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ABSTRACT 

The Madrid a q u i f e r  i s  i n  a l a r g e  t e c t o n i c  b a s i n  f i l l e d  w i t h  
c o n t i n e n t a l  t e r t i a r y  d e p o s i t s  w i t h  a t h i c k n e s s  up t o  almost 4 Km. The 
area i s  o v e r  4 0 0 0  Km . Annual p r e c i p i t a t i o n  and  t e m p e r a t u r e  a r e  5 0 0  mm 
and  1 S o C ,  r e s p e c t i v e l y .  Some v e r t i c a l  p r o f i l e s  may be c o n s i d e r e d  
r e p r e s e n t a t i v e  o f  t h e  h y d r o g e o l o g i c  sys t em.  The p r e l i m i n a r y  r e s u l t s  
of a p p l y i n g  a f i n i t e - d i f f e r e n c e s  f l o w  model,  a m i x i n g - c e l l  model and 
a method o f  c h a r a c t e r i s t i c s  model t o  a v e r t i c a l  p r o f i l e  a re  shown. 

2 

INTRODUCTION 
The Madrid s e d i m e n t a r y  b a s i n  i s  a l a r g e  a n d  t h i c k  t e c t o n i c  b a s i n ,  

f i l l e d  w i t h  c o n t i n e n t a l  T e r t i a r y  d e p o s i t s .  The area o f  t h e  a q u i f e r  
sys t em i s  a l i t t l e  more t h a n  4 0 0 0  Km . P o p u l a t i o n  l i v i n g  i n  t h e  a r e a ,  
m o s t l y  i n  Madrid C i t y ,  i s  o v e r  4 m i l l i o n  p e o p l e .  

2 

Over t h e  p a s t  s e v e r a l  y e a r s  v a r i o u s  a u t h o r s  have  worked w i t h  f i n i t e  
d i f f e r e n c e  d i g i t a l  models t o  s i m u l a t e  t h e  f l o w  sys t em i n  Madrid a q u i f e r  
( r e f .  4 ) .  

Numer ica l  models  f o r  groundwater  q u a l i t y  a re  l e s s  deve loped  t h a n  
n u m e r i c a l  f l o w  models .  These  models o n l y  began t o  be deve loped  i n  t h e  
e a r l y  s e v e n t i e s .  I n  t h i s  p a p e r  two q u a l i t y  models  a re  a p p l i e d .  One 
deve loped  by t h e  U.S.G.S.,  which employs t h e  method o f  c h a r a c t e r i s t i c s  
( r e f .  3 ) .  The o t h e r  o n e  - a m i x i n g - c e l l  model - h a s  n o t  been  much 
a p p l i e d  y e t  t o  g roundwate r  s t u d i e s  ( r e f .  4 ) .  I n  t h i s  model ,  a mass 
t r a n s f e r  sys t em i s  r e p r e s e n t e d  by d i v i d i n g  t h e  medium i n t o  a network of  
i n t e r c o n n e c t e d  c e l l s .  Each c e l l  i s  a " m i x i n g - c e l l " ,  i n  t h e  s e n s e  t h a t  
no c o n c e n t r a t i o n  g r a d i e n t  may e x i s t  i n  a n  i n d i v i d u a l  c e l l .  The f low 

Reprinted from The Science of the Total Enoironrnent, 21 (1981) 347-352 



954 

sys t em,  s h o u l d  b e  o b t a i n e d  i n d e p e n d e n t l y .  The movement of d i s s o l v e d  
matter t h r o u g h  t h e  c e l l s  and  a l o n g  d i s c r e t e  t i m e  s t e p s  i s  modeled by a 
se t  of r e c u r s i v e  e q u a t i o n s  b a s e d  on t h e  e q u a t i o n  of c o n t i n u i t y .  The 
computer  program used  i n  t h i s  p a p e r  i s  a s l i g h t l y  m o d i f i e d  v e r s i o n  of 
t h e  o n e  w r i t t e n  by Campana ( r e f .  2 ) .  The model c a n  c a l c u l a t e  t h e  
c o n c e n t r a t i o n  of a c o n s e r v a t i v e  o r  n o n - c o n s e r v a t i v e  t racer  i n  e a c h  
c e l l  a t  a n y  t i m e  s t e p .  A l s o  t h e  mean a g e  of t h e  water i n  e a c h  c e l l  
c a n  be  o b t a i n e d .  The program c a n  u s e  d i f f e r e n t  t y p e s  of mix ing  
p a t t e r n s  i n s i d e  t h e  c e l l  and  of f l o w  and  exchange  of water between 
i n d i v i d u a l  c e l l s .  I n  t h i s  way i t  seems t h a t  l o n g i t u d i n a l  and  l a t e r a l  
d i s p e r s i o n  phenomena c a n  be  t a k e n  i n t o  a c c o u n t ,  and  a l s o  t h e  r o l e  o f  
s t a g n a n t  zones .  

