y  o f  
t h e  r e g io n .
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Figure 2. T im e s ca le s  o f  s e le c te d  h y d ro d y n a m ic  a n d  h y d ro c h e m ic a l p ro ce sse s

Ph re a t ic  a q u i fe r s  re a c t  on  s h o r t e r  t im e  scales, w h e r e a s  s e m i - c o n f in e d  a q u i fe r s  n ee d  m o re  t i m e  to  reach 
e q u i l i b r iu m  w i t h  n e w  c o n d i t io n s .

Besides, h y d ro c h e m is t r y  ne e d s  m o r e  t i m e  t o  re sp o n d  t o  a n e w  e q u i l i b r iu m  c o m p a r e d  to  h y d ro d y n a m ic s .  
This Is re la te d  t o  h y d ro d y n a m ic s  b e in g  o n e  o f  t h e  d e t e r m i n in g  fa c to r s  f o r  h y d ro g e o c h e m is t r y ,  b e c a u s e  o f  
t h e  a s so c ia te d  m ass  t r a n s p o r t  p rocesses  o f  a d v e c t io n  a n d  h y d r o d y n a m ic  d is p e rs io n .  A  n e w  h y d ro d y n a m ic  
e q u i l i b r iu m  Is r e a ch e d  fa i r l y  q u ick ly ,  e.g. u p o n  a m a r in e  re g re ss io n ,  w h i c h  Is f o l l o w e d  by  t h e  d e v e lo p m e n t  
o f  d u n e  be l ts  a c t in g  as r e c h a rg e  areas,  a n d  t h u s  t h e  e s t a b l i s h m e n t  o f  a n e w  f l o w  re g im e .  Yet, t h e  
a s so c ia te d  f r e s h e n in g  f r o m  th e  c h e m ic a l  p o i n t  o f  v ie w ,  w i l l  t a k e  v e ry  lo n g  to  be c o m p le te d .  St i l l ,  In coas ta l  
a q u i fe rs ,  w e  h a v e  t o  de a l  w i t h  an a d d i t i o n a l l y  c o m p l i c a t i n g  fa c to r ,  as t h e  c h a n g in g  h y d ro g e o c h e m is t r y  
( sp e c i f i ca l ly  t h e  c h a n g in g  sa l t  c o n t e n t )  m a y  In f lu e n c e  h y d ro d y n a m ic s ,  w i t h  respe c t  t o  t h e  I m p o r ta n c e  o f  
d e n s i t y -d r i v e n  f l o w .  M o re o v e r ,  a lso  h y d ra u l i c  c o n d u c t i v i t y  can be a f fe c te d  as a resu l t  o f  t h e  c h a n g in g  
c o n d i t io n s  as s a l i n iz a t io n  o r  f r e s h e n in g  p ro c e e d  ( G o ld e n b e rg ,  1 9 8 5 ) .

Last b u t  n o t  least ,  f r e s h e n in g  has a lo n g e r  t i m e  sca le  u p o n  w h i c h  t o  ac t ,  t h a n  s a l i n iz a t io n .  This has  t o  do  
w i t h  t h e  c o n c e n t ra t io n  d i f fe re n c e  b e t w e e n  b o th ,  a n d  th e  n o t i o n  a b o u t  " f r e s h "  a n d  " s a l i n e "  w a te r .  A  
m ix tu r e  o f  9 5 %  f resh  w a t e r  (TDS: 3 7 5  m g /L )  w i t h  o n l y  5 %  s e a w a te r  (TDS: 3 5 , 0 0 0  m g /L )  p ro d u c e s  fa i r l y  
b rack ish  w a t e r  w i t h  a TDS o f  2 1 0 6  m g /L ,  w h i c h  Is c e r ta in l y  n o  lo n g e r  re co g n iz e d  as " f r e s h " .  On t h e  o t h e r  
h a n d ,  a m i x tu r e  o f  9 5 %  s e a w a te r  w i t h  5 %  f re sh  w a t e r  has  a TDS o f  3 3 , 2 6 9  m g /L ,  a n d  Is c o n s id e re d  sa l t  
w i t h o u t  a n y  reserve.
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Salinization and freshening

W h e n  a n a ly z in g  n a tu ra l  g r o u n d w a t e r  q u a l i t y  c o n t ro ls  In c o a s ta l  a q u i fe rs ,  o n e  has  t o  c o n s id e r  t h e  spec i f ic  
ro le  o f  t h e  fa c to r s  d e t e r m i n in g  g r o u n d w a t e r  c o m p o s i t i o n  u n d e r  s a l ln lz ln g  o r  f r e s h e n in g  c o n d i t io n s .  These 
fa c to r s  are:

-  t h e  c o m p o s i t i o n  (a n d  m ix in g  ra t io )  o f  e n d  m e m b e rs
-  h y d ro d y n a m ic s :  m ass  t r a n s p o r t  p rocesses

•  a d v e c t io n
•  h y d ro d y n a m ic  d is p e rs io n  (m ix in g )

-  c h e m ic a l  r e a c t io n s
•  w i t h i n  t h e  w a t e r  p h a se
•  w i t h  t h e  gas  p h a se  In t h e  u n s a tu r a te d  z o n e
•  w i t h  t h e  a q u i f e r  m a t r i x

