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A R E S E R V O I R  ENGINEERING STUDY I N  GABBRO ZONE 
(NORTHERN PART OF LARDERELLO FIELD) 

Gabbro zone, l o c a t e d  n o r t h  o f  t h e  o l d  geothermal f i e l d  o f  
L a r d e r e l l o ,  was exp lo red  a f t e r  1960 by seve ra l  w e l l s ,  as shown 
i n  F i g .  1 .  

The geology of t h e  area can be summarized by g roup ing  t h e  
d i f f e r e n t  t e r r a i n s  i n t o  t h r e e  main complexes as f o l l o w s .  

1 .  A n  upper complex, c o n s i s t i n g  o f  Neogenic d e p o s i t s ,  and 
a l l och thonous  f l y s c h  f a c i e s  f o r m a t i o n s  w i t h  o p h i o l i t e s  
(Jurass ic-Eocene) ,  Because o f  i t s  p redominan t l y  a r g i l -  
laceous n a t u r e ,  t h i s  complex i s  p r a c t i c a l l y  impermeable. 

2. A d i s c o n t i n u o u s  l a y e r  represented by b r e c c i a t e d  carbon- 
a t e  rocks  a s s o c i a t e d  w i t h  e v a p o r i t i c  d e p o s i t s  ( T r i a s ) ,  
c h a r a c t e r i z e d  by h i g h  secondary p e r m e a b i l i t y .  

3 .  A lower complex,  consisting mainly o f  Triassic and 
Pa leozo ic  metamorphic c l a s t i c  f o r m a t i o n s  ( q u a r t z i t e s  
and $ h y l l i t e s ) .  I n  t h i s  case t o o  t h e  p e r m e a b i l i t y  
i s  t i e d  t o  t h e  e x i s t e n c e  o f  f r a c t u r e s .  

Gabbro zone rep resen ts  a s t r u c t u r a l  h i g h ,  separated f rom 
t h e  c u l m i n a t i o n  o f  t h e  main La rde re l l o -Cas te lnuovo  s t r u c t u r e .  

On t h e  E-NE s i d e ,  t h i s  s t r u c t u r e  bo rde rs  on an impor tan t  
d i r e c t  f a u l t  which,  on a r e g i o n a l  s c a l e ,  rep resen ts  t h e  western 
boundary o f  a l a r g e  t e c t o n i c  dep ress ion  t r e n d i n g  NW-SE (Era 
Graben). 

On t h e  n o r t h  s i d e  of t h e  Gabbro s t r u c t u r e ,  t h e  l a y e r  o f  
T r i a s s i c  b r e c c i a s  i s  l a c k i n g .  T h i s  i s  p robab ly  one cause o f  
t h e  decrease i n  p e r m e a b i l i t y  observed i n  t h e  n o r t h e r n  marg ina l  
zone. 

.n. 

C.N.R . ,  l s t i t u t o  l n t e r n a z i o n a l e  pe r  l e  R ice rche  Geotermiche, 
P i sa ,  I t a l y .  

$:::ENEL, Centro R ice rca  Geotermica, P i s a ,  I t a l y .  
.L .'. .L ,.,-,.ENEL, Gruppo M i n e r a r i o  L a r d e r e l  lo ,  L a r d e r e l  lo ,  I t a l y .  
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Only a few w e l l s  were p r o d u c t i v e .  The ex tens ion  o f  
research  showed t h a t  t h e  h i g h  p r o d u c t i v i t y  zone (G1, G 3 ,  G6, Gg) 
i s  surrounded by d r y  o r  l o w  p r o d u c t i v i t y  w e l l s  ( F i g .  1 ) .  T h e r e f o r e  
i t  can be s a i d  t h a t  t h e  w e l l s  i n s i d e  t h e  c i r c l e  i n  F i g .  1 a r e  
producing f rom a r e s e r v o i r  c losed i n  on every s i d e  except  t h a t  
o f  t h e  o l d  L a r d e r e l l o  area. I n  p a r t i c u l a r ,  0% o f  p r o d u c t i o n  

G 1 ,  G 3 ,  G 6  and G9. 
i s  concent ra ted  i n  an area s m a l l e r  than 1 km 8 , i n c l u d i n g  w e l l s  

Other producing w e l l s  i n  t h i s  area a r e  SD2, G7, SD4,  G 4 ,  
G 8 ,  155. The non-commercial w e l l s  as, f o r  example, SD4,  G 4 ,  G 8 ,  
have been s h u t - i n  s i n c e  they were f i r s t  d r i l l e d .  

