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ABSTRACT 

Th is  paper has two main themes. The f i r s t  rev iews methodology f o r  s t u d y i n q  ground 

water  q u a l i t y ,  w h i l e  t h e  second i l l u s t r a t e s  these genera l  p r i n c i p l e s  u s i n g  t h e  

a c t u a l  s i t u a t i o n  o f  t h e  complex western  p a r t  o f  t h e  Nether lands. 

system i s  composed o f  t h e  sum o f  p a r t i a l  q u a l i t i e s .  Each p a r t i a l  q u a l i t y  has i t s  

s p e c i f i c  e v o l u t i o n  w i t h i n  a system, dependent upon t h e  p a r t i c u l a r  combined e f f e c t  

o f  t h r e e  qroups o f  f a c t o r s  govern inq  q u a l i t y  : mat te r ,  t r a n s p o r t  and convers ion  

processes. 

d e n s i t y  and d i s t r i b u t i o n a l  p a t t e r n s  o f  a q u i f e r  m a t e r i a l s  upon ground water  q u a l i t y  

a r e  shown. The n o t i o n s  o f  i n e r t ,  ( r e ) a c t i v e  and p o t e n t i a l l y  ( r e ) a c t i v e  q u a l i t y  

domains a r e  i n t roduced  and t h e i r  use i n  t h e  op t ima l  des ign  o f  sampl ing  and m o n i t o r i n g  

networks i s  demonstrated. 

T o t a l  ground wa te r  q u a l i t y  a t  a q i ven  p o i n t  i n  space and t i m e  i n  a ground-water 

The genera l  e f f e c t s  o f  v o l u m e t r i c  changes i n  f l o w  systems, d e v i a t i o n s  i n  f l u i d  

The second p a r t  c o n t a i n s  a systems anproach t o  t h e  s tudy  o f  r e g i o n a l  f l o w  systems 

o f  va r ious  o rde rs .  The r e g i o n a l i s a t i o n  o f  t h e  Nether lands  i n t o  f o u r  zones and 15 

r e g i o n a l  h y d r o l o g i c a l  systems i l l u s t r a t e s  t h e  procedure.  A r e p r e s e n t a t i v e  c ross  

s e c t i o n  o f  t h r e e  o f  these systems i n  t h e  western  p a r t  o f  t h e  Nether lands  shows t h e  

a c t u a l  q u a l i t y  s i t u a t i o n ,  and t h e  c l o s e  r e l a t i o n s h i p s  between wa te r  q u a l i t y ,  intensive 

water  management and r e q i o n a l  f l o w  p a t t e r n s .  

ground water  q u a l i t y  i n  t h e  same s e c t i o n  f rom E a r l y  P le i s tocene  t o  t h e  p resen t  t ime  

concludes t h e  r e g i o n a l  example. 

A schematic d e s c r i p t i o n  o f  t h e  f l o w  systems and t h e  concomi tan t  e v o l u t i o n  o f  

~~ 

PART I METHODOLOGICAL ASPECTS OF GROUND WATER QUALITY 

INTRODUCTION 

The c e n t r a l  theme o f  t h e  symposium - q u a l i t y  o f  ground wa te r  - a l ready  covers a 

very  wide ranqe o f  s u b j e c t s ,  approaches, i n t e r e s t s  and c o n f l i c t s .  Moreover, t h e  

ground water  q u a l i t y  i s  i n t i m a t e l y  connected w i t h  water  q u a l i t y  i n  t h e  o v e r l y i n g  

unsa tu ra ted  zone, w i t h  i n f i l t r a t i n g  s u r f a c e  waters  and w i t h  t h e  q u a l i t y  o f  p r e c i p i -  

t a t i o n .  I n  a d d i t i o n ,  one shou ld  cons ide r  t h e  w ide  v a r i e t y  o f  geo log i ca l  c o n d i t i o n s  

and an overwhelming number o f  n a t u r a l  and man-made chemical  spec ies ,  c o n s t a n t l y  be ing  

s h i f t e d  i n  space and t i m e  by a v a r i e t y  o f  t r a n s p o r t  and convers ion  processes. 

The r e s u l t  o f  t h i s  s i t u a t i o n  i s  t h a t  ou r  knowledge concern ing  t h e  theme o f  t h e  

An extended form of the paper with the same title which appeared in 
The Science of the Total Enuironment, 21 (1981) 1-15. 
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symposium i s  t o  a l a r g e  e x t e n t  s t i l l  t o t a l l y  inadequate,  w i d e l y  s c a t t e r e d ,  p a r t l y  un- 

r e l a t e d  and a t  t h e  Same t ime  expanding e x p o n e n t i a l l y  under t h e  p ressu re  o f  water  

supp ly  problems and env i ronmenta l  p o l l u t i o n  and p r o t e c t i o n  d r i v e s .  

q u a l i t y  a r e  sometimes bew i lde red  by t h e  shear s i z e  o f  t h e  f i e l d  they  have t o  cope 

w i t h  and consequent ly  much work i s  donewi thout  an adequate v iew o f  how t h e i r  p a r t i -  

c u l a r  p iece  o f  work f i t s  i n t o  t h e  o v e r a l l  p i c t u r e  o f  t h e  j i g -saw p u z z l e  o f  water  

qua1 i ty. 

Fo r tuna te l y ,  t h e  a p p l i c a t i o n  o f  a systems approach can p r o v i d e  us w i t h  a sys te -  

ma t i c  framework t o  p l a c e  ou r  v a s t  b u t  s c a t t e r e d  knowledge i n  some pe rspec t i ve ,  and 

hence i n d i c a t e  t h e  unknowns i n  o u r  ground wa te r  q u a l i t y  systems wh ich  c a l l  f o r  j o i n t  

a c t i o n .  

L e g i s l a t o r s ,  a d m i n i s t r a t o r s ,  o p e r a t o r s  and s c i e n t i s t s  d e a l i n g  w i t h  ground water  

Th is  i n t r o d u c t i o n  i s  i n tended  t o  e x p l o r e  and show t h e  p o s s i b i l i t i e s  o f  systems 

The f i r s t  p a r t  p resen ts  t h e  t h e o r e t i c a l  approach and dea ls  w i t h  b a s i c  n o t i o n s  and 

What i s  a ground wa te r  system ? 

What i s  a q u a l i t y  system ? 

Which q u a l i t y  do we speak o f  ? 

Where, when and how do we sample and m o n i t o r  q u a l i t y  ? 

How shou ld  we deal  w i t h  r e g i o n a l  d i v e r s i t y  i n  subsur face  c o n d i t i o n s  i n  a sys te -  

What i s  t h e  i n f l u e n c e  o f  d i f f e r e n t  t ime  sca les  ? 

The second p a r t  i s  an a t tempt  t o  app ly  these concepts t o  t h e  Nether lands  i n  ge- 

a n a l y s i s  i n  qround wa te r  q u a J i t y  i n  a b road sense and con ta ins  two p a r t s  : 

quest ions  such as : 

m a t i c  way ? 

n e r a l  and i n  p a r t i c u l a r  t o  a s p e c i f i c  c r o s s - s e c t i o n  o f  t h e  western  p a r t  o f  t h e  N e t h r -  

lands, rough ly  pass ing  th rough t h i s  symposium l o c a t i o n .  

QUALITY IN A SYSTEM 

F i g u r e  1 shows an e lementary  ground wa te r  system i n  wh ich  ground water  q u a l i t y  i s  

embedded. The system rece ives  an as y e t  u n s p e c i f i e d  i n p u t  o f  wa te r  and m a t t e r  and mo- 

d i f i e s  i t  i n t o  an o u t p u t  o f  wa te r  o f  a c e r t a i n  q u a l i t y .  The system i n  i t s  n a t u r a l  

s t a t e  con ta ins  b a s i c a l l y  an i n t e r n a l  s u b d i v i s i o n  i n t o  t h r e e  i n te rconnec ted  subsystems: 

t r a n s p o r t ,  m a t t e r  and convers ion .  

The t r a n s p o r t  subsystem con ta ins  f u r t h e r  t h e  s u b d i v i s i o n s  : 

permanent o r  t r a n s i e n t  f l o w  under l am ina r  o r  t u r b u l e n t  c o n d i t i o n s ,  convec t i ve ,  

The m a t t e r  subsystem c o n t a i n s  t h e  g r e a t  v a r i e t y  o f  subsur face  s o i l  and r o c k  types, 

d i s p e r s i v e  and d i f f u s i v e  f l ow .  

each w i t h  ' i t s  own s p a t i a l  p a t t e r n ,  chemical  compos i t ion  and i s o t r o p i c  o r  non- 

i s o t r o p i c  c h a r a c t e r i s t i c s .  

l o g i c a l  laws and processes wh ich  govern  changes i n  q u a l i t y .  

The convers ion  subsystem con ta ins  t h e  wide range o f  p h y s i c a l ,  chemical  and b i o -  
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F i g u r e  1. Groundwater system w i t h  f a c t o r s  a f f e c t i n g  q u a l i t y .  

I n  man-affected ground wa te r  systems a c o n t r o l  system shou ld  a l s o  be added, 

which a c t s  upon i n p u t ,  o u t p u t  and t h e  system i t s e l f .  Such c o n t r o l  systems have 

leg31 and o p e r a t i o n a l  subsystems. 

