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THE INTERVENTION OF HYOROGEOPHYSICS I N  THE ECONOMICS OF GROUNDWATER EXPLOITA- 
TION AND MANAGEMENT I N  SICILY 

A. C I M I N O  
I s t i t u t o  d i  Geo f i s i ca  M ine ra r ia ,  U n i v e r s i t a  d i  Palermo, V i a  M. S t a b i l e  110, 
90139 Palermo I t a l y  

AB ST RACT 

The problem o f  t he  p rese rva t i on  o f  w a t e r  resources i n  S i c i l y  p resen ts  var -  
i ous  aspects, some o f  which have been t r e a t e d  by a number o f  works. Among t h e  
d i f f e r e n t  a p p l i e d  methodologies , t h e  geophysical  ones occupy an i m p o r t a n t  p lace .  

T h e i r  c o n t r i b u t i o n ,  d i r e c t e d  t o  an economic and e f f i c i e n t  e x p l o i t a t i o n  and 
management o f  groundwaters, can be use fu l  f o r  s e l e c t e d  " r i s k "  areas as w e l l  as 
f o r  more reg iona l  programmes. I n  f a c t ,  u n c o n t r o l l e d  d r i l l i n g s  on r e l a t i v e l y  r i c h  
a q u i f e r s  occur  i n  severa l  zones o f  t h i s  i s l a n d ;  t h e  economica l l y  disadvantageous 
e x p l o i t a t i o n  causes a l s o  heavy impoverishment and p o l l u t i o n  phenomena. The f r a g -  
menta t ion  o f  charges and the  l a c k  o f  a p l a n n i n g  Regional Body make more d i f f i c -  
u l t  any o rgan ic  e l a b o r a t i o n  o f  a l l  t h e  e x i s t i n g  f i e l d  da ta  and t h e  c o l l e c t i o n  o f  
f u r t h e r  i n fo rma t ion .  Other  soc ia l -economica l  elements, as t h e  r e c e n t  u rban iza t -  
i o n  o f  l a r g e  areas, have aggravated t h i s  s i t u a t i o n ,  mos t l y  f o r  t h e  d r i n k a b l e  wa- 
t e r  needs. Geoe lec t r i ca l  methodologies have been a p p l i e d  i n  coas ta l  and i n l a n d  
areas o f  S i c i l y .  T h e i r  e labo ra t i on ,  versus t i m e  too ,  can f u r n i s h  t h e  behav iour  
o f  groundwaters as q u a l i t y  and q u a n t i t y .  The au tho r  suggests t h e  r a t i o n a l  exploi- 
t a t i o n  o f  c e r t a i n  S i c i l y  aqu i fe rs ,  showing t h e  d i f f e r e n t  cos ts  between a c l a s s i c  
survey supported by geo log ica l  models and t h e  same research  c a r r i e d  o u t  w i t h  a 
p r e l i m i n a r y  g e o e l e c t r i c a l  p rospec t ing .  

1 INTRODUCTION 

Surface and underground waters a re  one o f  t he  environmental  elements most e- 

xposed t o  heavy m o d i f i c a t i o n s  , due t o  impoverishments and d i f f e r e n t  contaminat-  

i ons .  

must p r i m a r i l y  be pro tec ted ,  because they  can c o n d i t i o n  t h e  economic development 

o f  reg ions  l i k e  S i c i l y ,  a l ready  disadvantaged by  an un favourab le  morpho-c l imat ic  

s i t u a t i  on. 

I r i  s p i t e  t o  t h e i r  r e n e w a b i l i t y  (hyd rogeo log ica l  cyc le ) ,  wa te r  resources 

I n  t h e  f i e l d  o f  the  wa te r  resource management, i n  S i c i l y  i t  has o f t e n  been 

d i f f i c u l t  t o  f o l l o w  the  most elementary p r i n c i p l e s  o f  t e r r i t o r i a l  p lann ing .  I n  

f a c t ,  besides t h e  i r r e g u l a r  d i s t r i b u t i o n  o f  waters,  t h e r e  i s  a cont inuous  decre- 

ase of  a g r i c u l t u r a l  areas i n  consequence o f  a contemporary, c h a o t i c  urban- indus- 
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t r i a l  growth. This occurs mainly in well-defined areas of the island, e.g. 
the coastal belts around the largest  towns, where water consumption i s  concen- 

trated.  The present paper proposes the application of geophysical methodologies 

of research, putting in evidence the i r  economic contribution to a rational expl- 

oitation of the water resources, owing t o  the i r  periodical control too. 

