
NOTICE CONCERNING COPYRIGHT 
RESTRICTIONS 

 
This document may contain copyrighted materials. These materials have 
been made available for use in research, teaching, and private study, but 
may not be used for any commercial purpose. Users may not otherwise 
copy, reproduce, retransmit, distribute, publish, commercially exploit or 
otherwise transfer any material. 

 
The copyright law of the United States (Title 17, United States Code) 
governs the making of photocopies or other reproductions of copyrighted 
material. 

 
Under certain conditions specified in the law, libraries and archives are 
authorized to furnish a photocopy or other reproduction. One of these 
specific conditions is that the photocopy or reproduction is not to be "used 
for any purpose other than private study, scholarship, or research." If a 
user makes a request for, or later uses, a photocopy or reproduction for 
purposes in excess of "fair use," that user may be liable for copyright 
infringement.

 
This institution reserves the right to refuse to accept a copying order if, in 
its judgment, fulfillment of the order would involve violation of copyright 
law.

 



98 

* ENEL - Units  Nazionale Geotermica, P i sa ,  I t a l y .  

't CNR - I n s t i t u t o  In te rnaz iona le  per le Ricerche Geotermiche, P i s a ,  
I t a l y .  

SELECTION OF DRY WELLS I N  TUSCANY FOR STIMULATION TESTS 

P. Baldi,* G. Ber t in i ,*  C. Calore: G. Cappet t i ,*  

C. Ca ta ld i ,*  R. Gelati! and P. Squarci 

1. NON-PRODUCING WELLS I N  THE LARDERELLO AND TRAVALE FIELDS 

Of the  579-odd wel ls  d r i l l e d  during the  l as t  50 years  i n  the  

geothermal f i e l d s  of Lardere l lo  and Travale ,  l i t t l e  more than 220 a r e  

now producing. 

Excluding a few wells t h a t  a r e  not exploi ted because of the  

chemical c h a r a c t e r i s t i c s  of the  f l u i d ,  the  productive w e l l s  can be 

c l a s s i f i e d  as  follows: 

a )  Wells t h a t  w e r e  once productive but  a r e  now exhausted 

(meaning t h a t  they are no longer capable of economic production a t  

t he  working pressure of the  power p l a n t ) .  

Apart from a few examples of  an unexpected h a l t  i n  production 

caused by co l lapse  of the  wellbore wa l l s ,  exhaustion occurred i n  

densely d r i l l e d  zones i n  which r e s e r v o i r  pressure decreased t o  a few 

tens of atmosphere above the  turb ine  i n l e t  pressure ( t h e  r e se rvo i r  

pressure value was measured i n  shut-in wel ls  during f i e l d  production).  

The flow-rate drawdown i n  these wel ls  ( a t  near ly  constant  pressure)  

is  genera l ly  character ized by a series of sharp decreases t h a t  occur 

with t h e  entry-into-production of new 

Work conducted as p a r t  of the  Final ized Energy Program of the  
I t a l i a n  National Research Council. 
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wells. Pressure build-up tests, conducted i n  some 

g deple t ion ,  revealed t h a t  transmiss 

rs genera l ly  negative.  The lowering r a t e  was therefore  

considered t o  be a t t r i b u t  

formation permeabi l i ty  no 

borehole. 

These wel ls  a r e  

cerned . 
Figure 1 shows the  loca t ion  of the  no 

up of wells of no 

l aye r s  of the  r e se rvo i r  i s  too lo 
produce f l u i d s  exp lo i t ab le  f o r  e l  

and 3).  