There a r e  a number o f  b a s i c  s teps  i n  t a c k l i n g  any ground wa te r  q u a l i t y  problem : 

The f i r s t  group o f  s teps  i s  s c i e n t i f i c  research ,  d e a l i n g  w i t h  t h e  qround datersystem 

i t s e l f ,  i t s  i n p u t  and o u t p i i t -  Th is  research  shou ld  s p e c i f y  c h a r a c t e r  and compos i t ion  

i n  t ime  and space by i n v e n t o r i e s  w i t h  va r ious  degrees o f  d e t a i l .  I d e a l l y  t h i s  leads  

t o  a complete d e s c r i p t i o n  and unders tand inq  o f  t h e  system behav iour .  

w i t h  o p e r a t i o n a l  and l e g a l  research  and t h e  s e n s i t i v i t y  o f  t h e  ground wa te r  q u a l i t y  

system under v a r y i n g  s imu la ted  c o n d i t i o n s .  The r e s u l t  i s  a l e q a l  and o p e r a t i o n a l  

p o l i c y  fo rma t ion ,  r e c r y s t a l l i z i n g  i n t o  l e g i s l a t i o n  and o p e r a t i o n a l  o rgan isa t i on .  

F i n a l l y ,  t h e  o p e r a t i o n  and c o n t r o l  l e a d  t o  t h e  a c t u a l  s i t u a t i o n  o r  s t a t e  o f  t h e  

ground wa te r  q u a l i t y  system. A feedback between t h e  system components may e s t a b l i s h  

p r o g r e s s i v e  c o n t r o l  and improvement o f  t h e  q u a l i t y .  

t h i s  i d e a l .  Too o f t e n  one i s  con f ron ted  w i t h  quest ionmarks about  i n p u t ,  ou tpu t ,  

con ten ts  o f  t h e  system, r a t e s  o f  f l o w  o r  convers ion ,  e t c .  Systems a n a l y s i s  can a s s i s t  

by nar rowing  down t h e  number o f  a v a i l a b l e  o p t i o n s  f o r  research  and immediate ac t i on .  

The second group o f  s teps  i n v o l v e s  t h e  o p e r a t i o n  and c o n t r o l  aspects.  It s t a r t s  

A l l  t h i s  sounds f i n e  i n  theo ry  b u t  a c t u a l  p r a c t i c e  i s  a f a r  c r y  f rom 

F i g u r e  2 shows how t o  proceed, q i v e n  s p e c i f i c  combinat ions o f  q u e s t i o n  marks. 

The lowes t  system i s  i n d i c a t i v e  o f  t h e  f e a r f u l  number o f  as y e t  undetected ground 

water  p o l l u t i o n  cases : i t  i s  the  und iscovered iceberg .  

O f t e n  the  o n l y  t h i n q  known o f  a system i s  i t s  o u t p u t  : t h i s  i s  t he  d i scove ry  

stage. I t  rep resen ts  t h e  t i p  o f  t h e  iceberq .  Th is  s i t u a t i o n  becomes acute  i n  many 

i n d u s t r i a l i s e d  areas  where p o l l u t i o n s  o f  und isc losed  o r i g i n ,  s i z e  and s i g n i f i c a n c e  

a r e  d i scove red  and reach the  head l i nes  o f  newspapers. 

I n  the  n e x t  s tage t h e  o u t p u t  and i n p u t  a r e  known and t h e r e  i s  some unders tand ing  

o f  t h e  cause and e f f e c t  o f  wa te r  q u a l i t y ;  t h i s  may bo i ncomp le te  and b a r e l y  p r e d i c t -  

a b l e  i n  space and t ime,  s i n c e  t h e  m o d i f y i n g  i n f l u e n c e  o f  t h e  system i t s e l f  i s  as 
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OUTPUT SOLUTION FOR : 
( w i t h o u t  a d d i t i o n a l  d a t a  c o l l e c t i o n )  

~~ ~ ~~~~ ~ 

complete documentat ion and p r e d i c t i o n  
o f  qua1 i t y  i n  space and t i m e  

d e t e c t i o n  o f  l o c a t i o n ,  t y p e  and i n -  
t e n s i t y  o f  q u a l i t y  sources by i n -  
v e r s e  methods 

s t a t i s t i c a l  d e s c r i p t i o n  o f  q u a l i t y  be- 
h a v i o u r  by i n p u t - o u t p u t  c o r r e l a t i o n  
a n a l y s i s  

idem 

idem 

p r e d i c t i o n  o f  q u a l i t a t i v e  and q u a n t i t a -  
t i v e  qround wa te r  q u a l i t y  i n  space and 
time 

n o t h i n g ,  Sword o f  Damocles s i t u a t i o n  

DESIRABLE ADDITIONAL DATA COLLECTION 
( f o r  comp le te  unders tand ing  and 

d e s c r i p t i o n  o f  q u a l i t y )  

none 

su rvey  o f  q u a n t i t y ,  q u a l i t y  and l o -  
c a t i o n  o f  n a t u r a l  and a r t i f i c i a l  i n -  
p u t s  

g e o l o g i c a l  and geophys ica l  l a b o r a t o r y  
and f i e l d  s t u d i e s  o f  q u a n t i t y ,  q u a l i t y ,  
l o c a t i o n  and homogeneity o f  a q u i f e r  
m a t t e r  

l a b o r a t o r y  and f i e l d  s t u d i e s  o f  con- 
v e r s i o n  processes a t  v a r i o u s  t i m e  
s c a l e s  

l a b o r a t o r y -  and f i e l d - s t u d i e s  o f  t r a n -  
s p o r t  processes by c l a s s i c a l  q u a n t i -  
t a t i v e  h y d r o l o g i c a l  methods and t r a -  
c e r  s t u d i e s  

none 

s t a r t  f rom s c r a t c h  

F i g u r e  2. Scheme o f  ground w a t e r  q u a l i t y  in systems p e r s p e c t i v e  : da ta ,  s o l u t i o n s ,  
and d a t a  requ i remen ts .  
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y e t  unknown. Only i n  t h e  f i n a l  s tage  when t h e  subsystems o f  t r a n s p o r t ,  convers ion  

and m a t t e r  a r e  adequate ly  known does a complete d e s c r i p t i o n  and p r e d i c t i o n  o f  q u a l i t y  

behav iour  become f e a s i b l e .  

QUALITY SPECIATION 

Thus f a r  q u a l i t y  has been used i n  a broad, u n s p e c i f i e d  sense. However, a b e t t e r  

unders tand ing  o f  any q u a l i t y  system r e q u i r e s  an exac t  d e f i n i t i o n  o f  which element 

o f  q u a l i t y  i s  meant. To become an o p e r a t i o n a l  t e rm q u a l i t y  shou ld  be s p e c i f i e d  i n  

a h i e r a r c h y  o f  v a r i o u s  l e v e l s .  

ITOTAL aUALlTY I 
I I 

F i g u r e  3. H i e r a r c h i c a l  o r g a n i s a t i o n  o f  q u a l i t y  i n t o  "a q u a l i t y  t r e e " ,  w i t h  q u a l i t y  
s p e c i a t i o n  i n t o  ma jo r  q u a l i t y  groups and p r o g r e s s i v e l y  more s p e c i f i c  
p a r t i a l  q u a l i t i e s .  

F i g u r e  3 shows a q u a l i t y - t r e e ,  a r i s i n g  f rom a p rog ress i ve  s u b d i v i s i o n  o f  genera l  t o  

more d e t a i l e d  q u a l i t y  n o t i o n s .  T o t a l  q u a l i t y  encompasses b i o l o q i c a l ,  chemical  and 

p h y s i c a l  aspec ts .  Each can be subd iv ided  i n t o  p a r t i a l  q u a l i t i e s  by a process o f  

qua1 i ty  s p e c i a t i o n  ( r e f .  1 ) .  
A c l e a r  d i s t i n c t i o n  between types  o f  q u a l i t y  i s  e s s e n t i a l  because each p a r t i a l  

q u a l i t y  has i t s  own very  s p e c i f i c  p lace  and h i s t o r y  o r  e v o l u t i o n  w i t h i n  a ground 

wa te r  system. T o t a l  q u a l i t y  a t  a c e r t a i n  p o i n t  i n  t h e  system i s  t h e  sum o f  a l l  these 

d i f f e r e n t  p a r t i a l  q u a l i t i e s  - f rom p o i n t  t o  p o i n t  w i t h i n  a dynamic system t h i s  t o t a l  

q u a l i t y  and i t s  components change. 

QUALITY I N  SPACE AN0 T I M E  

Once the  q u e s t i o n  o f  - which q u a l i t y  has been s p e c i f i e d ,  t he  f o l l o w i n g  ques t i on  
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d i f f u s i v e  t r a n s p o r t  

S T A T I C  very  Lon relat ive 
I res iden je  t ime - - - - - - - - - - 

o f  - where a r i s e s ,  as j u s t  i n d i c a t e d .  Q u a l i t y  a t  a g i v e n  p o i n t  i s  dependent on 

1) the  i n p u t ,  2)  t h e  pathway th rough t h e  system, 3 )  t h e  m a t t e r  encountered a long 

t h i s  pathway, 4 )  t he  res idence t i m e  o r  f l o w  v e l o c i t y  v a r i a t i o n s  a long  t h e  pathway, 

5 )  r a t e s  and t h r e s h o l d  va lues  o f  conve rs ion  processes. I n  o t h e r  words : t h e  j o i n t  

e f f e c t  o f  a )  boundary c o n d i t i o n s ,  and b )  e v o l u t i o n  o r  h i s t o r y  o f  t h e  system. 

