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ABSTRACT 

The intensive use of ground water throughout the world is directly affect- 
ing social and economic development, particularly in those areas where it has 
been exploited indiscriminately without full knowledge of aquifer potential , 
causing collateral effects such as progressive lowering of water tables, 
increased pumping costs, cracking, land subsidence, infiltration of poor 
quality water, drying up of springs and shallow wells, saline intrusion, 
decreased river flow, and affecting fragile ecosystems such as deserts and 
swamps. Proper aquifer management should be considered in light of the many 
exploitation-related aspects such as physical, social, political , legal, 
constitutional , and administrative factors. Conjoining so many aspects 
requires methods of analysis that integrate them systematically such that 
within a planning process alternatives can be defined leading to the social 
and economic well-being of the regions dependent on ground water in combina- 
tion with their other natural resources. Any attempt to solve problems 
deriving from intensive exploitation of ground water comes to economic 
considerations whose consequences must be analyzed carefully because of a1 1 
their implications, both for the rational use of ground water resources and 
for continuing and/or evolving development of those areas where ground water 
is being exploited. 

Within this context mathematical models are the most effective tool for 
determining the best way to use water resources; in conjunction with the 
economic aspects of water use, such models enable planners to define what 
actions, within an optimum investment criterion, will most effectively estab- 
lish means of control for the proper use of water resources. In the case of 
the Hermosillo Coast in Mexico, an extensively irrigated area, the main source 
of supply is a lar e-capacity granular aquifer (saturated thic nesses varying 

exceeded since 1949; exploitation reached a maximum in 1964 of 1137 Mm3; by 
1974 agriculture and all collateral economic activities had an uncertain 
future, the principal effects of overexploitation being sharply lowered water 
levels in the aquifer, saline intrusion with the consequent reduction of 
cultivated areas due t o  abandonment of wells producing salt water, and an 
inordinate increase in pumping costs. Alternatives were analyzed by a 
mathematical model that handled a linear program maximizing the annual net 
benefits obtained from agriculture as a function o f  the volume of water 
extracted from the aquifer, which, in conjunction with a simulation model of 
the aquifer's behavior, permitted determination of the effect on water 
levels. The results obtained within a 50-year planning horizon gave elements 
necessary for rational decision-making that have led to a gradual reduction o f  

from 60 to 200 my, with an average annual recharge of 350 Mm s that has been 



134 

extract ion,  changes i n  crop patterns, improvement o f  i r r i g a t i o n  systems, and 
more recent ly ,  analys is  o f  the p o s s i b i l i t i e s  o f  us ing waste water from the 
c i t y  o f  Hermosil lo f o r  i r r i g a t i o n  and research leading t o  improvement and 
p lan t i ng  o f  halophytes i n  the coasta l  zone, i d e a l  f o r  t h e i r  res is tance t o  h igh  
s a l t  concentrat ions. 

1 INTRODUCTION 

The r o l e  o f  ground water as a development f a c t o r  i s  becoming more 

s i g n i f i c a n t ,  as i n  many places the usable surface water supply i s  i n s u f f i c i e n t  

t o  meet the demand. 

Ground water i s  being tapped i n t o  i n  many loca t i ons  w i thou t  f u l l  knowledge 

o f  how the aqui fers  behave o r  t h e i r  p o t e n t i a l  supply capacity, o f t e n  r e s u l t i n g  

i n  dramatic cases o f  ground water overexplo i ta t ion.  

2 ASPECTS CONNECTED WITH AQUIFER MANAGEMENT 

2.1 Physical aspects 

Ground water i s  made up o f  two main components: t he  renewable volume 

(seasonal recharging o f  the aqu i fe r )  and the  nonrenewable volume ( a q u i f e r  

storage); i n  order t o  handle these deposits, t h e i r  p o t e n t i a l  must be 

determined and a lso the existence o r  lack o f  a l t e r n a t i v e  sources, so t h a t  

combined use can be made o f  ava i l ab le  water resources. 

The current  t rend  i n  aqu i fe r  management focuses on determining maximum and 

minimum water l e v e l s  w i t h  the purpose o f  r e g u l a t i n g  the storage capacity, thus 

a id ing  development o f  economic a c t i v i t i e s  t h a t  are unachievable otherwise. 

One must always bear i n  mind the probable e f f e c t s  on aqu i fe r  behavior so as t o  

avoid economic co l lapse t h a t  might  r e s u l t  from f a i l u r e  t o  rees tab l i sh  the 

condi t ions p r e v a i l i n g  when ground water e x p l o i t a t i o n  began. 

Ground water management, main ly  i n  developing countr ies,  answers n o t  on l y  

t o  the p a r t i c u l a r  environmental condi t ions (cl imate, hydrology, geology, 

etc.), b u t  a l so  t o  socio-economic pressure produced by development i t s e l f ;  

t h i s  has meant t h a t  i n  some areas the amount o f  water ex t rac ted  from the 

aqui fers  exceeds the amount t h a t  na tu ra l  recharge can replace, leading t o  

progressive drawdown of the piezometric l e v e l s  and subsequent increased 

pumping costs, seawater i n t r u s i o n  i n t o  coasta l  aqui fers ,  land subsidence, 

cracking, i n f i l t r a t i o n  o f  sa l i ne  o r  poor q u a l i t y  water, the d ry ing  up o f  

springs and the rendering useless o f  g a l l e r i e s  and shal low wel ls ,  u l t i m a t e l y  

br ing ing on severe economic consequences. 

