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ABSTRACT from t h r e e  L a r d e r e l l o  w e l l s  h red i n  
low concent ra t ions  (0-5 ppm) when' f i r s t  analy- 
zed i n  1963 and increased u n t i l  a t  least 1977, 
reaching 22 ppm i n  steam from one w e l l .  

S i g n i f i c a n t  amounts o f  C 1  appeared i n  steam 
from upflow zones o f  L a r d e r e l l o  i n  t h e  e a r l y  
1960s. The genera l  p a t t e r n  of  C 1  concentra-  
t i o n  includes:  a r a p i d  rise, a more or less 
cons tan t  p l a t e a u  (co inc ident  wi th  a low, 
s t a b i l i z e d  flow r a t e ) ,  and r a p i d  decrease  
g e n e r a l l y  a f t e r  1980. 
wi th  a genera l  decrease  i n  pressure  throughout 
t h e  f i e l d  presumably due t o  t h e  disappearance 
o f  l i q u i d  i n  t h e  two-phase, vapor-dominated 
r e s e r v o i r .  The p l a t e a u  may be r e l a t e d  t o  t h e  
d i s t a n c e  from c e n t e r s  o f  upflow and inhomoge- 
n e i t i e s  i n  t h e  temperature  and chemistry of  
deep br ine.  
t h e  s t a r t  of l i q u i d  i n t r o d u c t i o n  from r e i n j e c -  
t i o n  and d r i l l i n g  l o s s e s  and p a r t i c u l a r l y  wi th  
t h e  t i m e  o f  breakthrough o f  steam formed from 
i n j e c t e d  water. This  h i s t o r y  sugges ts  t h a t  
when l i q u i d  was exhausted i n  some areas and 
p r e s s u r e  dropped, o t h e r  areas s u f f e r e d  accel- 
e r a t e d  b o i l i n g  and d r i e d  o u t  as w e l l ,  a l lowing  
high-Cl steam formed from b o i l i n g  o f  deep 
b r i n e  t o  move upward t o  reach t h e  wells. 
i n t r o d u c t i o n  o f  l i q u i d  a f t e r  1980 reversed t h e  
process .  A similar s i t u a t i o n  may be occurr ing  
now a t  The Geysers, C a l i f o r n i a .  

The rise c o r r e l a t e s  

The decrease  i s  c o r r e l a t e d  wi th  

The 

NTRODUCCION 

Chloride i n  steam from Lardere l lo  was 
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re 1. Chloride concent ra t ions  i n  
erello steam from D'Amore e t  a1. (1977). 

t o  be l i m i t e d  t o  r e a c t i o n  o f  
ca. D'Amore and Truesde l l  (1979) considered 
C 1  i n  steam t o  i n d i c a t e  b o i l i n g  o f  a deep, 
high-C1 b r i n e  and pointed out  t h a t  C1  i n  steam 

l i m i t e d  t o  superheated steam wi th  a dry  path-  
way from t h e  b o i l i n g  br ine .  
o f  C 1  i n  Lardere l lo  steam w a s  b r i e f l y  d e s c r i b -  

The occurrence 
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ed by Truesde l l  e t  a l .  (1988) but  w i l l  be 
discussed here  a t  g r e a t e r  length ,  and t h e  
reasons f o r  i ts rap id  rise and ( a f t e r  1980) 
f a l l  w i l l  be considered i n  r e l a t i o n  to  
r e s e r v o i r  processes. 

OBSERVED CL IN LARDERELLO STEAM 

Chloride i n  steam w a s  no t  r o u t i n e l y  analyzed 
a t  Lardere l lo  before  1963. 
steam from wells showing h igh  cor ros ion  was 
analyzed f o r  C1,  as w e l l  as Na+, Si02, and 
o t h e r  n o n v o l a t i l e  s a l t s ,  which i n d i c a t e  e n t r y  
of  l i q u i d  from t h e  reservoir. The l o w  va lues  
f o r  C 1  found i n  t h e  f i r s t  f ie ldwide  ana lyses  
suggest  t h a t  C 1  w a s  below d e t e c t i o n  (<1 ppm) 
i n  most wells before  1960. Of 45 w e l l s  f o r  
which w e  have d e t a i l e d  chemistry,  C 1  when 
f i r s t  measured ( i n  1963 f o r  most wells, up t o  
1982 f o r  newer wells) was below d e t e c t i o n  i n  
14 w e l l s ,  1-2 ppm i n  15 wells, 2-5 ppm i n  7 
wells, 5-15 ppm i n  6 w e l l s ,  and >15 ppm i n  
3 wells. 