QUALITY AND TRANSPORT 

Flow modes 

F i g u r e  4 shows how t h e  t r a n s p o r t  p a r t  o f  t h e  ground wa te r  q u a l i t y  system can be 

subd iv ided i n t o  t h r e e  subdomains w i t h  g radua l  o r  sharp  t r a n s i t i o n s  depending upon 

t h e  s t r u c t u r e  o f  t h e  wa te r -bea r ing  system. On t o p  o f  t h e  ground water  system - i n  

t h e  unsa tu ra ted  zone - t r a n s i e n t  f l o w  i n  s i n g l e  o r  m u l t i p l e  mode occurs ,  dependent 

on t h e  p o r o s i t y  and p e r m e a b i l i t y  c h a r a c t e r i s t i c s .  Rapid hyd roconvec t i ve  modes o f  

f l o w  occur  f o r  example i n  d e s s i c a t i o n  c racks ,  l a r g e  b iopores ,  open f i s s u r e s ,  e t c .  

Slower hydro  d i s p e r s i v e  and d i f f u s e  t r a n s p o r t  may s imu l taneous ly  occur  i n  t h e  ad ja -  

cen t  l e s s  permeable p a r t s ,  r e s u l t i n g  i n  d i f f e r e n t  res idence  t imes and q u a l i t i e s  

a t  l o c a t i o n s  o n l y  dec imet res ,  cen t ime t res  o r  l e s s  a p a r t .  

become l e s s  i m p o r t a n t  due t o  a genera l  decrease i n  f l o w  r a t e s  and an i nc rease  i n  

res idence t imes.  

I n  t h e  s a t u r a t e d  zones the  contemporaneous e f f e c t s  o f  such m u l t i p l e  f l o w  modes 

F i g u r e  4. Scheme o f  modes o f  t r a n s p o r t  and r e l a t i v e  res idence  t imes i n  ground 
wa te r  systems and t h e  assoc ia ted  unsa tu ra ted  zone. 

I n  t h e  upper, sha l low,  most a c t i v e  p a r t s  o f  ground wa te r  f l o w  systems w i t h  h i g h  

f l u x e s  t h e  hydroconvec t ive  t r a n s p o r t  mode o v e r r i d e s  t h e  e f f e c t s  o f  t h e  d i s p e r s i v e  

and d i f f u s e  t r a n s p o r t  modes and sharp  q u a l i t y  boundar ies  remain  i n t a c t  between waters  
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w i t h  d i f f e r e n t  h i s t o r i e s .  I n  such cases p i s t o n - l i k e  d isp lacement  models a r e  appro- 

p r i a t e .  I n  t h e  i n t e r m e d i a t e  and deeper zones where t h e  f l o w  i n  the  descending l i m b  

o f  a f l o w  system dece le ra tes ,  t h e  hyd roconvec t i ve  mode o f  t r a n s p o r t  decreases and 

t h e  d i s p e r s i v e  f l o w  model w i l l  g r a d u a l l y  become more impor tan t .  F i n a l l y ,  i n  t h e  

deepest s tagnant  p a r t s  o f  a qround water  system o n l y  t h e  d i f f u s i v e  t r a n s p o r t  mode 

remains. Residence t ime  a long  a f l o w  l i n e  i s  n o t  c o n s t a n t  b u t  changes s y s t e m a t i c a l l y  

f rom s h o r t  i n  t h e  upper p a r t  o f  t h e  descendinq l imb ,  v i a  l o n g  i n  the  c e n t r a l  p a r t  

t o  s h o r t  aga in  i n  t h e  ascending l i m b  o f  t h e  ground wa te r  system. 

The p r a c t i c a l  consequence o f  t h i s  s i t u a t i o n  i s  t h a t  m o d e l l i n q  o f  a s p e c i f i c  

wa te r  q u a l i t y  e v o l u t i o n  a lonq  a f l o w  l i n e  has t o  take  i n t o  account  these f l o w  

modes, each dependslt on the  l o c a t i o n  w i t h i n  the  system, even i f  the  a q u i f e r  i s  homo- 

geneous i n  chemical  compos i t i on  o f  i t s  m a t t e r .  

Dens i ty f 1 ows 

r a t u r e  o r  T.D.S. anomal ies move th rough a qround wa te r  system. Dev ia t i ons  f rom 

t h e  normal f l o w  l i n e  p a t t e r n  i n  an a q u i f e r  a r e  p o r t r a y e d  s c h e m a t i c a l l y  i n  t h e  r i g h t  

column o f  f i g u r e  5 f o r  i so the rma l  h iqh -  o r  low d e n s i t y  c u r r e n t s ,  showing s t r o n g l y  

d e v i a t i n g  pathways p r o p o r t i o n a l  t o  t h e  d e n s i t y  d i f f e r e n c e .  

which depends on t h e i r  c o o l i n g  o r  warming h i s t o r y  i n  the  ground water  system. The 

l e f t  column o f  f i g u r e  5 shows pathways f o r  t h e  same wa te r  as i n  t h e  r i g h t  column 

b u t  w i t h  an  a d d i t i o n a l  h e a t  l o a d  wh ich  q r a d u a l l y  d i s s i p a t e s  d u r i n g  f l o w .  

A s p e c i a l  s i t u a t i o n  a r i s e s  when waters  o f  marked ly  v a r i a b l e  d e n s i t y  due t o  tempe- 

Temperature- induced d e n s i t y  c u r r e n t s  w i l l  show a p r o q r e s s i v e l y  changing behav iour  

Changes i n  shape and volume o f  f l o w  systems 

volume have been cons idered.  However, i n  n a t u r a l  and c o n t r o l l e d  systems one i s  

o f t e n  con f ron ted  w i t h  expanding, decreas ing  o r  even p u l s a t i n g  f l o w  systems r e s u l t a n t  

f rom changes i n  i n p u t  by n a t u r a l  o r  a r t i f i c i a l  recharqe and v a r y i n g  r a t e s  o f  ex- 

t r a c t i o n  o r  ou tpu t .  Th i s  means t h a t  t h e  pathways o r  f l o w  l i n e s  - which a r e  so v i t a l  

i n  de te rm in ing  q u a l i t y  - o f t e n  do s h i f t  i n  t ime  and space. Consequently, a g i ven  

f l ow  l i n e  may " touch"  a c e r t a i n  a c t i v e  o r  r e a c t i v e  p a r t  o f  t he  a q u i f e r  

a t  one t ime  and bypass i t  a t  another  ( f i g u r e  6 ) .  C l a s s i c a l  q u a n t i t a t i v e  h y d r o l o g i c a l  

research  c o n s i s t i n g  o f  f i e l d  measurements, f l o w  m o d e l l i n q  and l a b o r a t o r y  exper iments 

shou ld  p rov ide  t h e  necessary da ta  f o r  t h e  t r a n s p o r t  p a r t  o f  t h e  qround water  system. 

U n t i l  now o n l y  dynamic ground wa te r  f l o w  systems which r e t a i n  t h e i r  shape and 

QUALITY AND MATTER 

The second ma jo r  component o f  a ground wa te r  system i n f l u e n c i n g  water  q u a l i t y  

i s  t he  m a t t e r  con ten t .  I t  c o n s i s t s  o f  t h e  q e o l o g i c a l  m a t e r i a l s  i n  t h e  subso i l  and 

any m a t t e r  b rough t  i n t o  t h e  system by i n tended  o r  i n a d v e r t e n t  human a c t i o n .  A 

thorough g e o l o g i c a l  and geophys ica l  e x p l o r a t i o n  proqram, complete w i t h  l a b o r a t o r y  
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HOT, C O O L I N G  I SOTHERMAL 

F i g u r e  5 .  Scheme o f  t h e  i n f l u e n c e  o f  d e n s i t y  d e v i a t i o n s  on f l o w  path .  Comparison 
o f  t h e  f l o w  paths  o f  an o r d i n a r y  wa te r  package w i t h  d e n s i t y  p o f  t h e  
a q u i f e r  wa te r  and a p o l l u t e d  wa te r  package w i t h  d e n s i t y  p . TRe r i g h t  
column shows t h e  normal f l o w  l i n e  i n  f u l l  and t h e  d e v i a t i i g  f l o w  pa ths  
as dashed l i n e s  f o r  t h e  i so the rma l  s i t u a t i o n .  
The l e f t  column shows f rom t o p  t o  bo t tom t h e  same d e n s i t y  d i f f e r e n c e s  
r e g a r d i n g  d i s s o l v e d  con ten ts  b u t  w i t h  an a d d i t i o n a l  h e a t  l oad  wh ich  i s  
g r a d u a l l y  d i s s i p a t e d  d u r i n g  f l ow .  
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SHRUNKEN FLOW SYSTEM EXPANDED FLOW SYSTEM 

F i g u r e  6. Scheme o f  t h e  i n f l u e n c e  o f  expansion, r e d u c t i o n  o r  p u l s a t i o n  o f  ground 
wa te r  f l o w  systems on t h e  f l o w  l i n e  p a t t e r n  i n  a system. The same i n -  
p u t  (a r row)  w i l l  f o l l o w  d i f f e r e n t  pathways depending on t h e  f l o w  s t a t e .  
Thus i n  a non-homoqeneous a q u i f e r  ( r e ) a c t i v e  domains o f  a q u i f e r  m a t t e r  
can  e i t h e r  be passed ( i n  an expanded system) o r  by-passed ( i n  a shrunken 
system), r e s u l t i n g  f o r  t h e  same i n p u t  i n  d i f f e r e n t  q u a l i t i e s  a t  d i f f e r e n t  
t imes. 

analyses o f  compos i t ion ,  shou ld  p r o v i d e  t h e  necessary i n f o r m a t i o n  on t h e  n a t u r a l  

s t a t e  o f  t h e  system mat te r .  An a d d i t i o n a l  i n v e n t o r y  o f  waste d i sposa l  and o t h e r  

human a c t i v i t i e s  a long  t h e  boundar ies  and w i t h i n  the  system shou ld  account  f o r  

t h e  a r t i f i c i a l  m a t t e r  component. 

