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Introduction 

Most Larderel lo  wells produce superheated 
stem, with a noncondensible gas  content of 3-10 
percent by weight, o f  which typ ica l ly  95 percent 
c o n s i s t s  of C02 (D'Amore and Truesdell,  
1984). 
deplet ion da ta  a r e  ava i lab le  t h e  gas  content of 
t h e  discharge shows remarkably small temporal 
var ia t ions .  
changes by no more than 10 t o  20 percent over 
severa l  decades, and t h e r e  a r e  only few wells 
where gas content changes by a s  much as s fac tor  
o f  3, rrhich is still a ra ther  modest change. In 
many wells there  is a tendency fo r  gas content t o  
increase f o r  several  years, then s t a b i l i z e ,  and 
eventually decrease (Ses t in i ,  1970; D' Amore and 
Truesdell,  1979; Calore et al., 1982). 

For most wells f o r  which long-term 

In many cases t h e  gas-steam r a t i o  

The present paper is concerned with t h e  
o r i g i n  of C02 i n  t h e  Larderello discharges 
from a rese rvo i r  engineering point of v iew.  
Spec i f ica l ly ,  we consider t h e  question of f l u i d  
reserves (water and C02) a t  Larderello, and 
we car ry  out numerical simulations t o  obtain 
ins igh t  i n t o  temporal t rends  of C02 released 
from ideal ized models of vapor-dominated systems. 
Important cons t ra in t s  i n  t h e  modeling arise from 
observed temperatures and en tha lp ies  at Larderello. 
Discharge enthalpies  a r e  generally c l o s e  t o  those 
of sa tu ra ted  steam near 25OoC (2.8 MJ/kg), with 
aome degree of superheat which tends t o  increase 
with time. Flow rates of  most wells decrease 
rapidly during t h e  f i r s t  few years of production 
and subsequently decl ine very slowly (Sest i n i ,  
1970; Weres et al., 1977; D'Amore and Truesdell,  
1979). 

Fluid Reserves 

Total cunulat ive f l u i d  production from t h e  
Larderello rese rvo i r  is large. Extrapolating da ta  
given by S e s t i n i  (1970) we est imate t h a t  approxi- 
mately 400 x lo9 kg of f l u i d  have been extracted 
t o  da te  from t h e  c e n t r a l  zone of Larderel lo  
which covers an area of approximately 20 km . 
On t h e  bas i s  of t h i s  l a r g e  cumulative production, 
it has been concluded by several authors t h a t  
moat of t h e  f l u i d  reserves were o r i g i n a l l y  i n  
place i n  l iqu id  form, because s torage of such 
f l u i d  q u a n t i t i e s  i n  vapor form would require  an 
unreasonably l a r g e  reservoir  thickness  (James, 
1968; Nathenson, 1975; Weres et a l . ,  1977). In 
order  t o  ca lcu la te  spec i f ic  f lu id  depletion 
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( i .e . ,  mass of f l u i d  extracted per uni t  rese rvo i r  
volume), it is necessary t o  estimate t h e  average 
thickness  of t h e  productive formations, and t o  
allow f o r  t h e  fac t  t h a t  t o t a l  drainage a rea  w i l l  
be l a rger  than t h e  well f i e l d  area. Adopting a 
value h = 1 km f o r  reservoir  thickness ,  and 
taking a conservative fac tor  2 f o r  rese rvo i r  
volume t o  account f o r  production from grea te r  
depth, or from outside t h e  d r i l l e d  area,  we 
obtain a s p e c i f i c  depletion t o  da te  of approxi- 
mately 10 kg/m3. For an estimateU porosi ty  
o f  < 5 percent,  t h e  vapor i n  p lac t  is '1 
kgh? ( f o r  a vapor densi ty  of pV * 20 
kg/m3 a t  25OOC). I f  10 kg/m3 of f l u i d  a r e  
extracted from boi l ing l iqu id  (with a densi ty  
o f  PE % 800 kg/m3 a t  250°C), then1 t h e  
corresponding decrease i n  l iqu id  sa tura t ion  
is AS& = 0.25. From these  conaidbrations ne 
conclude t h a t  i n i t i a l  (pre-exploitation) l i q u i d  
sa tura t ion  i n  t h e  Larderello rese tvo i r  has t o  
have been no less than SE = 0.25. 

