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ABSTRACT 
Good management p r a c t i c e  should i nc lude  measures t o  conserve groundwater 

resources and t o  p r o t e c t  them from p o l l u t i o n .  The cos t  o f  c o l l e c t i n g  data 
t h a t  a l lows e f f e c t i v e  groundwater management i s  smal l  i n  r e l a t i o n  t o  the  
p o t e n t i a l  bene f i t s .  The costs  i ncu r red  should form p a r t  o f  the o v e r a l l  
management budget. 

The b e n e f i t s  o f  p o l l u t i o n  c o n t r o l  are i n v a r i a b l y  i n tang ib le .  Decis ions 
about the  appropr ia te l e v e l  o f  c o n t r o l  commonly i nvo l ve  t rade -o f f s  between 
two c o n f l i c t i n g  des i rab le  bene f i t s ,  f o r  example increased a g r i c u l t u r a l  
product ion and a reduc t i on  i n  groundwater p o l l u t i o n .  

The 
t r u e  costs  inc lude l i m i t a t i o n s  on land-use, reduct ion o f  crop y ie lds ,  t r e a t -  
ment o f  wastes, and p r o v i s i o n  o f  sewerage systems. 

E f f e c t i v e  conservation and p r o t e c t i o n  o f  groundwater resources can on ly  be 
implemented i f  supported by l e g i s l a t i o n .  

I t  can be argued t h a t  groundwater, be ing a v i t a l ,  e s s e n t i a l  resource, wi th 
a d i r e c t  bearing on the q u a l i t y  o f  l i f e ,  should be conserved and p ro tec ted  as 
a s o c i a l  duty ra the r  than only  on the bas i s  o f  economic analys is .  

Groundwater q u a l i t y  can only  be maintained by i n c u r r i n g  h igher  costs .  

1 INTRODUCTION 

Most engineering developments are concerned w i t h  i n v e s t i n g  i n  p r o j e c t s  

t h a t  generate p r o f i t s  b u t  major p r o j e c t s  o f t e n  incorporate elements t h a t  do 

n o t  show an obvious p r o f i t  - c e r t a i n l y  no t  i n  cash terms. These inc lude  

safety ,  environmental aspects and the need t o  conform w i t h  l e g a l  requ i re -  

ments. Groundwater conservation and p r o t e c t i o n  measures tend t o  f a l l  i n t o  

t h i s  category f o r  the outcomes are i n t a n g i b l e  i n  the  sense tha t ,  a l though 

expenditure o f  c a p i t a l  i s  necessary f o r  t h e i r  app l i ca t i on ,  t he re  may be no 

c l e a r  c rea t i on  o f  phys i ca l  assets. I n  terms o f  cos t -bene f i t  ana lys i s  they 

are d i f f i c u l t  t o  quan t i f y  f o r ,  wh i l e  the  costs  are d e f i n i t e ,  t he  b e n e f i t s  a re  

e lus i ve  and subject ive,  represent ing d i f f e r e n t  t h ings  t o  d i f f e r e n t  men. 

However, as discussed l a t e r ,  t h i s  i s  n o t  t r u e  f o r  a l l  conservat ion p r o j e c t s  

f o r  a monetary value can sometimes be given t o  water t h a t  i s  conserved and 

t h i s  can be d i r e c t l y  r e l a t e d  t o  the cos t  o f  the conservat ion measures, f o r  

example i n  a r t i f i c a l  recharge p ro jec ts .  

Groundwater conservation i s  concerned w i t h  good management p r a c t i c e ,  t h a t  

is developing the  resource a t  an appropr ia te r a t e  and avoid ing waste once i t  

has been developed. Groundwater p r o t e c t i o n  i s  concerned wi th mainta in ing or 
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improving the q u a l i t y  o f  the resource bu t  with the emphasis on mainta in ing 

q u a l i t y  as groundwater i n  i t s  n a t u r a l  s t a t e  i s  usua l l y  o f  h i g h  q u a l i t y .  The 

app l i ca t i on  o f  conservation and p r o t e c t i o n  p o l i c i e s  has a very impor tant  

bearing on s o c i a l  aspects such as the q u a l i t y  o f  l i f e  and the  s t a t e  o f  h e a l t h  

o f  communities. 

Conservation o f  a resource becomes inc reas ing l y  important once a s i g n i f i -  

cant p ropor t i on  has been developed. As the use increases i n  r e l a t i o n  t o  

a v a i l a b i l i t y ,  decisions have t o  be taken about the r a t e  o f  use. Insemi a r i d  

or a r i d  regions development i s  l i k e l y  t o  i nvo l ve  mining the resource and t h i s  

ra i ses  the c lass i c  resource development question o f  "how much f o r  how long?". 

The leng th  o f  t ime over which a resource i s  developed in f l uences  the econo- 

mics o f  development and the costs  o f  d i f f e r e n t  proposals have t o  be compared 

w i t h  the benef i ts ,  which may i n v o l v e  the use o f  water f o r  producing m a t e r i a l  

goods o f  higher value. This i s  p a r t  o f  the dec is ion making process and i s  

beyond the scope o f  t h i s  paper which i s  r e s t r i c t e d  t o  the  more bas ic  

approaches t o  conservation such as the cost  o f  acqu i r i ng  i n fo rma t ion  

necessary t o  manage a groundwater system e f f e c t i v e l y  and hence conserve and 

p ro tec t  the resource. 

The scale o f  the need f o r  conservation and p r o t e c t i o n  p o l i c i e s  i s  d i f -  

f e ren t  i n  developing and developed countr ies,  i n  urban and r u r a l  areas, i n  

temperate and a r i d  zones. Perhaps the need i s  greatest  and the problem most 

complex i n  expanding urban areas which do no t  have a piped sewerage system. 

2 GROUNDWATER CONSERVATION 

Conservation p o l i c i e s  are no t  s p e c i f i c  t o  groundwater f o r  they concern the 

use o f  water, espec ia l l y  methods f o r  ensuring t h a t  i t  i s  used more e f f e c t -  

i v e l y .  Conservation measures inc lude reducing consumption by var ious 

approaches, such as r e s t r i c t i n g  suppl ies or applying a p r i c i n g  p o l i c y ;  

prevent ing leakage from water p ipe- l ines;  changing land-use, f o r  example from 

i r r i g a t i o n  t o  dry farming; r e c y c l i n g  water by re-use o f  waste water and 

in t roduc ing  a r t i f i c i a l  recharge. 

Water i s  a v i t a l  resource and as i t  becomes scarce laws a re  promulgated t o  

ensure e f f e c t i v e  use. I n  areas where water has always been scarce d i s t r i b u -  

t i o n  i s  con t ro l l ed  by l o c a l  and t r i b a l  customs. Even i n  areas o f  adequate 

r a i n f a l l ,  where groundwater i s  regarded as a renewable resource, the t o t a l  

resource i s  f i n i t e  being l i m i t e d  by the amount o f  storage i n  an aqu i fe r  and 

the average annual r a t e  o f  replenishment from r a i n f a l l  and seepage from 

surface waters. U l t ima te l y ,  i f  the resource i s  no t  managed proper ly ,  the 

cost  penal ty  o f  f a l l i n g  water l e v e l s  or d e t e r i o r a t i o n  o f  water q u a l i t y  w i l l  

l i m i t  development. 

E f f e c t i v e  management requi res a l e g a l  basis. I n  England and Wales ground- 
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water abs t rac t i on  i s  c o n t r o l l e d  by a l i c e n s i n g  system and a charge i s  made 

according t o  the  amount o f  water l i censed  t o  be abst racted and t h e  use t o  

which i t  i s  put .  Decisions about management p o l i c i e s  regard ing the most 

appropr ia te use o f  water can only be made i f  adequate data are a v a i l a b l e  

about the resource. Thus groundwater conservation i s  concerned i n  the f i r s t  

instance w i t h  c o l l e c t i n g  and i n t e r p r e t i n g  data. The b e n e f i t  i s  through the  

a p p l i c a t i o n  o f  the i n t e r p r e t a t i o n  t o  the  management o f  the resource. 