Earlier, only  

Thi r teen  w e l l s  loca ted  i n  d i f f e r e n t  zones 
of  Lardere l lo  were chosen f o r  d e t a i l e d  s tudy  
(Fig. 2). 
conten ts  and temperature (Table 1) t y p i c a l  of 
wells considered t o  be  i n  upflow zones on t h e  
basis o f  r e l a t i v e l y  high C 1  and B and rela- 
t i v e l y  low Co;! and NH3 i n  produced steam 
(D'Amore and Truesde l l ,  1979). Changes i n  C 1  

These wells have a range o f  C 1  

0 -- 
Figure 2. 
re i n j e c t  i o n  wells. 

Locations o f  w e l l s  s t u d i e d  and 

concent ra t ion  wi th  t i m e  f o r  t h e s e  w e l l s  are 
shown i n  Figures  3-5. The p a t t e r n s  shown are 
similar. C 1  concent ra t ion  s t a r t  low (below 
5 ppm for 5 wells, below a t o u t  15 ppm f o r  a l l  
b u t  2 wells) and i n c r e a s e  rap id ly ,  reaching a 
more or less broad p l a t e a u  from 7-10 years  
a f t e r  t h e  f i r s t  measurement u n t i l  1980 t o  
1983. 
decrease  i n  C l ,  which was temporary f o r  some 
w e l l s ,  and cont inued f o r  o t h e r s  a t  l e a s t  
through 1985-1986, which is t h e  l i m i t  o f  o u r  
da ta .  Other  data f o r  t h e s e  wells are s h m  
i n  Table 2, inc luding  t y p i c a l  gas  ana lyses  
and reservoir temperatures  ca lcu la ted  from 
wellhead phys ica l  data and from g a s  
g e o t h e r m m t e r s .  

A f t e r  1980 most wells showed a sharp 
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Figure  3. Chlor ide concent ra t ions  i n  steam 
from c e n t r a l  I a r d e t e l l o  wells (L56, pluses ;  
L57, squares;  L80, circles; LL52, crosses; 
Fab, t r i a n g l e s ;  SP1, diamonds). The earlier 
arrow i n d i c a t e s  t h e  start o f  i n j e c t i o n .  The 
l a t e r  arrow i n d i c a t e s  t h e  breakthrough o f  
steam vaporized from t h i s  water. 
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Figure  4. 
from western L a r d e r e l l o  w e l l s  (VClO, circles; 
Ql , t r i a n g l e s ;  42, squares ,  Punt, diamonds). 
The arrow i n d i c a t e s  t h e  s t a r t  o f  in jec t ion .  

Chlor ide concent ra t ions  i n  steam 
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Figure 5. Chloride concent ra t ions  i n  steam 
from nor thern  L a r d e r e l l o  wells (Gl, circles; 
66 ,  squares ;  G9, t r i a n g l e s ) .  

Data i n  D ' h r e  and Truesde l l  (1979) and 
D'Amore and Pruess  (1986) suggest  t h a t ,  f o r  
w e l l s  i n  t h e  c e n t r a l  zone of  L a r d e r e l l o  
d r i l l e d  before  1950, t h e  appearance o f  C 1  i n  
steam (ext rapola ted  t o  z e r o  ppm) correlates 
wi th  t h e  s t a b i l i z a t i o n  o f  steam flow a t  10-202 
of  i n i t i a l  values .  For t h e s e  ear l ier  w e l l s  
t h e  time of c h l o r i d e  a p p e a r h c e  seems t o  be 
about 1957. 