QUALITY AND CONVERSION 

The t h i r d  ma jor  component i n f l u e n c i n g  wa te r  q u a l i t y  i n  a ground water  system 

i s  t h e  numerous group o f  conve rs ion  processes o f  a b i o l o g i c a l ,  phys i ca l  and chemical 

na tu re .  General s c i e n t i f i c  knowledge, e v a l u a t i o n  o f  f i e l d  d a t a  and c o n t r o l l e d  expe- 

r imen ts  i n  t h e  l a b o r a t o r y  shou ld  p r o v i d e  t h e  r e l e v a n t  i n f o r m a t i o n  f o r  a g i v e n  q u a l i t y  

aspec t  i n  an a c t u a l  ground wa te r  system. However ou r  knowledge o f  many convers ion  

processes under f i e l d  c o n d i t i o n s  i s  s t i l l  scanty ,  f ragmentary  and/or v i r t u a l l y  

non -ex i s tan t  ( r e f .  2 ) .  

QUAL I TY DOMA I NS 

An i m p o r t a n t  subsequent s t e p  i n  t h e  f o r m u l a t i o n  o f  a conceptua l  framework f o r  

ground wa te r  q u a l i t y  i s  i n t e g r a t i o n  o f  t h e  t h r e e  subsystems t r a n s p o r t ,  m a t t e r  and 

convers ion  i n t o  t h e  n o t i o n  o f  q u a l i t y  domain. 

o f  t r a n s p o r t ,  convers ion ,  and m a t t e r  o v e r l a p  t o  produce a p a r t i c u l a r  q u a l i t y  para- 

meter.  

The q u a l i t y  domain i s  he re  d e f i n e d  as t h a t  p a r t  o f  a system i n  which t h e  domains 

Any p a r t  of  t h e  ground w a t e r  system wh ich  c o n t a i n s  i n  i t s  s o l i d  o r  f l u i d  m a t t e r  
a chosen q u a l i t y  belongs t o  t h a t  p a r t i c u l a r  q u a l i t y  domain. 

The q u a l i t y  domain can be d i v i d e d  f u r t h e r  i n t o  t h e  t o t a l  q u a l i t y  domain and a 
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cho ice  o f  p a r t i a l  q u a l i t y  domains. The t o t a l  q u a l i t y  domain encompasses t h e  whole 

a q u i f e r  and a l l  comp le te l y  o r  p a r t l y  ove r lapp ing  p a r t i a l  q u a l i t y  domains. 

I n  the  over laps  o f  t he  p a r t i a l  domains t h e  i n t e r a c t i o n s  between p a r t i a l  q u a l i t i e s  

can be s tud ied .  

With regard  t o  changes i n  qua1 i ty  

1) t h e  ( r e ) a c t i v e  q u a l i t y  domain 

parameter changes i n  space; 

2)  t he  p o t e n t i a l l y  ( r e ) a c t i v e  qua 

i n t o  t h r e e  subdomains ( f i g u r e  7 )  : 

t h e  s e l e c t e d  q u a l i t y  domain can be subd iv ided  

s t h a t  p a r t  o f  t h e  system where t h e  q u a l i t y  

i t y  domain i s  t h a t  p a r t  o f  t h e  system where 

the  q u a l i t y  parameter would change i n  space i f  t h e  t r a n s p o r t  domain changes. 

As  l onq  as t h e  t r a n s p o r t  domain does n o t  change i t  belongs t o  t h e  i n e r t  domain; 

3 )  t he  i n e r t  q u a l i t y  domain i s  t h a t  p a r t  o f  t h e  system where t h e  q u a l i t y  does 

n o t  change. 

NO-CONVERSION + INERT MATTER 1 [NO.lTRANSPORT + INERT QUALITY 

DOMAIN DOMAIN D O M A I N  OOMA I N 

NO-TRANSPORT -t POT.(RE-IACTIVE 

/ D O M A I N  aUALlTY DOMAIN 

CONVERSIONDOMAIN -c (RE-)ACTIVE M A T T E R  

TRANSPORT 4 (REIACTIVE QUALITY 
D O M A I N  DOMAIN 

\ DOMAIN 

F i g u r e  7. Scheme o f  t h e  r e l a t i o n s  between t h e  domains o f  ma t te r ,  convers ion ,  
t r a n s p o r t ,  and q u a l i t y .  I n  t h e  case o f  combina t ion  o f  a s p e c i f i c  p a r t  
o f  an a q u i f e r ,  a s p e c i f i c  conve rs ion  process, a s p e c i f i c  t r a n s p o r t  mode 
and a s p e c i f i c  q u a l i t y ,  each ca tegory  shou ld  have " p a r t i a l "  p r e f i x e d  
t o  i t s  domain. 

( R e ) a c t i v e  and i n e r t  domains a r e  f i x e d  i n  space and t ime i n  a dynamic f l o w  system 

under e q u i l i b r i u m  c o n d i t i o n s .  They s h i f t  when t h e  t r a n s p o r t  system changes. 

Each s e l e c t e d  q u a l i t y  parameter has i t s  own s p e c i f i c  p a t t e r n  o f  r e a c t i v e ,  po- 

t e n t i a l l y  r e a c t i v e  and i n e r t  doriiains i n  an a c t u a l  ground wa te r  system. For  example : 

t h e  c h l o r i d e  domain i n  a dynamic f r e s h  water  system may have an a c t i v e  domain i n  

the  unsatura ted-  and upper p a r t  o f  t he  s a t u r a t e d  zone, where e v a p o t r a n s p i r a t i o n  may 

change t h e  abso lu te  value. However, t h e  r e s t  o f  t h e  system may fo rm an i n e r t  domain 

where the  abso lu te  va lue  does n o t  change i f  t h e  a q u i f e r  m a t t e r  does n o t  c o n t a i n  

evapor i t es  o r  c h l o r i d e - c o n t a i n i n g  waste d i sposa l  f a c i l i t i e s .  

For  t h e  va r ious  chemical  forms o f  n i t r o q e n  t h e  whole system can be the  a c t i v e  
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domain. The a c t i v e  domain f o r  f e r r o u s  i r o n  would l i e  i n  t h e  anaerob ic  domain. 

The m a t t e r  i n  eve ry  p a r t  o f  a system can be judged by i t s  a c t u a l  o r  p o t e n t i a l  

r e a c t i v i t y  and so be a t t r i b u t e d  t o  t h e  a c t i v e ,  p o t e n t i a l l y  a c t i v e  o r  i n e r t  domain 

o f  t h e  p a r t i a l  q u a l i t y  under c o n s i d e r a t i o n .  

o f  t h e  t h r e e  subsystems and shows t h e  q u a l i t y  changes a f l o w  l i n e .  

F i g u r e  8 summarises t h e  concepts r e q u i r e d  t o  o p e r a t i o n a l i z e  t h e  i n t e g r a t i o n  

p o t  a c t i v e  domain -$, 

l n e r t d o m a l n  4; 
m 
2 m 

! : s  , . =  
L m a 

Q :  

c d i r t a n r e  a l o n g  l i n e  
of flow 

F i g u r e  8. Scheme o f  t h e  d i v i s i o n  o f  a q u i f e r  m a t t e r  i n t o  i n e r t  and ( r e ) a c t i v e  o r  
p o t e n t i a l l y  ( r e ) a c t i v e  m a t t e r .  The t o t a l  space i n  which r e a c t i v e  m a t t e r  
and r e l a t e d  convers ion  processes f o r  a p a r t i c u l a r  chemical  spec ies  o r  
p a r t i a l  q u a l i t y  occur  i s  c a l l e d  t h e  ( r e ) a c t i v e  q u a l i t y  domain. The 
upper p a r t  o f  t h e  a q u i f e r  a long  f l o w  l i n e  1 g i ves  an example o f  con- 
v e r s i o n  ( =  q u a l i t y  changes) s t i l l  c o n t i n u i n q  f o r  some d i s t a n c e  down 
s t ream o f  t h e  volume o f  ( r e ) a c t i v e  a q u i f e r  ma t te r .  However, a t  t h e  e x i t  
of  t he  system a long  f l o w  l i n e  1 t h e  r e a c t i o n  r a t e s  a r e  s u f f i c i e n t l y  
r a p i d  t o  cause a co inc idence  o f  r e a c t i v e  m a t t e r  domain and ( r e ) a c t i v e  
q u a l i t y  domain. An i n p u t  a t  l o c a t i o n  ( 2 ) ,  s i m i l a r  t o  t h e  one a t  ( l ) ,  
w i l l  have i t s  whole pathway i n  the  i n e r t  m a t t e r  domain and thus  remain 
i n  t h e  i n e r t  q u a l i t y  domain. 