The increas ing demand f o r  water i n  England i n  the  1950s and e a r l y  1960s 

l e d  t o  the Water Resources Act o f  1963 which inc luded p r o v i s i o n  f o r  t he  

c o l l e c t i o n  o f  data through hydrometric schemes. These schemes were supported 

by c e n t r a l  government funds amounting t o  50 per cent o f  the t o t a l  cost. They 

inc luded the measurement and reco rd ing  o f  r a i n f a l l ,  evaporation, r i v e r  f low, 

and r i v e r  q u a l i t y ,  as w e l l  as the p r o v i s i o n  o f  a network o f  observat ion 

boreholes t o  monitor changes i n  groundwater storage and q u a l i t y .  The t o t a l  

c a p i t a l  expenditure approved between 1964 and 1974 was equiva lent  t o  12 

m i l l i o n  US d o l l a r s *  i n c l u d i n g  1 m i l l i o n  d o l l a r s  f o r  groundwater networks ( a t  

1973 values, equiva lent  t o  about 47 m i l l i o n  and 4 m i l l i o n  d o l l a r s  a t  1987 

values). 

Although no formal guidance was given wi th regard t o  the dens i t y  o f  

groundwater observation w e l l  networks, i t  was ind i ca ted  t h a t  one w e l l  per 25 

t o  35 km should be the  aim i n  major aqu i fe rs  and t h a t  one w e l l  per  100 or 

200 km2 should be monitored cont inuously  w i t h  e i t h e r  an autographic or 

punched-tape recorder. The densi ty  requ i red  depended upon a number o f  

f ac to rs  i nc lud ing  the a r e a l  shape o f  t h e  aqu i fe r ,  t he  extent  t o  which i t  was 

dissected by r i v e r  systems, f l u c t u a t i o n  o f  the p iezometr ic  l e v e l ,  the r i s k  o f  

p o l l u t i o n  and the  use t h a t  was made o f  the aqu i fe r  f o r  water supply. I n  

ac tua l  f a c t  t he  o v e r a l l  dens i ty  o f  networks was one w e l l  per 27 km , the  

average densi ty  o f  cont inuously  monitored wells being one per  175 km . The 

networks as establ ished i n  1974 comprised near l y  2000 we l l s ,  p r i n c i p a l l y  i n  

the  main aqu i fe rs  o f  t he  Chalk, T r i a s s i c  sandstones, Jurass ic  l imestones and 

Lower Cretaceous sands. 

2 

2 

2 

I n  1974, when the water a u t h o r i t i e s  were establ ished,  r e s p o n s i b i l i t y  for 

mainta in ing the hydrometric networks, i n c l u d i n g  the groundwater networks, was 

t rans fe r red  t o  these a u t h o r i t i e s .  The data are c o l l a t e d  a t  a n a t i o n a l  l e v e l  

and the Geological Survey i s  responsib le  f o r  t he  groundwater observat ion w e l l  

network (Rodda and Monkhouse, 1985). The Survey r e c e n t l y  reviewed the  

arch ive and se lected about 200 w e l l s  which could be used t o  monitor and 

assess the groundwater s i t u a t i o n  on a n a t i o n a l  basis. One w e l l  was chosen 

for each aqu i fe r  u n i t .  

*Most o f  the costs  quoted i n  t h i s  paper were o r i g i n a l l y  der ived i n  pounds 
s t e r l i n g .  
used. 

More r e c e n t l y  t he  Survey has i d e n t i f i e d  about 15 

A conversion r a t e  o f  about 1.7 US d o l l a r s  t o  the pound has been 



184 

wel ls ,  the records o f  which are up-dated a t  monthly i n t e r v a l s  so t h a t  t rends 

t h a t  may lead t o  extreme events, associated with, f o r  example, droughts, can 

be recognised a t  an e a r l y  stage. Groundwater l e v e l  data f o r  the arch ive o f  

200 w e l l s  are now published annually by the Geological Survey i n  Hydro log ica l  

Yearbooks which a l so  conta in  measurements o f  r a i n f a l l  and r i v e r  f lows. 

The ob jec t i ve  o f  the hydrometric schemes was t o  prov ide s u f f i c i e n t  bas ic  

data f o r  the assessment o f  water resources, and t o  monitor storage and water 

q u a l i t y  changes. As the abs t rac t i on  o f  water from both sur face and ground- 

water sources i s  now almost e n t i r e l y  c o n t r o l l e d  by l icences granted by water 

a u t h o r i t i e s ,  e f f i c i e n t  operat ion o f  the l i c e n s i n g  system requ i res  knowledge 

o f  the t o t a l  resource and the consequences o f  developing i t .  

The purpose o f  t he  observation w e l l  networks i s  t o  prov ide a long-term 

measure o f  changes i n  groundwater storage. They are no t  dense enough and, as 

o r i g i n a l l y  conceived, they were n o t  intended t o  be s u i t a b l e  f o r  the prepar- 

a t i o n  o f  groundwater l e v e l  maps or f o r  d e t a i l e d  groundwater s tud ies.  They 

are used t o  forecast minimum seasonal groundwater l e v e l s  and r i v e r  f lows, t o  

ca l cu la te  c e r t a i n  aqu i fe r  p roper t i es  and, as groundwater resources become 

more extens ive ly  developed, t o  g i ve  a measure o f  long-term r e g i o n a l  changes 

i n  groundwater storage fo l l ow ing  groundwater development. 

The observation w e l l  network a l so  provides access f o r  sampling groundwater 

q u a l i t y  thereby p rov id ing  i n fo rma t ion  about long-term trends, f o r  example, 

trends caused by p o l l u t i o n  from d i f f u s e  sources such as n i t r a t e  p o l l u t i o n  

from a g r i c u l t u r a l  p rac t i ces .  The network i s  no t  adequate, however, for 

p o l l u t i o n  con t ro l .  Most p o l l u t i o n  problems are l o c a l  i n  extent  and r e q u i r e  a 

dense network o f  observation w e l l s  t o  monitor the progress o f  p o l l u t i o n  from 

a p a r t i c u l a r  source, as discussed below. 

The c a p i t a l  cost o f  a groundwater network i s  the cost  o f  d r i l l i n g  t h e  

boreholes, and the p rov i s ion  o f  automatic water l e v e l  recorders f o r  about 1 

i n  6 s i t e s ,  whi le  the operat ing costs  depend upon the frequency o f  measure- 

ment, i f  ca r r i ed  out  manually, together w i t h  the i n t e r p r e t a t i o n  o f  the data. 

To ob ta in  an i n d i c a t i o n  o f  the cos t  o f  such a network the Chalk aqu i fe r  i n  

England may be taken as an example. This aqu i fe r  under l i es  32000 km2 o f  

which 12000 km are confined by T e r t i a r y  clays. A t  a dens i t y  o f  1 borehole 

per 30 km2 a t  outcrop, and 1 per 200 km2 i n  the  confined area, 725 boreholes 

would be necessary t o  g i ve  adequate coverage. A t y p i c a l  borehole, i n c l u d i n g  

automatic water l e v e l  recorder, costs  12000 d o l l a r s  and the re fo re  the c a p i t a l  

cost would be o f  the order o f  8.5 m i l l i o n  do l l a rs .  Management and i n t e r p r e t -  

a t i o n  o f  the data would take about 6 man-months say 20000 d o l l a r s  per year. 

(The f i gu res  are intended as a guide t o  the order o f  magnitude o f  costs .  

There are ac tua l l y  more than 725 we l l s  monitored i n  the Chalk and many o f  

2 
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these were d r i l l e d  o r i g i n a l l y  f o r  water supply and n o t  s p e c i f i c a l l y  as 

observation we l l s ) .  

I t  i s  d i f f i c u l t  t o  est imate the b e n e f i t s  o f  operat ing such a network. 

