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ABSTRACT 

Various methods of i n v e s t i g a t i o n  are appl ied t o  assess p r o p e r t i e s  of a q u i f e r s  
which are r e l evan t  t o  t h e i r  development and management. Costs  a d  b e n e f i t s  of  
development o r  management are a s ses sed ,  as w e l l  as t h e  c o s t s  of i n v e s t i g a t i o n .  
A dec i s ion  model i s  presented which is  based on t h e s e  c o s t  a d  b e n e f i t  
e s t ima tes  and on a p r i o r i  e s t ima tes  of success .  The model is used to dec ide  
amorg t h r e e  a l t e r n a t i v e  p o l i c i e s :  (1) No development/Intervention; (2)  
Development/Intervention without I n v e s t i g a t i o n ;  (3)  I n v e s t i g a t i o n .  

1. PURPOSE OF GROUNDWATER INVESTIGATIONS 

A groundwater environment, o r  an a q u i f e r ,  as p a r t  of a water supply system 

i s  e i t h e r  a source of water; an environment of s to rage ;  a n  environment f o r  

i m p r o v i q  water q u a l i t y ;  o r  i t  f u l f i l l s  a combination of t h e s e  func t ions .  

The purpose of groundwater i n v e s t i g a t i o n s  is t o  improve the  knowledge and 

information on t h e  p r o p e r t i e s  of an a q u i f e r  t h a t  are r e l e v a n t  t o  i t s  r o l e  i n  

t h e  water supply system. 

The main c l a s s e s  of water supply systems f o r  which r e l e v a n t  groundwater 

i n v e s t i g a t i o n s  may b e  r equ i r ed ,  are: 

( 1 )  Rural ,  s i n g l e  w e l l ,  ( u s u a l l y  handpump) water supply systems ( a s  desc r ibed  
by Vernier)  

Re t i cu la t ed  supply with house connect ions suppl ied by s i n g l e  wel ls  o r  

i r r i g a t i o n  schemes based on sirgle wells. 
( 2 )  

( 3 )  Ret i cu la t ed  water supply connected to  w e l l  f i e l d s .  

The b e n e f i t s  of water supply on a cos t - e f f ec t iveness  scale are higher  i n  the  

l a s t  class whereas t h e  s o c i a l  b e n e f i t  i n  improvirg l i f e  cond i t ions  of t h e  weak 

p a r t  of t he  populat ion is  usua l ly  higher  i n  the  f i r s t  class. 
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Two types of a q u i f e r s  (Cimino, Zoppis,  Lierong)  are t o  b e  considered: 

(1) Discontinuous aquif  e r s ,  o r  a q u i f e r s  with h igh ly  v a r i a b l e  p r o p e r t i e s .  

Success of w e l l  d r i l l i n g  d i f f i c u l t  t o  p r e d i c t .  

( 2 )  Continuous a q u i f e r s  w i th  r e l a t i v e l y  homogeneous p r o p e r t i e s  over l a r g e  

areas. Success of w e l l  d r i l l i n g  less dependent upon s i te  s e l e c t i o n  than 

i n  t h e  previous case. 

The p r o b a b i l i t y  of success  of groundwater development as w e l l  as t h e  chance 

t o  o b t a i n  meaningful i n v e s t i g a t i o n  r e s u l t s  is  h ighe r  i n  t h e  second type. 

A second c l a s s i f i c a t i o n  of a q u i f e r s ,  r e l evan t  t o  development and 

i n v e s t i g a t i o n  c o s t s ,  r e l a t e s  t o  t h e i r  dep th  and l i t h o l o g y  ( l o o s e  material VS. 

s o l i d  rock). 

The s u b j e c t s  of i n v e s t i g a t i o n s  are groundwater p r o p e r t i e s  which are de- 
termined by t h e  c h a r a c t e r i s t i c s  of t h e  water supply system on the one hand 

and those of t he  a q u i f e r  on t h e  o t h e r  hand. These p r o p e r t i e s  depend a l s o  on 

t h e  phase of a q u i f e r  development (Mandel, S h i f t a n ,  1981). Four phases w i l l  

b e  considered: Exp lo ra t ion ,  Expansion, Management and Conservat ion,  which 

are usua l ly  c o r r e l a t e d  wi th  t h e  rate of withdrawal from t h e  a q u i f e r  (Fig.  1). 