To summarise, t h e  process o f  d e l i n e a t i n g  and s p e c i f y i n q  q u a l i t y  domains i n v o l v e s  

f o u r  s teps  : 

1) s ta tement  of t h e  t y p e  o f  q u a l i t y  t o  be cons idered (see t h e  q u a l i t y  t r e e  o f  f i -  

gure 3 ) ,  e.g. t o t a l  d i s s o l v e d  s o l i d s ,  l8O con ten t ,  hardness, pa thogen ic  b a c t e r i a  

con ten t ,  e t c . ;  

spec ies  i n  te rm of i t s  i n e r t n e s s  o r  i t s  p o t e n t i a l  ( r e ) a c t i v i t y  by any o f  t he  

convers ion  processes; 

2 )  r e l a t i n g  each t ype  o f  m a t t e r  i n  t h e  ground wa te r  system t o  the  s e l e c t e d  q u a l i t y  

3 )  r e l a t i n g  f l o w  modes and f low l i n e  p a t t e r n s  t o  the  p a t t e r n s  o f  i n e r t n e s s  and 

4 )  d e l i n e a t i o n  o f  a c t i v e  and i n e r t  q u a l i t y  domains on t h e  bas i s  o f  t h e  p rev ious  

p o t e n t i a l  r e a c t i v i t y ;  

s teps .  
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QUALITY AS A TRACER 

Q u a l i t y  e v o l u t i o n  depends i n  t h e  most genera l  case on t h e  t h r e e  dominant f a c t o r s :  

t r a n s p o r t ,  m a t t e r  afid convers ion .  

The s i m p l e s t  case i s  when q u a l i t y  a long  a f l o w  l i n e  depends o n l y  on t r a n s p o r t .  

I n  a s t a t i c  system t h i s  reduces t o  t h e  d i f f u s i v e  t r a n s p o r t  process o f  a conserva t i ve  

chemical  spec ies  l i k e  c h l o r i d e .  

I n  t h e  dynamic case, i n p u t  and f l o w  p a t t e r n  de termine q u a l i t y  a t  any p l a c e  i n  

t h e  system. T h i s  s i t u a t i o n  forms t h e  b a s i s  f o r  t h e  use o f  c o n s e r v a t i v e  t r a c e r s  t o  

de termine f l o w  p a t t e r n s .  

ion-exchange processes i n  a s t a t i c  a q u i f e r .  

o f  t r i t i u m ,  which decays r a d i o - a c t i v e l y  d u r i n g  t r a n s p o r t .  I t  p rov ides  us w i t h  an  

i d e a l  t r a c e r  f o r  b o t h  t h e  f l o w  and t ime  p a t t e r n s  i n  a ground wa te r  system because 

i t  rep resen ts  a s e r i e s  o f  c l o c k s  moving th rough t h e  system. 

The Transport-Conversion-Matter-dependent q u a l i t y  e v o l u t i o n ,  however, forms 

t h e  v a s t  m a j o r i t y  o f  cases. A knowledge o f  t ime  and space p a t t e r n s  o f  q u a l i t y  can 

thus  a l s o  be used as a t r a c e r  : n o t  o n l y  t o  s tudy  t h e  f l o w  p a t t e r n s  and t ime  

p a t t e r n s  i n  a ground water  system, b u t  a l s o  t o  s tudy  t h e  m a t t e r  p a t t e r n .  One uses 

t h e  i n v e r s e  approach and concluded f rom observed q u a l i t y  p a t t e r n s  t h e  causa l  

p a t t e r n s  o f  t r a n s p o r t  and m a t t e r ;  i n  s h o r t  hydrochemis t ry  used as a t o o l  i n  t h e  

s tudy  o f  ground water  systems ( r e f .  3, r e f . 4 ) .  

Conversion-Matter-dependent q u a l i t y  e v o l u t i o n  i s  represented ,  f o r  example, by  

Transport-Conversion-dependent q u a l i t y  e v o l u t i o n  i s  rep resen ted  by t h e  t r a n s p o r t  

V e r t i c a l  q u a l i t y  v a r i a t i o n s  i n  bo re  ho les  

q u a l i t y  w i t h  depth  and r a t h e r  sharp  i n t e r f a c e s  between va r ious  types  o f  wa te r  

q u a l i t y  (see  e.g. r e f .  18). 

combina t ions  o f  them) : 

1) space-dependent v a r i a t i o n s  i n  q u a l i t y  a t  t h e  ground wa te r  system i n p u t  (e.g. 

p a t t e r n s  o f  p o i n t  loads  o r  p a t t e r n s  o f  a e r i a l  l oads  o f  p o l l u t a n t s ) ;  

2)  t ime-dependent v a r i a t i o n s  i n  q u a l i t y  a t  t h e  ground wa te r  system i n p u t  (e.g. 

n a t u r a l  p e r i o d i c  o r  i r r e g u l a r ,  a r t i f i c i a l  t ime  p a t t e r n s  o f  i n p u t ) ;  

3 )  aqu i fe r -dependent  ( =  ma t te r - convers ion  dependent) changes i n  q u a l i t y  a long  a 

f l o w  l i n e  i f  t h e  a q u i f e r  m a t t e r  i s  comp le te l y  o r  p a r t l y  r e a c t i v e  f o r  t h e  con- 

s i d e r e d  q u a l i t y  spec ies .  

D e t a i l e d  v e r t i c a l  sampl ing  o f  ground wa te r  o f t e n  revea ls  s t r o n q  v a r i a t i o n s  i n  

These v e r t i c a l  v a r i a t i o n  p a t t e r n s  can be a t t r i b u t e d  t o  t h r e e  b a s i c  causes ( o r  

F i g u r e  9 shows seve ra l  examples o f  how i n p u t  p a t t e r n s  i n  t h e  h o r i z o n t a l  p lane  

r o t a t e  i n t o  t h e  v e r t i c a l  p r o f i l e  o f  a boreho le .  The leng ths  o f  arrows rep resen t  

d i f f e r e n t  va lues  o f  q u a l i t y  parameters.  The h o r i z o n t a l  upstream p a t t e r n  - the 
r e l a t i v e  h o r i z o n t a l  o r d e r  - i s  p rese rved  i n  t h e  v e r t i c a l  succession. However, 

v e r t i c a l  changes i n  abso lu te  va lues  depend on t h e  i n t e r p l a y  o f  t he  th ree  above- 
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a 

F i g u r e  9. a )  

b C d 

Homogeneous h o r i z o n t a l  p a t t e r n  o f  i n p u t  passes i n e r t ,  homogeneous, 
i s o t r o p i c  a q u i f e r  and r o t a t e s  i n t o  i d e n t i c a l ,  homogeneous, v e r t i c a l  
q u a l i t y  p a t t e r n .  

Non-homogeneous, h o r i z o n t a l  p a t t e r n  o f  i n p u t  passes i n e r t ,  homogeneous, 
i s o t r o p i c  a q u i f e r  and r o t a t e s  i n t o  i d e n t i c a l  non-homogeneous 
v e r t i c a l  q u a l i t y  p a t t e r n .  

Homogeneous, h o r i z o n t a l  p a t t e r n  o f  i n p u t  passes r e a c t i v e ,  homogeneous 
i s o t r o p i c  a q u i f e r .  The convers ion  process i s  res idence  t i m e  dependent. 
The i n p u t  p a t t e r n  r o t a t e s  i n t o  a s y s t e m a t i c a l l y  m o d i f i e d  v e r t i c a l  
q u a l i t y  p a t t e r n .  

Non-homogeneous, h o r i z o n t a l  p a t t e r n  o f  i n p u t  passes p a r t l y  r e a c t i v e ,  
a n i s o t r o p i c ,  nonhomogeneous a q u i f e r .  The i n p u t  p a t t e r n  r o t a t e s  and 
i s  meanwhile s t r o n g l y  t rans formed i n t o  a m o d i f i e d  v e r t i c a l  q u a l i t y  
p a t t e r n .  

ment ioned causes. 

Changes i n  t h e  i n i t i a l  spac ing  between wa te r  packages o f  d i f f e r e n t  q u a l i t y  may 

be a t t r i b u t e d  t o  two causes, even though they  keep t h e i r  r e l a t i v e  o r d e r  (see f i g u r e  

10). 