2 THE HYDRO-POLITIC PROBLEM IN SICILY 

In these l a s t  years, the problem connected w i t h  the management of water res- 

ources has  reached, i n  S ic i ly ,  an exceptional gravity. I t s  numerous aspects are 
treated by several Public Bodies, in the frame of regional and local projects. 

Nevertheless, the realization of research, drawing a n d  distribution works i s  

carried o u t  taking into account neither the social-economical development of the 

te r r i to ry  nor, consequently, the re1 ations between costs and benefits. Therefo- 

re,  the causes o f  the heavy water scarcity are not only attr ibutable to  the par-  
t i cu la r  climate of S ic i ly ,  b u t  also t o  the management of these resources: in pay 

t i cu la r ,  t o  the lack of a Central Water Body and definite agencies of the hydro- 

units. I n  fac t ,  i n  sp i te  of the relative a r id i ty ,  the yearly average pluviomet- 

r i c  contribution in Sicily i s  no less than 18.7.1O9m3, a p a r t  of which constitu- 

t e s ,  as efficacious in f i l t r a t ion  (1.3-10 m ), a hydrologic potential relevant to 

the natural underground reservoirs (main aquifers , see Fig .  1 ). 

9 3  

Recent estimates (Martorana, 1986) consider t ha t  the yearly average water ne- 

eds of Sicily (drinkable, irriguous and indus t r ia l )  could be fu l ly  sa t i s f ied  by 

underground resources as well as by a r t i f i c i a l  basins, these l a s t  ones collect- 

ing part of the surface flows (Table 1 ) .  Therefore, a consistent part of the ef-  

for t s  has t o  be directed to the groundwater reservoirs: geophysical prospectings 

can play an essential r8le on the aquifer researches, permitting a planning of 

the i r  exploitation and distribution for  the different purposes. 

3 THE MAIN INTERVENTIONS IN SICILY 

The Sicil ian areas characterized by the heavy anthropic presence are subjec- 

ted t o  water supplies crises,  seemingly connected with climatic factors only. 

Part of the numerous interventions of Public Bodies (drawings of groundwat- 

e rs  by bore-holes and barrages of rivers) a r e  preceded neither by the knowledge 

of the geostructural conditions, nor by an organic need planning in the expand- 

ing areas . Social-economical elements,e.g.local emigrations towards the coastal 
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Fig.  1. Main water resources o f  S i c i l y ,  through i n f i l t r a t i o n s  ( a q u i f e r s )  a n d s u p e r f i c i a l  f lows (barrages).. a: Etna vo l can ic  
formations (Quaternary): h igh pe rmeab i l i t y  f o r  f i ssu res ;  b: sands and ca l ca ren i tes  (Pl iocene-Quaternary): good pe rmeab i l i t y  
f o r  poros i ty ;  c: L e n t i n i  vo lcanic  formations (Miocene-Pliocene): f a i r l y  good pe rmeab i l i t y  f o r  f i ssu res ;  d: Ragusa l imestones 
(Oligocene-Miocene) : f a i r l y  good pe rmeab i l i t y  f o r  f i s s u r e s  and ka rs t ;  e: l imestones and dolomites (Mesozoic-Tert iary): h igh 
pe rmeab i l i t y  f o r  f i ssu res  and ka rs t ;  f: a r t i f i c i a l  basins. Spots discussed i n  t h i s  paper are a l so  i n d i c a t e d  ( f rom Martora- 

na, 1986, modif.). + 
c c 
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DRINKABLE 

0.73 - 29.5% 

P R E C I P I T A T I O N S  

, , 

AGRICULTURE INDUSTRY 

1.32 - 53.2% 0.43 - 17.3 % 

VOLCAN. ROCKS L t  
SANDY-ARENAC. 