2. INVESTIGATIONS IN THE EXPLORATION PEASE 

I n  t h e  f i r s t  phase of Groundwater Development - Explo ra t ion  - t h e  main 

p r o p e r t i e s  t h a t  are looked f o r  are: 

(1)  The e x i s t e n c e  of aqu i f e rous  formations,  t h e i r  boundaries  and t h e i r  s i z e  

( ex tens ion  and depth) .  

( 2 )  Yield of wells, t h e i r  expected dep th ,  dep th  t o  water t a b l e  and expected 

water q u a l i t y .  

The techniques app l i ed  i n  t h i s  phase are: 

Sur face  Geology - Mapping, s t r a t i g r a p h y ,  s e c t i o n s  

Sur face  Geophysics - R e s i s t i v i t y ,  Seismic and o t h e r  methods 

Exp lo ra t ion  D r i l l i n g  

Management s t u d i e s  should be  c a r r i e d  ou t  a l r eady  a t  t h i s  phase when 

groundwater is  a secondary source  i n  con junc t ive  use  systems of s u r f a c e  and 

groundwater ( A t t i a ) .  
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THE PHASES OF GROUNDWATER DEVELOPMENT 

TIME 

Fig. 1 The phases of groundwater development 
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3. INVESTIGATIONS IN TAE EXPANSION PEASE 

I n  t h i s  phase more wells, o r  w e l l  f i e l d s  are brought i n t o  product ion and 
e x p l o i t a t i o n  of groundwater i nc reases .  The main problems t o  be  expected i n  

t h i s  phase are: 

(1) S e l e c t i o n  of most a p p r o p r i a t e  w e l l  l o c a t i o n s  t o  a s s u r e  low c o s t ,  

proximity t o  t h e  areas of consumptiopn a d  good q u a l i t y  of t h e  water. 

( 2 )  Spacirg of wells, i n  accordance with con junc t ive  c o n s i d e r a t i o n  of 

p l a n n i g  and hydro log ica l  cr i ter ia .  

The i n v e s t i g a t i o n  techniques i n  t h i s  phase,  i n  a d d i t i o n  t o  i n t e n s i f y i n g  the  

f i r s t  phase techniques,  are: 

Borehole tests ( w e l l  logging , subsu r face  geophysics)  
Pumpirg tests 
Water l e v e l  maps, w e l l  hydrographs and f low ne t  a n a l y s i s  
Chemical a n a l y s i s  and geochemical c l a s s i f i c a t i o n  
Meteorological  d a t a  a n a l y s i  s 

4. INVESTIGATIONS IN TBE MANAGEMENT PHASE 

I n  t h i s  phase e x p l o i t a t i o n  of groundwater reaches i t s  l i m i t s  a d  t h e  main 

problems are r e l a t e d  t o  t h e  assessment of t h e s e  l i m i t s .  

R e d i s t r i b u t i o n  of pumpig  is considered i n  t h i s  stage (Cimino) and 

con junc t ive  use of ground and s u r f a c e  water is  t y p i c a l  f o r  t h i s  stage 
( A t t i a ) .  

The s a f e  y i e l d  of a q u i f e r s ,  v a r i a t i o n s  of n a t u r a l  replenishment,  s t o r a g e  

c o e f f i c i e n t ,  minlmm reg iona l  water l e v e l ,  i n t r u s i o n  of seawater o r  o t h e r  low 

q u a l i t y  water and land subsidence (Lierorlg),  are p r o p e r t i e s  of major 

i n t e r e s t .  

Add i t iona l  a c t i v i t i e s  such as a r t i f i c i a l  recharge are considered and l o c a l  

p r o p e r t i e s  r e l evan t  t o  t h e  des ign  of a r t i f i c i a l  recharge,  such as seepage 

rate , b ecome imp0 r t a n  t . 
The i n v e s t i g a t i o n  techniques added i n  t h i s  phase are: 

S p r i r g  and r i v e r  f low a n a l y s i s  
Hyd rome t eo rol cg i ca l  models 
Groundwater ba l ance  
Rainfall-runof f models 
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Groundwater flow models 

Evaluat ion of e x p l o i t a t i o n  a d  supply c o s t s  

Evaluat ion of water requirement and demand func t ions  

Optimization methods f o r  groundwater use 

F i e l d  tests of seepage rates 

5. INVESTIGATIONS IN THE CONSERVATION PHASE 

I n  t h i s  phase t h e  i n t e n s i v e  e x p l o i t a t i o n  of t h e  a q u i f e r  a d  t h e  human 

a c t i v i t i e s  i n  i t s  catchment areas endarger  t h e  q u a l i t y  of i t s  water. 