The t r u e  dimension o f  the economic problems generated by the use o f  ground 

water derives from uncontro l led overexplo i ta t ion;  therefore,  i n  order f o r  

water management t o  be based on the f a c t  t h a t  one i s  deal ing w i t h  na tu ra l  
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water storage and t h a t  temporary e x p l o i t a t i o n  o f  reserves i s  poss ib le ,  one 

must have a c o n t r o l l e d  ove rexp lo i ta t i on  p lan - - th i s  being the  most s u i t a b l e  

form o f  operat ion t o  obta in  the g rea tes t  b e n e f i t s  f o r  economic and s o c i a l  

development, p a r t i c u l a r l y  i n  areas where water i s  scarce. 

o f  an a q u i f e r  may tempora r i l y  s a t i s f y  demands f o r  water w h i l e  

more appropr ia te a l t e r n a t i v e  sources are under development; l i k e w i s e  i n  the  

absence o f  the l a t t e r ,  t h i s  resource i s  used t o  produce a temporary eccjnomic 

and soc ia l  bene f i t .  I n  the f i r s t  case periods o f  o v e r e x p l o i t a t i o n  can be 

in terspersed w i t h  periods o f  recovery, and i n  the  second case e x p l o i t a t i o n  can 

be reduced t o  a s u i t a b l e  permanent l e v e l  o r  it can proceed t o  complete 

exhaustion o f  the aqui fer .  

I n  I s r a e l  several periods o f  o v e r e x p l o i t a t i o n  have been used, fo l lowed by 

t h e i r  respect ive recovery periods, man-aided recovery act ions being e f fec ted ;  

o ther  examples are Ghazvin, I ran ,  where the  a l t e r n a t i v e  source i s  t he  Teleghan 

River, and the Azua Val ley i n  Santo Domingo, where economic a c t i v i t i e s  a re  

ongoing and product ive development continues. 

Cases where ignorance o f  t h e  consequences o f  o v e r e x p l o i t a t i o n  have caused 

i r repa rab le  damage t o  the aqu i fe rs  are: A r g o l i s  i n  Greece and Larnaca i n  

Cyprus. I n  Mexico dramatic s i t u a t i o n s  are found i n  the  Hermosi l lo  and Guaymas 

Valleys, the Comarca Lagunera, and Santo Domingo, t h e i r  economies--that were 

l a r g e l y  based on agr icu l ture--hav ing been se r ious l y  a f fected by a s i g n i f i c a n t  

reduct ion i n  areas under c u l t i v a t i o n  because o f  encroaching s a l i n i t y  and 

increased pump l i f t s  r e q u i r i n g  greater  energy consumption t h a t  makes pumping 

uncostworthy. 

Various so lu t i ons  have been attempted i n  answer t o  the devastat ing 

s i t u a t i o n s  generated by ove rexp lo i ta t i on  o f  aqu i fe rs :  f o r  example i n  I s r a e l  

encroaching s a l i n i t y  has been ha l ted  by a b a t t e r y  o f  freshwater wel ls ;  i n  

Maracaibo, Venezuela, r e d i s t r i b u t i o n  of w e l l s  was suggested f o r  t he  same 

purpose; i n  Dakar, Senegal, former l e v e l s  were recovered thanks t o  the  

const ruct ion of a dam. Land subsidence from over e x p l o i t a t i o n  a f f e c t s  the  

e x i s t i n g  c i v i l  i n f r a s t r u c t u r e  (means o f  communication, bu i l d ings ,  water and 

sewage systems, dams, etc.);  cessation of pumping i n  such cases i n  c i t i e s  l i k e  

Taipei, Venice and Mexico City was recommended w i t h  ana lys i s  o f  the economic 

consequences t h i s  would have, cons ider ing a l t e r n a t i v e  sources as a so lu t i on .  

A p r o j e c t  i n v o l v i n g  ove rexp lo i ta t i on  o f  an a q u i f e r  must be planned i n  such 

a way t h a t  i t  w i l l  g i ve  a maximum present value f o r  the n e t  b e n e f i t s  o f  t he  

operations t o  be made over the p r o j e c t ' s  l i f e t i m e .  For t h i s  purpose p lanning 

models whose goal i s  near-optimum operat ion a re  used, t ak ing  i n t o  account t h e  

aqui fers '  physical l i m i t a t i o n s ,  the ex is tence o f  l i m i t e d  imported water, and 

r e s t r i c t i o n s  imposed by scant in format ion,  so common i n  our countr ies,  among 

E x p l o i t a t i o n  
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other  fac to rs .  Overexplo i ta t ion o f  ground water normally permi ts  a favorable 

change i n  the n e t  b e n e f i t  on ob ta in ing  short-term bene f i t s .  