ROCKS 

CARBONATIC ROCKS I 0 . 5 7  - 4 3 . 5 % 1  

SUPERF. FLOWS II.1 
COLLECTED 

( b ) E h  

TO B E  COLLECTED 
FOR BALANCE I 0.36 - 6.5%/ 

NOT CONSIDERED L t  

EVAPOTRANSPI R. L(Ii1 

Tab. 1. Synopt ic  t a b l e  showing how the  d i f f e r e n t  water  needs o f  S i c i l y  can be 
s a t i s f i e d  by the b e s t  management o f  the i n f i l t r a t i o n  (a)  and su r face  (b)  ( c )  wa- 
t e r s .  Year ly  average values are i n  109m3 ( f rom Martorana, 1986, modif . ) .  
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be l t s ,  have increased the lack o f  e q u i l i b r i u m  between needs and a v a i l a b i l i t i e s  

i n  the d i f f e r e n t  areas o f  S i c i l y ,  causing an i r r a t i o n a l  drawing o f  water resour- 

ces (Cimino, 1987). I n  p a r t i c u l a r ,  the i n d u s t r i a l  development i n  the coasta l  p l a  

nes and some rad ica l  modi f icat ions have created p r i o r i t y  clashes f o r  the water 

d i s t r i b u t i o n  i n  a g r i c u l t u r a l  sectors. The e x p l o i t a t i o n  o f  we l l s  i n  unfavourable 

hydro-st ructura l  condi t ions has caused heavy p o l l u t i o n  phenomena and the gener- 

a l  reduct ion o f  the sp r ing  y i e l d s  (about 40% less  i n  the l a s t  f i f t y  years). 

The great  p ro jec ts ,  p a r t i a l l y  rea l ized,  t o  c o l l e c t  surface waters con t r i bu te  

t o  s a t i s f y  the needs, espec ia l l y  the a g r i c u l t u r a l  ones, w i t h  enormous costs, t i- 

mes and interment r i s k s  .These a r t i f i c i a l  basins are indispensable f o r  the d r in -  

kable uses too, b u t  i n  these l a s t  decennia they have furn ished on ly  p a r t i a l  s o l -  

u t ions t o  the problem: considering the h igh  costs t o  r e a l i z e  and admin is ter  them 

(hundreds o f  m i l l i o n s  o f  USD), the exigence t o  research and/or e x p l o i t  aqu i fe rs  

(a lso the deep ones) i s  even more f e l t .  

Within the nex t  t w e n t y f i v e - t h i r t y  years, an increase o f  the consumptions i s  

forecast  i n  S i c i l y ,  from the actual  7.5.1031/s t o  about 19-10 l / s  (according the 

Aqueduct General Plan), w i t h  a forecast  growth o f  the res iden t  populat ion o f  a- 

bout the 40%. Consequently, unavoidable economic considerations have t o  be done 

as regards the d i f f i c u l t  water d i s t r i b u t i o n  f o r  the d i f f e r e n t  uses as w e l l  as 

t h e i r  q u a l i t y :  n a t u r a l l y  minera l ized and uncontamined waters are o f t e n  employed 

f o r  i r r i g u o u s  o r  i n d u s t r i a l  purposes; on the contrary ,  i n l a n d  c o l l e c t e d  waters 

are d i rec ted  towards g rea t  urban- indust r ia l  coastal centers, u t i l i z i n g  complex 

p i  pe-networks and expensi ve potabi 1 i t y  treatments. 

3 

4 THE CHOSEN GEOPHYSICAL PARAMETER AND THE RELATIONS WITH THE AQUIFER CHARACTER- 

I S T I C S  

I n  the rocks, the i n f l uence  o f  water occurrence and q u a l i t y  on apparent r e s i -  

s t i v i t y  ("pa") has been described by a number o f  Authors, see f o r  example A s t i e r  

(1971). For  the S i c i l i a n  considered areas the h igh  r e s i s t i v i t y  con t ras t  among the 

hydro-units has allowed t o  ca r ry  ou t  r e l a t i v e l y  simple i n t e r p r e t a t i o n s  o f  the 

geoe lec t r i ca l  measurements. The main prospectings have consis ted i n  the  execut- 

i o n  o f  V e r t i c a l  E l e c t r i c a l  Soundings (V.E.S.), p e r i o d i c a l l y  too, as i n  the P a l e r  

mo Plane (see Cosentino e t  a l . ,  1979). Such surveys can f u r n i s h  b i -  and t h r e e - d i  

mensional representations (cross-sections and maps) o f  the b u r i e d  hydrogeologi c- 

a1 un i t s  f o r  the prospected area. Furthermore, p a r t i c u l a r  e laborat ions o f  the ap 
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parent r e s i s t i v i t y  versus the i n t e r e l e c t r o d i c  ha l f -d is tance (pa=f(AB/2) func t -  

i o n )  have led, i n  c e r t a i n  cases, t o  improvements i n  the study o f  the aqu i fe r  be- 

haviour, as w i l l  be shown i n  the next  paragraph. 