Reduction of e x p l o i t a t i o n  and/or  massive a r t i f i c i a l  recharge may b e  

required to create hydrau l i c  condi t ions t h a t  w i l l  s t a v e  off t h e  i n t r u s i o n  of 

poor q u a l i t y  water o r  t h e  d e c l i n e  of t h e  water t a b l e  to unacceptable  depths .  

Measures a r e  required to  c o n t r o l  a p p l i c a t i o n  of p o l l u t a n t s  on the  su r face ,  

i n f i l t r a t i o n  of waste water and d i sposa l  of wastes. 

Pub l i c  i n t e r v e n t i o n  may b e  required i n  t h i s  phase t o  determine and impose 

t h e  necessary measures. 

Several  techniques are added i n  t h i s  phase f o r  a s ses s ing  t h e  rate of 
p o l l u t i o n  and t h e  e f f i c i e n c y  of measures proposed f o r  i t s  con t ro l :  

Geochemical s tudy of groundwater q u a l i t y  

Trace r  techniques: Natural  
Tracer  t e s t s :  - sirgle w e l l  

- m u l t i p l e  w e l l  

S t u d i e s  of t h e  unsaturated l a y e r s  above t h e  aqu i f e r :  

Seepage tests 

S o i l  moisture  logging 

Seawater i n t r u s i o n  models 

Simulat ion of t h e  ope ra t ion  and e f f e c t s  of a r t i f i c i a l  recharge schemes. 

6. PLAN FORMULATION 

The process of hydrogeological  i n v e s t i g a t i o n  should produce the  

p r i n c i p l e s  and des ign  cr i ter ia  f o r  groundwater development. Therefore  t h e  

i n v e s t i g a t i o n  plan is dependent on t h e  phase of development. The inves t iga -  

t i o n  p l a n  w i l l  u sua l ly  comprise t h e  f o l l o w i q  components: 
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( 1 )  Pre l imina ry  c o l l e c t i o n  and review of a i s t i n g  d a t a  

( 2 )  Hydrogeological mapping: s u r f a c e  geology,  d e l i n e a t i o n  of boundaries ,  
a p p r a i s a l  of aqu i f e rous  p r o p e r t i e s  of formation. 

( 3 )  Hydrometeorology: r a i n f a l l ,  evapo t ransp i r a t ion ,  s o i l  moisture.  

P repa ra t ion  and running of hydrometeorological  s imula t ion  models t o  

e v a l u a t e  n a t u r a l  groundwater recharge from r a i n f a l l .  

(4) Borehole a d  s p r i r g  census: l o c a t i o n ,  y i e l d ,  depth to water t a b l e ,  

water q u a l i t y ,  t o t a l  dep th ,  e l e v a t i o n ,  l i t h o l o g y .  

( 5 )  Pump tests i n  e x i s t i g  w e l l s .  

( 6 )  P r e c i s e  l eve l l i l l g  of obse rva t ion  wells. 

( 7 )  Surface geophysical  prospect ing (Cimino) . 
(8)  Aquifer  evaluat ion:  s i z e ,  replenishment areas, water l e v e l  con tour  

maps, f low d i r e c t i o n s ,  d i s c h a r g e  and o u t l e t  areas. 

( 9 )  Exploratory d r i l l i n g  and t e s t i n g  f o r  new w e l l  f i e l d s .  

(10) C o l l e c t i o n  of water samples and a n a l y s i s :  chemical ,  i s o t o p i c .  

( 1 1 )  Groundwater ba l ances  (Cimino): replenishment ,  s a f e  y i e l d ,  s t o r a g e  

c o e f f i c i e n t ,  v a r i a b i l i t y  of replenishment.  

( 1 2 )  Hydrogeological (groundwater) modelling - c a l i b r a t i o n  t o  match model 

responses t o  p a s t  and p r e s e n t  da t a .  2-D f low models i n  t h e  f i r s t  phase 

of t h e  i n v e s t i g a t i o n .  Transport  of s o l u t e s  and contaminant models (2-D 

and 3-D) i n  t h e  conse rva t ion  phase. 

( 1 3 )  C o l l e c t i o n  of socio-economic d a t a  and t h e i r  e v a l u a t i o n  to  e s t a b l i s h  t h e  

b e n e f i t  cr i ter ia  f o r  opt imal  management of t h e  water resources .  