One must bear i n  mind t h a t  since most decisions i n  developing coun t r i es  

are eminently p o l i t i c a l ,  they have t o  be evaluated i n  economic terms, consumer 

p a r t i c i p a t i o n  o r ien ted  by a technica l /adminst rat ive organizat ion being 

desirable. Impor tat ion o f  water- - th is  being understood t o  be the b r ing ing  o f  

water from d i s t a n t  sources--up t o  now has been economical ly f e a s i b l e  when i t  

i s  done f o r  urban/ indust r ia l  uses o r  r e l a t e d  a g r i c u l t u r a l  uses. 

2.2 Legal, c o n s t i t u t i o n a l  and admin i s t ra t i ve  aspects 

I n  those countr ies where l e g i s l a t i o n  i s  based on proper ty  r i g h t s ,  c e r t a i n  

obstacles hinder proper aqu i fe r  management; i t  i s  the re fo re  necessary t o  

provide some means o f  o r i e n t a t i o n  and impose both l e g a l  and economic 

r e s t r i c t i o n s ,  f o r  example, r e q u i r i n g  those whose use o f  water r e s u l t s  i n  

increased costs f o r  o ther  users t o  be l i a b l e  f o r  the damage caused. 

I t  i s  advisable t o  set  up admin i s t ra t i ve  procedures f o r  t he  con t ro l  and 

management o f  aqu i fe rs  before problems become worse, w h i l e  an abs t rac t  

d e f i n i t i o n  can s t i l l  be a r r i v e d  a t  and before ove rexp lo i ta t i on  becomes 

evident. Control o f  ground water ove rd ra f t  has been supported i n  some 

countr ies by l e g i s l a t i o n  imposed on d r i l l i n g  companies and governmental 

supervision. 

2.3 Social and p o l i t i c a l  aspects 

These aspects are p a r t i c u l a r l y  important i n  developing countr ies,  where on 

many occasions the object ives o f  soc ia l  wel fare programs make i t  necessary t o  

take measures t h a t  make l i t t l e  economic sense o r  are intended t o  r e l i e v e  

momentary s o c i o - p o l i t i c a l  pressure such as by c rea t i ng  j obs  o r  increas ing 

regional income. 

Faced w i t h  the d i f f i c u l t y  o f  s o l v i n g  t h i s  type o f  problem, i t  i s  f e l t  t h a t  

on ly  a change i n  a soc ie ty ' s  socio-economic and p o l i t i c a l  s t r u c t u r e  can, i f  

no t  remedy the s i t u a t i o n ,  a t  l e a s t  weaken i t s  c o n f l i c t i v e  emphasis. 

Other soc ia l  aspects are h igh populat ion m o b i l i t y  i n  answer t o  economic 

pressures from i n t e r n a l  c o n f l i c t  l i k e  the sa le o f  land where the ground water 

i s  about t o  be exhausted o r  become sa l i ne  and a l t e r n a t e  sources are n o t  

avai lab le;  o r  when other sources do no t  e x i s t ,  due t o  contempt f o r  the 

p o s s i b i l i t i e s  o f  ground water as a supplementary resource; i f  the a v a i l a b l e  

water i s  waste o r  brack ish water, res is tance t o  i t s  use may be even greater .  

When the economic and soc ia l  good so demands, a change i n  the use o f  water may 
be brought about, which becomes a means t o  con t ro l  overexplo i ta t ion,  even 
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though up t o  now there have been few cases o f  d i r e c t  i n t e r v e n t i o n  r e q u i r i n g  

change through p o l i t i c a l  o r  admin i s t ra t i ve  act ion.  

3 METHODOLOGY 

3.1 Phases o f  study 

I n  order t o  address the problem and w i t h  the purpose o f  proposing i n  a 

general way what methodology should be fo l lowed on consider ing the economic 

imp l i ca t i ons  o f  ground water use, where the re  i s  o n l y  scant i n fo rma t ion  t o  

work with, p a r t i c u l a r l y  i n  the developing countr ies,  i t  would be necessary t o  

consider f o u r  phases o f  study: 

PHASE I (Overview). Obtain an overview o f  ground water a v a i l a b i l i t y ,  

problems and p o s s i b i l i t i e s  o f  us ing it, i d e n t i f y i n g  those places t h a t  r e q u i r e  

in-depth studies. A v a i l a b i l i t y ,  both i n  terms o f  q u a n t i t y  and q u a l i t y  o f  the 

water, i s  determined subregional ly, seeking t o  prov ide ongoing e x t r a c t i o n  and 

ove rexp lo i ta t i on  volumes i n  order t o  s t r i k e  a balance i n  the reg ional  p lanning 

process. These s tud ies r e s u l t  i n  est imates and i n d i c a t i o n  o f  p o s s i b i l i t i e s  and 

general condi t ions,  backed up by a v a i l a b l e  data, w i thou t  t h e i r  r e s u l t s  being 

conclusive i n s o f a r  as they might be weighed i n  making important dec is ions 

about investments f o r  development. Missing o r  erroneous data may lead t o  

mistaken resu l t s ;  spec ia l  e f f o r t s  must be made t o  r e v i s e  and complement the 

data on which such s tud ies are based. 