Note t h a t  the  low temperature i n  the  top of the  r e se rvo i r  i s  of 
no i n t e r e s t  t o  s t imula t ion  when d e a l i n  i t h  shallow wells  

Temperatures of 250°-300°C have been r rded a t  depths of 

3 km i n  var ious  a reas  t h a t  have low t rature values  a t  the  top of 

t h e  r e se rvo i r .  

c )  Dry or low product iv i ty  we 

permeabili ty.  Most of these  wel l s  are i n  which the r e se rvo i r  

temperature,  a t  depths between 500 end 

f requent ly  even 25 

are of some i n t e r e  

C ,  with pressure  above 20 a The deeper wells 

ow pressures  i n  the  top o 

oted t h a t  r e se rvo i r  pressure  increases  with depth' 9 2  and values  of 

n 20 a t m  were found between 1000 and 1500 m 

s su res  below 5 a t m  i n  ' t h e  uppermost l aye r s  o 

Our a t t e n t i o n  was concentrated o at ,  l o w  permeabi l i ty  wells i n  

e c t i o n  of a few wells  with t h  s t  favorable c h a r a c t e r i s t i c s  

o r  s t imula t ion .  The wel ls  were se lec ted  on the  bas i s  of t h e i r  tech- 

n i c a l  c h a r a c t e r i s t i c s ,  t h e i r  s t a t e  of conservation, the  rocks crossed W 
I .. . - -  
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Fig. 1. Location of the wells in the 
Larderello geothermal field. 
1) Productive wells; 2) Non-productive 
(low temperature) wells; 3) Dry or low 
productive wells (lack of permeability); 
4) Densely drilled areas. 

I 

Fig. 2. Temper 
top of the reservoir in the 
geothermal field. 
1) Cover formations; 2)Ophiolites and 
associated sedimentary breccias ; 3) Reser - 
voir rocks (including t'Macignot.t sand- 
stone); 4) Isotherms (%). 
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Fig. 3. Structural setting and temperature 
distribution 'at the reservoir in the 
Travale geothermal field. 
1) Cover formations; 2) Chtcrops of the 
mesozoic carbonate formations (reservoir 
3) Geothermal boreholes; 4) Deep wells; 
5) Selected wells; 6) Isobaths of reservoir 
top; 7) Traces of the cross-sections; 
8) Isotherms at the reservoir top. 

. 
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b# i n  the  open-hole sec t ion  and, e spec ia l ly ,  the  s t r u c t u r a l  s e t t i n g  i n  

the  area surrounding the  bore. The l a t t e r  i s  the  main con t ro l l i ng  

f a c t o r  with regard t o  permeabili ty of the  Tuscan geothermal areas .  

2. GEOLOGICAL AND HYDROGEOLOGICAL OUTLINE OF THE LARDERELLO-TRAVALE 

ZONE 
The s t r u c t u r a l  s e t t i n g  of the  region is charac te r ized  by overlying 
- 

nappes, the  "Ligurids" and "Tuscanids ly ing  over a regional  meta- 

morphic basement. These complexes a r e  ove r l a in  t r ansg res s ive ly  by the  ' 

lagoonal and marine sediments of a neoautochthon cyc le  (Upper Miocene- 

Pl iocene) .  

The s t r a t i g r a p h i c  sequence i n  the  study area  i s ,  from bottom 

upwards, as follows (Fig.  4 ) :  

a )  Regional basement (Paleozoic) ,  made up of gne iss ,  plagio- 

c l a s e  and garnet-bearing micaschis t s ,  p h y l l i t i c  q u a r t z i t e s ,  q u a r t z i t e s  

and p h y l l i t e s  associated with metagreywackes, c h l o r i t o s c h i s t s ,  

ca l cesch i s t s  and g raph i t i c  p h y l l i t e s ,  with loca l  i n t e r c a l a t i o n s  of 

dolomitic marbles and c r y s t a l l i n e  anhydri tes .  3 

The formations of the  regional  basement genera l ly  have a low 

permeabili ty.  

b )  Tectonic wedge zone, cons i s t ing  of ove r th rus t  wedges 

(maximum t o t a l  thickness  of 1400 m) found above the  "basement" i n  the  

Larderello-Castelnuovo and Serrazzano areas .  These wedges a r e  made 

up both of Paleozoic c r y s t a l l i n e  formations,  the  T r i a s s i c  terr igenous 