The producing w e l l s  d e l i v e r  superheated steam a t  a w e l l -  
head p6essure between 5 and 8 a t a  (kg/cm2a) and a t  a temperature 
o f  230 C. 
f l o w - r a t e  d e c l i n e s .  The f i r s t  w e l l s  d r i l l e d  n o r t h  o f  L a r d e r e l l o  
area where N . 1 5 5  and S V 9  which, a f t e r  t h e i r  s h u t - i n ,  reached 
t h e  pressures o f  25.8 and 25 a t a ,  r e s p e c t i v e l y ,  a t  wel l -head.  

T h i s  work se ts  o u t  t o  analyze s h u t - i n  p ressure  and 

The smal l  d i f f e r e n c e  between t h e  s h u t - i n  pressures o f  t h e  
two w e l l s  i s  n o t  s u r p r i s i n g  c o n s i d e r i n g  t h e i r  topographic  
p o s i t i o n ,  which i s  a long a l i n e  p a r a l l e l  t o  t h e  area c o n t a i n i n g  
t h e  producing w e l l s  o f  L a r d e r e l l o  and Castelnuovo f i e l d s .  

We can assume t h a t  t h e  isobars  of t h e  dra inage volume o f  
Lardere l lo -Caste lnuovo we 1s l i e  p a r a l l e l  t o  t h e  l i n e  j o i n i n g  
w e l l s  S V 9  and 155 and so he pressure  g r a d i e n t  has i t s  g r e a t e s t  
v a l u e  p e r p e n d i c u l a r  to  t h  s l i n e .  These c o n s i d e r a t i o n s  a r e  
conf i rmed ( F i g .  2) by t h e  v a l u e  (31  a t a )  o f  the  s h u t - i n  
pressure o f  Gabbro 1 w e l l  d r i l l e d  i n  1962, which i s  about 5 
a t a  more than t h e  s h u t - i n  p ressure  o f  w e l l  155 and a l s o  by 
s h u t - i n  pressures o f  w e l l s  G 3  and SD2, d r i l l e d  i n  1963. 

I n  t h a t  p e r i o d  t h e  s h u t - i n  pressure i n  t h e  o l d  L a r d e r e l l o  
area was 8 a t a  and t h e  f l o w - r a t e  i n  L a r d e r e l l o  f i e l d  was 
1500 t / h  a t  a d e l i v e r y  p ressure  o f  about 5 a t a .  

I t  appears f rom these c o n s i d e r a t i o n s  t h a t  Gabbro zone 
i s  d r a i n e d  by t h e  w e l l s  i n  o l d  L a r d e r e l l o  f i e l d .  

The development o f  p r o d u c t i o n  i n  Gabbro zone 
i n  F i g .  3 and t h e  pressure  d e c l i n e  i n  t h e  c losed we 
i n  F igs .  4 and 5. 

i s  shown 
1s i s  shown 

The wel l -head pressure  measurements f o r  w e l l  G 4  and G8 
a r e  n o t  comple te ly  r e l i a b l e  because t h e i r  behavior  i s  p robab ly  
a f f e c t e d  by t h e  e x i s t e n c e  o f  l i q u i d  water  i n s i d e  t h e  w e l l s  
( F i g .  4 ) .  

However, an i n t e r f e r e n c e  o f  G9 p r o d u c t i o n  on t h e  pressure  
t r e n d  i s  apparent .  
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The pressure  h i s t o r i e s  o f  SD2,  G7 and G9 a r e  a v a i l a b l e  
f o r  a l i m i t e d  p e r i o d  o f  t ime. 