F i g u r e  10. S p a t i a l  de fo rma t ion  o f  wa te r  packages 
o f  equal  volume and d i f f e r e n t  q u a l i t y  
a long  a deep (1) and a sha l low f l o w  
tube ( 2 ) .  The d ivergence o f  f l o w  
tube 1 i n  t h e  deepest p a r t  causes 
a compression o f  t h e  q u a l i t y  p a t t e r n ;  
t h e  convergence o f  t h e  f l o w  tube a t  
t h e  o u t l e t  r e s u l t s  i n  a d i l a t a t i o n  
of  t h e  q u a l i t y  p a t t e r n .  The sha l l ow  
flow tube 2 w i t h  i t s  l a r g e r  f l u x  and 
more p a r a l l e l  boundar ies i s  l e s s  
e f f e c t i v e  i n  changing t h e  q u a l i t y  
spacing. 

1) In a homogeneous, i s o t r o p i c  a q u i f e r  t h e  s p a t i a l  fo rm o f  a g i v e n  s tandard  volume 

o f  wa te r  w i t h  a s p e c i f i c  q u a l i t y  can change c o n t i n u o u s l y  a long  a f l o w  tube. 

The changes i n  spac inq  depend on t h e  p o i n t  o f  e n t r y  i n  t h e  system and on t h e  

fo rm and depth  o f  t h e  connected f l o w  tube, 
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I n  local ,  sha l l ow  a q u i f e r  systems, where t h e  f l o w  l i n e s  a r e  na r row ly  spread, 

t h i s  e f fec t  i s - l e s s  impor tant .  I n  r e g i o n a l  f l o w  systems, t h e  d ivergence and 

convergence o f  r e g u l a r  f l o w  l i n e s ,  w i t h  concomi t tan t  d e c e l e r a t i o n  and accele-  

r a t i o n ,  causes compression and d i l a t a t i o n  o f  t h e  q u a l i t y  p a t t e r n  pass ing t h e  

obse rva t i on  po in ts .  

I n  a non-homogeneous and a n i s o t r o p i c  a q u i f e r  t h e  i r r e g u l a r  form o f  t h e  f l o w  

tubes can cause compression and d i l a t a t i o n  o f  t h e  q u a l i t y  p a t t e r n s  a t  any p o i n t  

i n  t h e  f low system, i r r e s p e c t i v e  o f  depth. 

2)  

When q u a n t i f y i n g  ground water  f l o w  t h e  f l a w  l i n e  p a t t e r n s  a r e  o f t e n  s i m p l i f i e d  

f o r  convenience t o  s imple combinat ions o f  v e r t i c a l  and h o r i z o n t a l  f l o w  t r a j e c t o r i e s .  

The n e g l e c t  o f  f r e q u e n t l y  p resen t  inhomoqeneit ies and h y d r a u l i c  s h o r t  c u t s  i n  aqui -  

f e r s  can l e a d  t o  se r ious  m i s i n t e r p r e t a t i o n s  f o r  q u a l i t y  and q u a n t i t y  problems ( r e f .  

13). Low-angle o b l i q u e  f l o w  seems much more common than a casual  g lance a t  t e x t  

books suggests. Wi th  t h e  excep t ion  o f  r e l a t i v e l y  smal l  recharge and upward seepage 

areas cha rac te r i sed  by v e r t i c a l  f low 1 ines,  v e r t i c a l  qual  i ty v a r i a t i o n s  a r e  p r i m a r i l y  

r e l a t e d  t o  o b l i q u e  l a t e r a l  i n f l o w  (see e.g. r e f .  4 and 18). 

QUALITY NETWORKS 

Sampling and m o n i t o r i n g  networks i n  a systems p e r s p e c t i v e  

a p r e r e q u i s i t e  f o r  an adequate, c o s t - e f f e c t i v e  des ign  o f  q u a l i t y  networks.  

f o l l o w i n g  s e r i e s  o f  s teps : 

1) d e f i n i t i o n  o f  t h e  p a r t i a l  q u a l i t y  t o  be considered; 

2)  

3 )  

4)  

5) 

Cons ide ra t i on  o f  t h e  complete system w i t h  i t s  t r a n s p o r t  and r e a c t i o n  domains i s  

The opt imal  des ign o f  a sampl ing and m o n i t o r i n g  q u a l i t y  network r e q u i r e s  t h e  

d e l i r m t i o n  o f  t h e  s p a t i a l  boundar ies o f  t h e  f l o w  system and i t s  p a t t e r n  o f  

f l o w  l i n e s ;  

survey o f  t h e  space/t ime p a t t e r n  o f  t h e  r e l e v a n t  i n p u t s  f o r  t h e  considered 

p a r t i a l  qual  i ty; 

s u b d i v i s i o n  o f  t h e  aqu i fe r  domain i n t o  i n e r t ,  r e a c t i v e  and p o t e n t i a l l y  r e a c t i v e  

subdomains; 

s e l e c t i o n  of  a h i e r a r c h y  o f  sampl ing l o c a t i o n s  and f requencies on t h e  bas i s  o f  

t h e  p rev ious  i n fo rma t ion .  

F i g u r e  11 demonstrates t h e  l o g i c a l  l o c a t i o n  and sequence o f  sampl ing f o r  t h e  r a r e  

case o f  an i s o t r o p i c  homogeneous system a long  an average f l o w  l i n e .  F i g u r e  l l a  

shows t h e  o p t i o n a l  p o s i t i o n  f o r  sampl ing - g i v e n  one obse rva t i on  p o i n t  - t o  o b t a i n  : 

1A) an est imated average q u a l i t y  value; l B )  t h e  maximum value; o r  1C) t h e  minimum 

value. F i g u r e  l l b  g ives,  w i t h  two sampl ing p o i n t s ,  t h e  t o t a l  range o f  q u a l i t y  

species.  The successive a d d i t i o n  o f  f o u r  more sampl ing p o i n t s  p rov ides  a progress ive-  

l y  d e t a i l e d  knowledge o f  t h e  s e l e c t e d  q u a l i t y  parameter and i t s  e v o l u t i o n  i n  the  

system. Dependent upon t h e  purpose o f  t h e  i n v e s t i g a t i o n ,  t h e  se lec ted  p a r t i a l  q u a l i t y  

and t h e  t ranspor t - ,  ma t te r -  and convers ion c h a r a c t e r i s t i c s  o f  t he  ground water  
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system comp le te l y  d i f f e r e n t  s p a t i a l  and temporal  sequences o f  sampl ing  w i l l  r e s u l t .  

a dd 
e f 

1 J 

F i g u r e  11. Sampling and/or  m o n i t o r i n g  q u a l i t y  networks o f  i n c r e a s i n g  d e n s i t y  f o r  
a homogeneous and i s o t r o p i c  a q u i f e r .  The numbers i n d i c a t e  the  t ime 
and space sequences i f  more l o c a t i o n s  become f e a s i b l e .  The f i r s t  d iagram 
i n d i c a t e s  a cho ice  between these l o c a t i o n s  - g i v e n  o n l y  one obse rva t i on  
p o i n t .  The a c t u a l  cho ice  depends on t h e  i n t e r e s t  i n  e i t h e r  an average 
q u a l i t y  va lue  (lA), o r  an o u t l e t  o r  f i n a l  va lue  ( l B ) ,  o r  an en t rance 
o r  i n i t i a l  va lue  (1C). 444 HIGHDENSITY WASTE 

F i g u r e  12. Sampling and/or m o n i t o r i n g  q u a l i t y  networks f o r  va r ious  p a r t i a l  chemi- 
c a l  q u a l i t i e s .  The numbers i n d i c a t e  t h e  t ime  and space sequences i f  
more l o c a t i o n s  become f e a s i b l e .  These network p a t t e r n s  r e f l e c t  t he  
d i s t r i b u t i o n  o f  ( r e ) a c t i v e  and i n e r t  domains f o r  t h e  p a r t i c u l a r  q u a l i -  
ty o r  chemical  species.  The f i r s t  network l o c a t i o n s  a r e  s i t u a t e d  a t  
t h e  o u t l e t s  ( f i n a l  va lues )  and i n l e t s  ( i n i t i a l  va lues )  o f  ( r e ) a c t i v e  
domains. The i n t e r n a l  q u a l i t y  s t r u c t u r e  o f  t h e  r e a c t i v e  domains may 
be scanned i f  more network l o c a t i o n s  become a v a i l a b l e .  I n e r t  domains 
need o n l y  ve ry  few m o n i t o r i n g  network l o c a t i o n s .  

F i g u r e  12 shows op t ima l  network des igns  f o r  seve ra l  p a r t i a l  q u a l i t i e s  w i t h  op t i ons  
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f rom one t o  s i x  sampl ing p o i n t s ,  depending on t h e  purpose o f  i n v e s t i g a t i o n  and on 

a v a i l a b l e  resource% and f a c i l i t i e s .  

The sampl ing f o r  phosphate shou ld  concen t ra te ,  f o r  example, on t h e  unsa tu ra ted  

zone as t h e  r e a c t i v e  domain, w i t h  a m o n i t o r  sampl ing s t a t i o n  i n  t h e  upper p a r t  o f  

t h e  u n d e r l y i n g  s a t u r a t e d  zone t o  check any f u t u r e  b reak through.  

Sampling o f  p o l l u t i o n  w i t h  v a r y i n g  d e n s i t i e s  such as l i g h t  hydrocarbons o r  h igh-  

d e n s i t y  leachates  shou ld  f o l l o w  the  d e v i a t i n g  f l o w  p a t t e r n s .  The v a r i o u s  chemical  

spec ies  o f  n i t r o g e n  w i l l  o f t e n  cause t h e  whole a q u i f e r  t o  a c t  as a r e a c t i v e  domain. 