("Verrucano") and mesozoic carbonate formations. The permeabili ty of 

t h i s  complex is  genera l ly  low, with the  exception of the carbonate 

and q u a r t z i t i c  layers ,  which may have a good secondary permeabili ty.  

c )  Tuscan nappe, whose base comprises green p h y l l i t e  

(Verrucano) over la in  by evapor i t i c  and carbonate depos i t s  (Burano 

Formation) of the  Upher Tr i a s ,  followed upwards by a group of mainly 

carbonate J u r a s s i c  formations and, f i n a l l y ,  by var icoloured sha le  

("Scaglia") of the  Cretaceous-Eocene and the  arenaceous f lysch 

"Macigno" of the  Oligocene. 
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P~ST-OROGENIC SEDIMENTS 

LlGURlDS I- 
I 

TUSCANIDS 

TECTONIC WEDGES 

PA(LE0ZOIC BASEMENT 
I 

Fig. 4. Relationship between the main strati- 
graphic units in Larderello-Travale region. , 

I 

Fig. 5. Isobaths of the top of the geothermal 
reservoir formations (m.ads.l.) 
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cli 
The hydrogeological c h a r a c t e r i s t i c s  of the  Tuscan nappe can be 

summarized as follows: 

0 The J u r a s s i c  main1 onate sequence and the  'Macigno' 

formation have a good fracture-der ived permeabi l i ty;  

0 t he  'Scagl ia '  formation (mainly sha le ) ,  due t o  i t s  l i t ho logy ,  

. 
e 

a layer with very low permeabili ty wi th in  the  r e se rvo i r  rocks; 

t he  'Burano formation' which i s  made up of anhydri te  and 

dolomite a l t e r a t i o n s  has a low permeabi l i ty ,  e spec ia l ly  where 

the  anhydri te  predominates. 
I . d)  Ligurids ,  t h ree  main u n i t s  can be d i s t i n g u i s h e d - i n  t h i s  

, ,  

complex. Overlapping one another they can be descr ibed,  from the  top  - 
downwards, a s  : 

0 Upper un i t  (Lower Cretaceous) 

This u n i t  cons i s t s  of shale and s i l i c e o u s  s t r a t i f i e d  l imestone; , 

a t  the  base of the  s e r i e s  are masses of o p h i o l i t i c  rocks and 

r a d i o l a r i t e  of t he  Upper Ju ras s i c .  

0 Intermediate un i t  (Upper Cretaceous) 

This u n i t  mainly c o n s i s t s  of marly layers  with interbeddings 

of sandstone and shale .  

0 Lower u n i t  (Eocene) 

This un i t  is  mainly made up of marly limestone interbedded i n  

marly, sandstone and shaley layers .  

The upper un i t  i s  character ized by very low permeabi l i ty ,  with t h e  

exception of the  o p h i o l i t i c  masses t h a t  have average fracture-der ived 

permeabili ty.  The intermediate  un i t  i s  similar hydrogeologically t o  

the  preceding one, although it has  more frequent marly limestone and 

sandy l aye r s  t h a t  have an average fracture-dependent permeabi l i ty .  

The lower u n i t  has a t  i t s  base mainly limestone l aye r s  t h a t  may, i n  

some cases ,  a c t  as  r e se rvo i r  rocks. 

e )  Post-orogenic depos i t s ,  these cons i s t  of l a c u s t r i n e ,  marine 

and lagoonal sediments of the  Upper Niocene (Messinian) and marine 

sediments of the  Pliocene. 1 
This group of mainly clayey formations has ,  on the  whole, a very 

low permeab i 1 i t y  . 
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IC, 3 .  INFLUENCE OF GEOLOGICAL-STRUCTURAL FACTORS ON PERMEABILITY 

t o  def ine  the  main s t r u c t u  rameters t h a t ,  along with 

ce ,  on w e l l  

hydrogeological 

influenced by ge 

The l a t t e r  can b 

these’, t he  Hercynian, a f f ec t ed  the  

only; t he  second, Alpine phas 

Tuscan and 

Ligurid u n i t s  an 

he following e 

nappe and the’unde 

and placed the  Ligurids  i n  contac t  with the  Paleozoic basement. 