C lea r l y  wi thout  the data i t  would be d i f f i c u l t  t o  make dec is ions about 

operat ing schedules f o r  pumping w e l l s  t h a t  were meaningful on the scale o f  

the e n t i r e  aqu i fe r .  The bas ic  data about volumes o f  storage i n  the  a q u i f e r  

need t o  be incorporated i n  aqu i fe r  models and opera t i ona l  models o f  

d i s t r i b u t i o n  systems. I n  the  sense o f  p rov id ing  key, bas ic  data such 

networks are inva luable,  f o r  example they may prov ide i n fo rma t ion  t h a t  

i nd i ca tes  a mod i f i ca t i on  o f  the pumping regime i s  necessary. The Chalk 

prov ides some 1255 m i l l i o n  m3 o f  water per year a t  a s e l l i n g  p r i c e  o f  about 

640 m i l l i o n  d o l l a r s  per year. This l a t t e r  f i g u r e  i s  so l a r g e  i n  r e l a t i o n  t o  

the cost  o f  the network discussed above t h a t  i t  could be argued t h a t  

j u s t i f i c a t i o n  o f  the cos t  i s  ha rd l y  warranted. 

Groundwater observation networks prov ide long-term su rve i l l ance  o f  a q u i f e r  

storage. A greater  densi ty  o f  w e l l s  i s  necessary t o  monitor major ground- 

water development schemes. In  the UK the design o f  schemes f o r  t he  r e g i o n a l  

development o f  groundwater resources incorporates p r o v i s i o n  f o r  mon i to r i ng  

the impact on the resource. This i s  needed no t  on l y  f o r  management b u t  a l s o  

t o  ensure t h a t  approval i s  g iven t o  proceed with t h e  scheme and t h a t  o the r  

users o f  the aqu i fe r  are protected.  The under ly ing f a c t o r  i s  the l e g a l  bas i s  

f o r  groundwater development now embodied i n  the Water Resources Act o f  1963 

and the  Water Act o f  1973, 

I n  one major scheme i n  the  UK, t h a t  was concerned w i t h  r e g u l a t i n g  r i v e r  

f low by pumping groundwater i n t o  the  r i v e r  as the need arose (Anonymous, 

1972), three observation boreholes were d r i l l e d  f o r  each product ion w e l l  and 

many shallow, small  diameter p ipes were i nse r ted  t o  monitor the r e l a t i o n s h i p  

between groundwater and the r i v e r  system. The cos t  o f  observat ion w e l l s  

represented 2 per cent o f  the c a p i t a l  cost  o f  the e n t i r e  scheme and between 5 

and 6 per cent  o f  t he  cost  o f  product ion wel ls .  Because the development 

invo lved a s i g n i f i c a n t  lower ing o f  groundwater l e v e l s  under drought condi- 

t i ons ,  e x i s t i n g  we l l s  were deepened or households were prov ided w i t h  a new 

piped water supply. The cost o f  such compensation works amounted t o  between 

4 and 8 per cent  o f  the t o t a l  c a p i t a l  cost  according t o  the need i n  i n d i v i d -  

u a l  areas. The immediate b e n e f i t s  o f  the observation w e l l  network were 

reg iona l  evaluat ion o f  the aqu i fe r  p r o p e r t i e s  and the  a b i l i t y  t o  monitor t he  

progress o f  the scheme and i t s  impact on the  groundwater system. The equa l l y  

important i n t a n g i b l e  b e n e f i t  was concerned w i t h  p u b l i c  r e l a t i o n s .  

An important aspect o f  management i s  the assessment o f  t he  q u a n t i t y  o f  

water t h a t  has t o  be kept i n  reserve f o r  d i s t r i b u t i o n  i n  t imes o f  drought. 
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Assessments have t o  be made o f  the frequency and seve r i t y  o f  r e s t r i c t i o n s  

i n  supply tha t  customers expect or w i l l  accept. I n  England and Wales, i t  

i s  considered t h a t  bans on the use o f  hose-pipes f o r  garden watering w i l l  

be accepted 1 year i n  6 whi le  more severe r e s t r i c t i o n s  on supply w i l l  be 

accepted 1 year i n  20 w i t h  perhaps major cu ts  i n  the use o f  water once a 

century. The judgement t h a t  i s  requ i red  i s  a f i n e  one between developing 

water resources cost e f f e c t i v e l y  and l i m i t i n g  water use i n  t ime o f  

sca rc i t y .  These data apply t o  a temperate reg ion where water i s  no t  

expected t o  be i n  sho r t  supply bu t  the decisions r e l a t i n g  t o  ava i l ab le  

storage are v i t a l  f o r  e f f e c t i v e  management and prov ide a ya rds t i ck  against  

which t h e  costs o f  p rov id ing  a groundwater network can be judged. 

I n  the Thames Water Author i ty ,  i n  England, over 1.6  m i l l i o n  m3 of  

groundwater are abst racted per day; a t  a value o f  0.5 dol lars/m3 t h i s  

represents about 0.85 m i l l i o n  d o l l a r s  per day. The a u t h o r i t y  has about 

160 observation w e l l s  represent ing a c a p i t a l  cost  o f  some 1.7 m i l l i o n  

d o l l a r s  the value o f  two days supply o f  groundwater. C lea r l y  the 

bene f i t / cos t  r a t i o  o f  the network i n  managing such a system must be very 

h igh  although d i f f i c u l t  t o  quan t i f y  i n  monetary terms. There i s  a l e g a l  

requirement t o  develop aqu i fe rs  e f f e c t i v e l y  and costs  necessary f o r  t h i s  

are p a r t  o f  the o v e r a l l  cost  o f  management. The groundwater networks 

represent an i n t a n g i b l e  asset t h a t  i s '  p a r t  o f  the management system, 

i n v o l v i n g  c a p i t a l  expenditure bu t  no s p e c i f i c  monetary re tu rn .  

Many countr ies have developed groundwater observation w e l l  networks. 

To g ive but  one f u r t h e r  example, i n  Cuba l a r g e  investments have been 

made f o r  t h i s  purpose p a r t i c u l a r l y  t o  detect  and monitor t he  extent  o f  

sa l i ne  i n t r u s i o n  i n  k a r s t i c  aqui fers .  There are over 2500 observat ion 

we l l s  a t  a densi ty  o f  one per 43 km2 (Barreras Abella, 1987). 

As mentioned e a r l i e r ,  severa l  measures adopted f o r  t h e  conservation 

o f  groundwater resources can be assessed i n  monetary terms. These 

inc lude the use o f  check dams t o  increase i n f i l t r a t i o n ,  the i n s t a l l a t i o n  

o f  drainage systems t o  prevent s a l i n i s a t i o n  o f  shal low groundwater i n  

areas t h a t  are i r r i g a t e d  w i t h  sur face water, and the development o f  

a r t i f i c i a l  recharge techniques. 

Check dams are constructed i n  va l l eys ,  on aqui fers ,  i n  a r i d  or semi- 

a r i d  regions t o  r e t a i n  flood-waters and increase i n f i l t r a t i o n .  The 

b e n e f i t  can be evaluated i n  r e l a t i o n  t o  the increase i n  groundwater 

storage (and the value o f  the water) against t he  cost o f  t he  engineering 

works required. The technique has been used i n  many p a r t s  o f  the world 

and there i s  a great  v a r i a t i o n  i n  the scale o f  the works b u t  t he  



approach may be illustrated with a case study in Baluchistan by the 

Overseas Development Administration of the UK. The advent of 

electricity in the area led to an accelerated use of groundwater and 

previously perennial streams and infiltration galleries dried up. 

lncreased recharge from storage behind small check or  !'delayed action" 
dams stabilised the water table and allowed increased abstraction. The 

details of one small scheme are given in Table 1. 