(14 )  Groundwater model l i rg  - o p e r a t i o n a l  s t u d i e s :  

(1) Eva lua t ion  of t e n t a t i v e  o p e r a t i o n a l  management p l a n s  a g a i n s t  g i v e n  

c o n s t r a i n t s  imposed by t h e  water t a b l e ,  f low rates from contamin- 

a t ed  zones i n  t h e  groundwater body, and by g i v e n  maximum 

pe rmis s ib l e  concen t r a t ions  of contaminants.  

( 2 )  Findirg opt imal  o r  s a t i s f y i r g  o p e r a t i o n a l  p o l i c i e s  under t h e  above 

mentioned c o n s t r a i n t s ,  and consider ing a d d i t i o n a l  o b j e c t i v e s  such 

as minimizirg c o s t s  f o r  a g i v e n  target water supply o r  maximizing 

n e t  b e n e f i t s  f o r  a g iven  product  va lue  of t h e  water suppl ied.  

Most of t h e  groundwater systems i n  t h e  world are a l r eady  i n  t h e i r  

e x p l o r a t i o n  phase and i n  a p rocess  of t r ans fo rma t ion  t o  t h e  expansion phase. 

Many are i n  t r a n s i t i o n  t o  t h e  Management Phase. 
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I n  t h e  f i r s t  phases of development only t h e  f i r s t  nine components w i l l  be  

appl ied.  

i nc lude  a l s o  t h e  o t h e r  components (10-14). 

I n  t h e  management and consenra t ion  phases t h e  i n v e s t i g a t i o n  w i l l  

The p l an  of i n v e s t i g a t i o n  i s  c a r r i e d  ou t  by d i f f e r e n t  teams of expe r t s  and 

ope ra to r s  requir ing mutual and continuous feedback of r e s u l t s .  S p e c i a l  care 
should be  given t o  t h e  o rgan iza t ion  of t h e  i n v e s t i g a t i o n  i n  such a way t h a t  

a l l  t he  feedback channels between components and teams are ensured and t h a t  a 

t ime tab le  planned well i n  advance is s t r i c t l y  adhered to .  

7. INVESTIGATION AND DEVELOPMENT STRATEGY 

Despi te  t he  a t  least one, or w e n  two orders-of-magnitude d i f f e r e n c e  i n  

c o s t  between hydrogeological i n v e s t i g a t i o n s  and d r i l l i n g ,  t h e  c o s t  of 

i n v e s t i g a t i o n s  is  o f t e n  regarded as high and t h e  expendi ture  as of doub t fu l  

value.  Therefore ,  a po l i cy  of proceedirg d i r e c t l y  t o  t h e  d r i l l i r g  of 

product ion wells is adopted. 

j u s t i f y  such an approach, i n  o t h e r s  i t  l e a d s  t o  a hlgh inc idence  of f a i l u r e s .  

There is a b e n e f i t  from t h e  information gathered during d r i l l i n g  (provided i t  

is c a r r i e d  out under due supe rv i s ion ) ,  i r r e s p e c t i v e  of t h e  ultimate success  

o r  f a i l u r e  of t h e  hole. It is of g r e a t e s t  importance, t h e r e f o r e ,  t o  conserne 

d a t a  from a l l  boreholes ,  success fu l  and unsuccessful  ones a l i k e .  

Although i n  some cases n a t u r a l  cond i t ions  

The s t r a t e g y  may t h e r e f o r e  be  def ined as t h e  s e l e c t i o n  amorg one of t h e  

following p o l i c i e s :  

(1) I n v e s t i g a t i o n  followed by development accordirg to  r e s u l t s .  

( 2 )  

(3) No development. 

Development with no p r i o r  i n v e s t i g a t i o n  and with a r i s k  of f a i l u r e .  

The s e l e c t i o n  is based on estimates of c o s t s ,  b e n e f i t s ,  p r o b a b i l i t y  of 

f a i l u r e  a d  requ i r e s  a d e c i s i o n  model. These t o p i c s  are discussed i n  t h e  

fol lowing sec t ions .  

8. THE COST OF GROUNDWATER INVESTIGATIOIS 

The c o s t s  of i n v e s t i g a t i o n s  f o r  groundwater exp lo ra t ion  and t h e i r  

assessment relate to  two main components: manpower wi th  va r ious  l e v e l s  of 

s k i l l  and equipment. 

The performance of manpower and of equipment and t h e i r  u n i t  c o s t s  va ry  

g r e a t l y .  
groundwater i n v e s t i g a t i o n  p r o j e c t s .  A n o t a b l e  except ion is t h e  c h a p t e r  on 

L i t t l e  information is  a v a i l a b l e  i n  l i t e r a t u r e  on c o s t s  of 



e x p l o r a t i o n  compiled by Custodio and Llamas (1976) which is  based most ly  on 

l o c a l  information from Spain and pe r sona l  experience.  Papers  t h a t  were 
submitted t o  the  p re sen t  Symposium a l s o  i n c l u d e  such information.  