In tense  f r a c t u r a t i o n  can a l s o  occur i n  correspondence - .  to. _ _ .  t h i s  

plane. I n  o the r  cas i s  phenomenon has transformed the  
f .  w 

I 
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Burano Formation i n  a breccia  of fragments o 

anhydri tes  and l i m e  ones with a very high permeabili ty.  

Considering the  a r e a l  d i s t r i b u t i o n  of the  dry and noncommercial 

wells, the  s t r u c t u r a l  c h a r a c t e r i s t i c s  of the  d i f f e r e n t  a r eas ,  d r i l l i n g  

da t a ,  geophysical logs ,  in-hole measurements and the  production tests 

from the  var ious  geothermal wel l s ,  it can be concluded tha t :  

a )  the  dry w e l l s  are genera l ly  concentrated i n  areas  (Fig.  1) 

i n  which almost a l l  the  wells have a low product ivi ty .  Consequently, 

low permeabili ty of the  r e se rvo i r  formations would appear t o  be a wide 

spread phenomenon through0 

zones of s t r u c t u r a l  highs. 435 
areal correspondence. Of a l l  the  f a c t o r s  responsible  f o r  i n t ense  

f r a c t u r a t i o n  i n  these zones the most important seems t o  be the  fo ld ing  

unde'rgone by the rocks during the orogenic phases; the  f r a c t u r e s  a r e  

p a r t i c u l a r l y  concentrated along the  main axes of these s t ruc tu res .  

b) The r e se rvo i r  formations show the  h ighes t  p roduct iv i ty  i n  

Figures 5 and 6 c l e a r l y  revea l  t h i s  

c )  The f r a c t u r a t i o n  of the anhydr i t i c  carbonate formation 

(Burano Formation) becomes more in tense  i n  i t s  th inner  layers .  This 

can be noted i n  Fig. 7 ,  which shows the  thickness  d i s t r i b u t i o n  of the  

"Burano Formation" f o r  t he  wells c ross ing  it and the  r a t i o  between 

productive and unproductive wells* f o r  each thickness  i n t e r v a l .  

The over thrus t  planes a r e  of g r e a t  importance i n  the  d )  

f r a c t u r a t i o n  of the  r e se rvo i r  rocks. Tied t o  t h i s  over thrus t ing  i s  

the  l a rge  number of productive f r a c t u r e s  found near t he  contact  

between the  cover and the  r e se rvo i r  formations. Figure 8 shows the  

frequency d i s t r i b u t i o n  of the  d is tance  between the  f r ac tu res  crossed 

by the  wel l s  and the  t ec ton ic  contact .  

f r a c t u r e s  located i n  small depth i n t e r v a l s )  were individual ized from 

d r i l l i n g  da ta ,  in-hole measurements and geophysical logs. The da ta  

on o lde r  wel l s  cons i s t  of d r i l l i n g  da t a  only and a r e  therefore  less 

The f r a c t u r e s  (or groups of  

* Whenever the re  are only few elements i n  a c l a s s ,  t h i s  r a t i o  was 
ca l cu la t ed  considering the  nearby c l a s s e s ,  using a moving average. 
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R I[- POTENTIAL RESfRVOlR ____.( 

Fig. 8. a) Distribution of the distance from the 
fractures to the cover-reservoir contact 
ductive (1) and n m  productive (2) wells. 

b) Percentage of fractures found in pro- 
ductive wells in different distance intervals. 