F i g u r e  5 shows t h a t  SD2 p ressure  h i s t o r y  i s  a f f e c t e d  
by e x p l o i t a t i o n  o f  G6 and G9. 

We f i r s t  o f  a l l  t r i e d  a p p l y i n g  t h e  a n a l y s i s  methods used 
f o r  gas r e s e r v o i r s .  A s  t h e  a v a i l a b l e  da ta  a r e  i n s u f f i c i e n t  f o r  
d e f i n i n g  a r e l i a b l e  average r e s e r v o i r  p ressure  h i s t o r y ,  s h u t - i n  
pressures o f  t h e  i n d i v i d u a l  w e l l s  were p l o t t e d  versus cumula t ive  
p r o d u c t i o n  o f  t h e  e n t i r e  zone (F igs  6 and 7 ) .  
pressure  va lues,  w e l l  c o n d i t i o n s  and l o c a t i o n ,  we can assume 
t h a t  t h e  average pressure  o f  t h e  zone i s  h i g h e r  than G8 pressure  
and lower than S D 4  one. (As a m a t t e r  o f  f a c t ,  w e l l  G 6  has r e c e n t l y  
been s h u t - i n  f o r  two days and i t s  p ressure  reached 14.4 a t a ) .  
Furthermore, i n  the  f i n a l  s e c t i o n  a l l  t h e  curves appear t o  be 
p a r a l l e l  t o  one another .  The e x t r a p o l a t i o n s  o f  these curves t o  
1 a t a  g i v e  an e v a l u a t i o n  o f  steam reserves between 100 and 1 1 5  x 10 

Consider ing the  

9 
kg. 

To o b t a i n  an a l t e r n a t i v e  e s t i m a t e  o f  i n i t i a l  f l u i d  i n  p lace ,  
we analyzed t h e  f l o w - r a t e  d e c l i n e  curves.  

Assuming t h e  f o l l o w i n g  r a t e  and pressure  d e c l i n e  equat ions :  

-2 2 n 
Q = C(P -P ) 
- 
P = P.-KQ 

I ex 

Q = f l o w - r a t e  kg/h 

P = r e s e r v o i r  average pressure a t a  

P = f l o w i n g  pressure  a t a  

P .  = i n i t i a l  r e s e r v o i r  p ressure  a t a  

- 

I 

Qex = steam produced kg 

Q t o t  = i n i t i a l  steam i n  p l a c e  kg 

we o b t a i n ,  
2 

2 
1-A  2 R - R  

1 - B  1 -B 
(Q/Q,) = - - - 2 

A = P/P. 
I 

B = Pl/P. 
I = Qex’Qtot 

Q,, P a r e  Q and P a t  t = 0 1 
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To o b t a i n  t h i s  equat ion,  C and n a r e  supposed t o  
remain cons tan t  throughout  t h e  p r o d u c t i o n  per iod .  The va lues 
o f  n were taken f rom t h e  back-pressure t e s t s  performed a 
s h o r t  t ime a f t e r  t h e  w e l l s  blew o u t .  

To e s t a b l i s h  whether equat ion  ( 4 )  descr ibes  t h e  temporal 
e v o l u t i o n  o f  f l o w - r a t e  i n  t h e  w e l l s  examined, we p l o t t e d  t h e  
a c t u a l  va lues o f  l / n  versus t ime. 

(Q/Q, 1 
The diagram (Q/Ql) l / ”appear ing i n  t h e  f i g u r e  i s  due t o  

t h e  f a c t  t h a t  d e l i v e r y  pressures were cons iderab ly  lowered d u r i n g  
s h o r t  per iods  . 

The bes t  va lue  f o r  Qtot was chosen. 

A 10% 

Diagram 1n(Q/Ql)lin versus Pnt shows t h a t  p r o d u c t i o n  i n  

Qtot v a r i a t i o n  i s  e a s i l y  de tec ted  by t h i s  method. 

w e l l s  G 6  and G 9  c l e a r l y  i n t e r f e r e s  w i t h  t h e  p r e v i o u s l y  p roduc ing  
we1 1s. 