The c o s t  of manpower rarges from t h a t  f o r  top e x p e r t s  t o  common l a b o u r e r s  

and cost  of equipment ranges from t h a t  f o r  p r i m i t i v e  augers  t o  h igh ly  

advanced e l e c t r o n i c  equipment , l a b o r a t o r y  c o s t s  and heavy d r i l l i r g  machines. 

In groundwater e x p l o r a t i o n  and development, a c e r t a i n  t r adeof f  can b e  

discerned between an  approach based mainly on t h e  d r i l l i r g  rig as an  

instrument  f o r  exp lo ra t ion  and t h e  a p p l i c a t i o n  of h igh ly  q u a l i f i e d  e x p e r t i s e  

p r i o r  t o ,  and simultaneous wi th ,  d r i l l i n g .  The s k i l l e d  u t i l i z a t i o n  and 

i n t e r p r e t a t i o n  of a v a i l a b l e  information,  and, i f  necessary,  i t s  completion 

wi th  regard t o  c e r t a i n  important  d e t a i l s  can r e s u l t  i n  g r e a t  r educ t ions  i n  

t h e  expendi ture  f o r  d r i l l i q  , e s p e c i a l l y  s i n c e  s u b s t a n t i a l  b a s i c  i n fo rma t ion  

such as g e o l o g i c a l  maps, w e l l  s e c t i o n s ,  and geophys ica l  i n fo rma t ion  are o f t e n  

a v a i l a b l e  at  no o r  n e g l i g i b l e  cos t s .  

Some t y p i c a l  costs f o r  w e l l  d r i l l i l l g  quoted in connect ion wi th  a t y p i c a l  

s t u d y  a r e  l i s t e d  below: 

Unit  costs Typical  cost 
of w e l l  

us$/m US$ 
I n v e s t i g a t i o n  wells up t o  100 m 20 2,000 

100 t o  200 m 50 5,000 
500 m 100 50,000 

Product ion wells up t o  100 m 200 20,000 
200 t o  300 m 500 50 , 000 

500 m 1000 500 , 000 

Some t y p i c a l  c o s t s  of an i n v e s t i g a t i o n  f o r  groundwater e x p l o r a t i o n  

cove r i rg  10,000 kn) ,  f o r  two yea r s ,  are: 

Exper t s  : US$300,000 
Common labourers :  US$lOO,OOO 

To ta l :  US$600,000 
Equipment: us$200,000 

The pe r  u n i t  area ( 1  kmZ ) c o s t  of t h i s  s tudy  is US$60. Custodio 

r e p o r t s  c o s t s  which, when updated rarge from lOUS$ t o  lOOUS$ p e r  km2 . 
Zoppis r e p o r t s  on a 21,000 km2 study f o r  r u r a l  water supply i n  Chad 

cos t ing  5US$ p e r  
hydrogeological  cond i t ions ,  a c o s t  of 25US$/ km2 . 

km'. In  Mali he r e p o r t s ,  under less favourab le  



75 

The cos t  of an i n t e n s i v e  s u r f a c e  r e s i s t i v i t y  s tudy  wi th  3 p o i n t s  p e r  1 

kn2 is  about 1000 US$/ km’. 

The c o s t s  of i n v e s t i g a t i o n  are compared to  c o s t s  of product ion ( s e e  next 
s ec t ion ) .  Such a comparison is shown by Cimino, who r e f e r s  t o  a c o s t  of a 
geophysical  s tudy of US$7,600-11,400 compared t o  a c o s t  of a 250 m deep 

product ion w e l l  of US$38,000. The development t o  l n v e s t i g a t l o n / c o s t  r a t i o  

was 3.3-5.0. Zoppis r epor t s  on r a t i o s  of 50 i n  t he  Chad s tudy and 12 i n  

Mali. 

9. COSTS AND BENEFITS OF GROUNDWATER DEVELOPMENT 

Cost estimates of groundwater development are similar to  those  f o r  o t h e r  

c i v i l  ergineer ing works and present  problems such as: Economic VS. f i n a n c i a l  

c o s t s ,  market p r i c e  f l u c t u a t i o n s  due t o  small a d  h igh ly  v a r i a b l e  market 

volume. I n  groundwater development, t h e  c o s t s  of d r i l l i r g  are a major 
element and t h e i r  c o s t  estimate may c o n t a i n  some elements of u n c e r t a i n t y  such 

as e r r o r s  i n  t h e  f o r e c a s t  of t h e  formations t o  b e  d r i l l e d  and of depth 

estimates. 