TABLE 1 

Economics of a scheme involving a small check dam 

Height of dam 

Length of dam 

Size of catchment 

Increase in perennial yield 

Total irrigated area 

Extra area irrigated 

Tatal cost 

No. of beneficiary families 

Cost per family 

Cost per hectare 

Annual return 

Economic rate of return 

Life of scheme 

10 metres 

560 metres 

25 km' 

30 litres/sec 

8.0 km2 
2 0.8 km 

255000 dollars 

1665 

150 dollars 

3000 dollars 

40000 dollars 

10 per cent 

21 years 

In areas where irrigation is practised using surface water, and where 

groundwater is at a shallow depth, measures are necessary to preserve 

the quality of groundwater and prevent water logging and salinisation of 

the soil. 

irrigation to continue. 

Drainage by horizontal drains or  wells is necessary to allow 

The capital costs of engineering works necessary to conserve the 

quality of groundwater can be identified and expressed in relation to 

the total cost of an irrigation scheme. 

be considerable and the cost-benefit ratio needs careful evaluation. 

For example, the estimated cost of a programme, extending over 21 years, 

to reclaim a tract of land in Pakistan that had been affected by 

salinisation amounted to 3 billion dollars (at 1975/76 prices), an 

annual investment of 145 million dollars (Bokhari, 1980). The major 

The costs of such measures can 



elements o f  the programme i n d i c a t e  t h e  scale o f  the problem: 

Area 90,000 km2 

No. o f  new w e l l s  38,000 

Replacement o f  damaged w e l l s  21,000 

Open surface d r a i n  requ i red  77,000 km 

Despite the h igh costs, i n  coun t r i es  dependent upon ag r i cu l tu re ,  the 

bene f i t s  o f  such engineering works outweigh the costs. 

As groundwater development proceeds, conservation o f  water by 

a r t i f i c i a l  recharge become an important option; e i t h e r  surp lus surface 

run -o f f  or t r ea ted  e f f l u e n t s  can be the source o f  the water. The cost  

o f  recharge works vary widely according t o  the nature o f  the engineering 

works and the q u a l i t y  o f  the water. 

simple techniques such as s c a r i f y i n g  r i v e r  beds t o  increase i n f i l t r a t i o n .  

Table 2 gives comparative costs o f  proposed bas in and w e l l  recharge 

schemes i n  the United Kingdom us ing r i v e r  water as the source. I n  the 

two cases selected, although the c a p i t a l  costs are s i m i l a r ,  t he  u n i t  cos t  

o f  the water i s  higher f o r  w e l l  recharge. 

recharge are l ess  bu t  the costs o f  the works f o r  the recharge process 

are h igher .  

Very low costs  are associated with 

The treatment costs  f o r  bas in 

The scale o f  the engineering works requi red f o r  an a r t i f i c i a l  

recharge scheme depends upon the q u a l i t y  o f  the recharge source, t he  

method o f  recharge and the extent  o f  any treatment necessary immediately 

p r i o r  t o  supply. 

i s  a r e l a t i v e l y  uncontaminated r i v e r  which requ i res  only  coagulat ion, 

sedimentation, f i l t r a t i o n ,  and c h l o r i n a t i o n  t o  b r i n g  i t  t o  potable 

standards. This would be essen t ia l  f o r  a borehole recharge supply 

although, f o r  lagoons, sett lement on l y  has o f t e n  been considered t o  be 

adequate. 

The costs given here assume t h a t  the source o f  water 

Lagoon recharge i s  somewhat cheaper than borehole recharge. Treat- 

ment costs are less when lagoons are used, although the cons t ruc t i on  o f  

recharge f a c i l i t i e s  and the cost  o f  land makes the  ac tua l  recharge works 

more expensive. 

as m3 per day o f  recharge capacity, i s  about h a l f  the cost  o f  lagoons, 

i n c l u d i n g  land. 

whereas recharge boreholes can a l so  be used f o r  abst ract ion.  However, 

maintenance works can be more r e a d i l y  c a r r i e d  ou t  i n  lagoons and the  

l i f e  o f  a recharge borehole i s  considerably shor ter  than t h a t  o f  an 

The c a p i t a l  cost  o f  a recharge borehole expressed 

More abs t rac t i on  boreholes are needed i n  a lagoon scheme 
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abs t rac t i on  borehole and, o f  course, o f  a lagoon. 

Borehole recharge has a considerable advantage over lagoon recharge 

schemes w i t h  regard t o  land use and environmental impact. To recharge 

a t  a r a t e  o f  30000 m3 d-’ may r e q u i r e  6 t o  10 wel ls ,  b u t  i t  would need 

about 15 basins, each cover ing 4000 m , assuming an average i n f i l t r a t i o n  

r a t e  o f  0.5 md- . 
although the water area would be only 0.06 km . However, i t  should n o t  be 

overlooked tha t  the l and  requi red for lagoons i s  s t i l l  no t  p a r t i c u l a r l y  

large.  Furthermore, the water area i n  a recharge scheme per un i t  

y i e l d  would be much less than f o r  a sur face storage scheme 

and Downing, 1979). 

TABLE 2 

Comparative costs  o f  a r t i f i c i a l  recharge schemes 

i n  the Uni ted Kingdom 

2 

1 2 The t o t a l  l and  requirement would be about 0.2 km , 
2 

(Edworthy 

Basin Well 

Recharge Recharge 

River i n t a k e  1 x 1 7; 

Pumps and pump-house 12 14 

Treatment 3* 40 

Pipel ines ** 19 20 

Recharge basins 50 - 
Abstract ion we l l s  13 - 

Recharge/abstract i o n  

we l l s  - 23 

Observation we l l s  2 2 

Unit cost o f  water 

d o l l a r s  per m 0.27 0.32 
3 

3 Notes: To recharge 30,000 m per day 

To ta l  c a p i t a l  cost  o f  each scheme i s  about 10 m i l l i o n  d o l l a r s  

* SettlemJt on ly  

** Recharge area about 5 km from r i v e r  source. 

3 GROUNDWATER PROTECTION 

Groundwater p r o t e c t i o n  i s  concerned wi th t a k i n g  act ions or decis ions 

t h a t  w i l l  avoid p o l l u t i o n .  

the resource. 

con ta in ing  a resource t h a t  i s  underground and ou t  o f  s i g h t  - i m p l i e s  t h a t  

l e g a l  c o n t r o l s  t o  prevent p o l l u t i o n  a re  essen t ia l .  The bas ic  problem i s  

I t  i s  concerned with maintain9 the  q u a l i t y  o f  

The very nature o f  aqu i fe rs  - l a r g e  areas o f  permeable rocks 
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that groundwater is polluted by individuals who will not become directly 

responsible f o r  their actions or  are not even aware that they are causing a 

problem. In contrast the individual small landowner in a rural area will 

generally carefully site his cess-pit in relation to his well to avoid 

contaminating the well. It is generally true to say that attention to the 
protection of groundwater decreases with the scale o f  urban development as 

individual responsibility is perceived to a decreasing extent. The 

benefits that arise from the control of groundwater pollution are 

invariably o f  an intangible nature. 

Groundwater is threatened by pollution from diffuse sources (such as 

nitrate pollution from fertilisers, the mobilisation and leaching of toxic 

metals in the soil because of acid infiltration, salinisation of irrigation 

systems and saline intrusion) and point sources (including waste disposal 

in landfills, industrial and farm wastes, and septic tanks). The problems 

of groundwater pollution and protection have been comprehensively reviewed 

by Aldrick and others (1986). 

In the UK 80% of waste is disposed of in landfills but there is now also 

a trend towards resource recovery and recycling. It can be many times more 

expensive to clean-up a landfill contamination problem than to 

decontaminate the waste in the first place. The weakness of accepting this 

approach is that direct disposal of waste to a landfill is cheaper than 

initial treatment. More landfills are now operating as containment sites 

and the extraction and treatment of leachate is becoming more important. 

The cost of treating leachate from landfills commonly amounts to between 1 

and 2 dollars per cubic metre depending upon the type o f  treatment. 