I 

30 I I 1  

distance ( mJ 

distance 1 m )  

Fig. 9. Schematic geological map of the zone of 
Gabbro with location of the selected wells. 
1) Post-orogenic sediments; 2) Ligurids; and 
3) Ophiolites. 
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r e l i a b l e  than the  o ther  data .  Class (0,O) of n i l  width has been added 

ac tu res  near the  

t ec ton ic  con cover complex usua l ly  l i e  

rs a t  the  base of 

correspondence t o  the  

the  "Burano formation" and the  underlying T r i a s s i c  o r  Paleozoic 

te r r igenous  "f  

e inf luence of the  Neogenic tensional  t ec ton ic s  on 

ill not c l  f a u l t  systems crea ted  

during t h i s  phase appear t o  have played an important r o l e  i n  providing 

connections between permeable horizons a t  d i f f e r e n t  depths so t h a t  the  

permeable l aye r s  of the  r e se rvo i r  can c o l l e c t  f l u i d s  from l a rge  masses 

of low permeabi l i ty  rock. 

4. SELECTED WELLS 

Based on the  preceding ana lys i s  and on examination of a l l  ava i l -  

ab l e  d a t a  (thermodynamic a 

wells were co 

s t imula t ion  e 

o r  t o  possible  

geothermal f i e l d  

and 

dY 
the  wel l s  i n  the  La rde re l l  

margin Qf t he  Era graben, near  the  f a u l t s  bordering t h i s  graben with 

a reg iona l  NW-SE trend ( F i  a t i o n s  (Neogene 

and L igu i r id s )  these wells 
Triassic-Paleozoic  terr igenous complex (Fig.  10). 

I n  add i t ion  c ing  the  thickness o f  t 

t h i s  f a u l t  may a 

p h y l l i t  ic-quartz  



110 

r 

I -  
I 2 4 S 

Fig. 10. Schematic geological cross-section of the 
zone of Gabbro. 
2) Ligurids; 3) Ophiolites; 4) Burano Formations; 
5) Triassic-Paleozoic terrigenous formations. 

1) Post-orogenic sediments; 

SW 

2000 1 

Fig. 11. 'Schematic geological cross-section of the 
Serrazzano structure. 
2) Ligurids; 3)'Qhiolites; 4) Burano formation; 
5) Quartz  conglanerates (Verrucano); 6) Quartz- 
ites verrucano) ; 7) Triassic-Paleozoic terrigenous 
formations. 

1) Post -orogenic sediments ; J 
I 

I 
k,l 

I 
i 
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v e r t i c a l l y  or iented and gu la r ly  d i s t r i b u t  throughout the  a rea ,  

being more concentrated b e l t  along the  f I t .  One of the  main 

reasons f o r  s e l e c t i n g  th  wells was the  

connecting them t o  the  f r a c t u r e  system. 

A second group of se lec ted  wells l i e s  w i t h i  

the  Cornia River bas in ,  south-west of La rde re l l  

o r the rn  p a r t  of 

These bores on the f lanks o 

s t r u c t u r e s  of -th a1 r e se rvo i r  formations: e Serrazzano and 

Lagoni Rossi s t ruc tu res .  

The Serrazzano s t r u c t u r e  (Fig. 11) extends N-S and is  made up of 

a complex of tec tonic  wedges of T r i a s s i c  formations (anhydr i tes ,  

anageni tes ,  i t e s ) .  

The Lagoni Rossi pos i t i ve  s t r u c t u r e  t rends NW-SE and is  formed by 

Triass ic-Paleozo metamorphic d J u r a s s i c  

carbonate formations of the  Tuscan Ser ies .  Towards the  north t h i s  

s t r u c t u r e  is separated from t h a t  of Serrazzano by a wide NW-SE 

t rending  ( r eg iona l )  t ec tonic  depress ion. 

This second group of wel l s  c rosses  t h i n  layers  of the  "Burano 

Formation'' and/or t he  underlying metamorphic terr igenous formations 

(Figs.  1 2  and 13).  Although some of these wel ls  a r e  dry ,  they l i e  i n  

a zone containing o ther  h ighly  productive wel ls .  The low permeabi l i ty  

few wells  which could become economically v i ab le  

t i v e l y  small inc re  product iv i ty .  An even la number of w e l l s  

could be used f o r  c t i o n  purposes immediately o r  when s t imula t ion  

only a rela- 

of the  known f i e l d s  and the  majori ty  .of deep hot  rocks reached by 
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Fig. 12. Schematic geological cross-section of the 
zone East of the Serrazzano structure. 1) Post- 
orogenic sediment; 2) Ligurids; 3) "Macigno sand- 
stonef1; 4) Mainly carbonate formations of the Tuscan 
unit; 5 )  Burano 'formation; 6) Paleozoic formations. 