I n  t h e  1 9 7 9  s t u d y  ( r e f .  4 )  t h e  whole a q u i f e r  w a s  d i s c r e t i z e d  i n t o  
30  l a r g e  c e l l s  d i s t r i b u t e d  i n  t w o  supe rposed  l a y e r s .  The r e s u l t s ,  
c a l i b r a t e d  w i t h  C-14, were e n c o u r a g i n g ,  b u t  t h e y  showed t h e  conven ience  
of t a k i n g  i n t o  a c c o u n t  i n  a more s o p h i s t i c a t e d  way t h e  s i g n i f i c a n t  
v a r i a t i o n s  which e x i s t  i n  t h e  v e r t i c a l  d imens ion .  T h i s  was done  i n  
1 9 8 0  by a p p l y i n g  a f low model and  a mix ing  c e l l  model t o  a v e r t i c a l  
p r o f i l e  ( r e f .  2 ) .  Anothe r  a p p l i c a t i o n  t o  a second v e r t i c a l  p r o f i l e  
u s i n g  C-14 d a t a  f o r  c a l i b r a t i o n  h a s  been  done .  A summary of it w a s  
p r e s e n t e d  d u r i n g  t h e  l a s t  I n t e r n a t i o n a l  G e o l o g i c a l  Congres s  ( r e f .  7 ) .  

I n  t h i s  p a p e r  a re  shown t h e  p r e l i m i n a r y  r e s u l t s  o f  t h e  a p p l i c a t i o n  o f  
b o t h  models  ( f l o w  and  mixing  c e l l )  and  a l s o  a n o t h e r  s o l u t e  t r a n s f e r  
model (method of c h a r a c t e r i s t i c s )  t o  a t h i r d  v e r t i c a l  p r o f i l e .  

GENERAL HYDROGEOLOGICAL CHARACTERISTICS 
A scheme of t h e  h y d r o g e o l o g i c a l  v e r t i c a l  p r o f i l e  c a n  be s e e n  i n  

f i g .  1. The b o u n d a r i e s  of t h e  b a s i n  a r e  assumed i m p e r v i o u s .  The 
a q u i f e r  i s  c o n s t i t u t e d  m a i n l y  by q u a s i - h o r i z o n t a l  l e n s e s  o f  a r k o s i c  
s a n d  su r rounded  by c l a y  a n d  s i l t .  

On a loca l  scale h y d r a u l i c  c o n d u c t i v i t y  changes  s h a r p l y  i n  a random 
f a s h i o n ,  b u t  o n  a r e g i o n a l  scale s t a t i s t i c a l  s t u d i e s  have  shown a 
p a t t e r n  i n  t h e s e  changes  a c c o r d i n g  t o  t h e  geo logy .  N e v e r t h e l e s s ,  f o r  
mode l ing ,  a homogeneous, a n i s o p t r o p i c ,  h y d r a u l i c  c o n d u c t i v i t y  i s  assumed 
H o r i z o n t a l  c o n d u c t i v i t y  i s  assumed 0.25 m/day; v e r t i c a l  c o n d u c t i v i t y  
i s  assumed 1 0 0  t i m e s  smaller. P o r o s i t y  i s  e s t i m a t e d  e q u a l  t o  0 . 2 .  

Average  a n n u a l  p r e c i p i t a t i o n  and  t e m p e r a t u r e  are  5 0 0  mm/year and  
1 S 0 C ,  r e s p e c t i v e l y .  Recha rge ,  i s  a b o u t  60 mm/year. 

The d e t r i t a l  T e r t i a r y  d e p o s i t s  u n d e r l i e  f i v e  w a t e r s h e d s  c o r r e s p o n d i n g  
t o  t r i b u t a r i e s  o r  s u b t r i b u t a r i e s  t o  t h e  Tajo r i v e r .  A l l  t h e s e  f i v e  
r i v e r s  a re  " g a i n i n g "  r i v e r s .  
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The w a t e r - t a b l e  c o n t o u r s  o f  t h e  a q u i f e r  sys t em are  a p p r o x i m a t e l y  
p a r a l l e l  t o  t h e  r i v e r s .  T h i s  f a c t  means t h a t  t h e  g roundwate r  v e l o c i t y  
v e c t o r s  a r e  i n  p l a n e s  a p p r o x i m a t e l y  p e r p e n d i c u l a r  t o  t h e  r i v e r  v a l l e y s .  
T h e r e f o r e ,  t h e  sys t em c a n  be s t u d i e d  by means o f  s e v e r a l  v e r t i c a l  
p r o f i l e s .  