In 1984 about 20% o f  the hazardous waste in the United States was 

disposed of in tips or deep wells. There are believed to be 10000 sites 

containing hazardous wastes and cleaning and rehabilitating them could cost 

100 billion dollars. In 1986 the US Congress allocated 9 billion dollars 

for cleaning up contaminated sites over a 5 year period. 

There are many examples in the literature o f  unfortunate incidents 

arising from groundwater pollution. As the scale o f  the problem has been 

appreciated, restrictions on the disposal of waste,introduced by 

legislation, have increased, The number of tips have consequently been 

reduced and as disposal techniques have become more sophisticated the costs 

of disposal have increased ten-fold over some 17 years; the cost o f  

disposing o f  a tonne o f  hazardous waste in 1987 is at least 250 dollars. 

The cost of treating an existing hazardous waste tip by sophisticated 

treatment processes based on advanced technology could amount to 1 million 

dollars. 
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A s i g n i f i c a n t  t h rea t  t o  groundwater resources i s  l eak ing  underground 

storage tanks used, f o r  example, f o r  s t o r i n g  petroleum and other chemicals 

as w e l l  as hazardous wastes. The leakage o f  4500 l i t r e s  o f  a v i a t i o n  f u e l  

i n t o  an aqu i fe r  i n  the UK l e d  t o  the c losu re  o f  a p u b l i c  water supply 

borehole and the expenditure o f  one m i l l i o n  d o l l a r s  on c leaning up the  

aqu i fe r  and p rov id ing  a l t e r n a t i v e  water supplies. I n  many s i t u a t i o n s  where 

groundwater has been contaminated, i t  w i l l  be less c o s t l y  t o  develop an 

a l t e r n a t i v e  water supply r a t h e r  than attempt t o  r e h a b i l i t a t e  a contaminated 

aqui fer .  P o l l u t i o n  i nc iden ts  caused by leakage o f  chemicals and o i l  

products emphasise the  need f o r  t he  c a r e f u l  design and s p e c i f i c a t i o n  o f  

ma te r ia l s  f o r  storage tanks. I n  the Federal Republic o f  Germany a l l  

underground petroleum storage tanks must have a double w a l l  cons t ruc t i on  

and mechanisms are incorporated t o  prevent o v e r f i l l i n g .  Groundwater 

provides 70% o f  Germany's water needs and t h i s  p a r t l y  expla ins a t t e n t i o n  t o  

underground storage f a c i l i t i e s  (Moreau, 1987). 

The evidence f o r  the steady degradation o f  t he  q u a l i t y  o f  groundwater 

has l e d  t o  l e g i s l a t i o n  i n  a number o f  coun t r i es  designed t o  p r o t e c t  t he  

resource. I n  the UK the Contro l  o f  P o l l u t i o n  Act, 1974, now prov ides an 

adequate bas is  f o r  c o n t r o l l i n g  groundwater contamination. But, because the  

cost o f  r e s t o r i n g  a p o l l u t e d  aqu i fe r  t o  i t s  o r i g i n a l  q u a l i t y  s t a t e  i s  

expensive, even i f  i t  i s  poss ib le  (Navarro and Soler, 1987), a t t e n t i o n  is 

focussing on Aquifer P ro tec t i on  P o l i c i e s  t o  prevent p o l l u t i o n  occu r r i ng  i n  

the f i r s t  place. This approach has been widely adopted i n  Europe 

(Headworth, 1986). 

P ro tec t i on  p o l i c i e s  prov ide guidance t o  p lanning a u t h o r i t i e s  and 

developers by i n d i c a t i n g  the c o n s t r a i n t s  they must work within t o  avoid 

groundwater p o l l u t i o n .  I t  in t roduces the  need f o r  land-use p lanning over 

and near aqu i fe r  outcrops i nc lud ing :  

l o c a t i o n  and design o f  l a n d f i l l s  

c o n t r o l  o f  a g r i c u l t u r a l  p r a c t i c e s  

c o n t r o l  o f  d isposal  o f  sewage e f f l u e n t s  

implementation o f  regu la t i ons  spec i f y ing  the  design o f  tanks f o r  s t o r i n g  

chemicals 

P ro tec t i on  p o l i c i e s  are b a s i c a l l y  concerned wi th d e f i n i n g  p r o t e c t i o n  zones 

of d i f f e r e n t  widths around a groundwater source although sometimes e n t i r e  

aqui fer  outcrops are speci f ied.  The ex ten t  o f  t he  zones i s  t o  some ex ten t  

sub jec t i ve  b u t  based on f a c t o r s  such as the  nature o f  the aqu i fe r ,  r a t e  o f  

groundwater f low and thickness o f  t h e  unsaturated zone. The innermost zone 

around a groundwater source, intended t o  g i ve  the  greatest  p r o t e c t i o n ,  

commonly provides 50 days p r o t e c t i o n  against  m ic rob ia l  contamination by 
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allowing physical, chemical and biochemical processes to reduce any 

contamination to acceptable levels as the water flows through the aquifer. 

In a sandstone the zone may be 500 m, in a fissured limestone perhaps 2 km. 

To protect groundwater sources Water Authorities in the UK would like 

their powers strengthened to allow inspection of installations that are 

likely to cause pollution and to stop operations or force owners to improve 
conditions. In aquifer protection zones the objective is to control or  
prevent the use and storage of undesirable chemicals. 

The above discussion has emphasised the serious, increasing problem of 

groundwater pollution in urban areas, the high cost of attempting to 

rehabilitate the quality of a polluted aquifer and the importance of taking 

preventitive measures to avoid pollution. 

Groundwater quality monitoring networks form part of the measures 

necessary to protect an aquifer. Steele (1987) has summarised the major 

issues : 

1. Why do we monitor? What are the objectives? 

2 .  Where, when and what do we monitor? 

With regard to why?, the answer is generally to measure the initial 

spacial variability, followed by temporal variability, and the identific- 

ation of time trends. The answers to 2 depend upon the local situation but 

the answers determine the costs, 

Groundwater monitoring networks are more densely spaced than a 

conventional observation well network. Wells are required to either 

monitor a pollution plume o r  provide warning of pollution up-gradient of a 
production well. Concern is commonly with problems in relatively limited 

areas, possibly a particular pollution incident or hazard. Some 10 to 20 

wells, open at different depths, may be necessary t o  define a pollution 

plume from a point source, a total capital cost of say 170000 dollars. In 

a homogeneous aquifer, with intergranular flow, adequate warning may be 

provided for a groundwater source by about five or six wells arranged 
upgradient of the producing well, at a cost of some 50000 to 70000 dollars. 

The fact that monitoring networks to identify or protect against 

pollution incidents have to be of greater density than conventional 

observation networks implies the cost are higher. The cost benefits of 

groundwater monitoring programmes were discussed by Wilkinson and Edworthy 

(1981). They pointed out that the annual costs of monitoring a single 

borehole (including sampling, chemical analysis, data interpretation and 

storage) can amount to 10% of the capital cost of the borehole. Over the 

life-time of the borehole the running costs represent more than the capital 
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cost ;  over a l i f e - t i m e  o f  20 years i t  would be twice the cost .  The t o t a l  

cost  o f  t he  moni tor ing could then be a s i g n i f i c a n t  p ropor t i on  o f  t he  cos t  

o f  the product ion w e l l  i t  was designed t o  p ro tec t .  I n  view o f  t h i s  i t  i s  

necessary t o  assess the t r u e  value o f  t he  moni tor ing network. This must be 

judged by the amount o f  use fu l  i n fo rma t ion  i t  provides i n  r e l a t i o n s h i p  t o  

the  cost  o f  p rov id ing  i t . The p r i n c i p l e  o f  t he  "w i l l i ngness  t o  pay f o r  t he  

in format ion"  has t o  be invoked and how t h e  i n fo rma t ion  i s  used f o r  

decision-making (Steele, 1987). 