The  e n d  m e m b e r s  t o  be c o n s id e r e d  In c o a s ta l  a q u i f e r s  a re  s e a w a t e r  a n d  f r e s h  r e c h a rg e  w a te r ,  t h e  l a t t e r  
g e n e ra l l y  c o n c e iv e d  as In f i l t r a t i n g  ra in  h a v in g  d is s o lv e d  ca lc i te .  The m a in  Ions  In th i s  r e c h a rg e  w a t e r  resu l t  
f r o m  c a lc i t e  d i s s o l u t i o n  ( A p p e lo  a n d  P o s tm a ,  1 9 9 3 ) ,  a n d  t h e  w a t e r t y p e  Is F - C a H C 0 30  a c c o r d i n g  t o  t h e  
c la s s i f ic a t io n  o f  S tu y fz a n d  ( 1 9 8 6 ) .  The  s e a w a t e r  t y p e  Is S-NaC lO .  Bes ides  t h e  m a jo r  Ions, t h e  c la s s i f ic a t io n  
n a m e  expresses  t h e  c h lo r id e  c o n t e n t  ( f resh F: <  1 5 0  m g /L ;  f r e s h -b ra c k ls h  Fb: 1 5 0 - 3 0 0  m g /L ;  b rack ish  B: 3 0 0 -  
1 0 0 0  m g /L ;  b r a c k ls h - s a l t  Bs: 1 0 0 0 - 1 0 , 0 0 0  m g /L ;  sa l t  S: 1 0 , 0 0 0 - 2 0 , 0 0 0  m g /L ;  h y p e r h a l l n e  H : >  2 0 , 0 0 0  m g /L )  
a n d  t h e  c a t i o n  e x c h a n g e  c o d e .  T he  l a t t e r  I n d i c a te s  e i t h e r  a s u r p l u s  ( + )  o f  m a r i n e  c a t i o n s  
( ( N a + + K + + M g 2+)corrected >  ( ' A C h ) 1/2), o r  a c a t i o n  e x c h a n g e  e q u i l i b r i u m  (0 )  ( - ( ' A C h ) 1/2 <  
( N a + + K + + M g 2+)corrected <  ( 'A C h ) 1/2), o r  a d e f i c i t  (-) o f  m a r in e  c a t io n s  ( (N a + + K + + M g 2+)corrected <  - ( 'A C h ) 1/2). 
A l l  c o n c e n t r a t i o n s  a re  e x p re s s e d  In m e g /L .  The  p a r a m e t e r  ( N a + + K + + M g 2+)corrected r e p r e s e n ts  t h e  m a r in e  
c a t io n s  In t h e  s a m p le  t h a t  a re  n o t  d u e  t o  a d m ix t u r e  o f  t h e  s e a w a te r  en d  m e m b e r ,  a n d  Is c a lc u la te d  as t h e  sum  
o f  m e a s u re d  m a r in e  c a t io n s ,  f r o m  w h i c h  1 .06 1  Ch Is s u b t ra c te d ,  t h e  la t t e r  r e p re s e n t in g  t h e  m a r in e  c a t io n s  In 
t h e  e n d  m e m b e r  f r a c t i o n  ( (N a ++ K + + M g 2+)/C h  =  1 .06 1  f o r  m e a n  o c e a n  w a te r ) .  A  s u rp lu s  o f  m a r in e  c a t io n s  
( + )  p o i n t s  t o  c a t i o n  e x c h a n g e  r e s u l t in g  f r o m  f r e s h e n in g ,  w h e r e a s  a d e f i c i t  (-)  I n d i c a te s  c a t io n  e x c h a n g e  
ca u se d  b y  s a l i n iz a t io n .T h e  e n d  m e m b e rs  by  d e f i n i t i o n  s h o w  c a t io n  e x c h a n g e  e q u i l i b r iu m  (0).

S a l in iz a t io n  (F igu re  3 )  Is I n d u c e d  as t h e  n e w  sa l in e  e n d  m e m b e r  Is In t r o d u c e d  In to  t h e  f r e s h - w a t e r  
s a tu ra te d  aqu i fe r ,  a n d  b o th  e n d  m e m b e rs  m o v e  by  a d v e c t io n .  A t  t h e i r  In te r fa ce ,  m ix in g  o f  b o th  end  
m e m b e rs  o ccu rs  by h y d r o d y n a m ic  d is p e rs io n .  A s  a d m i x t u r e  o f  t h e  sa l in e  e n d  m e m b e r  Increases, t h e  
c h lo r id e  c o n c e n t ra t io n  In t h e  w a t e r  Is ra ised  p r o p o r t i o n a l l y . T h e  m a in  c h e m ic a l  re a c t io n  Is c a t io n  e x ch a n g e ,  
r e s u l t in g  In a d e f i c i t  o f  m a r in e  c a t io n s  a n d  a su rp lu s  o f  t h e  f r e s h - w a t e r  c a t io n  C a 2+. This le ads  to  t h e  
d e v e lo p m e n t  o f  t h e  C a - C l  w a t e r t y p e  (F ig u re  4 ) ,  w h i c h  Is ty p ic a l  f o r  s a l i n iz a t io n .

F re shen ing  (F igu re  3 )  Is I n d u c e d  as t h e  n e w  f re sh  e n d  m e m b e r  Is In t r o d u c e d  In to  t h e  s e a w a te r  s a tu ra te d  
a qu i fe r ,  a n d  b o t h  e n d  m e m b e rs  m o v e  by  a d v e c t io n .  A t  t h e i r  In te r face ,  m ix in g  o f  b o t h  e n d  m e m b e rs  occu rs  
by h y d r o d y n a m ic  d is p e rs io n .  A s  a d m ix t u r e  o f  t h e  f re sh  e n d  m e m b e r  Inc reases , t h e  c h lo r id e  c o n c e n t ra t io n  
In t h e  w a t e r  Is re d u c e d  p ro p o r t io n a l l y .  The m a in  c h e m ic a l  r e a c t io n  Is c a t io n  e x ch a n g e ,  r e s u l t in g  In a su rp lu s  
o f  m a r in e  c a t io n s  a n d  a d e f i c i t  o f  t h e  f r e s h - w a t e r  c a t io n  C a 2+. This le ads  to  t h e  d e v e lo p m e n t  o f  t h e  
N a H C 0 3+  w a t e r t y p e  (F igu re  4 ) ,  w h i c h  Is ty p ic a l  f o r  f r e s h e n in g .  B u t  In a f u r t h e r  f r e s h e n in g  pha se ,  a lso  th e  
M g H C 0 3 w a t e r t y p e  d e v e lo p s  as a resu l t  o f  c a t io n  e x c h a n g e  (W a l ra e ve n s ,  1 9 9 0 ) .
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■ advection w ill bring the new saline end member in the 
aquifer, and both end members w ill move w ith 
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■ at the interface, both end members w ill be mixed by 
dispersion