INDICATIONS OF RESERVOIR DRYING AT LARDERELLO 

The accepted model f o r  vapordominated 
geothermal systems ( a f t e r  mite e t  al., 1971) 
c o n s i s t s  of a l iqu id-sa tura ted  condensate 
zone, a vapordominated two-fluid-phase zone, 
and a deep b o i l i n g  br ine.  In  t h e  n a t u r a l  
s ta te ,  steam produced from t h e  b o i l i n g  b r i n e  
flows upward i n  t h e  vapor-dominated zone 
along l a r g e  f r a c t u r e s  and c o n d u i t s ,  and 
condensate flows downward on s u r f a c e s  and 
discont inuous small f r a c t u r e s  t o  r e p l e n i s h  
t h e  deep br ine.  Although deep temperatures  
(>35OoC) have been measured a t  Lardere l lo  
(Cappet t i  e t  al . ,  19851, t h e  deep b r i n e  h a s  
never  been s a t i s f a c t o r i l y  sampled; however i t  
must e x i s t  t o  provide upflowing steam t o  
maintain system temperatures  and h e a t  flow. 

I n  t h e  n a t u r a l  s ta te  t h e  vapordominated 
r e s e r v o i r  a t  L a r d e r e l l o  was d r i e r  t h a n  t h a t  
a t  The Geysers ( 1  w t  2 o f  t o t a l  f l u i d  a t  
Lardere l lo  compared w i t h  5% a t  The Geysers, 
Nathenson and Muffler ,  1975 us ing  methods 

75) and e x t e n s i v e  product ion 
as d r i e d  it f u r t h e r .  The product ion o f  

super-heated steam from wells i 
L a r d e r e l l o  i n d i c a t e s  complete d 

r e s e r v o i r  ne 
b u t  does no t 
dominated reservoir 

were n e a r  32-35 a t a  and 235-24OoCl 

e x p l o i t e d  zones o f  L a r d e r e l l o  dropped r a p i d l y  
( F e r r a r a  e t  al . ,  1970; C e l a t i  e t  al., 1976). 

Early shal low w e l l s  i n  c e n t r a l  Lardere l lo  
showed lover p r e s s u r e s  (30 sea) probably 
r e s u l t i n g  from n a t u r a l  discharge. 
p ressures  i n  t h e  t o p  o f  t h e  r e s e r v o i r  i n  t h e  
c e n t r a l  Lardere l lo  and Castelnuovo zones had 
dec l ined  t o  10 a ta ,  and by 1952 t h e  e n t i r e  
L a r d e r e l l o  and Castelnuovo zones showed 
similar l o w  pressures .  
i n  t h e ' r e s e r v o i r  t o p  were near  5 ata. 

By 1943 

I n  1975 pressures  

Although pressures  dropped r a p i d l y  i n  
response to  product ion,  temperatures i n  t h e  
vapor-dominated zone changed very little. 
The wells s tud ied  by D'Amore and Truesde l l  
(1979, 1980) showed n e a r l y  cons tan t  wellhead 
and reservoir temperatures  a f t e r  t h e  end o f  
product ion from vaporized n e a r - v e l l  l iqu id .  
Decl ining pressures  wi th  near-constant temper- 
a t u r e  r e s u l t  i n  dry ing  o f  t h e  r e s e r v o i r  and 
superheat ing of  steam. 
from pressure  d e c l i n e  and steam superheat ing 
a r e ,  however, l i m i t e d  t o  t h e  upper p a r t  o f  
t h e  vapor-dominated zone where most wells 
have t h e i r  main steam e n t r i e s .  Processes 
occurr ing  deeper  i n  t h e  vapordominated zone, 
p a r t i c u l a r l y  near  t h e  deep br ine ,  would not  

I n d i c a t i o n s  o f  drying 

a l e d  by t h e s e  observat ions.  

Calcu la t ions  by H a i z l i p  and Truesde l l  (1988) 
show t h a t  t h e  product ion and t r a n s p o r t  of HC1 
i n  geothermal systems r e q u i r e  t h e  b o i l i n g  o f  
high-C1 (or l o r p H )  b r i n e  a t  temperatures  
above 3OO0C and t h e  e x i s t e n c e  o f  d r y  pathways 
through zones of  lower temperature. The o n l y  
p a r t  of t h e  system where C1-containing steam 
could be generated is t h e  deep brine because 
s u f f i c i e n t l y  high temperatures  and C 1  conten ts  
o f  l i q u i d s  are found only  there .  
i n c r e a s e  o f  C1 i n  L a r d e r e l l o  steam is u n l i k e l y  
t o  have r e s u l t e d  from changes i n  t h e  deep 
b r i n e  such as a sudden i n c r e a s e  i n  b r i n e  
s a l i n i t y ,  a c i d i t y ,  or temperature. 