Applying p r o t e c t i o n  p o l i c i e s  i s  a form o f  prudent insurance a l l ow ing  

management decisions t o  be made on a t e c h n i c a l  basis. F a i l u r e  t o  prevent 

the d e t e r i o r a t i o n  o f  groundwater q u a l i t y  can lead  to :  

1 .  l o s s  o f  a water source w i t h  the consequent inconvenience together 

w i t h  the cost  o f  replacement; 

h e a l t h  hazards caused by degradation o f  q u a l i t y .  2. 

The monetary value o f  a l o s t  groundwater source can be evaluated from the  

cos t  o f  p rov id ing  an a l t e r n a t i v e ,  b u t  i t  i s  d i f f i c u l t  t o  pu t  a monetary value 

on the d e t e r i o r a t i o n  i n  the  q u a l i t y  o f  l i f e  caused by a degradation i n  the  

q u a l i t y  o f  d r i n k i n g  water. Nevertheless, the s o c i a l  b e n e f i t  o f  ma in ta in ing  

water q u a l i t y  must be the t r u e  b e n e f i t  o f  groundwater p r o t e c t i o n  p o l i c i e s .  

Es tab l i sh ing  and mainta in ing groundwater q u a l i t y  networks represents a 

minor cost  i n  implementing a p r o t e c t i o n  p o l i c y .  The t r u e  t a n g i b l e  cos t  i s  t he  

f i n a n c i a l  impact a r i s i n g  from changes o f  land-use, changes i n  a g r i c u l t u r a l  

output  caused by a reduct ion i n  the use o f  f e r t i l i s e r s  and pes t i c ides ,  t he  

costs  of i n s t a l l i n g  p iped sewerage systems, the i n s t a l l a t i o n  o f  b e t t e r  

designed underground storage tanks (Table 3 ) .  These p r e v e n t i t i v e  measures 

in t roduce s i g n i f i c a n t  costs  t h a t  are no t  l i k e l y  t o  be implemented wi thout  

l e g a l l y  def ined spec i f i ca t i ons .  

I n  Iowa, USA, where groundwater i s  t he  s t a t e ' s  p r i n c i p a l  source o f  d r i n k i n g  

water, concern a t  the extent  o f  p o l l u t i o n  o f  aqu i fe rs  has l e d  t o  a tax  on the  

product ion o f  pes t i c ides  and n i t r o g e n  f e r t i l i s e r .  Some form o f  t a x a t i o n  on 

f e r t i l i s e r  use t o  reduce consumption may be requ i red  more widely  i f  

groundwater i s  t o  be protected for, wh i le  the cost o f  apply ing f e r t i l i s e r  i s  

less than the increase i n  value o f  t he  crops produced, the  p r a c t i c e  w i l l  

continue. The behaviour o f  i n d i v i d u a l s  i s  s e n s i t i v e  t o  f i n a n c i a l  incent ives.  

However, s tud ies i n  the UK have shown t h a t  h igh  l e v e l s  o f  t a x a t i o n  would be 

necessary t o  induce l a r g e  reduct ions i n  f e r t i l i s e r  use. The dec l i ne  i n  farm 

income would be very s i g n i f i c a n t  (Anonymous, 1986). Clear l y  any t a x a t i o n  

proposals would i nvo l ve  t rade -o f f s  wi th a g r i c u l t u r a l  p r o d u c t i v i t y  and have 

s i g n i f i c a n c e  a t  n a t i o n a l  economic l e v e l s .  
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The cap i ta l - i n tens i ve  programmes necessary f o r  mainta in ing groundwater 

q u a l i t y  and preventing p o l l u t i o n  must be pa id  for by appropr ia te charges, 

e i t h e r  taxes, or charges for the use o f  l e g a l l y  enforced waste d i sposa l  

systems, or costs i ncu r red  i n  adhering t o  regu la t i ons  en fo rc ing  the use o f  

appropr ia te mater ia ls  f o r  underground tanks and pipes. The p o l l u t e r  pays 

p r i n c i p l e  e l iminates subs id i sa t i on  by taxpayers bu t  t h i s  can on ly  be applied, 

o f  course, i f  the cause or source o f  the p o l l u t i o n  can be i d e n t i f i e d .  

Mainta in ing groundwater q u a l i t y  i s  a complex techn ica l  and economic problem 

w i t h  many facets. The costs  o f  prevent ing p o l l u t i o n  can be evaluated, t he  

costs o f  ac t i on  necessary t o  r e h a b i l i t a t e  an aqui fer  can be made bu t  t he  

b e n e f i t s  o f  spending t h i s  money a re  more d i f f i c u l t  t o  i d e n t i f y  (Table 3) .  

Decisions can involve t rade-of fs  between two des i rab le  bene f i t s ,  for example 

increased a g r i c u l t u r a l  product ion and prevent ion o f  p o l l u t i o n  from n i t r a t e s  

and pest ic ides,  or reduced i n d u s t r i a l  costs  and prevent ion o f  p o l l u t i o n  by 

heavy metals, Economic evaluat ion i s  concerned with e s t a b l i s h i n g  the r e a l  

cost o f  a po l i cy ,  i n  the case considered here, t he  conservation and p r o t e c t i o n  

o f  groundwater. The purpose i s  t o  se lec t  t he  appropr ia te decision, t h e  

dec is ion t h a t  gives the greatest  n e t  bene f i t .  However, although cos t -bene f i t  

analys is  may be considered necessary t o  j u s t i f y  l e g i s l a t i o n  t h a t  leads t o  the  

heavy c a p i t a l  expenditure requi red t o  p r o t e c t  groundwater q u a l i t y ,  value 

judgements w i l l  be necessary t o  assess i n t a n g i b l e  bene f i t s .  But perhaps some 

r i g h t s  should be regarded as i n v i o l a t e  and no t  subject  t o  dec is ions t h a t  are 

based on analyses t h a t  assess the costs  and b e n e f i t s  o f  simply r e d i s t r i b u t i n g  

funds. I f  t h i s  i s  accepted, the p r o t e c t i o n  o f  groundwater, a v i t a l  n a t i o n a l  

asset, must come i n  t h a t  category. 

Although a pr ima f a c i e  case can be made for ensuring t h e  p r o t e c t i o n  o f  

groundwater q u a l i t y  because o f  i t s  value as a primary resource and the  

i r r e v e r s i b l e  nature o f  the p o l l u t i o n  process i n  aqui fers ,  i n  r e a l i t y  slow, 

i n s i d i o u s  p o l l u t i o n  from m u l t i p l e  p o i n t  and d i f f u s e  sources i s  l i k e l y  t o  

increase i n  many aqui fers .  I n  these circumstances more soph is t i ca ted  

treatment o f  groundwater w i l l  be necessary i n  the  fu tu re  and hence the  cost  o f  

groundwater w i l l  increase. 

I f  h igh  n i t r a t e  concentrat ions cannot be reduced by b lending waters from 

d i f f e r e n t  sources, or  by storage t h a t  a l lows n a t u r a l  d e n i t r i f i c a t i o n  or by 

developing new sources, then i o n  exchange i s  the most s u i t a b l e  d e n i t r i f i c a t i o n  

treatment process ava i l ab le  f o r  groundwater. The c a p i t a l  cost  o f  t h i s  process 

has been estimated t o  be 425,000 d o l l a r s  per 1000 m per day f o r  the removal 

of 45 mg NOj per l i t r e  and the running costs  are between 0.002 and 0.003 

d o l l a r s  per m3 f o r  each mg N 0 3 / l i t r e  t h a t  i s  removed ( i e  about 0.09 and 0.14 

3 



TABLE 3 

Benefits o f  groundwater use and some economic factors 
i n  groundwater protection 

Benefits from use of  groundwater Cost of  pollution prevention 

1. Good quality water 1. Treat waste before disposal 

2. People have: 2. Design landfills efficiently 

a )  better health 3 .  Control land-use 

b) better quality of life 4 .  Restrict use of fertilisers 

c) higher work productivity 
and pesticides 

5. Install sewerage systems 
d) lower medical costs 

6 .  Store potential chemical 
pollutants in reliable 
tanks 

7. Install quality monitoring 
networks 

Cost of pollution 

1. Develop alternative source 

2. Rehabilitate the aquifer 

3 .  Treat polluted groundwater 

4 .  Provide bottled water f o r  
drinking 
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d o l l a r s  per m3 t o  remove 45 mg N 0 3 / l i t r e ) .  It has been estimated t h a t  t h e  

cost o f  lowering n i t r a t e  l e v e l s  i n  B r i t a i n  t o  50 mg NO /1 (thereby complying 

w i t h  the European Communities Dr ink ing  Water D i r e c t i v e )  would requ i re  c a p i t a l  

expenditure o f  almost 350 m i l l i o n  d o l l a r s  over the next  20 years p l u s  annual 

running costs r i s i n g  t o  17 m i l l i o n  d o l l a r s  over t h a t  time. This expenditure 

would be mainly i ncu r red  i n  eastern and c e n t r a l  England where the t o t a l  

populat ion a f fec ted  i s  about 44 m i l l i o n .  I t  would requ i re  an increase o f  some 

5 t o  135 on the c a p i t a l  expenditure requi red f o r  water supply i n  the  areas 

a f fec ted  (Anonymous, 1986). 