■ at the interface, both end members w ill be mixed by 
dispersion
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■ the main chemical reaction w ill be cation exchange ■ the main chemical reaction w ill be cation exchange

=> deficit o f marine cations (-) =>surplus o f marine cations (+)

CaHCO30 ^  CaCi- ^  N a d - ^  NadO NaCiO ^  N a d + ^  N a H C O ^  MgHCO?+ 
CaHCO3 + ^  CaHCOiO

Figure 3. F a cto rs  c h a n g in g  g r o u n d w a te r  q u a l ity  as a re s u lt  o f  s a lin iz a t io n  o r  fre s h e n in g

“/  C a C lV

iHCO:

Figure 4. P ip e r d ia g ra m  s h o w in g  th e  s h if t  In Io n  d is t r ib u t io n  d u e  to  s a lin iz a t io n  a n d  f re s h e n in g

A s  an e x a m p le  o f  t h e  g r o u n d w a t e r  q u a l i t y  e v o lu t io n  re s u l t in g  f r o m  f r e s h e n in g ,  th e  v a r ia t io n  o f  
g r o u n d w a t e r  q u a l i t y  In t h e  T e r t ia ry  s e m i - c o n f in e d  L e d o -P a n lse l la n  a q u i f e r  In F landers  Is p re se n te d  
(W a l ra e ve n s ,  1 9 9 0 ) .  The a q u i f e r  c o n s is ts  o f  m a r in e  sands .  In th is  w e l l - d o c u m e n t e d  aqu i fe r ,  s u b s e q u e n t
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s t r ips  o f  d i f f e r e n t  w a t e r t y p e s  occur,  t h a t  s t re tc h  p e r p e n d ic u la r  t o  t h e  d i re c t io n  o f  ( p r e - p u m p in g )  
g r o u n d w a t e r  f l o w .  In t h e  d o w n s t r e a m  d i re c t io n ,  g r o u n d w a t e r  q u a l i t y  Is I n c re a s in g ly  e x h ib i t in g  th e  
In f lu e n c e  o f  t h e  f o r m e r  m a r in e  c o n d i t io n s .  The N a +/C h  ra t io  Is s h o w n  as a f u n c t i o n  o f  t h e  Ch c o n c e n t ra t io n  
In F igu re  5. C h lo r id e  Inc reases  In t h e  d o w n f l o w  d i re c t io n .  D i l u t io n  o f  t h e  c o n n a t e  s e a w a te r  is t h e  f i rs t  
re sp o n se  t o  f r e s h e n in g .  C a t io n  e x c h a n g e  f o l l o w s  in a la te r  s tage .  U p s t re a m  o f  t h e  f r e s h /s a l i n e - w a t e r  
in te r fa ce ,  N a + is s t r o n g ly  in c re a se d ,  r e s u l t in g  in t h e  N a H C 0 3 w a te r t y p e ,  a n d  a p e a k  in t h e  N a +/C h  ra t io .  In 
a f u r t h e r  p h a se  o f  c a t io n  e x c h a n g e ,  m a r in e  M g 2+ Is d e s o rb e d  f r o m  t h e  s e d im e n t  In e x c h a n g e  f o r  C a 2+, 
r e s u l t in g  in t h e  M g H C 0 3 w a te r t y p e .  A s  C a 2+/ N a + e x c h a n g e  has la rg e ly  b ee n  c o m p le te d  by th e n ,  th e  
N a +/C h  ra t io  has  r e tu rn e d  t o  n o r m a l  va lues ,  c o m p a r a t i v e  t o  b o th  e n d  m e m b e rs .  F inal ly , in t h e  f r e s h e n e d  
re c h a rg e  a rea ,  c a t io n  e x c h a n g e  is n o t  p la y in g  a ( d e t e r m in in g )  ro le  a n y  m o re ,  a n d  th e  C a H C 0 3 w a t e r t y p e  
is f o u n d .

Na/CI ratio versus Cl concentration in the Ledo^aniselian groundwater10

:

z

CaHCO) u v a ta fy ?

OLD C pN A ^E  p /ATppp!.

0 1 iCItir.

Figure 5. N a +/ C t  ra t io  v e rs u s  Ch c o n c e n tra t io n  In th e  L e d o -P a n ls e lla n  g r o u n d w a te r