The rap id  

The d r y i n g  

high-Cl steam from wells w i t h i n  i n t e n s e l y  
ones (e.g., c e n t r a l  110, 
i n  nearby wells (e.8 to , 
icates dry ing  o f  t h e s e  p a r t s  o f  
ir w i t h i n  a s h o r t  , t i m e  period. 
l y  r e s u l t e d  from pressure  equal i -  
lateral t r a n s f e r  of steam. With 

h igher ,  flows t o  t h e  d r y  zone. The la te ra l  
f low accelerates t h e  dry ing  o f  wetter p a r t s  
and they eventua l ly  dry. 
condui t s  t o  t h e  b o i l i n g  b r i n e  are d t y ,  pres- 
s u r e s  drop and steam i n  t h e s e  condui t s  becomes 

As soon as steam 
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superheated. The pressure drop increases 
boi l ing  of  deep br ine  and the  now dry  conduits 
no longer scrub C1  from steam boiled o f f  t he  
brine. C l  contained i n  deep steam i s  now ab le  
t o  reach the  wel l s  and does so a t  about t he  
same t i m e  throughout t he  connected volume. 

The appearance of C 1  i n  widely separated 
a reas  a t  t he  same time might r e s u l t  instead 
from s imi l a r  explo i ta t ion  h i s t o r i e s  with 
drying of these a reas  occuring coincidentally.  
However, explo i ta t ion  h i s t o r i e s  a t  Larderello 
a r e  not the  same. Intense modern explo i ta t ion  
of c e n t r a l  Larderello began about 1950 with 
many wel l s  d r i l l e d  e a r l i e r .  
flow reached 2500 t / h  (Ses t in i ,  1970). This 
was two times the  flow from e a r l i e r  producing 
wells. Some of our study wells from the  cen- 
t r a l  Larderello a rea  s t a r t e d  production e a r l y  
(Fab, 1941; L57, 1949; L56, 1950; and L80, 
1951) and some l a t e r  (SP1, 1963 and L152, 
1976). Other zones were developed l a t e r .  
Gabbro was produced a f t e r  1960 (Gl, 1962; G6, 
1964; and G9, 1966). The western a rea  was 
producing l e s s  than 600 t / h  before 1957 and 
only reached 1000 t / h  i n  1962. 
also s t a r t e d  production r e l a t i v e l y  late (VClO, 
1963; Q l ,  1967; 42, 1972; and Punt, 1971). 

In 1951 t o t a l  

Our examples 

Given t h i s  uneven h i s to ry  of exp lo i t a t ion  it 
seems unlikely t h a t  coincidence produced the  
s imi l a r i t y  of ch lor ide  appearance and increase 
between, for example, t he  Gabbro wells devel- 
oped i n  the  mid-1960s and Fab, L56 and L80 
developed from 1940-1950. The d is tance  from 
c e n t r a l  Larderello t o  Gabbro i s  3-4 km, so 
l a t e r a l  flow is acceptable. La tera l  flow t o  
Larderello was i n  f a c t  indicated i n  the  study 
by Brigham and Neri (1979) of the  Gabbro zone. 
The d is tance  from c e n t r a l  Larderello t o  Q l  and 
42 i s  9-10 km and l a t e r a l  flow i s  l e s s  l i ke ly .  
The s imi l a r i t y  of the  ch lor ide  curves of these 
wel l s  t o  those f o r  Larderello wells i s  less 
marked. However, these wells do not show 
evidence of a long period of production of 
low-Cl steam, ind ica t ing  tha t  somehow there  
was l e s s  ava i lab le  l i qu id  i n  the  vapor- 
dominated reservoi r ,  perhaps through vapori- 
za t ion  and l a t e r a l  flow t o  o the r  zones. 