Let u s  now t u r n  t o  t h e  question of CO2 
reserves. 
f l u i d s  produced i n  Larderello is kc = 5 
percent by mass, with most indivibual wells 
f a l l i n g  i n  t h e  range o f  3% i Xc 5 10%. 
Could t h e  produced C02 have been @tored i n  
t h e  o r i g i n a l  rese rvo i r  f luid? I h  Figure 1 we 
have p lo t ted  C02 masa f rac t ions  o f  two-phase 
mixtures as a function of  l iqu id  gaturat ion,  with 
C02 p a r t i a l  pressure Pc as parameter (tempera- 
ture 250OC). It is seen t h a t  f o r  a given 
p a r t i a l  pressure of C02, t h e  C02 qontent of 
two-phase f lu id  decreases rapidly with increasing 
l i q u i d  saturat ion.  
dependent. I f  temperature is increased t h e  CO2 ' 
content o f  t h e  vapor phase diminishes, while t h a i  
o f  t h e  l iqu id  phase increases. 
sa tu ra t ions  0.2 i St 5 0.5 these phase d i s t r i -  
bution e f f e c t s  tend t o  cancel out ,  so t h a t  Cop 
content is determined mostly by p a r t i a l  pressure t  
with l i t t l e  temperature dependence. 
lowest value of l iqu id  sa tura t ion  which is 
compatible with cunulat ive f lu id  production t o  
da te ,  SQ = 0.25, an average Co;! content of 
Xc = 5-percent requires  a c O ~  p a r t i a l  pressure 
of Pc - 15 bars. Such p a r t i a l  pressures a r e  
inconsis tent  with f i e l d  measuremeots of pressure$ 
and temperatures a t  Larderello. Indeed, i n  zone$ 
which had not been heavily exploited t h e  observedl 

The average C02 content of t h e  
I 
' 

The e f f e c t s  ate temperature 

A$ intermediate 

For t h e  

temperatures md pressures cor res  
c lose ly  t o  t h e  saturated vapor pr 
water, Pv Psat (TI,  indicat ing t h a t  CO2 
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p a r t i a l  pressure i s  smal l  (perhaps P, = 1-2 
bars) .  From t h i s  we conclude t h a t  on ly  a smal l  
f r a c t i o n  o f  the  produced C02 a t  La rdere l l o  
cou ld  have been o r i g i n a l l y  stored i n  t h e  reser-  
v o i r  f l u i d s .  
have been suppl ied e i t h e r  by an ex te rna l  source 
(presumably located a t  greater  depth), or by an 
i n t e r n a l  source (i.e., a minera l  b u f f e r ) .  

Most o f  t h e  produced C% has t o  

Numerical Simulat ions 

The conclusion reached above about t h e  
o r i g i n  o f  C02 i n  Lardere l l o  discharges i s  
supported by r e s u l t s  o f  numerical  s imulat ions. 
The s imulat ions demonstrate conc lus ive ly  t h a t  
C02 concentrat ions m d  t rends i n  produced 
f l u i d s  can not  be explained i n  terms o f  C02 
content i n  place i n  the  o r i g i n a l  r e s e r v o i r  
f l u i d s .  Before discussing t h e  numerical r e s u l t s  
i t i s  appropr ia te  t o  descr ibe the  general p a t t e r n  
o f  C02 concent ra t ion change expected from 
two-phase f low and phase change phenomena. 

re levan t  t o  vapor-dominated systems, t h e  amount 
o f  C02 present i n  a u n i t  volume o f  gas phase i s  
l a r g e r  by a f a c t o r  o f  about 3 than the  mount  
d isso lved i n  a u n i t  volume o f  l i q u i d  phase (see 
F igure 2). 