PHASE 11. Carry ou t  geohydrologic s tud ies t o  determine more accurate ly  

ground water a v a i l a b i l i t y  and q u a l i t y  i n  terms o f  t ime and place, using 

mathematical analys is  r e q u i r i n g  d i r e c t ,  systematic sampling i n  order t o  

es tab l i sh  aqu i fe rs '  condi t ions and behavior, as w e l l  as t h e i r  l o c a t i o n  i n  

the physical and socio-economic context  where ground water i s  being explo i ted.  

Depending on the data avai lab le,  s imu la t i on  models o f  the aqu i fe rs  can be 

prepared i n  order t o  p r e d i c t  water l e v e l s  and q u a l i t y  under d i f f e r e n t  plans 

f o r  i t s  use. 

PHASE 111. In teg ra te  the phys ica l  aspects o f  Phase I 1  w i t h  the economic 

and soc ia l  aspects, thus making i t  poss ib le  t o  e s t a b l i s h  d i f f e r e n t  ways o f  

managing the a q u i f e r  under study. Economic consequences are determined on the 

basis o f  increased pumping and maintenance costs; i n f r a s t r u c t u r e  losses and 

reductions i n  a g r i c u l t u r a l  production, both from exhaustion o f  t he  water 

supply and from s a l t s  deposited i n  the s o i l  by use o f  poor q u a l i t y  water 

coming from induced migrat ion,  a l s o  produce soc ia l  c o n f l i c t s ,  main ly  i n  those 

cases where the d r i n k i n g  water supply depends on ground water. 

PHASE I V .  O r ien t  the s tud ies t o  f u l l  u t i l i z a t i o n  o f  a reg ion ' s  water 

resources, i nc lud ing  surface and ground water, and when necessary, consider 

the recyc l i ng  and reuse o f  the water w i t h i n  a mult i-purpose p lanning process 

a 

the 
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that covers social and economic aspects and goes beyond the simple concept of 

maximizing benefits in a benefit/cost analysis. 
According to the proposed outline, the economic aspects are analyzed in 

Phases and IVY and their connection will depend on the amount and quality 
of the available information; it could be said that the analysis process in 

both phases is the same, although the Phase IV process is much broader and 
a1 lows for additional solutions and ground water management options. 

I11 

3.2 Planning 

Because of the different factors involved in analyzing economic aspects of 

ground water use and its correlation with surface water, it must be considered 

that this is a planning process where one must take into account society's 

objectives in order to achieve rational use of the available water resources, 

it being necessary that both planner and decision maker apply their judgement, 

intuition, The person in 

charge of planning will have to consider across-the-board possibilities in 

order to establish the options and their respective benefits and costs for a 

defined time frame within which the proposed objectives can be achieved. 

Selection of the proper option must include technical management feasibility 

coupled with a regional development process that reflects economic, popula- 

tion, social, and environmental conditions in combination with the water 

resource and engineering aspects that lead to the obtaining o f  net benefits. 

The most effective water resource planning tools, in this computer age, 

are mathematical models. Planning is a dynamic process that can be charac- 

terized as a set of actions taking place over time that become modified in 

accordance with the information feedback produced. In all phases of this 

process questions are posed, and if they are properly answered, they lead to 

formulation of ever better plans. Obviously models of any type will not be 

the solution to all problems, and care must be taken to properly identify 

parameters, variables , and 1 imitations. 

Going back to the economic aspects, water management must be oriented such 

that its use will produce certain benefits, which are associated with the 

economic value assigned to them, depending on the desired end product. This 

implies that in the long run water, whether surface or ground water, must be 

considered as an input or raw material within a productive process whose 

transformation or utilization acquires more or less value according to the 

factors involved, principally those connected with availablity, whether 

quantitative (surplus or scarcity) or qualitative (pollution). 

The planning process must be used in conjunction with an optimum 

investment criterion assisted by the following aspects: 

experience, and knowledge of the region under study. 
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(1 )  Guidel ines f o r  evaluat ing b e n e f i t s  and costs w i t h i n  the p lanning process 

t h a t  take i n t o  account negat ive and p o s i t i v e  impact from achievement o f  

desired object ives.  

(2 )  Determination o f  i n t e r e s t  r a t e s  t o  be app l i ed  t o  investments t o  be made i n  

order t o  c a r r y  ou t  the water management p lanning program, t a k i n g  i n t o  

considerat ion the expected b e n e f i t s  and the p r e v a i l i n g  economic and soc ia l  

s i t u a t i o n .  

( 3 )  Spec i f i ca t i on  o f  budget l i m i t a t i o n s ,  both present and fu tu re ,  t h a t  h inder  

implementation o f  the proposed programs and plans. 