Gradual increase of C 1  over a period of 
7-10 years suggests t h a t  l o r C l  steam 
generated from boi l ing  of  condensate mixes 
with an increasing f r ac t ion  of deep, high-Cl 
steam. The mixing occurs a f t e r  1 o r C l  steam 
has  become superheated by passage through dry 
zones.. Conduits from the  br ine  t o  the  zone 
of mixing and from the re  t o  the  sur face  a r e  
dry  but l i qu id  water s t i l l  i s  present fu r the r  
from the  wel l s  (and possibly i n  nearby matrix 
blocks) t o  provide l o r C l  steam. Apparently 
the  proportion of deep steam increases u n t i l  
almost a l l  steam was from deep boi l ing  br ine  
and the  C 1  contents of produced steam 
s t ab i l i ze s .  

The plateau i n  C 1  contents,  which d i f f e r s  
i n  concentration i n  d i f f e ren t .we l l s  and 
d i f f e ren t  zones, may r e f l e c t  the  equilibrium 
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concentrations of HC1 boiled from br ines  of 
d i f f e r e n t  temperature, pH, or C1 content. 
The ca lcu la t ions  of Haizlip and Truesdell 
(1988) show t h a t  100 ppm HC1 could o r ig ina t e  
from bo i l ing  a t  350% of br ine  with 20,000 ppm 
C 1  ( l i k e  seawater) and pH near  5 or with 
100,000 ppm C l  and pH near 6. 
l i k e l y  buffered by f e l d s p a r q i c a  reactions t o  
values near 6 so t he  more concentrated br ines  
a r e  indicated. A t  3OO0C only 10 ppm C1 would 
be generated from these brines,  suggesting 
higher temperatures i n  agreement with deep 
dr i l l -ho le  r e su l t s .  

Variations of  CL concentrations with t i m e  

pU i s  most 

(e.g., Figs. 3-51 suggest t h a t  drying of much 
of c e n t r a l  Larderello and p a r t s  of western 
Larderello occurred i n  1955-1960 and t h a t  
drying of  p a r t s  of  t he  northern zone occurred 
i n  1960-1965. 
1970 (SP1 i n  Fig. 3) show moderately high 
i n i t i a l  C l  and  rap id  increase suggesting a 
small amount of  i n i t i a l  low-cl steam from near 
wellbore l i qu id  t h a t  was quickly exhausted. 
Within these zones there  i s  apparently rapid 
l a t e r a l  steam flow and high l a t e r a l  permeabil- 
i t y .  
could ind ica te  d e t a i l s  of connectivity between 
w e l l s  within zones and i n  interzone areas.  

THE EFFECT OF WATER INJECTION AND DRILLING 
WATER LOSS 

Wells s t a r t i n g  production a f t e r  

More de t a i l ed  examination of steam C 1  

Drying of l a rge  p a r t s  of t he  Larderello 
reservoi r  has resu l ted  i n  low steam flow and 
e l e c t r i c i t y  production with l a rge  amounts of  
heat l e f t  i n  t he  reservoir.  This addi t iona l  
hea t  may be exploited through in j ec t ion  of 
addi t iona l  water t o  increase pressure and 
steam flow (Cappetti  e t ' a l . ,  1982). 

Water was introduced i n t o  t h e  Larderello 
reservoi r  both as in jec ted  condensate from 
cooling towers and also from l o s t  c i r cu la t ion  
during d r i l l i n g  of new w e l l s .  
changes i n  C1  t o  these events i s  complicated 
because r e in j ec t ion  and new d r i l l i n g  were p a r t  
of a program f o r  the  rejuvenation of t h e  
Larderello f i e l d  and both s t a r t e d  a t  about 
t he  same time (Cappetti  e t  a l . ,  1982; Bcrtrami 
e t  a l . ,  1985). The wel l s  chosen for study are 
away from areas  of  na tu ra l  recharge and vater 
introduced by t h i s  means is not a considera- 
t ion.  We have shown on Figures 3 and 4 
approximate t i m e s  o f  t he  s t a r t  of i n j ec t ion  
of cooling tower condensate and, f o r  t h e '  
c e n t r a l  a rea ,  t h e  time when breakthrough o f  
steam generated from'injected condensate was 
detected i so top ica l ly  (D'Amore e t  al . ,  1987). 