Bene f i t s  der ived from the  development of water resources  are r e l a t i v e l y  

easy t o  quan t i fy  when they are used f o r  product ion p rocesses ,  be  i t  

a g r i c u l t u r a l  o r  i n d u s t r i a l ,  bu t  a l s o  here  u n c e r t a i n t i e s  are common conce rn im 

i r r i g a t i o n  b e n e f i t s ,  e s p e c i a l l y  i n  regard of f u t u r e  crop y i e l d s  and market 

p r i ces .  

D i f f i c u l t i e s  arise i n  t h e  case of community water supply e s p e c i a l l y  i n  

r u r a l  a r eas  where the  w i l l i m n e s s  t o  pay is not a clear c r i t e r i o n  f o r  

estimatirg b e n e f i t s .  However economic assessment is  still  p o s s i b l e  through 

eva lua t ion  of oppor tun i ty  c o s t s  such as t h e  t i m e  saved f o r  woman i n  water 
p rov i s ion  and the  expected dec rease  of p u b l i c  h e a l t h  expendi ture  (Arlosorof f 

e t  a l ,  1987). 

Benef i t / cos t  r a t i o s  were presented a t  t h e  p re sen t  symposium only by A t t i a  

and are i n  the  range of 1.25-2.9. 

10. COST BENEFIT ANALYSIS - INVESTIGATION STRATEGY AND THE VALUE OF 
INFORMATION 

Cost-benefit  is  one of t h e  d e c i s i o n  models f o r  planning the development of 
a product ion system. The model is  used f o r  tm purposes:  (1) t o  rank 

development op t ions  and (2 )  t o  dec ide  whether t h e  development is  j u s t i f i e d  o r  

has  t o  b e  r e j ec t ed  a l toge the r .  
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I n  a similar manner, a model is  required t o  rank i n v e s t i g a t i o n  o p t i o n s  and 

t o  dec ide  whether t h e  i n v e s t i g a t i o n  is j u s t i f i e d  a t  a l l ,  o r  mt.  

However these  two models, t h e  development model and t h e  i n v e s t i g a t i o n s  

model are i n t e r l i n k e d .  The b e n e f i t  considered i n  t h e  i n v e s t i g a t i o n  model is 
t h a t  of t h e  added information. 

Th i s  v a l u e  can b e  evaluated on ly  i n  t h e  Development Model. Because of t h e s e  

i n t e r l i n k s  a simultaneous s o l u t i o n  t o  bo th  models is  required.  This w i l l  b e  

demonstrated i n  a s i m p l i f i e d  model f o r  i n v e s t i g a t i o n s  i n  t h e  e x p l o r a t i o n  

phase.  

Due t o  t h e  fuzzy na tu re  of t h e  u n d e r l y i g  in fo rma t ion  such cos t -bene f i t  

models are usua l ly  not app l i ed  e x p l i c i t l y  b u t  i n  t h e  "back of t h e  mind" of 

t h e  "dec i s ion  makers". I n  t h e  fo l lowi rg  an e x p l i c i t  mathematical  model w i l l  

b e  demonstrated . 
11. INVESTIGATION STRATEGY MODEL IN TBE EXPLORATION PEASE 

To s impl i fy  t h e  fo l lowi rg  d e f i n i t i o n s ,  a Bayesian approach w i l l  b e  assumed, 

which is j u s t i f i e d  when appl ied t o  a program of m u l t i p l e  i n v e s t i g a t i o n s  and 

no t  t o  a s i g l e  i n v e s t i g a t i o n .  

The v a l u e  of t h e  unknown p rope r ty  may b e  r e a l i z e d  on some l e v e l s  with an 

unknown p r o b a b i l i t y  d i s t r i b u t i o n .  

of a s i g l e  p rope r ty  are considered:  

p r o b a b i l i t y  1-Pq, and water a v a i l a b l e  ( success )  at  an amount q wi th  a 

p r o b a b i l i t y  Pq. 

However l e t  us  assume t h a t  on ly  two l e v e l s  

No water a v a i l a b l e  ( f a i l u r e )  w i th  

Zoppis r e p o r t s  on a success  r a t i o  of 0.95 i n  Chad and 0.70 i n  Mali. He 
a l s o  d e f i n e s  t h e  cond i t ions  of success  i n  terms of product ion rate,  d i s t a n c e  

from v i l l a g e ,  and depth t o  water t a b l e .  