The im p o r t a n c e  o f  c a t io n  e x c h a n g e  re a c t io n s  In c o n d i t io n s  o f  s a l i n iz a t io n / f r e s h e n in g  has  f o r  a lo n g  t im e  
b ee n  g e n e ra l l y  u n d e re s t im a t e d .  The ro le  o f  c a t io n  e x c h a n g e  d u r in g  f r e s h e n in g  w a s  m o s t l y  t h o u g h t  t o  be 
re s t r ic te d  t o  t h e  a p p e a r a n c e  o f  t h e  N a H C 0 3 w a t e r t y p e  as a resu l t  o f  C a 2+/ N a + e x ch a n g e .  Inc reases  in M g 2+ 
d u e  to  t h e  s u b s e g u e n t  C a 2+/ M g 2+ e x c h a n g e  w e r e  f r e g u e n t l y  e x p la in e d  u s in g  so l id  c a r b o n a te  re a c t io n s ,  f o r  
e x a m p le  f o r  t h e  A g u l a  a q u i f e r  in M a r y la n d  ( C h a p e l le  a n d  K n o b e l ,  1 9 8 3 ,  w h o  a t t r i b u t e d  in c re a se d  M g 2+ to  
d i s s o lu t i o n  o f  M g - c a lc i t e s  a n d  p r e c ip i t a t io n  o f  p u re  c a lc i te )  a n d  t h e  L in co ln s h i re  l im e s to n e  in E n g la n d  
( B is h o p  a n d  L loyd,  1 9 9 0 ) .  Yet, V a lo c ch i  et al. (1 9 8 1  ) h a d  o b s e rv e d  t h e  c h r o m a t o g r a p h i c  s e g u e n c e  o f  N a +, 
M g 2+ a n d  C a 2+ d o m i n a t e d  w a t e r t y p e s  in a f ie ld  e x p e r im e n t .  The d o w n s t r e a m  K+- in c re a se  w a s  e.g. e v id e n t  
in t h e  A g u la  aqu ife r ,  b u t  n o t  d iscussed  by  C h a p e l le  a n d  K n o b e l  ( 1 9 8 3 ) .  A p p e lo  ( 1 9 9 4 )  has  e m p h a s iz e d  a n d  
d e m o n s t r a t e d  c a t io n  e x c h a n g e  u n d e r  f r e s h e n in g  c o n d i t io n s ,  p r o d u c in g  th i s  c h r o m a t o g r a p h i c  s eguence ,  
w i t h  s e g u e n t ia l  p e a ks  o f  N a +, K+ a n d  M g 2+, u p s t r e a m  o f  t h e  s a l t / f r e s h -w a t e r  b o u n d a ry .  He d e v e lo p e d  
PHRE EQ M  as a o n e - d i m e n s io n a l  t r a n s p o r t  m o d e l ,  us ing  PHREEQE (P a rk h u rs t  et al., 1 9 8 0 )  t o  c a lc u la te  
g e o c h e m ic a l  re a c t io n s ,  e x t e n d in g  t h e  la t t e r  to  dea l  w i t h  ion  e x c h a n g e  re a c t io n s .  The c o d e  w a s  d e v e lo p e d  
f u r t h e r  t o  y ie ld  PHREEQC (P a rk h u rs t  a n d  A p p e lo ,  1 9 9 9 ) ,  as t h e  p re s e n t  s ta n d a r d  f o r  h y d ro g e o c h e m ic a l  
t r a n s p o r t  m o d e l l in g .
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A n o t h e r  i m p o r t a n t  c o n s e q u e n c e  o f  c a t io n  e x c h a n g e  re a c t io n s  is t h e i r  e f fe c t  on  t h e  s a tu r a t io n  in d e x  o f  
m in e ra ls ,  s p e c i f ic a l l y  o f  ca lc i te .  In f r e s h e n in g  c o n d i t io n s ,  C a 2+ Is d e p le te d  In g r o u n d w a te r ,  a l l o w i n g  f o r  a 
se co n d  s ta g e  o f  c a lc i te  d i s s o lu t i o n ,  w h i c h  m a y  lead  t o  t h e  h ig h  H C 0 3' c o n c e n t ra t io n s  t h a t  a re  ty p ic a l  f o r  
t h e  N a H C 0 3 w a t e r t y p e  (W a l ra e ve n s ,  1 9 9 0 ) .  In c o n d i t io n s  o f  s a l i n iz a t io n ,  C a 2+ Is Inc re ased  In g r o u n d w a te r ,  
w h i c h  m a y  lead  to  s u p e r s a tu ra t i o n  a n d  p r e c ip i t a t io n  o f  ca lc i te .  The p r e l im in a ry  r e c o g n i t i o n  o f  th e s e  
p rocesses  is s u p p o r te d  by c a lc u la t i n g  t h e  c o n s e rv a t iv e  m i x tu r e  b a se d  on  th e  c h lo r id e  c o n c e n t ra t io n ,  and  
p r o p o s in g  c h e m ic a l  re a c t io n s  e x p la in in g  t h e  d i f fe re n c e  w i t h  t h e  s a m p le  c o m p o s i t i o n  ( A p p e lo  a n d  P o s tm a ,  
1 9 9 3 ) .

Modelling groundwater quality in coastal aquifers

M o d e l l i n g  is an i m p o r t a n t  t o o l  in u n d e rs t a n d i n g  h o w  a q u i fe r  s ys te m s  w o r k .  U n t i l  recen t ly ,  h y d ro d y n a m ic a !  
a n d  h y d ro c h e m ic a l  a s p e c ts  w e r e  ta c k le d  se p a ra te ly ,  w i t h  d i f f e r e n t  m o d e ls .

Yet, in o r d e r  to  s im u la te  t h e  e v o lu t io n  in t h e  c h a n g in g  e n v i r o n m e n t  o f  coas ta l  a q u i fe rs ,  w h e r e  s a l in iz a t io n  
o r  f r e s h e n in g  a re  g o in g  on ,  it is in d is p e n s a b le  t o  h a v e  a c o m b in a t i o n  o f  t r a n s p o r t  a n d  re a c t io n s  w i t h i n  t h e  
m o d e l .  M a ss  b a la n c e  m o d e ls ,  as NETPATH ( P lu m m e r  etal., 1 9 9 1 ) ,  c a n n o t  be s u cce ss fu l ly  a p p l ie d ,  b e ca u se  
th e  g r o u n d w a t e r  c o m p o s i t i o n  a t  a g ive n  p o i n t  w i t h i n  t h e  a q u i f e r  is t r a n s ie n t ,  re la te d  to  t h e  c h a n g in g  
c o m p o s i t i o n  o f  t h e  s o rb e d  c a t io n s  o n  th e  e x c h a n g e  s ites  in t h e  u p s t r e a m  pa r t .

H y d ro d y n a m ic  m o d e ls  f o r  c o a s ta l  a q u i fe r s  a re  t y p ic a l l y  i n c o r p o r a t i n g  d e n s i t y -d r i v e n  f l o w .  T w o  g r o u p s  o f  
h y d r o d y n a m ic  m o d e ls  can be c o n s id e r e d .T h e  f i rs t  g r o u p  is n e g le c t in g  re a c t io n s :  t h e  s h a rp  in te r f a c e  m o d e ls  
c o n s id e r  o n l y  a d v e c t io n ,  e .g .  SHARP (Essaid,  1 9 9 0 ) ;  t h e  s o lu te  t r a n s p o r t  m o d e ls  dea l w i t h  b o th  a d v e c t io n  
a n d  d is p e rs io n ,  e .g .  HST3D (K ip p ,  1 9 8 7 ) ,  M O C D E N S 3 D  ( O u d e  Essink, 1 9 9 8 )  a n d  S E A W A T  (G u o  etal., 
2 0 0 2 ) .  The  s e co n d  g r o u p  h a n d le s  a v e ry  s im p le  a p p ro a c h  f o r  c o m p o s i t i o n a l  ch a n g e s ,  u s in g  a s in k /s o u rc e  
te r m ,  e .g .  M T 3 D  (Z h e n g ,  1 9 9 0 ) .