Relating 

Although exact timing of l iqu id  introduction 
i s  not ava i lab le ,  the  general  correspondence 
of sudden decrease i n  steam C1 contents with 
l i qu id  in j ec t ion  and, f o r  t h e  c e n t r a l  zone, 
with breakthrough of  steam from in jec ted  
l iqu id  a r e  i n  reasonable agreement. 
suggest t h a t  introduction of  l i qu id  produced 
the  C1  decrease through the  ac t ion  of newly 
generated Z o r C l  steam and l iqu id  i t s e l f .  

The d a t a  



Mixing of new 1 o r C l  steam may explain the  
da ta  f o r  some w e l l s  i n  which the  decrease was 
small or temporary, perhaps r e su l t i ng  from a 
shor t  period of water introduction (as from 
nearby d r i l l i ng ) .  

\ Wells with la rge ,  permanent ( a t  lease: t o  
1986) decreases i n  C 1  a r e  apparently a f fec ted  
not only by the  introduction of l o w 4 1  steam 
but a l s o  of l i qu id  t h a t  scrubbed C 1  from deep 

The mechanism of l i qu id  introduction 
i s  suggested by the  simulations of  Calore e t  
e l .  (19861, which indicated t h a t  in jec ted  
l iqu id  moves mostly v e r t i c a l l y  downward unless 
i t  encounters lower permeabili ty t h a t  causes 
l a t e r a l  spreading. A t  Larderello t h i s  l a t e r a l  
spreading of l i qu id  would be expected t o  occur 
a t  t he  bottom of the  two-phase vapordominated 
reservoi r  where increased permeability from 
mineral so lu t ion  by downward-flowing conden- 
s a t e  gives way t o  decreased permeabili ty from 
mineral p rec ip i t a t ion  by bo i l ing  brine.  
(Pruess e t  a l .  (1987) also suggest decreased 
permeability a t  t h i s  location.)  I f  t h e  
cont ras t  i n  permeability is s u f f i c i e n t l y  
g rea t ,  l i qu id  could be ca r r i ed  t o  some 
d is tance  from i t s  source. Direct introduction 
of l i qu id  would scrub C 1  from deep steam and 
e l imina te  superheating a t  l e a s t  loca l ly .  
After t he  steam l e f t  the  l i qu id  it  might again 
become superheated, but i t  would no longer 
have a supply of HCl .  
produced steam ttfus depends on the  quant i ty  
and loca t ion  of  introduced l i qu id  and also on 
d e t a i l s  of l a t e r a l  and v e r t i c a l  permeabili ty 
within the  reservoi r .  Quantitative study of 
t he  C 1  da t a  along with d e t a i l s  of i n j ec t ion  
and d r i l l i n g  and of o the r  r e se rvo i r  observa- 
t ions ( in te r fe rence  f o r  example) could provide 
information about reservoi r  s t ruc tu re  a t  t he  
bottom of t h e  vapordominated 20 

The behavior o €  C 1  i n  

' 

it processes sugges 
rde re l lo  steam a r e  

i l l u s t r a t e d  by Figure 6. 
telescoped i n  time and space showing on t h  

This cartoon is 

a tu re s  a r e  not shown but must include a rela- 

t i v e l y  s teep  gradient between the  pa r t  of t he  
brine t h a t  is i n i t i a l l y  above 35OoC and the  
25OoC vapordominated reservoir.  The high-Cl 
steam mixes i n  the  dr ied  zone with l o r C l  
steam (from l a t e r a l  flow) and flows t o  the 
w e l l .  
w e l l  bottom i s  e n t i r e l y  dry and l o r C l  steam 
t h a t  w a s  once sa tura ted  has become superheated 
before mixing. Thus, no scrubbing of  ch lor ide  
occurs and t h e  well  produces more o r  l e s s  d i l -  
uted high-C1 steam. Before the  dr ied  zone 
encountered the  deep brine,  Cl i n  steam from 
the  br ine  would have been scrubbed by conden- 
s a t e  i n  the  r e se rvo i r  and would have cont r i -  
buted steam but not Cl t o  t he  production. 

The path from the  boi l ing  br ine  t o  t h e  

Htsh-CI - 3S5C 

Figure 6. 
influencing ch lor ide  concentrations i n  steam. 