The c o s t  of t h e  i n v e s t i g a t i o n  is CI and i t  is  expected t o  y i e l d  complete 

information,  i.e. t o  conclude p o s i t i v e l y  or nega t ive ly  on t h e  a v a i l a b i l i t y  of 

water. 
w i l l  f a i l  t o  y i e l d  information and ano the r  i n v e s t i g a t i o n  w i l l  b e  required.  

The mean number of i n v e s t i g a t i o n s  u n t i l  success  a t t a i n e d  is l/PI.  

PI are a p r i o r 1  estimates a t  t h e  t i m e  of t h e  d e c i s i o n  on t h e  i n v e s t i g a t i o n  

There is  however a l s o  a p r o b a b i l i t y  ( l - p ~ )  t h a t  t h e  i n v e s t i g a t i o n  

Pq and 

po l i cy .  

Assume t h e  cos t  of development is  Cq and the  b e n e f i t s  r e s u l t i g  from 

supplying q is Bq. The b e n e f i t s  are those  of t h e  pub l i c  i n  t h e i r  net  

p re sen t  discounted v a l u e  (Att ia) .  
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Fig. 2 The investigation-development process 



Three i n v e s t i g a t i o n  and development p o l i c i e s  have t o  b e  compared (Fig .2) :  

I n v e s t i g a t i o n  followed by development according t o  r e s u l t s  

Development wi th  no p r i o r  i n v e s t i g a t i o n  and with a r i s k  of f a i l u r e .  

( 1 )  

( 2 )  

(3)  No development. 

The expected net  b e n e f i t s  from t h e  t h r e e  p o l i c i e s  are: 

I n v e s t i g a t i o n  - (B, - C,) P, - CI/PI 

Development with no i n v e s t i g a t i o n :  

No development - 0 

The i n v e s t i g a t i o n  is  j u s t i f i e d  when t h e  expected net b e n e f i t  r e s u l t i n g  

from i t  is  p o s i t i v e  a d  exceeds t h e  expected net  b e n e f i t s  r e s u l t i r g  from 

development with no i n v e s t i g a t i o n .  

The i n v e s t i g a t i o n  i s  t h e r e f o r e  j u s t i f i e d  when: 

BqPq- C, 

(Bq - Cq) P, PI> C I  

and 

(Bq - C,) Pq - CI/PI > BqPq - C, 

BqPq > cq ( 3  1 

(2  1 

Development with no i n v e s t i g a t i o n  is  j u s t i f i e d  when: 

I f  a l l  t h e  above i n e q u a l i t i e s  f a i l  t o  b e  t r u e  than t h e  development as w e l l  

as t h e  i n v e s t i g a t i o n  are not j u s t i f i e d .  

Fig.  3 r ep resen t s  t hese  t h r e e  i n e q u a l i t i e s  f o r  some v a l u e s  of Bq/Cq 

(Benefit-Cost r a t i o )  and of C,/C1 (Development t o  i n v e s t i g a t i o n  c o s t  

r a t i o ) ,  and d e l i n e a t e s  t h e  domains of t h e  t h r e e  p o l i c i e s  i n  t h e  PI-P, 

coord ina te s  ( a p r i o r 1  estimates of success  p r o b a b i l i t i e s ) .  

An improved assessment of t h e s e  p r o b a b i l i t i e s  may b e  a t t a i n e d  through t h e  

p re l imina ry  low c o s t  stagea of i n v e s t i g a t i o n .  

12. RANKING DT fEWgSTIGATION OPTIONS 

S e l e c t i o n  of an i n v e s t i g a t i o n  scheme amorlg same p o s s i b i l i t i e s  f o r  t h e  same 

development p r o j e c t  i s  by a c o s t  e f f e c t i v e n e s s  c r i t e r i o n  - CI/PI. 

i n v e s t i g a t i o n  scheme with t h e  smallest v a l u e  of c o s t  d iv ided  by i t s  

p r o b a b i l i t y  of success  ( t o  y i e l d  in fo rma t ion )  i s  s e l e c t e d .  When the 
s e l e c t i o n  i s  amorg i n v e s t i g a t i o n  schemes f o r  d i f f e r e n t  development p r o j e c t s  

t h e  c r i t e r i o n  f o r  ranking w i l l  b e  t h e  expected net  b e n e f i t  f o r  development 

combined wi th  i n v e s t i g a t i o n :  

The 
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An e n t i r e l y  d i f f e r e n t  approach to  t h e  assessment of t h e  v a l u e  of t h e  

in fo rma t ion  c o n s i s t s  i n  cons ide r ing  Pq i t s e l f ( 1 . e .  t h e  p r o b a b i l i t y  of 

success  i n  water supply)  as a random v a r i a b l e  where the  i n v e s t i g a t i o n  i s  
aimed a t  decreasing i t s  va r i ance .  No paper  was p resen ted  on t h i s  approach, 

which seems important  t o  improve t h e  economic a n a l y s i s  of hydrologic  

i n v e s t i g a t i o n s  under cond i t ions  of unce r t a in ty .  