STREAMLINE. Iy.E ff WATER 
IN POINT OF MSCHARGE 

,% - GROUND WATER TABLE \ -  

11 v-m IMPERVIOUS BOUNMRY -.Inow- 

.II STAGNANT AREA 
ISOCHRONE LINE (YiE IN YEARS) 

_I 

F i g .  1. Vert ical  p r o f i l e  showing s t r e a m l i n e s  and  i s o c h r o n  l i n e s .  

THE FLOW MODEL 
To s i m u l a t e  t h e  g roundwate r  f l o w  t h e  well-known P r i c k e t t - L o n n g u i s t  

model h a s  been  u s e d .  The b a s i c  a s s u m p t i o n s  a re :  (1) s t e a d y - s t a t e  f l o w ,  
( 2 )  uppe r  c o n s t a n t - h e a d  boundary d e f i n e d  by t h e  water  t a b l e ,  and  ( 3 )  

a l l  o t h e r  b o u n d a r i e s  imperv ious .  The c a l i b r a t i o n  o f  t h e  model w a s  
a c h i e v e d  ma in ly  by compar ing  t h e  computed r e c h a r g e  and  d i s c h a r g e  w i t h  
t h e  c o r r e s p o n d i n g  v a l u e s  c a l c u l a t e d  i n  p r e v i o u s  s t u d i e s  by o t h e r  
methods.  The i s o c h r o n e  l i n e s  were o b t a i n e d  by s i m p l e  a p p l i c a t i o n  of 
Darcy's l a w  t o  t h e  f l o w  n e t .  P i s t o n  f l o w  w a s  assumed. 

The g r i d  o f  t h e  model used  t o  o b t a i n  t h e  f l o w  n e t  and  i s o c h r o n e s  of 
f i g .  1 i s  r e c t a n g u l a r  w i t h  4 2  columns and  28  r o w s . A x  i s  c o n s t a n t  and  
e q u a l  t o  1 K m . A  z i s  e q u a l  t o  2 0  m .  u n t i l  t h e  1 0 t h  r o w ;  from t h i s  row 
t o  t h e  bot tom o f  t h e  a q u i f e r h z  i n c r e a s e s  by a f a c t o r  o f  1 . 5 .  

The f l o w  n e t  shows t h e  e x i s t e n c e  of  a q u a s i - s t a g n a n t  zone between 
t h e  A l b e r c h e  and  Guadarrama v a l l e y s  and o f  a i n t e r m e d i a t e  f l o w .  The 
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i s o c h r o n e  l i n e s  show t h a t  water a g e  i n  some p o i n t s  o f  t h e  d i s c h a r g e  
zones of t h e  c e n t e r  o f  t h e  v a l l e y s ,  e s p e c i a l l y  under  t h e  Albe rche  v a l l e y  
can  be more t h a n  one hundred thousand y e a r s  o l d .  

THE MIXING-CELL MODEL 
The c e l l  network adop ted  can  be seen  i n  f i g .  2 .  The l a t e ra l  b o r d e r s  

on t h e  c e l l s  c o i n c i d e  w i t h  t h e  s t r e a m l i n e s  of t h e  f low n e t  o b t a i n e d  
w i t h  t h e  f l o w  model ( f i g .  1). T h e r e f o r e  t h e r e  i s  no n e t  f l ow,  a c r o s s  
t h e s e  l a t e ra l  b o r d e r s .  The q u a s i - s t a g n a n t  zone between Albe rche  and 
Guadarrama v a l l e y s  h a s  been c o n s i d e r e d  as  a "dead-ce l l " ,  w i t h  no n e t  
f low from - o r  t o  - t h e  a d j o i n i n g  c e l l s  b u t  o n l y  "exchange" w i t h  t h o s e  
ce l l s  ( d i s p e r s i v e  m a s s  f l o w ) .  