3 

The cost o f  t r e a t i n g  groundwater contaminated w i t h  organic compounds 

depends upon the nature o f  the contaminant, i t s  concentrat ion and the  volume 

o f  water t h a t  has t o  be treated. For example, t r e a t i n g  5000 m3 o f  water per 

day conta in ing 100 micrograms per l i t r e  o f  tetrachloroethane t o  reduce i t  t o  a 

ta rge t  concentrat ion o f  10 micrograms per l i t r e  has been estimated t o  r e q u i r e  

d i r e c t  operating costs  o f  0.012 d o l l a r s  per m3 f o r  packed tower aerat ion,  and 

0.024 d o l l a r s  per m3 f o r  granular ac t i va ted  carbon adsorption, with c a p i t a l  

costs o f  85,000 and 285,000 d o l l a r s  respec t i ve l y  (Booker 9 &, i n  

preparat ion) .  The usual cost  o f  pumping and t r e a t i n g  groundwater i s  0.05 

d o l l a r s  per m . 3 

The above discussion has been concerned mainly w i t h  developed coun t r i es  b u t  

i n  countr ies t h a t  are i n  the e a r l y  stages o f  developing groundwater resources, 

the problems are d i f f e r e n t .  There the emphasis on groundwater p r o t e c t i o n  i s  

a t  a l o c a l  l e v e l  - prevent ing p o l l u t i o n  i n  the v i c i n i t y  o f  t h e  well-head and 

ensuring l a t r i n e s  are s i t e d  and designed t o  avoid contamination o f  ground- 

water. I n  Malawi the q u a l i t y  o f  shal low groundwater, developed by w e l l s  on l y  

4 t o  5 m deep or by boreholes 10 t o  40 m deep, i s  protected by a concrete 

apron around the w e l l  and the waste or excess water i s  conducted 10 m down- 

slope from the w e l l  i n  a concrete d r a i n  t o  a soakaway. This bas ic  p r o t e c t i o n  

adds 20 t o  25% t o  the  cost  o f  d r i l l i n g  we l l s  and 5 t o  

boreholes. The b e n e f i t  i s  the p rov i s ion  o f  water 

m ic rob io log i ca l  q u a l i t y  (Lewis and Chi l ton,  1984). 

groundwater p ro tec t i on  has now been adopted i n  many countr 

10% t o  the cos t  o f  

o f  much super io r  

This approach t o  

es . 

4 CONCLUSIONS 

I t  has been argued t h a t  good management p r a c t i c e  w i l l  l ead  t o  the proper 

conservation o f  groundwater resources. Management depends upon data, 

p a r t i c u l a r l y  r e l a t i n g  t o  the amount o f  cu r ren t  storage, and t h i s  must be 

monitored w i t h  an observation w e l l  network over a long pe r iod  o f  t ime. 
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Es tab l i sh ing  and operat ing such networks must compete f o r  funds against  o ther  

requirements and the re fo re  an obvious b e n e f i t  from the  investment must be 

v i s i b l e .  I t  must be c l e a r  t h a t  moni tor ing i nvo l ves  more than measurement - i t  

inc ludes i n t e r p r e t a t i o n  and i t s  e f f e c t  on management decisions. Nevertheless, 

the b e n e f i t s  are d i f f i c u l t  t o  q u a n t i f y  i n  f i n a n c i a l  terms. They are more 

l i k e l y  t o  be i n  the form o f  greater  ope ra t i ona l  e f f i c i e n c y  and goodw i l l  from 

customers. There are s i g n i f i c a n t  cos t  b e n e f i t s  t o  customers i f  a resource i s  

e f f e c t i v e l y  managed du r ing  per iods o f  low r a i n f a l l .  Conservation o f  a 

resource for f u tu re  use i n e v i t a b l y  i nvo l ves  monetary pena l t i es ,  such as the  

cost  of engineering works necessary t o  increase recharge t o  aqui fers .  

The costs  of observation w e l l  networks and conservation measures, i n c l u d i n g  

operat ional  costs, usua l l y  represent a smal l  percentage o f  t he  value o f  t he  

resource or the cost  o f  a groundwater development scheme. I n  these 

circumstances the investment can be a l l oca ted  as a percentage o f  t h e  value o f  

the water supplied from the aqu i fe r  or as a percentage o f  t he  t o t a l  c a p i t a l  

cost of  the scheme. The costs  can be recovered as p a r t  o f  a d i r e c t  charge f o r  

water or inc luded i n  the  cost  o f  the scheme. 

Emphasis on environmental problems i s  very biased towards sur face problems 

which are more apparent, f o r  example r i v e r  water q u a l i t y ,  the q u a l i t y  o f  

beaches, sewage treatment and disposal, i n d u s t r i a l  and a g r i c u l t u r a l  

discharges. Groundwater problems are less obvious and proposals and dec is ions 

about conserving and p r o t e c t i n g  groundwater resources must usua l l y  come from 

experts. The general p u b l i c  w i l l  on l y  be concerned about groundwater when 

a ser ious problem e x i s t s  as when a p o l l u t i o n  i n c i d e n t  d i r e c t l y  a f f e c t s  the 

water supply - tha t  i s  i n t e r e s t  on ly  a r i ses  when p r o t e c t i o n  has f a i l e d .  

The p u b l i c  i s  no t  genera l ly  w i l l i n g  t o  pay h igher  charges f o r  conservat ion 

and p r o t e c t i o n  measures unless the  b e n e f i t  i s  obvious and hence implementa- 

t i o n  requ i res  a l e g a l  basis, enabl ing costs  t o  be t r ans fe r red  t o  the  water 

user or t o  the  i n d i v i d u a l  or organ isa t i on  causing p o l l u t i o n  through a 

charging system. 

The extent  t o  which an aqu i fe r  p r o t e c t i o n  p o l i c y  can be implemented i s  

governed by the f inance ava i l ab le .  Qua l i t y  can only  be maintained a t  h igher  

cost  b u t  the costs  must no t  be u n r e a l i s t i c .  Such an a t t i t u d e  when app l i ed  t o  

groundwater p ro tec t i on  - a hidden resource, l i t t l e  understood - i s  l i k e l y  t o  

l ead  t o  on ly  l i m i t e d  funding and a continuous d e t e r i o r a t i o n  i n  q u a l i t y .  

Groundwater p r o t e c t i o n  requ i res  e f f e c t i v e  l e g i s l a t i o n  and implementation 

o f  p r o t e c t i v e  measures, f o r  example land-use con t ro l s ,  adequate p r o v i s i o n  f o r  

d i sposa l  o f  p o t e n t i a l  p o l l u t a n t s ,  c o n t r o l s  on f e r t i l i s e r  and p e s t i c i d e  use. 