(4 )  Determination o f  r i s k s  and u n c e r t a i n t i e s  inherent  t o  the proposed actions, 

seeking t o  reduce t h e i r  impact on the des i red r e s u l t s  v i a  s e n s i t i v i t y  

analys is  o f  t he  main parameters bear ing on the  investment plans. 

( 5 )  Scheduling the implementation o f  each program o r  p r o j e c t  considered i n  the  

planning such t h a t  i t s  s t a r t u p  can be on the most s u i t a b l e  date and i n  

l o g i c a l  order. 

Determining the economic aspects o f  ground water use, pursuant t o  the  

above o u t l i n e ,  requi res co l l abo ra t i on  o f  profess ionals  from var ious f i e l d s :  

n o t  on l y  hyd ro log i s t s  and geohydrologists, b u t  a l so  economists, ecolog is ts ,  

soc io log i s t s ,  and lawyers so t h a t  the problems t h a t  a re  posed can be at tacked 

i n  t h e i r  t r u e  dimension, wi thout  o m i t t i n g  any sector  o f  soc ie ty  i n  the  

proposed so lu t i ons  . 
4 CASE STUDY: THE HERMOSILLO COAST IN MEXICO 

The procedure used t o  i d e n t i f y  management opt ions f o r  the Hermosil lo Coast 

aqu i fe r  i n  northwestern Mexico w i l l  serve t o  i l l u s t r a t e  some o f  t he  above 

concepts (see Fig. 1). 

4.1 Background 

This study was undertaken as p a r t  o f  the Nat ional  Water Plan f o r  Mexico i n  
1974, w i t h  a planning hor izon o f  50 years, apply ing a Phase I11 (as mentioned 

above) breakdown t o  the study, cons ider ing t h a t  t he  socio-economic aspects 

depend on how the  reg ion ' s  water resources are developed and t h a t  i t s  primary 

economic a c t i v i t y  i s  ag r i cu l tu re .  

Said aqu i fe r  i s  geo log i ca l l y  made up o f  sand and gravel w i t h  thicknesses 

vary ing from 60 t o  200 meters and a t h i c k  under ly ing l a y e r  o f  c l a y  t h a t  

extends t o  the Gul f  o f  C a l i f o r n i a  coast. The bedrock i s  vo l can ic  rock and 

ground water occurs p r a c t i c a l l y  under unconfined a q u i f e r  cond i t i ons  w i t h  

t ransmiss i v i t y  values of 0.03 m2 /sec t o  0.10 mZ/sec. Low t r a n s m i s s i v i t y  

sediment near the  coast forms a geologica l  b a r r i e r  t h a t  has s u b s t a n t i a l l y  
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slowed down saline intrusion. The storage coefficient has an average value of 

0.15, median annual recharge is estimated at 350 Mm3, and the volume stored is 

estimated to be 20,000 Mm3. 

In 1945 exploitation of ground water was around 18 Mm3, gradually 

increasing to 860 Md in 1958, fluctuating afterwards to a maximum in 1964 of 

1137 Mm3 and a minimum of 760 Mm3 in 1968. It is estimated that 20% of the 

volume extracted is returned to the aquifer through irrigation. 
The Hermosillo Coast Irrigation District contains some 500 wells with an 

average extraction capacity o f  80 l/s per well; the area susceptible to irri- 

gation is 167,000 ha, the principal crops being cotton and wheat. Table 1 

shows the main crops and areas planted during the 1972-1973 cycle, as well as 

economic data concerning production and water used, with the purpose of 

determining the net benefits obtained. 

4.2 Description of the problem 

Considering that this is a coastal aquifer, the effect of intensive 

exploitation translates into: (1) lower and lower water levels from exceeding 

the safe yield represented by the annual recharge and (2) increased salt 

content of the water extracted from the coastal zone due to inversion of the 

hydraulic gradient. 
The zones most exposed to seawater intrusion are around the three former 

channels at the mouth o f  the Sonora River, where there is an average advance 

of 0.70 kmlyr, while along the rest of the coastal front, it has been very 

slow thanks to the natural clay barrier. 

4.3 Defining of alternatives 

Taking into consideration that for some time drawdown has been almost 

three times estimated recharge, the primary risk i s  advance of the saline 

front, which would mean that large areas under cultivation would become 

useless, as would the existing irrigation infrastructure; the following 

alternatives were therefore suggested for study: 

(1) Halt the seawater intrusion advance by applying engineering techniques 

such as formation of physical barriers (impermeable screens, batteries of 

wells for removal of salt water, etc.) 

(2) Reduce extraction of ground water at the source. 

(3) Import surface water coupled with reduced extraction. 