For temperature and pressure condi t ions 

A f t e r  dep le t ion  o f  a b lock o f  porous 

La rdere l l o  wel ls,  i t  i s  apparent t h a t  the  simu- 
l a t e d  changes i n  C02 concentrat ions are stronger 
and occur more r a p i d l y  than are genera l ly  observed 
i n  t h e  f i e l d .  We do not consider t h i s  a seriours 
shortcoming o f  t h e  simulat ion. Observed C02 
concentrat ions i n  the  f i e l d  represent an average 
o f  f l u i d  discharges from many m a t r i x  blocks. AB 
the  drainage volume o f  a w e l l  expands with time, 
m a t r i x  b locks a t  greater  d is tance from t h e  w e l l  
w i l l  c o n t r i b u t e  increas ing C02 concentrat ions, 
wh i le  mat r i x  b locks near t h e  w e l l  w i l l  d ischarge 
f l u i d s  of d e c l i n i n g  C02 content. 
p o s i t i o n  o f  these e f f e c t s  i s  expected t o  d imin ish 
and slow dorm C02 concent ra t ion dhanges i n  
comparison t o  t h e  s i n g l e  block response shown i n  
F igure 3,  g i v i n g  a response more compatible with 
f i e l d  data. 

The super- 

A more ser ious problem w i t h  the  simulated 
CO2 t rends i s  t h e  absolute magnitude o f  C02 
mass f rac t ion ,  which i s  smal ler than t y p i c a l  
f i e l d  values by a fac to r  o f  20-301. 
s imu la t ion  we used a COS p a r t i a l  pressure o f  1 
bar. In order t o  ob ta in  C02 mass f r a c t i o n s  i n  
t h e  range o f  5-8 percent, as obsarved i n  the  
f i e l d ,  we would r e q u i r e  unreasonably l a r g e  
p a r t i a l  pressures. A l t e r n a t i v e l y ,  we could  
modify r e l a t i v e  permeabi l i ty  paraheters, or  
in- p lace l i q u i d  saturat ions,  t o  enhance gas phase 
f l ow i n  cornoarison t o  l i a u i d  f low i n  the  matr ix.  

I n  t h e  

rock i s  i n i t i a t e d ,  t h e  l i q u i d  sa tu ra t ion  & r e r a l l y  (For the  cond i t i ons  chosen i n  t h e  simulat ion, t h $  
tends t o  decrease because of boiling. This  en- gas phase conta ins i n i t i a l l y  apprbximately 5 
hances gas phase m o b i l i t y  ( r e l a t i v e  pe rmeab i l i t y ) ,  percent C02 by mass.) 
causing C02 concentrat ions i n  t h e  f l u i d s  d i scharged to  o ther  problems, which are discussed below. 
from rock m a t r i x  b locks t o  r i s e .  However, the  
b o i l i n q  l i q u i d  i s  l e s s  r i c h  i n  cos than the  i n i t i a l  

However, t h i s  g ives r i s e  

I 
The most ser ious f a i l u r e  o f  t h e  s imu la t ion  ~ 

gas phese, -so t h a t  C02 concentrat ions i n  t h e  gas 
phase dec l ine  dur ing deplet ion. This e f f e c t  
slows down the  increase i n  discharged C02 
concentrat ions brought about by enhanced gas 
m o b i l i t y ,  and eventua l ly  reverses the  trend, 
causing discharged C02 concentrat ions t o  
decl ine. Therefore, the  combination o f  two-phase 
f low and phase change e f f e c t s  i s  expected t o  
y i e l d  C02 t rends compatible with f i e l d  observa- 
t i o n s  f o r  many Lardere l l o  wel ls:  m i n i t i a l  
pe r iod  o f  increas ing COP concentrations, 
fo l lowed by a pe r iod  o f  approximately constant 
composition, and an eventual  dec l i ne  i n  C02 
concentrat ions. 