On th e  o t h e r  h a n d ,  h y d ro c h e m ic a l  a s p e c ts  h a v e  b ee n  in v e s t ig a te d  w i t h  h y d ro g e o c h e m ic a l  m o d e ls  based  
on  s p é c ia t io n  a n d  a r e a c t io n  sch e m e .  In t h e  f i r s t  g e n e ra t io n  o f  h y d ro g e o c h e m ic a l  m o d e ls ,  g r o u n d w a t e r  
f l o w  a n d  t r a n s p o r t  w e r e  n o t  ta k e n  in to  a c c o u n t .  W e l l - k n o w n  e x a m p le s  o f  th is  g r o u p  a re  W A T E Q  (Truesdel l  
a n d  Jones, 1 9 7 4 ) ,  M IN T E Q  ( K ru p k a ,  1 9 9 2 )  a n d  PHREEQE (P a rk h u rs t  et al., 1 9 8 0 ) .  In a f u r t h e r  s te p  o f  
d e v e lo p m e n t ,  g r o u n d w a t e r  f l o w  a n d  t r a n s p o r t  w e r e  c o n s id e re d  in a ve ry  s im p l i f i e d  a p p ro a c h  ( o n e ­
d im e n s io n a l  a lo n g  a p a th - l in e ) :  PHRE EQ M  ( A p p e lo ,  1 9 9 4 )  a n d  PHREEQC (P a rk h u rs t  a n d  A p p e lo ,  1 9 9 9 )  
i l lu s t ra te  th is  c a te g o ry .  F igu re  6  is an  e x a m p le  o f  t h e  a p p l i c a t i o n  o f  PH R E EQ M , s h o w in g  m o d e le d  a n d  
m e a s u re d  c o n c e n t ra t io n s  o f  m a in  io ns  in t h e  L e d o -P a n ise l ia n  a q u i f e r  a l o n g  a f l o w  l ine, s ta r t i n g  a t  t h e  
r e c h a rg e  a rea  (W a l ra e v e n s  a n d  C a rd e n a l ,  1 9 9 9 ) .  D o w n s t r e a m  in c re a s in g  CI' a n d  S 0 42' c o n c e n t ra t io n s  
s h o w  th e  g r o w in g  a d m ix t u r e  o f  t h e  sa l in e  e n d  m e m b e r .  A l s o  N a + e x h ib i t s  th i s  e f fe c t ,  b u t  a d d i t io n a l l y ,  N a + 
is in c re a se d  u p s t r e a m  o f  t h e  f r e s h / s a l in e -w a t e r  in te r fa ce ,  as a r e su l t  o f  c a t io n  e x c h a n g e .  F u r th e r  u p s t re a m ,  
a lso  K+ p e a k s  d u e  to  c a t io n  e x ch a n g e ,  a n d  s u b s e q u e n t ly ,  M g 2+ is ra ised by  t h e  s a m e  process.  F inal ly , in 
th e  m o s t  u p s t r e a m  w a te r s ,  t h e  e f fe c t  o f  c a t io n  e x c h a n g e  has been  re d u c e d ,  a n d  C a 2+ c o n c e n t ra t io n s  are 
no  lo n g e r  lo w e re d  by  its e f fe c t .  N o t i c e  t h e  d i f fe re n c e  in c o n c e n t ra t io n  scales:  N a + is m o r e  s t r o n g ly  ra ised 
by  c a t io n  e x c h a n g e  t h a n  K+ a n d  M g 2+ are.
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A t  th i s  m o m e n t  a n e w  g e n e ra t io n  o f  s im u l a t i o n  m o d e ls  is s h o w in g  u p  t h a t  c o u p le s  t h r e e  d im e n s io n a l  f l o w  
a n d  t r a n s p o r t  w i t h  h y d ro g e o c h e m ic a l  c a lc u la t i o n s .T h is  k in d  o f  m o d e ls  s h o u ld  be  a b le  t o  s im u la te  c o m p le te  
g r o u n d w a t e r  c o m p o s i t i o n  ( m a jo r  a n d  m i n o r  e le m e n ts  a n d  spec ies)  in real a g u i f e r  f l o w  c o n d i t io n s .  A n  
e x a m p le  o f  such  a m o d e l  is PHAST (P a rk h u rs t  et al., 2 0 0 4 ) .  PHAST is a 3 - d im e n s i o n a l  m u l t i c o m p o n e n t  
r e a c t io n - t r a n s p o r t  m o d e l  t h a t  can  be used  t o  s im u la te  t r a n s ie n t  g r o u n d w a t e r  f l o w  w i t h  g e o c h e m ic a l  
re a c t io n s .  The  r e a c t io n - t r a n s p o r t  e g u a t io n s  a re  s o lve d  by  u s in g  t h e  s e g u e n t ia l  a p p ro a c h  in w h i c h  t r a n s p o r t  
a n d  re a c t io n  a re  d iv id e d  in to  s e p a ra te  c a lc u la t i o n s  f o r  each  t i m e  s tep. First t h e  c o m p o n e n t s  a re  t r a n s p o r te d  
a n d  t h e n  g e o c h e m ic a l  re a c t io n s  a re  c a lc u la te d .  The s o lu t e - t r a n s p o r t  s im u l a t o r  HST3D is used  f o r  th e  
t r a n s p o r t  c a lc u la t i o n s  a n d  t h e  p r o g r a m  PHREEQC is used f o r  t h e  g e o c h e m ic a l  c a lc u la t io n s .
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Figure 6. C h a n g in g  io n  c o n c e n tra t io n s  in  th e  L e d o -P a n is e lia n  a g u i fe r  a lo n g  a f lo w  lin e , w i th  in c re a s in g  d is ta n c e  
f ro m  th e  re c h a rg e  a re a . C ro sse s  re p re s e n t m e a s u re d  c o n c e n tra t io n s . S o lid  a n d  d a s h e d  lin e s  a re  m o d e le d  

c o n c e n tra t io n s  (W a lra e v e n s  a n d  C a rd e n a l,  1 9 9 9 ) .