I n t e r c a l a t i o n s  o f  s o r p t i v e  d e p o s i t s  l i k e  p e a t  and c l a y s  c o n s t i t u t e  separa te  r e a c t i v e  

domains f o r  a l l  chemical  spec ies  s u b j e c t  t o  a d s o r p t i o n  and d e s o r p t i o n  processes. 

S u b d i v i s i o n  o f  t h e  a q u i f e r  i n t o  an a e r o b i c  and anaerob ic  domain p rov ides  i n f o r m a t i o n  

on p a r t i a l  q u a l i t i e s  r e l a t e d  t o  redox  convers ions .  

PART I 1  

QUALITY I N  A REGIONAL FRAMEWORK 

The Nether lands  as an example o f  r e g i o n a l  systems a n a l y s i s  

INTRODUCTION 

Th is  second p a r t  i l l u s t r a t e s  how r e g i o n a l  d i v e r s i t y  o f  t r a n s p o r t ,  process and 

A genera l  o u t l i n e  o f  t he  hydro logy  o f  t h e  Nether lands  i s  f i r s t  b r i e f l y  o u t l i n e d .  

m a t t e r  may be d e a l t  w i t h  i n  a sys temat i c  way. 

Secondly, a systems approach t o  h y d r o l o g i c a l  r e g i o n a l i s a t i o n  o f  l ow  l a n d  areas i s  

represented  and a p p l i e d  t o  t h e  Nether lands .  

F i n a l l y ,  a t y p i c a l  c ross  s e c t i o n  o f  t h e  f l o w  and q u a l i t y  systems c l o s e  t o  t h i s  

symposium l o c a t i o n  i s  analysed. 

CAUSES OF REGIONAL DIVERSITY 

The Nether lands  can be subd iv ided  i n  f o u r  ma jo r  h y d r o l o g i c a l  zones o r  b e l t s  

and f u r t h e r  i n t o  f i f t e e n  r e g i o n a l  h y d r o l o g i c a l  systems. The most i m p o r t a n t  f a c t o r s  

govern ing  t h i s  d i v i s i o n  and d i v e r s i t y  a r e  : 

1. g e o l o g i c a l  s t r u c t u r e  and e l e v a t i o n  above o r  below sea l e v e l ;  

2. a r t i f i c i a l  d ra inage by pumping i n  t h e  l o w - l y i n g  western  p a r t  and g r a v i t y  

d ra inage and impoundment o f  f l o w  i n  t h e  h i g h e r  e a s t e r n  and sou theas te rn  zone; 

f l u s h i n g  o f  t h e  Nether lands  by  t h e  waters  o f  Rhine, Meuse and o t h e r  sma1,ler 

r i v e r s  c r o s s i n g  the  f r o n t i e r ;  

sea wa te r  i n t r u s i o n  i n t o  t h e  su r face -  and ground wa te r  syst,ems; 

wa te r  e x t r a c t i o n s  f rom and waste wa te r  d ischarges  i n t o  t h e  h y d r o l o g i c a l  

sys terns. 

F i g u r e  13 shows : zone A i s  t h e  h i g h e r  zone i n  t h e  south  e a s t  and sou th  w i t h  

zone B con ta ins  t h e  h ighe r ,  f r e e - d r a i n i n g  area  w i t h  o l d e r ,  p redominant ly  loamy 

3. 

4. 

5. 

T e r t i a r y  and Mesozoic hardrock  near the  su r face ;  

and sandy P le i s tocene  d e p o s i t s  a t  t he  sur face ;  
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Figure 13. Major hydroloqical zones and hydrological regions i n  the  Netherlands 
( a f t e r  Enqelen, 1980, i n  r e f .  1 ) .  

zone C has the low, a r t i f i c i a l l y  drained polder areas  w i t h  mainly clayey and 
peaty Holocene deposi ts  a t  the sur face ;  
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zone D i s  formed-by the higher ,  f r e e  draining young, Holocene sandy coas ta l  

The f u r t h e r  subdivision i n t o  15 regional hydrological systems i s  based on the 
dune be1 t. 

general regional c l a s s i f i c a t i o n  scheme of f i g u r e  14. 

GRAVITY DRAINAGE 

Figure 14. General r e l a t i o n a l  network f o r  a regional hydrological system ( a f t e r  
Engelen, 1980, i n  r e f .  1 ) .  
The cent ra l  subsurface water system i s  connected with three types of 
input systems t o  the l e f t  and two types of output  systems t o  the r i g h t .  
All subsystems a r e  h ie rarch ica l ly  subdivided. Additional subsystems 
and couplings besides the ordinary natural  hierarchical  couplings i n  
regional hydrology have been added f o r  a complete p ic ture  of the  water 
s i t u a t i o n .  

I n  the most e labora te  general type of  regional hydrological system three  groups 

a )  input  subsystems of surface-  and ground water; 
b) output  subsystems of sur face  water; 
c )  the  cent ra l  ground water system i t s e l f .  
Each can be h ie rarch ica l ly  subdivided f u r t h e r  i n t o  s t i l l  smaller subsystems or  

I n  a s p e c i f i c  regional hydrological system not a l l  elements of the general scheme 

of subsystems can be dis t inguished : 

elements, and these a r e  of ten  i n t r i c a t e l y  coupled by flows of water and matter .  

of a regional system need be present .  However, each p a r t i c u l a r  hydrological region 
has i t s  own s p e c i f i c  combination of such elements and t h e i r  re la t ionships .  The 
general scheme can thus be appl ied f o r  systematic  documentation, q u a n t i f i c a t i o n  
and progressive in  depth study of quant i ty  and q u a l i t y  of the various regions. 
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Moreover, these r e g i o n a l  b l o c k  schemes can be used f o r  t h e  s tudy  o f  env i ronmenta l  

impact  . 

sh ips  f o r  a r e p r e s e n t a t i v e  c ross  s e c t i o n  o f  t h e  t h r e e  r e g i o n a l  h y d r o l o g i c a l  

systems i n  t h e  western  p a r t  o f  t h e  Nether lands .  Th is  scheme i s  a t r a n s l a t i o n  and 

g e n e r a l i s a t i o n  o f  t h e  a v a i l a b l e  knowledge about  t r a n s p o r t ,  process and m a t t e r  i n  

a r e g i o n a l  systems fo rmat .  F i g u r e  16 con ta ins  a systems r e p r e s e n t a t i o n  o f  t h e  do- 

mes t i c  and i n d u s t r i a l  wa te r  supp ly  and s a n i t a t i o n .  

A schemat i sa t i on  o f  m a t t e r  and h y d r a u l i c  d a t a  i n  t h e  same s e c t i o n  across  t h e  

c o a s t a l  dune b e l t ,  t h e  sub-sea leve l  p o l d e r  b e l t  and t h e  sandy ice-pushed h i l l s  

d i c t a t e s  a s u b d i v i s i o n  i n t o  f o u r  a q u i f e r s  separa ted  by semi -perv ious  l a y e r s .  I n  

t h e  eas t ,  t h e  upper t h r e e  merge i n t o  one a q u i f e r .  

D i f f e r e n c e s  i n  wa te r  l e v e l  between t h e  s u r f a c e  wa te r  systems and t h e  va r ious  

F i g u r e  15 shows t h e  a c t u a l  b l o c k  scheme and i t s  i n t e r n a l  and e x t e r n a l  r e l a t i o n -  

a q u i f e r s  cause seepage losses  and ga ins .  These d i f f e r e n c e s  i n  h y d r a u l i c  head c r e a t e  

comp l i ca ted  f l o w  p a t t e r n s  w i t h  a l t e r n a t i n q  areas o f  i n f i l t r a t i o n  and upward seepage. 

The magnitude o f  these exchanges o f  wa te r  between su r face -  and qround water  systems 

ranges f o r  separa te  water  management u n i t s  between 0 and 14 mmlday. 

conve rs ion  i n  a r e g i o n a l  c o n t e x t  i s  summarized i n  f i g u r e  17 ( r e f .  5-17) .  Th i s  shows 

t h e  i n t r i c a t e  i n t e r p l a y  o f  n a t u r a l  and man-made h y d r o l o q i c a l  systems i n  r e l a t i o n  

t o  q u a l i t y .  

As t ime does n o t  a l l o w  p r e s e n t a t i o n  here  o f  t h e  many i n t e r e s t i n q  d e t a i l s  o f  t h i s  

sec t i on ,  these w i l l  be pub l i shed  elsewhere. The s e c t i o n  has a thousandfo ld  v e r t i c a l  

exaggera t i on  i n  s c a l e  t o  b r i n g  o u t  t h e  p e c u l i a r i t i e s .  The l e n g t h  o f  s e c t i o n  i s  50 

km, t h e  depth  300 m and consequent ly  t h e  f l o w  l i n e  p a t t e r n  i s  s t r o n g l y  d i s t o r t e d  

and e longa ted  v e r t i c a l l y .  

Water w i t h  low t o t a l  d i s s o l v e d  s o l i d s  con ten t ,  o r i g i n a t i n g  i n  t h e  eas te rn  sandy 

h i l l s ,  e n t e r s  t h e  e a s t e r n  c e n t r a l  p o l d e r  zone as s t r o n g  upward seepaqe. I t  comprises 

one o f  t h e  ma jo r  r e q i o n a l  systems ( 8 5  w i t h i n  h y d r o l o g i c a l  zone B). 