The general  t rends described above are borne 
out by nuner i ca l  s imulat ions. We have used the  
H2O/CO2 vers ion o f  Lawrence Berkeley Laboratory 's 
general purpose s imulator  MULKOM (Pruess, 1983a; 
O'Sul l ivan e t  al., 1983) t o  study f l u i d  discharges 
from porous m a t r i x  b locks o f  low permeabi l i ty .  
The s imulat ions were made w i t h  the  method of  
m u l t i p l e  i n t e r a c t i n g  cont inua (MINC; Pruess and 
Narasimhan, 19821, and d i f f e r e n t  l e v e l s  o f  space 
d i s c r e t i z a t i o n  were used t o  v e r i f y  t h a t  s p a t i a l  
t r u n c a t i o n  e r r o r s  were neg l ig ib le .  F igure 
3 shows simulated C02 t r a n s i e n t s  for f l u i d  
discharge from a porous cube o f  50 m s ide  leng th  
w i t h  parameters g iven i n  Table 1. 
t i o n  r a t e  spec i f ied,  t o t a l  block dep le t ion  takes 
51.9 years. 
almost a f a c t o r  o f  3 f o r  the  f i r s t  f i v e  years, 
and subsequently dec l ine,  as expected. 
these r e s u l t s  with t y p i c a l  f i e l d  data f o r  

A t  the produc- 

C02 concentrat ions increase by 

Comparing 

occurs with regard t o  f lowing enthalpy. 
shows t h a t  i n i t i a l  discharge enthalpy i s  as low 
as 1.07 MJ/kg. 
are requi red before enthalpy appaoaches a value 
o f  2.8 MJ/kg which i s  compatible w i t h  f i e l d  
obervations. 
ant ic ipated.  
because o f  the  low mat r i x  block germeabi l i ty  a 
s t rong conductive enhancement o f  f lowing entha l  
would take place, so t h a t  superhmted vapor wou 

i n  t h e  mat r i x  (Pruess, 198%). I n t e r e s t i n g l y ,  
however, the  presence o f  COP suplyresses t h e  
mechanism o f  enthalpy enhancement described by 
Pruess (1983b). As discharge from t h e  mat r i x  
b lock  i s  i n i t i a t e d ,  a gradient i r u  C02 p a r t i a l  
pressure i s  estab l ished i n s i d e  the  matr ix  block, 
which i s  e n t i r e l y  s u f f i c i e n t  t o  d r i v e  mass f l u x  
a t  the desired r a t e  o f  f l u i d  discharge. 
pe r iod  o f  severa l  years the  gradient o f  vapor 
pressure remains n e g l i g i b l y  smal l  i n  comparison 
t o  the  grad ient  o f  C02 p a r t i a l  prkssure. 
Therefore, temperature grad ients  i n s i d e  the 
m a t r i x  b lock  are a l so  very small, and conduct ive 
enhancement o f  f lowing enthalpy i s  neg l ig ib le .  

F igure 3 

Approximately 6 years o f  discharge 

This enthalpy behavior was not 
Rather, we had e x p v t e d  t h a t  

be discharged even as l i q u i d  i s  mbbi le and 

For a 

The on ly  way t o  ob ta in  discharge entha lp ies 
near 2.8 MJ/kg i s  t o  ad just  parameters i n  such 8 
way t h a t  l i q u i d  i s  immobile i n  the  matr ix.  How- 
ever, i n  s imulat ions w i t h  immobile l i q u i d  we 
i n v a r i a b l y  ob ta in  a r a p i d  dec l ine o f  CO2 con- 
cen t ra t ions  w i t h  time, caused by d i l u t i o n  o f  
t h e  gas phase from b o i l i n g  l i q u i d .  
pe r iod  requi red t o  deplete the  o r i g i n a l  gas 

Over the t ime 
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phase i n  place, C02 concentrat ions dec l ine by a 
f a c t o r  o f  approximately 30. 

The conclusion from these s imulat ion s tud ies  
conf i rms the  r e s u l t  from t he  analys is  o f  f l u i d  
reserves, above. Namely, the  concentrat ion and 
t rends o f  C02 i n  Lardere l l o  discharges can not  
be explained by assuming t h a t  produced C02 
o r i g i n a t e s  from t he  reservo i r  f l u i d .  