The g e o c h e m ic a l  p a r t  o f  t h e  p r o g r a m  has t h e  c a p a b i l i t y  t o  p e r fo r m  a w i d e  ra n g e  o f  c h e m ic a l  r e a c t io n  
c a lc u la t i o n s  t h a t  in c lu d e  a g u e o u s  c o m p le x a t i o n ,  m in e ra l  e g u i l i b r ia ,  s u r fa ce  c o m p le x a t i o n ,  ion e x ch a n g e ,  
s o l i d - s o lu t io n  e g u i l i b r ia ,  g a s -p h a s e  e g u i l i b r a t io n ,  a n d  g e n e ra l  k in e t i c  re a c t io n s .  In a d d i t i o n ,  g e o c h e m ic a l  
s im u la t io n s ,  w h i c h  in c lu d e  al l o f  t h e s e  ty p e s  o f  r e a c t io n  c a lc u la t i o n s  p lus  m ix in g ,  i r re ve rs ib le  re a c t io n s ,  a n d  
t e m p e r a t u r e  v a r ia t io n ,  m a y  be  used to  d e f i n e  in i t ia l  a n d  c h e m ic a l  b o u n d a r y  c o n d i t io n s  f o r  t h e  re a c t io n -  
t r a n s p o r t  s im u la t io n s .

C o n s id e r in g  al l t h e s e  po ss ib i l i t ie s ,  PHAST can be used  to  s tu d y  s a l t w a t e r  in t ru s io n  p r o b le m s .  It can  t r e a t  
c a t io n  e x c h a n g e  p roce sses  w i t h  m u l t i p l e  c a t io n s  a n d  m in e ra l  e g u i l i b r ia  l ike c a lc i te  d is s o lu t i o n  ca u se d  by
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c a t io n  e x ch a n g e .  B u t  i t  can h a n d le  a m u c h  w id e r  s co p e  o f  p rocesses  a l l o w in g  e .g .  t h e  i n c o r p o r a t i o n  o f  
r e d o x  spec ies  a n d  re a c t io n s ,  o r  a d s o r p t io n  o f  io ns  on  h y d ro x id e s  by  s u r fa ce  c o m p le x a t i o n .

A s  an e x a m p le  o f  t h e  c a p a b i l i t ie s  o f  PHAST, i t  has  b ee n  used  t o  s im u la te  t h e  f r e s h e n in g  o f  a d u n e  be l t .  The 
s h o w n  e x a m p le  is s c h e m a t ic  b u t  re p re s e n ta t i v e  f o r  t h e  d e v e lo p m e n t  o f  t h e  d u n e  b e l t  a lo n g  t h e  B e lg ian  
coas t ,  w h i c h  p ro v id e s  th e  m o s t  i m p o r t a n t  a g u i f e r  s ys tem  f o r  d r i n k in g  w a t e r  p r o d u c t i o n  in t h e  coas ta l  
re g io n .  W e  h a v e  t r ie d  to  s im u la te  t h e  o c c u r re n c e  a n d  e v o lu t io n  o f  t h e  g e n e t i c  s e g u e n c e  o f  w a te r t y p e s  
p ro d u c e d  by  f r e s h e n in g  (F ig u re  3 )  d u r in g  t h e  w h o l e  l i f e t im e  o f  t h e  d u n e s ,  s ta r t i n g  f r o m  t h e  in i t ia l  o n s e t  o f  
d e v e lo p m e n t  w h e n  th e  a g u i f e r  s ys tem  w a s  st i l l  f i l le d  w i t h  s e a w a te r  ( t h a t  had  in f i l t r a te d  d u r in g  p re v io u s  
m a r in e  t r a n s g re s s io n s ) ,  u n t i l  t h e  n o w a d a y s  p r e s e n t - d a y  s i t u a t i o n ,  in w h i c h  a f r e s h - w a t e r  lens o f  C a H C 0 3 
w a te r s  is p re s e n t  u n d e r  t h e  d u n e s ,  w h i l e  a t  t h e  t r a n s i t io n  z o n e  b e t w e e n  d u n e s  a n d  in la n d  p o ld e rs  f resh 
M g H C 0 3 a n d  b ra ck is h  N a H C 0 3 w a t e r s  a re  p re se n t .  U n d e r  t h e  p o ld e rs  foss i l  s e a w a te r  is st i l l  p re s e n t  and  
sa l in e  NaCl w a te r s  a re  e n c o u n te re d .