Without considering technical possibilities, not even of importing water, 

the problem was reduced to stemming the seawater intrusion advance, taking 

into account the aquifer's large capacity, trying to avoid economic collapse 

and giving time to probe deeper into the salinization phenomenon, setting up a 



* + 
WATER NET VALUE OF CROP- N 

GROSS VALUE GROSS VALUE FIXED COST NET VALUE APPLICA- P ING A C T I V I T I E S  
AREA ( m i l l i o n s  o f  PER HECTARE PER HECTARE PER HECTARE T ION PER m3 OF WATER 

CROP (ha) US$) (US$) (US$) (US$ 1 (m3/ha) (US$ X 10-3) 

WHEAT 55,769 18.243 327 263 64 6,500 9.76 

CHICKPEAS 19,031 10.139 533 364 169 6,000 28.16 

SAFFLOWER 1,817 0.519 285 274 11 6,400 18.48 

COTTON 28,247 30.732 1,088 927 36 1 9,500 38.00 

SOY BEANS 1,658 0.796 480 222 258 7,000 36.88 

SORGHUM 2,883 0.588 204 173 31  6,000 5.10 

BEANS 309 0.164 533 173 360 5,500 65.36 

SESAME SEEDS 2,186 0.939 430 291 139 6,000 23.04 

CITRUS FRUIT  3,380 1.514 296 172 124 12,000 10.40 

ALFALFA 652 0.542 792 160 632 12,000 52.64 

GRAPES 1,606 2.544 1,082 536 546 7,700 70.82 

WALNUTS 719 1.150 774 346 428 12,000 35.68 

TOTAL 118,257 67.872 

T a b l e  1. C r o p  pa t te rn  o n  t he  H e r m o s i l l o  C o a s t  during the 1972-1973 cycle 
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permanent moni tor ing system, and a l so  d e f i n i n g  act ions t h a t  permi t  continued 

socio-economic development o f  t he  reg ion  w i t h i n  a framework o f  water resource 

conservation. 

4.4 Tools used i n  the study 

The mathematical model used f o r  the analys is  o f  a l t e r n a t i v e s  i s  a 

sequential l i n e a r  program i n  conjunct ion w i t h  a s imu la t i on  model o f  a q u i f e r  

behavior. Simulat ion enables the  i n v e s t i g a t o r  t o  determine pumpage e f f e c t s  on 

ground water l eve l s ;  i t s  i n c l u s i o n  i n  the  l i n e a r  model gives a way o f  a l l ow ing  

f o r  water resources and a measure o f  the o b j e c t i v e  f u n c t i o n  f o r  each o f  t h e  

d i f f e r e n t  options, operat ing a t  the beginning o f  each 5-year pe r iod  on each 

sect ion i n t o  which the study area was divided, se lected because o f  t h e i r  

p rox im i t y  t o  the  coast and t h e i r  s i m i l a r  t r a n s m i s s i v i t y  c h a r a c t e r i s t i c s .  I n  

t h i s  way, i n  a 50-year planning horizon, t he  l i n e a r  program w i l l  be run  50 

times and the s imulat ion model w i l l  g i ve  the changes i n  water l e v e l s  annually. 

The l i n e a r  program f o r  any year i s  expressed by an o b j e c t i v e  f u n c t i o n  t h a t  

maximizes the ne t  annual bene f i t s  obtained from ag r i cu l tu re ,  having as 

parameters: the value o f  product ion and the volumes o f  water used on each crop 

w i t h  the e x t r a c t i o n  costs f o r  t he  pump heads corresponding t o  the  e x p l o i t a t i o n  

p o l i c y  being studied. 

n 50 
Annual n e t  b e n e f i t  = Max 2 2 ( V i j  - CL)Xi j  

i=O j = 1  

Where V i j  i s  the b e n e f i t  f o r  crop i per m3 o f  water used du r ing  pe r iod  j, 

C i s  the e x t r a c t i o n  cos t  o f  one m3 o f  water per  meter o f  pump head; L i s  t he  

actual  pump head (corresponding t o  pe r iod  j and i s  determined by a q u i f e r  
s imulat ion according t o  the d i s t r i b u t i o n  o f  e x t r a c t i o n  po in ts )  and X i  j i s  the  

volume o f  water appl ied t o  crop i dur ing  pe r iod  j. The types o f  r e s t r i c t i o n s  

t o  be considered are pumping capacity, surface a l l o t t e d  t o  each crop, pump 

heads, e tc .  ) 

Fig. 2 shows the f l ow  cha r t  f o r  the model where the i n i t i a l  cond i t i ons  

consider each phase o f  the analys is  process according t o  the p o t e n t i a l  use o f  

i r r i g a t i o n  water and the  depth o f  t he  water l e v e l ,  according t o  t h e  p o l i c y  

t h a t  i s  being analyzed as one o f  t he  suggested a l t e r n a t i v e s .  The l i n e a r  

program has two basic outputs: the a c t i v i t i e s  requ i red  t o  maximize y i e l d  and 

the amount o f  water necessary t o  do so, which i n  t u r n  serve as i n p u t  data f o r  

the s imulat ion model t h a t  outputs the changes i n  water l e v e l s .  The model as a 

whole operates repeatedly  u n t i l  t he  e n t i r e  p lanning hor izon i s  covered. 
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INITIAL CONDITIONS 

S T A R T  

I 

- 
WATER DEMAND MODEL 

(L inear)  

AMOUNT OF WATER NEEDED 
(Crop d i s t r i b u t i o n  and 

areas needed, maximizing 
recovery o f  investment 
over va r iab le  costs) 