5 ECONOMIC CONSIDERATIONS AND EVALUATIONS ON THE PROPOSED METHODOLOGIES FOR SE- 
LECTED AREAS 

Geoelect r ica l  surveys have been executed i n  many areas o f  S i c i l y :  coastal p l a  

nes as w e l l  as i n l a n d  and mountainous areas have been studied, some o f  which are 

i n  "hydrogeological r i s k "  s i t ua t i ons .  Among them, the quoted Palermo coastal Pla 
ne (Fig. 1) has received a nunber o f  cont r ibut ions(Cimino e t  al. ,  1971; Cimino, 

1987). I n  t h i s  area, the heavy d e t e r i o r a t i o n  o f  the groundwaters, due t o  the i n -  

tense urbanization, has been inves t i ga ted  and circumscribed by r e s i s t i v i t y  and 

geochemical methodologies: nevertheless, these e f f o r t s  have n o t  y e t  y ie lded  con- 

s i s t e n t  benefi ts i n  such a complex sector  o f  S i c i l y .  

As an exhaustive example o f  r a t i o n a l  i n te rven t ion ,  the i n l a n d  area of Calata- 

f i m i  w i l l  be considered i n  d e t a i l  (see spot i n  Fig. 1). This mainly h i l l y  area 

presents a very va r iab le  permeabi l i ty  (Raptis, 1976/77). Hydrogeological consid- 

erat ions should suggest a nunber o f  zones t o  e x p l o i t  the most impor tant  aqui fer :  

t h i s  i s  cons t i t u ted  by l imestone formations under a clayey-arenaceous overbur- 

den, the thickness o f  which reaches 200-300 m. As a matter o f  f a c t ,  a l a rge  area 

should be ind icated,  mainly i n  the Western and North-Eastern sectors, where i t  

could be presumably s u i t a b l e  t o  e x p l o i t  the b u r i e d  aqui fer .  Nevertheless, t he  e- 

xecution o f  a group o f  deep water-wells could n o t  be successful,  owing t o  the  

complex bu r ied  tecton ics o f  the whole region. 

Considering t h a t  a d r i l l i n g  i n  such a clayey area requi res a proper l i n i n g ,  

t h e i r  cost  r i ses  up t o  160 USD/m. Even i f  a good water p r o d u c t i v i t y  o f  p a r t  o f  

the d r i l l i n g s  i s  supposed, the t o t a l  cost  o f  a se r ies  o f  d r i l l i n g s  can be h ighe r  

than 32,000 USD f o r  each o f  them, f o r a n  average depth o f  200 m. I n  fac t ,  t he  e- 

ventual occurrence o f  water a t  h ighe r  depths (more than 100-150 m) should cause 

a quicker  growth o f  the e x p l o i t a t i o n  costs, see Fig. 2. 

Therefore, such a water research presents, besides a f a i l u r e  r i s k ,  a very un- 

su i tab le  cos t /bene f i t  r a t i o ,  and a comparison has t o  be done w i t h  the i n te rven -  

t i o n  o f  a p re l im ina r  geophysical survey, executed i n  the same area. 

Fig. 3a shows a map o f  apparent r e s i s t i v i t y  values ("pa"), elaborated f o r  an 

i n t e r e l e c t r o d i c  half-distance ("AB/2") o f  200 m: an i n v e s t i g a t i o n  depth up 
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Fig. 2. D i a g r a m  o f  drawing costs vs. water depths f o r  d i f f e r e n t  we l l - y ie lds .  
Quicker cos t  growthsare showed over 100-200 m depths fo r  the most economical ly 
favourable and c o m n  y i e l d s  i n  S i c i l y  (10-25 l / s ) .  