The f i n a l  i n t e g r a t i o n  o f  t h e  numerous and d i v e r s e  d a t a  on t r a n s p o r t ,  m a t t e r  and 

I n  t h e  c e n t r a l  p o l d e r  b e l t  ( h y d r o l o g i c a l  zone C )  l o c a l  and subreg iona l  f l o w  sys- 

tems o f  r e g i o n a l  system C2 a r e  found, f e d  by l o c a l  p r e c i p i t a t i o n  and Rhine water ,  

f l u s h i n g  the  r e g i o n a l  cana l  and l a k e  system. Regional  u p w e l l i n q  o f  b r a c k i s h  and 

s a l t  wa te r  accompanies these f a i r l y  young f l o w  systems, which o n l y  came i n t o  be ing  

i n  r e c e n t  c e n t u r i e s  when t h e  p resen t  c o n f i g u r a t i o n  o f  p o l d e r  a reas  and wa te r  manage- 

ment were cons t ruc ted .  These systems a r e  p robab ly  n o t  y e t  i n  e q u i l i b r i u m .  The coas ta l  

dune b e l t  o f  h y d r o l o g i c a l  zone D shows t h e  n a t u r a l  f r e s h  wa te r  l e n s  formed under 

t h e  dunes - due n o r t h  o f  o u r  symposium s i t e  - i n  r e g i o n a l  system D2. ?he f r e s h  h a t e r  

l e n s  which was i n i t i a l l y  dep le ted  and a l t e r e d  by s a l t  wa te r  i n t r u s i o n  i s  now r e -  

charged c o n t i n u o u s l y  by a p iped  supp ly  f rom t h e  Rhine r i v e r .  To i l l u s t r a t e  t h i s  

s e c t i o n  I would l i k e  t o  t e l l  you  t h e  s t o r y  o f  f o u r  drops i n  a n u t s h e l l  : 

We scoop o u t  a n u t s h e l l  o f  wa te r  f rom t h e  main  dra inaqe canal  i n  t h e  rec la imed  



former Harlem l a k e  near Sch ipho l  a i r p o r t  and q u e s t i o n  those f o u r  d rops  about  t h e i r  

l i f e  h i s t o r y .  And t h i s  i s  what we l e a r n  : 

The f i r s t  d rop  h i t  t h e  s u r f a c e  o f  a f i e l d  o f  t u l i p s  i n  t h e  bu lb -qrowing  zone be- 

h i n d  t h e  dunes about  15 yea rs  ago. I t  p i cked  up a v a r i e t y  o f  i n s e c t i c i d e s ,  p e s t i -  

c ides ,  f u n g i c i d e s  and f e r t i l i z e r s .  P a r t  o f  i t s  l o a d  became a t tached  t o  the  adso rp t i on  

complex o f  t he  c layey  t o p  l a y e r  which i t  had t o  pass on i t s  way by seepaqe t o  the  

d i t c h  i n  t h e  ad jacen t  low l y i n g  po lde r .  

The second drop  h i  t h e  s u r f a c e  o f  t h e  dunes about  1000 yea rs  ago a f t e r  i t  had 

p icked up some aeroso s f rom seaspray i n  an o the rw ise  u n p o l l u t e d  atmosphere. I t  

t r a v e l l e d  s l o w l y  i n  t h e  f r e s h  wa te r  l ens  u n t i l  i t  r e c e i v e d  a boos t  about  120 years  

ago when the  Harlem l a k e  was rec la imed,  a c c e l e r a t i n g  i t s  f l o w  towards the  bottom 

o f  t h e  p o l d e r  d i t c h .  I t  then  took o n l y  a coup le  o f  weeks t o  t r a v e l  th rough t h e  

po lde r  d ra inage system t o  t h e  sanipl inq s i t e  and o u r  n u t s h e l l .  

the  bo t tom o f  a t i d a l  c reek  i n t o  t h e  u n d e r l y i n q  P l e i s t o c e n e  sandy sediments.  

120 yea rs  ago, when t h e  bo t tom o f  t he  Harlem l a k e  became a g r i c u l t u r a l  l and .  I t  

s t a r t e d  i t s  man-induced way upwards, push inq  as ide  and v e r t i c a l l y  t h e  b lanke ts  

o f  water  i n  t h e  o v e r l y i n g  sediments u n t i l  i t  reached t h e  bo t tom o f  t h e  main dra inage 

canal  sou th  o f  Sch ipho l  a i r p o r t .  

The f o u r t h  d rop  s t a r t e d  o u t  as a m e l t  wa te r  d r o p l e t  i n  t h e  Swiss Alps o n l y  th ree  

years  ago. I t  accumulated i t s  share o f  t he  po tash  mines i n  France, a c o n t r i b u t i o n  

f rom German i n d u s t r y  and f rom Dutch a g r i c u l t u r a l ,  domest ic and i n d u s t r i a l  wastes 

be fo re  i t  was channeled one y e a r  l a t t e r  i n t o  t h e  f l u s h i n q  system o f  t h e  western p a r t  

o f  t h e  Nether lands .  

I t s  s w i f t  passaqe slowed when i t  i n f i l t r a t e d  near the  shore  i n t o  t h e  bo t tom o f  

Westeinder l a k e  and emerged a f t e r  two years  i n t o  a d i t c h ,  dep r i ved  o f  i t s  oxygen, 

a t  t h e  eas te rn  s i d e  o f  t h e  fo rmer  Harlem lake .  

The t h i r d  d rop  i s  a sea wa te r  d rop .  I t  i n f i l t r a t e d  about  7000 yea rs  aqo from 

I t  s tayed the re ,  s u b j e c t  t o  r e d u c t i o n ,  i o n  exchanqe and d i f f u s i o n  u n t i l  about 

I n  o r d e r  t o  p l a c e  t h e  p resen t  q u a l i t y  d i s t r i b u t i o n  i n  t h e  d iscussed s e c t i o n  

i n t o  g e o l o g i c a l  and h i s t o r i c a l  pe rspec t i ve ,  and t o  i l l u s t r a t e  t h e  i n f l u e n c e  o f  

t ime sca les ,  a r e c o n s t r u c t i o n  o f  t he  q u a l i t y  e v o l u t i o n  concludes t h i s  p resen ta t i on .  

About 2.2 m i l l i o n  yea rs  aqo t h e  area  was covered by t h e  sea and t h e  bo t tom sed i -  

ments con ta ined  connate, s tagnan t  s a l t  water .  

A p i l e  o f  about  150 metres o f  ma in l y  sandy c o n t i n e n t a l  d e p o s i t s  was depos i ted  

on the  subs id ing  edge o f  t h e  Nor th  Sea Bas in  u n t i l  t h e  end o f  t h e  P le i s tocene  per iod .  

f i l l e d  the  upper p a r t  more o r  l e s s  comp le te l y ,  depending on the  changes i n  sea l e v e l  

due t o  t h e  P le i s tocene  q l a c i a t i o n s .  

Dur ing  t h e  Holocene pe r iod ,  w i t h  i t s  r a p i d  r i s e  o f  sea l e v e l ,  a sha l l ow  sea i n -  

vaded t h e  area and i t s  dense s a l t  and b r a c k i s h  waters  i n f i l t r a t e d  i n t o  t h e  under- 

l y i n g  sandy f r e s h  wa te r  zone, l e a v i n g  t h e r e  a s t r o n g l y  b r a c k i s h  t o  s a l t  mixed zone. 

Fresh waters  f rom l o c a l  p r e c i p i t a t i o n  and f rom r i v e r s  d r a i n i n g  t h e  c o n t i n e n t  
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I n  t h e  n e x t  phase t h e  f o r m a t i o n  o f  a shore  b a r r i e r  and sha l l ow  dunes i s o l a t e d  

A t h i n  l a y e r  o f  f r e s h  wa te r  f l o a t e d  on t o p  o f  t h e  u n d e r l y i n g  s a l t  and b r a c k i s h  

D igg ing  o f  peat ,  r e c l a m a t i o n  o f  l akes  and a r t i f i c i a l  c o n t r o l  o f  wa te r  l e v e l s  

t h e  area f rom the  sea and marshy areas  w i t h  pea t  growth covered t h e  area. 

mixed zone. 

i n  po lde rs  s ince  t h e  M idd le  Ages c r e a t e d  a very  i n t r i c a t e  p a t t e r n  o f  h i g h  and low  

water  l e v e l s  i n  su r face  waters  and a q u i f e r s .  Th is  r e s u l t e d  i n  t h e  r e a c t i v a t i o n  

o f  f l o w  and t h e  c r e a t i o n  o f  young i n f i l t r a t i o n  systems c l o s e  t o  systems w i t h  upward 

seepage o f  s a l t  and b r a c k i s h  water .  The a c t i v e  d isp lacement  o f  water  masses o f  

d i f f e r e n t  q u a l i t y  r e s u l t e d  i n  s t r o n g  d e f l e c t i o n s  o f  t h e  f r e s h - s a l t  i n t e r f a c e  and 

the  ion-exchange processes we observe a t  t h e  p resen t  t ime.  
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