The benef i ts  are commonly i n t a n g i b l e  b u t  nevertheless l i k e l y  t o  be ra ted  very 

h i g h l y  by i nd i v idua ls  when expressed i n  terms o f  hea l th  and q u a l i t y  o f  l i f e .  

The costs  represent the cost o f  p r o t e c t i n g  groundwater a s o c i a l l y  des i rab le  

duty. I n  more tang ib le  terms the costs  a re  a c t u a l l y  s i g n i f i c a n t  i n v o l v i n g  

l i m i t a t i o n s  on land-use, reduct ion o f  crop y ie lds ,  pre-treatment o f  wastes 

before disposal, or prov i s ion  o f  p iped sewerage systems. Costs are i ncu r red  

through l o s s  o f  production, or increased cos t  o f  product ion or through 

taxat ion.  

The cost  o f  d i l u t i o n  and expensive treatment t o  b r i n g  n i t r a t e  l e v e l s  i n  

the UK t o  below the European Communities l i m i t  o f  50 mgN03/1 has been 

estimated t o  requ i re  e x t r a  c a p i t a l  expenditure o f  340 m i l l i o n  d o l l a r s  p l u s  

operat ing costs o f  1 7  m i l l i o n  d o l l a r s  per year. Perhaps i t  would be more 

appropr ia te t o  persuade farmers t o  use less f e r t i l i s e r .  A p u b l i c  p o l i c y  

p rov i s ion  or regulatory  tax tends t o  lead t o  a loss o f  economic e f f i c i e n c y  i n  

the a c t i v i t y  a f fec ted  bu t  i t  i s  r e a l l y  a question o f  d i s t r i b u t i n g  t h e  

disadvantages o f  a development or process amongst those who are i t s  

bene f i c ia r i es .  

Conservation and p ro tec t i on  o f  groundwater resources can on ly  be imple- 

mented by a government or pub l i c  a u t h o r i t y  t h a t  has a u t h o r i t y  f o r  i t s  ac t i ons  

founded i n  law. These concepts are more l i k e l y  t o  be successfu l ly  app l i ed  

where a u n i f i e d  water system prov ides the d i s c i p l i n e  necessary t o  c o n t r o l  

both water resources and q u a l i t y ,  sur face water and groundwater, waste 

treatment and waste disposal. 

Groundwater conservation and p r o t e c t i o n  are important because o f  environ- 

mental issues such as hea l th  care and p u b l i c  pressure f o r  environmental 

p r o t e c t i o n  and no t  necessar i ly  i n  terms o f  d i r e c t  market appl icat ions.  Water 

i s  a commodity bu t  i t  i s  a l so  an environmental resource. Non-market forces 

w i l l  i nc reas ing l y  assume importance i n  the f u t u r e  as soc ie ty  becomes more 

aware o f  environmental impacts on h e a l t h  and the q u a l i t y  o f  l i f e  as standards 

o f  l i v i n g  improve. 

Inadequate p ro tec t i on  o f  aqu i fe rs  could l ead  t o  the abandonment o f  

groundwater as a source o f  water and could lead t o  the  p r o v i s i o n  o f  b o t t l e d  

water. I t  would be a tragedy i n v o l v i n g  immense cost i f  t h i s  were allowed t o  

occur. I n  the UK b o t t l e d  water costs  about 400 d o l l a r s  per m , some 800 

times the cost o f  the pub l i c  water supply. 

3 

I n  the  developing world cond i t i ons  are e n t i r e l y  d i f f e r e n t .  The p r o v i s i o n  

o f  a water supply system leads t o  sett lement, an improvement i n  the  q u a l i t y  

o f  l i f e ,  a change i n  the environment bu t  a l so  the  p o t e n t i a l  f o r  p o l l u t i o n .  

I n  a developing country, where groundwater i s  j u s t  beginning t o  be developed 
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a t  widely separated l o c a l i t i e s ,  t he re  i s  no immediate need f o r  conservation 

b u t  p r o t e c t i o n  against p o l l u t i o n  i n  the v i c i n i t y  o f  the source i s  e s s e n t i a l  

and should be incorporated i n  the  design. A t t e n t i o n  should a l s o  be g iven t o  

the d isposal  o f  e f f l u e n t s  t o  avoid p o l l u t i o n .  I n  many areas t h i s  i s  l i k e l y  

t o  be a more i n t r a c t a b l e  problem as t h e  s i z e  o f  hab i ta t i ons  increase i n t o  

urban areas. 

5 REFERENCES 

Ald r i ck ,  R.J., Edworthy, K.J. and Young, C.P. 1986. Groundwater p o l l u t i o n  
and p r o t e c t i o n  i n  Groundwater: occurrence development and p ro tec t i on ,  
543-590.(Ed T.W. Brandon). I ns tn .  Wat. Engrs. and S c i e n t i s t s ,  London. 

Anonymous, 1972. Great Ouse Groundwater P i l o t  Scheme - F i n a l  Report. Great 
Ouse River  Author i ty ,  Cambridge. 

Anonymous, 1986. N i t r a t e  i n  water. P o l l u t i o n  Paper No 26, Dept Environment, 
HMSO, London. 

Barreras Abella, L.A. 1987. Prospecting and management o f  coas ta l  k a r s t  
aqui fers .  Economic importance o f  groundwater use p lanning i n  Cuba. Paper 
presented a t  the UN-Spain, Symposium on Groundwater Economics, Barcelona, 
Oct. 1987. 

Bokhari,  S.M.H. 1980. Case study on waterlogging and s a l i n i t y  problems i n  
Pakistan. Water Supply and Management, 4, 171-192. Pergamon Press Ltd. 

Booker, N.A., Davis, G.M., Hart,  J. and Hyde, R.A. I n  preparation. Se lec t i on  
and design manual f o r  the removal o f  v o l a t i l e  organic compounds from ground 
water. Water Research Centre, Stevenage. 

Edworthy, K.J. and Downing, R.A. 1979. A r t i f i c i a l  groundwater recharge and 
i t s  relevance i n  B r i t a i n .  Journ. I ns tn .  Wat. Engrs and S c i e n t i s t s ,  33, 
151-1 72. 

Headworth. 1986. Groundwater p r o t e c t i o n  p o l i c i e s  i n  European coun t r i es  i n  
Groundwater p ro tec t i on ,  p o l i c y  and management. European I n s t i t u t e  f o r  

Water, Strasbourg. 
Lewis, W.J. and Chi l ton,  P.J. 1984. Performance o f  san i ta ry  completion 

measures o f  we l l s  and boreholes used f o r  r u r a l  water suppl ies i n  Malawi, 
235-247, i n  Challenges i n  A f r i c a n  hydrology and water resources. IAHS 
Pubn. 144. 

Moreau, M. 1987. Some European perspect ives on prevent ion o f  leaks from 
underground petroleum storage systems. Groundwater Moni tor ing Review, 7, 1 
(Winter 1987), 45-48. 

Navarro, A. and Soler, M.A. 1967. Economic eva lua t i on  o f  a p i l o t  study f o r  
the reclamation o f  the a l l u v i a l  aqu i fe r  o f  La L lagosta Basin. 
presented a t  t he  UN-Spain, Symposium on Groundwater Economics, Barcelona, 
Oct. 1987. 

and groundwater l e v e l s  f o r  t he  UK. Journ. I ns tn .  Wat. Engrs. and 
Sc ien t i s t s ,  39, 358-362. 

Sciences, 32, 207-213. 

systems - money wasted? 
mental Science, Vol, 17, 629-642, E l sev ie r  Sc i .  Publ ish Co. 

Paper 

Rodda, J.C. and Monkhouse, R.A. 1985. The n a t i o n a l  arch ive o f  r i v e r  f lows 

Steele, T.D. 1987. Water q u a l i t y  moni tor ing s t ra teg ies .  Journ. Hydrol.  

Wilkinson, W.8. and Edworthy, K.J. 1981. Groundwater q u a l i t y  moni tor ing 
i n  Qua l i t y  o f  Groundwater, Studies i n  Environ- 