I 

AQUIFER SIMULATION MODEL 
( E f f e c t  o f  drawdown 

from pumping) 

ADJUSTMENTS TO THE LINEAR MODEL 
(Function o f  pumping costs, 

reduct ion i n  area under 
c u l t i v a t i o n ,  and d i s t r i b u -  

t i o n  o f  p r o f i t a b l e  crops) 

Fig. 2 .  Analysis o f  a l t e rna t i ves  f l ow  char t .  The l i n e a r  program has two bas ic  
outputs: a c t i v i t i e s  and amount o f  water requ i red  t o  maximize y i e l d ,  which i n  
t u r n  serve as i n p u t  data f o r  the s imulat ion model t h a t  outputs changes i n  
water l eve l s .  The model as a whole operates repeatedly u n t i l  the e n t i r e  
planning horizon i s  covered. 
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I n  t h i s  way the water problem o f  t he  Hermosi l lo  Coast i s  i d e n t i f i e d  as a 

physical problem whose u l t i m a t e  consequences a re  economic, threatening s o c i a l  

s t a b i l i t y ,  the i n f r a s t r u c t u r e  created dur ing i t s  development and the prospects 

o f  mainta in ing it; f o r  t h i s  reason the r e s t r i c t i o n s  imposed on the  l i n e a r  

model were se t  w i t h  the  purpose o f  keeping the  reg ion ' s  a g r i c u l t u r e  more o r  

l ess  w i t h i n  establ ished pract ice,  which would lead t o  determinat ion o f  t h e  

e f f e c t s  o f  the lowering o f  the a q u i f e r ' s  water l e v e l s  and o f  sa l twa te r  i n t r u -  

s ion  on the ne t  b e n e f i t s  obtained from a g r i c u l t u r e .  

4.5 Analysis o f  a l t e r n a t i v e s  

The f i r s t  a p p l i c a t i o n  o f  t h e  model was made consider ing the  present condi- 

t i o n s  maintained w i thou t  any r e s t r i c t i o n s ,  the r e s u l t  being t h a t  n e t  bene- 

f i t s  gradual ly  decrease from 19.67 m i l l i o n  d o l l a r s  i n  the f i r s t  pe r iod  (1974- 

1980) t o  18.27 m i l l i o n  d o l l a r s  i n  the l a s t  (2019-2024), main ly  a t t r i b u t e d  t o  

progressive drawdown t h a t  causes a s i g n i f i c a n t  increase i n  pumping costs. 

The s i t u a t i o n  described corresponds t o  a hypothet ica l  a1 t e r n a t i v e  based 

s o l e l y  on the a q u i f e r ' s  p o t e n t i a l  capaci ty  t o  supply the requ i red  volumes o f  

water, w i thou t  causing a lowering o f  water l e v e l s  and t h e i r  c o l l a t e r a l  

e f fec ts ,  and i t  gives simply a basis o f  comparison f o r  the o the r  

a l t e rna t i ves .  The e f f e c t  produced i n  the a q u i f e r  l e v e l s  f o r  the year  2023 i s  

shown i n  Fig. 3, w i t h  a t h e o r e t i c a l  maximum drop t o  70 m below sea l e v e l .  

A second a l t e r n a t i v e  suggested would permi t  seawater i n t r u s i o n  t o  

continue, taken as the maximum l i m i t ,  which imp l i es  t h a t  t he  w e l l s  w i l l  cease 

t o  be used as they become af fected,  t h i s  s i t u a t i o n  cont inu ing u n t i l  t he  volume 

corresponding t o  safe y i e l d  i s  approximated. 

Wi th in  the broad spectrum encompassed by t h i s  a l t e r n a t i v e ,  the f o l l o w i n g  

fou r  proposals were suggested: 

(1) Continue w i t h  the cu r ren t  procedures w i t h  the r e s t r i c t i o n s  imposed by the  

(2)  Continue w i t h  the cu r ren t  procedures i n  conjunct ion w i t h  a w e l l - r e l o c a t i o n  

program. 

( 3 )  Adjust  the crop d i s t r i b u t i o n  w i t h  h i g h - y i e l d  crops. 

( 4 )  Apply (3 )  w i t h  more e f f i c i e n t  i r r i g a t i o n  systems. 

Proposal (1) provides the bas is  o f  comparison f o r  r e s u l t s  o f  t he  o the r  

a l t e rna t i ves ,  thus ob ta in ing  a reasonable idea o f  the f u t u r e  f o r  t h e  

Hermosil l o  Coast absent supplementary water o r  adjustments made by the  users 

themselves. Areas under production, e x t r a c t i o n  volumes, and r e l e v a n t  b e n e f i t s  

were gradual ly  diminished, considering the  e f f e c t  o f  seawater i n t r u s i o n .  