13. INVESTIGATION MODEL IN TBE MANAGEMENT AND CONSERVATION PEASE 

In t h e s e  phases,  t h e r e  is m ze ro  po l i cy  with z e r o  b e n e f i t s  a d  c o s t s .  

There is  only t h e  a l t e r n a t i v e  between a p o l i c y  of i n t e r v e n t i o n  and a s t a t u s  

quo pol icy.  These however, are a n a l e o u s  to  t h e  development v e r s u s  

no-development p o l i c i e s .  

The i n t e r v e n t i o n  po l i cy  may invo lve  r educ t ion  of  e x p l o i t a t i o n ,  replacement 

of wells, r e d i s t r i b u t i o n  of pumping and a r t i f i c i a l  recharge.  

The s t a t u s  quo p o l i c y  may invo lve  damages such as inc reased  pumpirg l i f t ,  

d e t e r i o r a t i o n  of q u a l i t y  rendering e x i s t i n g  w e l l s  useless , etc. 

The model demonstrated f o r  t h e  e x p l o r a t i o n  phase may b e  used a l s o  i n  t h e s e  

phases  a f t e r  t he  fol lowing t ransformations:  

The b e n e f i t  is t h e  d i f f e r e n c e  of t h e  expected p resen t  v a l u e  of  ne t  

b e n e f i t s  ( o p e r a t i o n a l  b e n e f i t s  minus o p e r a t i o n a l  c o s t s  and damages) 

between the  i n t e r v e n t i o n  p o l i c y  and the  s t a t u s  quo pol icy.  

The costs are t h e  non-recoverable c o s t s  of t h e  i n t e r v e n t i o n  such as:  

c o s t s  of new wells and a r t i f i c i a l  r echa rge  s t r u c t u r e s ,  c o s t  of 

i n s t a l l i r g  a l t e r n a t i v e  s u p p l i e s ,  compensation t o  farm o r  w e l l  owners f o r  

being ousted from a g r i c u l t u r a l  product ion.  

The p r o b a b i l i t y  of success  Pq i s  t h e  p r o b a b i l i t y  t h a t  t h e  hydrologic  

assumptions unde r ly i rg  t h e  i n t e r v e n t i o n  p o l i c y  w i l l  be  proven t o  b e  

t rue .  

A f t e r  t hese  t r ans fo rma t ions ,  t h e  same model used t o  dec ide  on i nves t iga -  

t i o n s  i n  t h e  exp lo ra t ion  phase as desc r ibed  i n  the last s e c t i o n  can b e  used 

t o  dec ide  on i n v e s t i g a t i o n s  in t h e  more advanced phases.  
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14. FLIKTHEU DEVELOPMENT OF MEIETHOWLOGIES 

Some s impl i f i ed  models f o r  t h e  I n v e s t i g a t i o n  s t r a t e g y  based on cos t -bene f i t  

estimates were demonstrated. More r e sea rch  is  required t o  improve t h e  

approach t o  more complicated s i t u a t i o n s  such as: ( 1 )  Staged i n v e s t i g a t i o n  

op t ions  with incomplete r e s u l t s ;  ( 2 )  The p r o b a b i l i t y  of success  is  not a 
simple binomic func t ion  and i t s  va r i ance  is s u b j e c t  t o  dec rease  by  

i n v e s t i g a t i o n ;  (3)  NowBayesian approaches consideril lg risk ave r s ion ;  (4) 

C r e d i t i l g  development f o r  acc ru i rg  in fo rma t ion  ( l e a r n i r g  by doing).  

In t he  absence of r e l i a b l e  information,  a s i m p l i f i e d  model such as t h e  one 

presented i n  t h e  p re sen t  paper  may b e  s u f f i c i e n t  f o r  many of t h e  p r a c t i c a l  

d e c i s i o n  problems r e l a t e d  t o  groundwater i n v e s t i g a t i o n s .  
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