DUNES -  RECHARGE AREA 
SEA BEACH POLDERS = DISCHARGE AREA

SLOPE G R O U N D W A T E R  D IV ID E

im i

Figure 7. C a lc u la te d  h e a d s  a n d  f lo w  v e c to rs

The c o a s ta l  Q u a te r n a r y  a g u i f e r  is a r o u n d  3 0  m t h i c k  a n d  cons is ts  o f  s a n d y  m a r in e  d e p o s i ts .  The  d u n e  b e l t  
is u su a l l y  b e t w e e n  1 a n d  2 km  w id e .  A v e r a g e  a n n u a l  r e c h a rg e  in t h e  d u n e s  is a r o u n d  2 5 0  to  2 7 0  m m . T h e  
PHAST s im u la t io n  is t w o - d im e n s i o n a l  a lo n g  a p ro f i l e  p e r p e n d ic u la r  t o  t h e  co a s t l in e ,  s ta r t i n g  a t  t h e  
s h o re l in e ,  c ro ss in g  t h e  b e a ch  s lope ,  d u n e  b e l t  a n d  p a r t  o f  th e  in la n d  p o ld e r  re g io n .  T o ta l  le n g th  is 2 k m  o f  
w h i c h  t h e  d u n e s  o c c u p y  1 k m .  The d u n e  b e l t  ac ts  as a g r o u n d w a t e r  d i v id e  w i t h  o n e  f l o w  cycle d i s c h a rg in g  
t o  t h e  sea, t h e  o t h e r  t o  t h e  in la n d  p o ld e rs  (F igu re  7). In t h e  m o d e le d  p ro f i l e  t h e  h y d ro d y n a m ic a !  b o u n d a r y  
c o n d i t io n s  w e r e  c h o se n  a c c o rd in g  t o  th is  f l o w  s i t u a t i o n  w i t h  r e c h a rg e  in t h e  d u n e s ,  d e f i n e d  h e a d s  a t  t h e  
s h o re l in e  a n d  on  t h e  b e a ch  s lope ,  a n d  d ra in s  in t h e  p o lde rs .  H y d ro c h e m ic a l l y  t h e  in i t i a l  c o n d i t i o n  is an 
a g u i f e r  s ys tem  f i l le d  w i t h  s e a w a te r  ( s ta n d a rd  s e a w a te r  c o m p o s i t i o n ) .  The  a g u i f e r  r e c h a rg e  w a t e r  ( in t h e  
d u n e s )  is g e n e ra te d  by e q u i l i b r a t in g  p u re  w a t e r  w i t h  a tm o s p h e r i c  C 0 2 (p a r t ia l  p re ssu re  0 .01  a tm )  a n d  
ca lc i te  (u n t i l  s a tu r a t io n ) .  C a t i o n  e x c h a n g e  c a p a c i t y  (CEC) o f  t h e  m a r in e  s a n d s  is 5 m e g / 1 0 0  g a n d  th e  
e x c h a n g e  c o m p le x  is in i t i a l l y  e q u i l i b r a te d  w i t h  s e a w a te r  r e f le c t in g  t h e  in i t i a l  m a r in e  c o n d i t io n s .
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M o d e l  c h e m ic a l  o u t p u t  In c lu d e s  to t a l  e l e m e n t  (e.g. Na, K, M g ,  Ca, Cl) a n d  spec ies  (e.g. H C 0 3') 
c o n c e n t ra t io n s ,  b u t  a lso  c o m p o s i t i o n  o f  t h e  e x c h a n g e  c o m p le x  ( a d s o rb e d  c a t io n s )  a n d  m in e ra l  s a tu r a t io n  
Ind ice s  (e.g. f o r  ca lc i te ) .  These  p a r a m e t e r  d i s t r ib u t io n s  can be p l o t t e d  o n  p ro f i les ,  a n d  f r o m  th e  w h o l e  
g r o u n d w a t e r  c o m p o s i t i o n  In each  m o d e l  cell t h e  g r o u n d w a t e r  t y p e  can be  d e r iv e d  u s in g  S tu y fz a n d 's  ( 1 9 8 6 )  
c la s s i f ic a t io n  sch e m e .  Then  t h e  c a lc u la te d  d i s t r i b u t i o n  o f  w a t e r t y p e s  can be v is u a l i z e d  a n d  c o m p a r e d  w i t h  
o b s e rv a t io n s .  V isu a l  e x a m p le s  o f  m o d e l  o u t p u t  a re  p re s e n te d  In f ig u re s  8  t o  11. C h lo r i d e  c o n c e n t ra t io n s  
(F igu re  8 )  a re  o n l y  a f fe c te d  b y  a d v e c t io n  a n d  d is p e rs io n  b e c a u s e  Ch Is a c o n s e rv a t iv e  p a ra m e te r .  The 
f r e s h e n in g  u n d e r  t h e  d u n e  b e l t  Is c le a r ly  v is ib le  w i t h  a sm a l l  m o r e  b ra ck ish  lens  p e rs is t in g  u n d e rn e a th  th e  
g r o u n d w a t e r  d iv id e .  The  c o n c e n t ra t io n s  o f  m a in  c a t io n s  are, bes ide s  t h e  m ix in g  ra t io  o f  t h e  o r ig in a l  t w o  
en d  m e m b e rs ,  a lso  a l te re d  by t h e  c a t io n  e x c h a n g e  process .  This p ro d u c e s  a t  f i r s t  N a H C 0 3 w a t e r  (In w h i c h  
c a lc iu m  Is re p la ce d  by  s o d iu m )  a n d  la te r  M g H C 0 3 w a t e r  (In w h i c h  c a lc iu m  Is re p la ce d  w i t h  m a g n e s iu m ) .  
From t h e  c o n c e n t ra t io n s  o f  t h e  m a in  Ions  ( N a +, K+, M g 2+, C a 2+, Ch, S 0 42' a n d  H C 0 3')  t h e  g r o u n d w a t e r  
t y p e  w a s  c a lc u la te d  (F ig u re  9) .  In i t ia l ly  d u r in g  t h e  f r e s h e n in g  process ,  N a H C 0 3 w a t e r  a p p e a rs  u n d e r  t h e  
d u n e s  (n o t  t h e  C a H C 0 3 w a t e r  t h a t  In f i l t r a te s ) ,  f o l l o w e d  by M g H C 0 3 w a t e r  a n d  o n l y  f in a l ly ,  a f t e r  t h e  
e x c h a n g e  c o m p le x  has  los t  Its a d s o r b e d  N a + a n d  M g 2+, C a H C 0 3 w a t e r s  s h o w  up. This c a t io n  e x c h a n g e  Is 
a lso  r e c o g n iz e d  If t h e  N a +/C h  ra t io  f o r  each  m o d e l  cel l Is p lo t t e d  ve rsus  t h e  Ch c o n c e n t ra t io n .  Then  a rise 
o f  t h e  ra t io  Is re co g n iz e d  f o r  t h e  N a H C 0 3 w a t e r s  (F igu re  10) ,  c o r r e s p o n d in g  w i t h  t h e  p a t te rn  o f  m e a s u re d  
v a lu e s  f o r  t h e  L e d o -P a n lse l la n  a g u i f e r  (F ig u re  5) . A lso ,  as a r e su l t  o f  t h e  r e p la c e m e n t  o f  c a lc iu m  by s o d iu m ,  
t h e  g r o u n d w a t e r  b e c o m e s  u n d e rs a tu r a te d  w i t h  respe c t  t o  c a lc i te  (F igu re  11 ), as In d ica te d  by t h e  n e g a t i v e  
s a tu r a t io n  In d e x  va lues .  W h e r e  th i s  h a p p e n s ,  d i s s o lu t i o n  o f  c a lc i te  can o c c u r  a n d  b i c a r b o n a te  leve ls  w i l l  
Inc re ase  s ig n i f ic a n t l y .  This Is t y p ic a l  f o r  t h e  N a H C 0 3 w a te rs .