Minera l  Bu f fe r  for CO2 

The discussion o f  f l u i d  reserves and the  
nuner i ca l  s imulat ion r e s u l t s  g iven above i n d i c a t e  
t h a t  most o f  t h e  C02 produced a t  La rdere l l o  
o r i g i n a t e s  e i t h e r  from ex te rna l  or from i n t e r n a l  
(minera l  b u f f e r )  sources. We consider the  
ex te rna l  source hypothesis (CO2 suppl ied from 
beneath the  main r e s e r v o i r )  t o  be ra the r  improb- 
able. Observed temporal va r ia t i ons  i n  C02 
content o f  discharges are genera l ly  smal l  over 
several  decades, wh i le  f low ra tes  o f  i n d i v i d u a l  
we l l s  o f t e n  chmge by sn order o f  magnitude or 
more. 
would be d i f f i c u l t  t o  exp la in  i n  a model w i t h  
ex te rna l  source, whi le  i t  fo l l ows  n a t u r a l l y  when 
a minera l  b u f f e r  i s  assumed. 

The r e l a t i v e  constancy o f  COP content 

Several authors have suggested t h a t  non- 
condensible gas concentrat ions i n  geothermal 
reservo i rs ,  and i n  p a r t i c u l a r  C02 p a r t i a l  
pressures, are c o n t r o l l e d  by e q u i l i b r i u n  reac- 
t ions  i n v o l v i n g  mineral  assemblages ( Giggenbach, 
1981; Cavarre t ta  e t  al., 1982; Arnorsson e t  al., 
1983; Giggenbach, 1984). 
(1982) showed t h a t  the  C02 p a r t i a l  pressures a t  
La rdere l l o  and Serrazzano are c lose  t o  equ i l i b r ium 
f o r  t h e  reac t ion  

Cavarret ta e t  a l .  

2 c l i n o z o i s i t e  + 3 quar tz  + 2 c a l c i t e  

(1) = 3 p rehn i te  + 2 C O P  

Fol lowing these authors we have considered a 
dep le t ion  model with a minera l  b u f f e r  as g iven by 
Equation (1).  
k i n e t i c  r a t e s  o f  reac t ions  such as (1).  
adopted a f i r s t  order r a t e  law ad hoc, assuming 
t h a t  the  v o l u n e t r i c  r a t e  o f  CO2 re lease from 
minerals i s  p ropor t i ona l  t o  t h e  d i f fe rence  
between equ i l i b r ium and ac tua l  p a r t i a l  pressure 

Very l i t t l e  i s  known about the  
We have 

o f  c02: 

(2) 

An i n t e r n a l  CO2 source as g iven by Equation (2)  
was incorporated i n t o  the  MULKOM simulator.  It 
i s  be l ieved t h a t  the  minera l  b u f f e r  reac t ion  
Equation (1) can on ly  proceed i n  the  presence o f  
l i q u i d  water. 
a should go t o  zero for Sa + 0. 
i n t o  account i n  our s imulat ions by rep lac ing  
a + a Sg/0.05 for Sg < 0.05. The temperature 
dependence o f  PEqis expressed by an emp i r i ca l  
fit t o  data f o r  the  reac t ion  (11, which were 
provided t o  US by G i m e l l i  ( p r i v a t e  communication, 

Therefore, t h e  r a t e  constant 
This i s  taken 

1984). The r e l a t i o n s h i p  i s :  

l o g  P:q = 1.437 x lo-* T - 1.4 x 1'- 2.81 (3) 

Reaction (1)  and Equation (3 )  are considered 
v a l i d  i n  the  250-350°C temperature range and f O E  
t h e  deeper l a y e r s  o f  the  r e s e r v o i r  (metamorphic 
basement) o f  Lardere l lo .  Lacking more d e t a i l e d  
in fo rmat ion  on poss ib le  minera l  b u f f e r s  i n  
d i f f e r e n t  p a r t s  o f  the  r e s e r v o i r  and i n  d i f f e r e n t  
temperature ranges, a t  present we have assumed 
t h a t  a r e l a t i o n s h i p  l i k e  Equation ( 3 )  cou ld  be 
considered v a l i d  for t he  e n t i r e  deservoir  and i n  
a wider temperature range (200°C < T 35OOC). 