The i n t e r f e r e n c e  e f f e c t s  change t h e  dra inage volumes o f  
a w e l l  so t h a t  C i s  no longer  cons tan t  and t h e  equat ions no 
longer  v a l i d .  B e t t e r  r e s u l t s  w i l l  p robab ly  be gained by v a r y i n g  
C and n accord ing  t o  s u i t a b l e  c r i t e r i a .  

and an 
Q t o t  I n  o r d e r  t o  o b t a i n  an e v a l u a t i o n  o f  

i n d i c a t i o n  o f  t h e  e f f e c t  o f  a v a r i a t i o n  i n  n , t h e  a n a l y s i s  
was repeated u s i n g  n va lues cover ing  a l l  t h e  p o s s i b l e  range. 

The sum ot  Q f o r  a l l  t h e  w e l l s  i n  t h e  area i s  

70.10 kg, assuming n = 0.5, whereas, u s i n g  t h e  maximum v a l u e  
n = 1 f o r  a l l  t h e  w e l l s ,  

t o t  9 
becomes 130-109 kg. 

I Q t o t  

Thus an e v a l u a t i o n  o f  t h e  i n i t i a l  steam-in-place g i v e s :  

9 

9 
pressure  d e c l i n e  a n a l y s i s  : 100 f 115 x 10 kg 

f l o w - r a t e  d e c l i n e  a n a l y s i s :  70 + 130 x 10 kg  

These va lues a r e  i n  s u f f i c i e n t  agreement, c o n s i d e r i n g  t h e  
l i m i t s  o f  t h e  methods employed. However,’assuming t h a t  t h e  
r e s e r v o i r  was i n i t i a l l y  f i l l e d  w i t h  steam ( s p e c i f i c  volume o f  
0.07 m3/kg) and c o n s i d e r i n g  a p o r o s i t y  o f  5%, t h e  b u l k  volume 
should be 100 km3. 
r e s e r v o i r  depth should be 14 km. 

Since t h e  area concerned covers 7 km2, t h e  

From t h e  l a s t  c o n s i d e r a t i o n ,  t h e  hypothes is  o f  a c losed gas 
r e s e r v o i r ,  as assumed f o r  t h e  a n a l y s i s ,  does n o t  seem t o  work i n  our  
case, e s p e c i a l l y  i n  v iew of t h e  f a c t  t h a t  an unknown amount o f  f l u i d  
i s  f l o w i n g  from t h i s  area towards t h e  o l d  L a r d e r e l l o  zone. 

Some s o r t  o f  water  recharge, a feed ing  f rom deep s u b v e r t i c a l  
f r a c t u r e s ,  o r  t h e  i n i t i a l  presence o f  l i q u i d  and steam s imu l taneous ly  
i n  t h e  r e s e r v o i r ,  must be admi t ted.  
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F i g .  1 - Locat ion  of the  w e l l s  i n  L a r d e r e l l o  f i e l d .  Gabbro 
zone l i e s  w i t h i n  the  c i r c l e .  

1 :  producing w e l l s .  
2:  dry  o r  non-commercial w e l l s .  
3: Kh contours (Darcy m ) .  
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25.8 Ata iedi i d  
L arderello 

Cas refnuovo 

Fig .  2 - I n i t i a l  shu t - i n  pressures o f  the w e l l s  d r i l l e d  i n  
Gabbro zone. 
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Fig.  3 - Tota l  f l o w - r a t e  o f  the  w e l l s  i n  Gabbro zone du r ing  
1962-1975 peri 'od. Well No. 155 i s  no t  included. 
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Fig. 4 - G4-G8 well-head shut-in pressures versus time. 

Fig. 5 - SD4 - SD2 well-head shut-in pressures versus time. 
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Fig. 6 - G9 - G7-SD2 well-head shut-in pressures versus 
cumulative production. 
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7 - G4 - G8-SD4 well-head shut-in pressures versus 
cumulative production. 
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Fig.  8 - (Q/Ql)l/" r a t i o  versus t ime on l oga r i t hm ic  paper. 
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