Fig. 13. Schematic geological section of the zone hIE of 
the structure of tagoni Rossi. 1) Post-orogenic sedi- 
ments; 2) Lipids; 3) Mainly carbonate formations of . 
the Tuscan Unit; 4) Burano formation; 5 )  Triassic- 
Paleozoic terrigenous formations. 
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wel ls .  Permeabili ty i s  too low t o  permit economic production, too 

uniformly l o w  t o  expect 

a t tempts ,  but  too h o t  dry rock type 

i n j e c t i o n  of la rge  ts  of water i n t o  grou 

permeabi l i ty  a rea  and the  production of a f l o  

t i v e  r e s u l t s  

the  high permeabi l i ty ,  depleted a reas  

considered. F e a s i b i l i t y  p ro jec t s  based o 
s tudied .  

Three of the  Travale wells are s i t e d  over 

the p o t e n t i a l  r e se rvo i r ,  on the  margin of a graben and near prod 

o r  exploi ted wel ls  (Fig. 14) .  

This s t r u c t u r e  is cut  by a group of NW-SE t rending d i r e c t  f a u l t s  

i n  th ree  main s t eps .  

The boreholes have genera l ly  crossed r a t h e r  t h i ck  1 

Burano formation and the  metamorphic basement ( p h y l l i t e  

q u a r t z i t e s ,  followed by a1 te rna t ions  of anhydri tes  and c r y s t a l l i n e  

dolostones) .  

e possible  t o  connect these w e l l s  to  a f r a c t u r e  

system t i e d  t o  the  f a u l t s  bordering the  graben. 

The four th  well  se lec ted  i n  the  Travale zone l ies  i n  the  c e n t r a l  

p a r t  of t h i s  graben (Fig. 15). 
E-NE extension of the  pos i t i ve  s t r u c t u r e  charac t  

area. The w e l l  w a s  eh n because-even a s product iv i ty  would be 

o f  extreme i n t e r e s t  fo  he study of the  ge rmal r e se rvo i r  i n  t h i s  

zone. 

It appears t o  have been d r i l l e d  on the  

zing the  productive 

From the  thermodynamic point  of view, the  group of wel ls  i n  the  

Lardere l lo  geothermal f i e l d  show temperatures b 

i n  the  p o t e n t i a l  r e se rvo i r  and r e se rvo i  

and 36 a t m  maximum. The Traval 11s has temperatures of 

250-260°C i n  the  PO d r e se rvo i r  pressures around 

50 atm. 

ween-200 and 270°C 

s between 17  minimum 

The s t imula t ion  methods which can b 

wells depend on the  geos t ruc tu ra l  s i t u a  

oyed on the  13 se lec ted  

round the well and on the  
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Fig. 14. Schematic geological cross-section of the new field of Travale. 
1) Post-orogenic sediment; 2) Ligurids; 3) 'Macigno sandstone"; 
4) Burano formation; 5) Paleozoic phyllites and quartzites; 6) Paleozoic 
phyllites, quartzites, anhydrotes, and crystalline dolostones. 
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Fig. 15. 
zone. 
formation; 4) Paleozoic phyllites and quartzites. 

Schematic geological cross-section of the Travale 
1) Post-orogenic sediments; 2) Ligurids; 3) Burano 
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type of  rock formations involved. 

i c a l  and hydraul ic  c h a r a c t e r i s t i c s  of the  formations,  t o  e s t a b l i s h  

whether s t imula t ion  is  f eas ib l e  and t o  be ab le  t o  plan the  treatment 

program, permeab i 1 i ty test e. 

I n  order  t o  def ine  the  geomechan- 

l 
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