The a p p l i c a t i o n  o f  each proposal requ i res  a g rea t  amount o f  data and 

considerations t h a t  on the whole a f f e c t  the use o f  t he  l i n e a r  programming i n  

as 

sa l twater  i n t r u s i o n  advance. 
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Y 

70 f 
HERMOSILLO COAST AQUIFER 

Fig. 3.  Piezanetric surface far the year 2023. Simulation considering hidrolo- 
gic and e c o d c  fai lure  resulting fran a constant annual drawdam of 840 Nn3 - 
leading to a significant lowering of the piezanetric levels. 
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the model. Such requirements are: ( 1 )  the degree o f  advance o f  the seawater 

i n t r u s i o n  and i t s  e f f e c t  on crops, ( 2 )  the l o c a t i o n  and number o f  w e l l s  t h a t  

w i l l  be e l iminated due t o  s a l i n i z a t i o n ,  (3 )  costs, b e n e f i t s  and new demands 

f o r  water associated w i t h  increased i r r i g a t i o n  e f f i c i e n c y ,  and (4 )  t he  degree 

o f  a g r i c u l t u r a l  adjustment t h a t  can be achieved. 

I n  the absence o f  data on the r e a l  seawater i n t r u s i o n  advance, f o u r  zones 

were def ined as being a f f e c t e d  over t ime (see Fig. 4), which determined the  

e l i m i n a t i o n  o f  f ou r  groups o f  w e l l s  whose annual product ive capaci ty  i s  

respec t i ve l y  156, 174, 165, and 115 m i l l i o n  cubic  meters, achiev ing thereby an 

e x t r a c t i o n  volume o f  approximately 350 Mm3/yr i n  a 60-year period. 

The r e s u l t s  o f  the a p p l i c a t i o n  o f  t he  model t o  proposal ( l ) ,  i nco rpo ra t i ng  

the r e s t r i c t i o n s  o f  e l i m i n a t i o n  o f  we l l s  because o f  seawater i n t r u s i o n ,  

consequent reduct ion o f  area under c u l t i v a t i o n ,  e x t r a c t i o n  and b e n e f i t s  

obtained w i t h i n  a 60-year period, are shown i n  Fig. 5, together  w i t h  those o f  

the u n r e s t r i c t e d  a1 t e r n a t i v e  

t h a t  can occur on the Hermos 

both condi t ions t o  present 

161.76 m i l l i o n  d o l l a r s  and 

piezometric surface f o r  the 

generated a moderate lowering 

i n d i c a t i n g  the  best  and the worst cond i t i ons  

110 Coast. Conversion o f  b e n e f i t s  obtained w i t h  

values consider ing a 12% discount  ra te ,  gives 

147.36 m i l l i o n  do l l a rs ,  respec t i ve l y .  The 

year 2023, as a product o f  t h i s  proposal, 

n l e v e l s  due t o  reduced ex t rac t i on .  

The other  proposals were analyzed i n  a s i m i l a r  manner, var ious r e s u l t s  

being obtained t h a t  permi t ted e s t a b l i s h i n g  combinations leading t o  the  

d e f i n i t i o n  o f  act ions t o  improve i r r i g a t i o n  e f f i c i e n c y  and m o d i f i c a t i o n  o f  

crop pat terns i nco rpo ra t i ng  those t h a t  would r e s u l t  i n  h igher  y i e l d .  

Analysis o f  the impor tat ion o f  surface water was made i n  a s i m i l a r  manner, 

assuming a volume o f  400 Mm3/yr, t ak ing  i n t o  account the t ime over which such 

water would be ava i l ab le  i n  the region, the cos t  o f  impor ta t i on  and modi f ica-  

t i o n s  i n  the seawater i n t r u s i o n  advance r e s u l t i n g  from reduced pumping and 

increased recharge from i r r i g a t i o n  water r e t u r n  (see Fig. 6). The r e s u l t s  o f  

t h i s  analys is  are shown i n  Fig. 7 and one observes t h a t  t he re  i s  no 165 Mm3 

reduct ion i n  pump,ge, which means a l a r g e r  area may be kept  under production, 

abandoned areas being re incorporated through the use o f  imported water and 

r e s u l t i n g  i n  increased annual n e t  bene f i t s .  

I n  t h i s  manner the r e s u l t s  obtained w i t h  the model provided those i n  

charge o f  water resource p lanning w i t h  elements needed f o r  decision-making, 

among which the  most important are the dec i s ion  t o  g radua l l y  reduce ex t rac -  

t i on ,  change crop patterns, improve i r r i g a t i o n  systems, and recent ly ,  t he  

analys is  o f  a l t e r n a t i v e s  consider ing the use o f  waste water from Hermosi l lo  

f o r  a g r i c u l t u r e  and a study on the  development and p l a n t i n g  o f  halophytes i n  

the coastal zone, such as c e r t a i n  feed grasses r e s i s t a n t  t o  h igh  s a l t  concen- 

t r a t i o n s .  
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HERMOSILLO COAST AQUIFER 

Fig. 4. W e l l  area to be affected i n  each period by seawater h t rus ian  i f  1974 
pmpage rates are maintained. 
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Y H ERMOSl LLO COAST AQUIFER 

3 
Fig. 6. Area suggested for imported surface water use ( 400 Mn / y e a r ) ,  reduced 
pmping along the coast. 
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