S A L IN IS A T IO N  and C H L O R IN E  C O N C E N TR A T IO N  (ppm ) A F TE R  50 YE A R S
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Figure 8. C a lc u la te d  c h lo r id e  c o n c e n tra t io n s  a f te r  5 0  y e a rs
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WATERTYPES AFTER 500 YEARS
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Figure 9. C a lc u la te d  d is t r ib u t io n  o f  g r o u n d w a te r  ty p e s  a f te r  5 0 0  y e a rs
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Figure 10. C a lc u la te d  ra t io  o f  N a /C l v e rs u s  C l In th e  m o d e l ce lls
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C A LC ITE  S A TU R A TIO N  INDEX AFTER 100 YEARS

Figure 11. C a lc u la te d  c a lc ite  s a tu ra t io n  In d e x  a f te r  1 0 0  y e a rs  o f  f re s h e n in g

This e x a m p le  s h o w s  t h a t  w i t h  m o d e ls  l ike PHAST, f ie ld  cases w i t h  c o m p l i c a te d  h y d ro d y n a m ic s ,  c o n s is t in g  
o f  m u l t i p l e  f l o w  cycles, a n d  c o m p le x  h y d ro c h e m is t r y ,  I n c lu d in g  p rocesses  l ike m in e ra l  d i s s o lu t i o n  ( a n d /o r  
p r e c ip i t a t io n )  a n d  c a t io n  e x ch a n g e ,  can be s im u la te d  a n d  can h e lp  us t o  u n d e rs ta n d  th e  n a tu ra l  
g r o u n d w a t e r  q u a l i t y  c o n t ro ls .  In t h e  d y n a m i c  c h a n g i n g  e n v i r o n m e n t s  o f  c o a s ta l  a q u i fe rs ,  t h e  a v a i l a b i l i t y  o f  
such a t o o l  c o n s t i t u te s  d e f i n i t e ly  a p rog ress .

Conclusions

The I n te g ra t io n  o f  t h e  s tu d y  o f  h y d ro d y n a m ic s  a n d  h y d ro g e o c h e m is t r y  Is f o r  c o a s ta l  a q u i fe r s  even  m o re  
I m p o r t a n t  t h a n  f o r  o th e r  a q u i fe rs ,  b e c a u s e  o f  t h e i r  s t ro n g  m u tu a l  In te ra c t io n .  In t h e  pas t ,  b o th  asp e c ts  have  
b ee n  m o s t l y  d e a l t  w i t h  se p a ra te ly .  Recent ly ,  a d v a n c e s  a re  b e in g  m a d e  In u n d e r s t a n d in g  n a tu ra l  
g r o u n d w a t e r  q u a l i t y  c o n t r o ls  In c o a s ta l  a q u i fe rs ,  u s in g  t h e  n e w  g e n e ra t io n  o f  s im u l a t i o n  m o d e ls  t h a t  
c o u p le  t h r e e - d im e n s io n a l  f l o w  a n d  t r a n s p o r t  w i t h  h y d ro g e o c h e m lc a l  c a lc u la t io n s .  This t o o l  w i l l  c o n t r i b u t e  
t o  t h e  w i d e r  r e c o g n i t i o n  o f  t h e  ro le  o f  c a t io n  e x c h a n g e ,  w h i c h  Is la rg e r  t h a n  Is g e n e ra l l y  a c k n o w le d g e d  
to d a y .  U p o n  f r e s h e n in g ,  a c h r o m a t o g r a p h i c  s e g u e n c e  o f  s u b s e g u e n t l y  d e s o rb e d  m a r in e  c a t io n s  ( N a + , K+ 
a n d  M g 2+, In th is  o rd e r )  g ives  r ise t o  c o n s e c u t i v e  c o n c e n t ra t io n  pea ks .  C a t io n  e x c h a n g e  a lso  has  an 
I m p o r t a n t  e f fe c t  o n  c a lc i te  s a tu r a t io n :  In f r e s h e n in g  c o n d i t io n s ,  t h e  re s u l t in g  u n d e rs a tu r a t i o n  a l l o w s  f o r  a 
s e co n d  s ta g e  o f  c a lc i te  d i s s o lu t i o n ,  p r o d u c in g  h ig h  H C 0 3' c o n c e n t ra t io n s  In t h e  N a H C 0 3 w a t e r t y p e ;  In 
s a l ln lz ln g  c o n d i t io n s ,  s u p e r s a tu ra t i o n  m a y  lead to  c a lc i te  p r e c ip i t a t io n .

The  use o f  th e s e  n e w  m o d e ls  ne e d s  to  be based  on  g o o d  a n d  s u f f i c ie n t  f ie ld  d a ta ,  w i t h o u t  w h i c h  th e  
r e l i a b i l i t y  o f  t h e  m o d e l  Is u n c e r ta in .  For t h e  p r o f o u n d  In s ig h t  In to  t h e  f u n c t i o n in g  o f  t h e  d y n a m ic ,  c h a n g in g  
e n v i r o n m e n t  o f  c o a s ta l  a q u i fe rs ,  th e  a v a i l a b i l i t y  o f  t h e s e  n e w  m o d e l l i n g  t o o l s  c o m b in e d  t o  s u f f i c ie n t  g o o d -  
q u a l i t y  d a ta ,  c o n s t i t u te s  d e f i n i t e ly  a p rog ress .  It w i l l  a l l o w  t o  Im p r o v e  o u r  p roce ss  u n d e rs ta n d in g ,  w h i c h
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s h o u ld  be t h e  bas is  f o r  a q u i f e r  m a n a g e m e n t ,  w i t h  re sp e c t  f o r  t h e  u n iq u e n e s s  o f  each  In d i v id u a l  aqu i fe r .
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