I n  f i g .  2 c a n  a l s o  be seen  t h e  mean a g e s  o f  water  i n  each c e l l .  I t  
can be seen  t h a t  t h e  v a l u e s  o b t a i n e d  a re  s i m i l a r  t o  t h o s e  of  p i s t o n  
f low assumption ( f i g .  1). 

I n  t h e  f i g .  3a t h e  computed b reak th rough  c u r v e s  i n  some c e l l s  a re  
p r e s e n t e d .  They co r re spond  t o  a n  i n i t i a l  s ta te  o f  z e r o  c o n c e n t r a t i o n  
and t o  a c o n s t a n t  boundary r e c h a r g e  c o n c e n t r a t i o n  e q u a l  t o  1 0 0 .  

F i g .  2 . -  Vertical  p r o f i l e  showing m i x i n g - c e l l  n e t  and t a b l e  o f  mean 
water age  i n  each  c e l l .  
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F i g .  3 . -  B reak th rough  c u r v e s  computed by n u m e r i c a l  models .  S i t u a t i o n  
of c e l l s  and  nodes  c a n  be  s e e n  i n  f i g .  2 .  ( a )  M i x i n g - c e l l  
model.  ( b )  Method of c h a r a c t e r i s t i c s  model.  

THE METHOD OF CHARACTERISTICS MODEL 
For t h e  s a k e  o f  compar i son  a p r e l i m i n a r y  a p p l i c a t i o n  o f  t h e  method 

of c h a r a c t e r i s t i c s  model of t h e  U.S.G.S. ( r e f .  3 )  h a s  been  done .  T h i s  
i s  o n e  of t h e  v e r y  f e w  g roundwate r  models which i s  e a s i l y  a v a i l a b l e  
t o  a n y  u s e r  ( r e f .  1). 

The U.S.G.S. program h a s  been  a p p l i e d  t o  t h e  same v e r t i c a l  p r o f i l e  
of f i g u r e  1 a n d  w i t h  t h e  same p a r a m e t e r s  f o r  p e r m e a b i l i t y  and p o r o s i t y  
a n d  t h e  same i n i t i a l  a n d  boundary  c o n d i t i o n s .  The g r i d  used  i s  a l so  
r e c t a n g u l a r  w i t h  4 0  columns and  3 2  rows .  I n  t h i s  c a s e h  z i s  c o n s t a n t  
apd  e q u a l  d o  1 0 0  m ; A x  i s  c o n s t a n t  and  e q u a l  t o  1 0 0 0  m .  L o n g i t u d i n a l  
d i s p e r s i v i t y  i s  assumed e q u a l  t o  1 0 0  m .  and  t o  1 m .  T r a n s v e r s a l  
d i s p e r s i v i t y  i s  assumed e q u a l  t o  t h e  l o n g i t u d i a a l  d i s p e r s i v i t y  t i m e s  
0 .3 .  The o n l y  two a v a i l a b l e  e x p e r i m e n t a l  v a l u e s  o f  d i s p e r s i v i t y  a r e  
a b o u t  1 m ( r e f .  6 ) .  

Some r e p r e s e n t a t i v e  b r e a k t h r o u g h  c u r v e s  o b t a i n e d  w i t h  t h i s  U.S.G.S. 
program c a n  be  s e e n  i n  f i g .  3b.  The s i m i l a r i t y  of t h e s e  c u r v e s  and 
t h o s e  o b t a i n e d  by t h e  mixing  c e l l  model ( f i g .  3 a )  is a p p a r e n t .  The 
computer  t i m e  n e c e s s a r y  t o  s o l v e  t h e  U.S.G.S. model i s  much l o n g e r  
t h a n  t h a t  needed  t o  s o l v e  t h e  m i x i n g - c e l l  model.  
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C 0 NC LU S I ON S 
Much more r e s e a r c h  i s  s t i l l  needed ,  ma in ly  a b o u t  some b a s i c  

a s s u m p t i o n s ,  e . g .  t h e  r o l e  of m o l e c u l a r  d i f f u s i o n  and  t h e  p o s i b l e  
i n f l u e n c e  of  t e m p e r a t u r e  and  s a l i n i t y  v a r i a t i 0 n . s .  N e v e r t h e l e s s ,  it 
seems t h a t  i n  t h i s  case t h e  r e l a t i v e l y  s i m p l e  m i x i n g - c e l l  model n e e d s  
much less  computer  t i m e  and  g i v e s  s imi l a r  r e s u l t s  t o  t h o s e  o b t a i n e d  
by t h e  more s o p h i s t i c a t e d  model of t h e  method of c h a r a c t e r i s t i c s .  
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