116 

a 

N 
A 

oirrn.m 

ohm o(l6' 
Fig. 3. Map o f  apparent r e s i s t i v i t y  ( p  ) (upper), and map o f  the gradients o f  
the pa=f(AB/2) func t i on  ( lower) f o r  t h t  Calatafimi area, both elaborated f o r  a 
200 m i n t e r e l e c t r o d i c  ha l f -spac ing ( A B / 2 )  o f  V e r t i c a l  E l e c t r i c a l  Soundings 
(V.E.S. ) .  The i r  simultaneously i n t e r p r e t a t i o n  i nd i v idua tes  the most favourable 
zone f o r  the deep aqu i fe r  e x p l o i t a t i o n  (South-West o f  the v i l l a g e ) .  See a l so  
Fig. 1 f o r  the l oca t i on  o f  t h i s  area. 
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t o  100-150 m i s  assured. Fig. 3b shows a map o f  the "gradient"  o f  the same fun- 

c t i o n ,  i .e. pa=f(AB/2): i t  i s  obtained computing the slopes o f  t he  V.E.S. curves 

i n  corrispondence t o  the same AB/2 value chosen f o r  the previous map (200 m). 

So, a good i n d i c a t i o n  of the curve t rend  i s  acquired, e l i m i n a t i n g  the i n f l u -  

ence o f  the absolute p values. The comparison between these geophysical maps 

can al low t o  l oca te  the most favourable spots f o r  reaching the aqui fer .  For the 

quoted example, a maximum i n  the isoanomalous l i n e s  i s  present i n  both the maps: 

South-West o f  Calataf imi  v i l l a g e ,  a favourable e x p l o i t a t i o n  zone i s  de l imi ted,  

subs tanc ia l l y  reducing the number o f  bore-holes, and min imiz ing the  comprehensi- 

ve costs. I n  fact ,  the geoe lec t r i c  data have been furnished, f o r  the considered 

area, by a n. 50 V.E.S.survey (max. e l e c t r o d i c  spacing=600-800 m),  w i t h  a cost  

of on l y  about 10,000 USD i n  t o t a l .  Moreover, i t  i s  poss ib le  t o  q u a n t i f y  i n  det- 

a i l  t h i s  ev ident  b e n e f i t  cons ider ing t h a t  a group o f  a t  l e a s t  8-10 d r i l l i n g  we- 

r e  requi red t o  prospect a l l  the presumably product ive area; wh i l e  a number o f  

2-4 o f  them 

deduced saving o f  182,000 USD, w i t h  a very h igh success p r o b a b i l i t y .  

a 

i s  s u f f i c i e n t  f o r  the se lected zone. It i s  easy, now, t o  compute a 

6 CONCLUSIONS 

The social-economical considerations on the water  problems i n  S i c i l y ,  and the  

geophysical con t r i bu t i ons  f o r  c e r t a i n  areas a l low t o  propose the  app l i ca t i on  o f  

these methodologies t o  notably  reduce c o s t / b e n e f i t  r a t i o s :  they have t o  be con- 

s idered as an essen t ia l  t o o l  o f  research and c o n t r o l  a t  r e l a t i v e l y  low charges, 

as seen f o r  the Calataf imi  area. Fur ther  e laborat ions and representations o f  ap 

parent r e s i s t i v i t y  can be employed, as favourably performed i n  o the r  S i c i l i a n  a- 

reas ( i  .e. , maps o f  "anti-harmonic" and "harmnic"averages o f  p 

and Cimino, 1983). I n  such a way, many S i c i l i a n  aqu i fe rs  can be economical ly COF- 

t r o l l e d ,  a l so  p e r i o d i c a l l y ,  he lp ing  t o  achieve s t ra teg ies  as:a) t he  repose o f  

the p a r t i c u l a r  aqu i fe r ,  o r  p a r t  o f  it; b )  the recharge o f  circumscribed sectors; 

c )  the use o f  i n l a n d  groundwaters , espec ia l l y  i n  sub-exploited, h i l ly -mounta in-  

ous areas; d) the c o l l e c t i o n  o f  surface waters i n  r e l a t i v e l y  small  basins t o  sa- 

t i s f y  l oca l  needs. 

see Ca la f i o re  
a' 

Goals o f  these suggested i n te rven t ions  must be the  d i s t r i b u t i v e  equ i t y  and ba- 

lance: so,  the a g r i c u l t u r a l  and i n d u s t r i a l  economic development w i l l  be encour- 

aged, simultaneously p e r m i t t i n g  the a v a i l a b i l i t y  o f  good.qual i ty  waters i n  the 

urban areas. 
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