Cartoon of  reservoi r  processes 

On the  r i g h t  s ide  of the cartoon is  shown a 
plume of  l i qu id  (and sa tura ted  steam) from an 
i n j ec t ion  w e l l  o r  c i r cu la t ion  l o s t  during 
d r i l l i n g .  Saturated steam from vaporization 
of l i qu id  cont r ibu tes  t o  the  mixture of high- 

l i t y  a t  t he  base of  t he  
apordominated r e se rvo i r  above t h e  lorperme-  

o r ig ina l  br ine  in t e r f ace  (a t  the  
f t he  cartoon). This l i qu id  water h a s  
ountered the  dr ied  zone and i s  about 

When t h i s  happens steam from 
t o  overtake the  high-Cl steam r i s i n g  from t h e  
boi l ing  brine.  
t he  high-C1 br ine  w i l l  become sa tura ted  and C 1  
w i l l  be scrubbed i n t o  the  l iquid.  

1 contents. I f  t h e  

k l l  of these  proces- 
these processes 

oms of most w e l l s  at 
t t h a t  none of t h e  

physical charac ter is  t i c s  of t he  produced 
stea? would ind ica te  t h e i r  occurrence. 

- 135 - 



FURTHER IMPLICATIONS OF THE MODEL 

The general  drying of the  Larderello 
reservoi r  indicated by the  appearance of  C 1  
i n  produced steam has fu r the r  implications 
f o r  t he  exp lo i t a t ion  of the  f i e l d  and explains 
some observations t h a t  were poorly understood. 
A negative implication i s  t h a t  f o r  much of  t he  
f i e l d  (where high s t ab i l i zed  C 1  concentrations 
occurred) t he  supply of  s tored  l i qu id  i n  the  
condensate and vapordominated zones of  t h e  
reservoi r  has been exhausted. 
o f  t h i s  stored l i qu id  provided t h e  e a r l y  high 
flows of low-temperature steam described by 
D'Amore and Truesdell  (1979). A more p o s i t i v e  
implication is t h a t  t he  s t ab i l i zed  flow of 
wel l s  with high C 1  comes from t h e  boi l ing  of  a 
deep brine. 
expected t o  be a more s t a b l e  source than 
evaporation of l i qu id  i n  e i t h e r  t he  r e l a t i v e l y  
t h i n  condensate zone or t he  o r i g i n a l l y  r a the r  
dry  vapor-dominated zone. 
t he  long-term increase i n  average steam 
temperature a t  Larderello i s  simply the  r e s u l t  
of progressive drying of low-temperature 
sources of steam and possibly by t h e i r  
replacement by higher temperature steam from 

The evaporation 

Boiling of  deep br ine  might be 

Using t h i s  model 
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Table 1. Physics1 and Chemical Data f o r  Typical Wells in  Upflow 
Areas of Larderello 

Average Steam (ppm) 
Well Max. Steam Depth Period C 1  H3BO3 NH3 

Temp., ('C) (m) 

V C l O  260 >1600 
Q1 250 X O O O  

PUNT 250 >lo00 

LA57 248 '500 
SPl 2 50 >loo0 
LA56 237 -500 
FAB 240 '600 
G 1  242 >loo0 
G6 250 100 
G9 237 ' 9 8 0  
LA152 245 >lo00 

42 255 >too0 

LA80 240 aoa 

1976-84 LS-CL 335t29 
1970-84 30% 430SO 
1977-84 7 2 q  487S4  
1973-85 37% 35236  
1970-83 39% 344Q6 
1970-83 3 7 9  33032  
1973-86 36s 340210 
1973-83 1 2 9  25795  
19 76-83 8 9  199PO 
1977-84 1921 27637  
1973-84 1 0 9  20696  
1978-85 9 9  21lt32 
1976-84 40% 362S7 

130210 
116t18 
90 3 

103 t16 
125 27 
118tl7 
1 0 9 t l l  
141217 
240tlO 
168t12 
2 0 9 9 7  
19027 
100210 

Table 2. Typical Steam Chemistry f o r  Wells from Table 1 

es) tCH2S) t(R2) 

(1980, 6 th  Stanford Res. Eng. Workshop). 
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