temperature i n t e r v a l  200°C i T 5 3OO0C the  
r a t i o  o f  e q u i l i b r i u n  p a r t i a l  pregsure o f  Cop, 
as pred ic ted by Equation 
vapor pressure i s  p r a c t i c a l l y  codstant. 
have 

It i s  i n t e r e s t i n g  t o  note t h a t  over the  

(31, t o  the  saturated 
We 

Pzq ( T I  
- p j  = 0.0204 2 0.61 (4) 

sat  

From t h i s  i t  fo l l ows  t h a t  e q u i l i b r i u n  C02 masa 
f r a c t i o n s  i n  vapor are independeat o f  temperature 
( for  2OO0C 5 T 5 3OO0C), i f  i n  f q c t  Cog p a r t i a l  
pressure i s  c o n t r o l l e d  by the  redc t ion  (1 ) .  

Using the  ab6ve model of- a f i n i t e  r a t e  
minera l  b u f f e r ,  we have simulated the dep le t ion  
o f  i n d i v i d u a l  ma t r i x  blocks. I n  tihe s imulat ions 
i t  was necessary t o  l i m i t  t ime sUeps t o  a modesti 
s a t u r a t i o n  change per t ime  step, lbecause o f  t h e  
dependence o f  b u f f e r  r a t e  upon l i q u i d  saturat ion.  
S imulat ion r e s u l t s  should be condidered i l l u s t r a -  
t i v e  o f  mechanisms r a t h e r  than qvan t i ta t i ve ,  
because o f  the  uncer ta in t i es  invd lved i n  t h e  
parameters for t he  minera l  buffe$. 

b u f f e r  was performed with the a d e  parameters 
i n  Table 1, except for i n i t i a l  P , which was 
assuned equal t o  the  e q u i l i b r i u n ~ v a l u e  at  24O'C 
(0.6798 x 105Pa). Binary d i f f u s j o n  was a lso  
inc luded i n  t h e  simulat ions. 
standard condi t ions (OOC, 1 atm.1 o f  Os = 1.38 
x 10-5 m2/s and a temperature and pressure 
dependence o f  the  type 

Simlat ion o f  b lock dep le t ion  w i th  mineral  

1 

A d i f f u s i v i y  a t  

with T = absolute temperature, were assumed 
(Perry,  1963). 

are shown i n  F igure 4. 
t o  d i f f e r e n t  values o f  the  r a t e  donstant a o f  
Equation ( 2  1. 

(m3*s.Pa)], t he  C02 content i n  the  produced 
f l u i d ,  a f t e r  an i n i t i s l  t rans ien t ,  reaches valuers 
which are comparable w i t h  those dbserved i n  the  

Some r e s u l t s  for simulated t(1ock dep le t ion  
The four  curves cor respmd 

k9/ 
-10 - 10-12 For h igh  values o f  a [ l o  
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f i e l d ,  but t h e  CO2 f rac t ion  remains p rac t ica l ly  
constant up t o  t h e  complete deplet ion of t h e  
block. With lower a values we obtain a t rend 
more s imi la r  t o  t h a t  observed i n  many Larderel lo  
wells, but t h e  maximum values are s i g n i f i c a n t l y  
lower than i n  t h e  f i e ld .  

Enthalpy rises f a s t e r  than i n  t h e  case  
without mineral buffer ,  and t h e  more rapid 
increases  are obtained with higher values of a. 
This is due t o  t h e  fac t  t h a t  CO2 generation 
tends t o  reduce Pc-gradient, so t h a t  conductive 
enthalpy enhancement is stronger. Diffusion a l so  
con t r ibu tes  t o  reduce t h e  Pc gradient.  

The i n i t i a l  values of CO2 concentration 
and enthalpy appear still too  low i n  comparison 
with real da ta  due t o  t h e  i n i t i a l  l iqu id  flow out  
o f  t h e  block, which i n  these  simulations is 
relatively high, an i n i t i a l  l iqu id  sa tura t ion  of  
0.8 being assumed. Higher i n i t i a l  values of 
both CO2 mass f rac t ion  and enthalpy a r e  obtained 
with a lower i n i t i a l  water sa tura t ion  (Figure 5 ) .  
Now t h e  CO2 content of t h e  produced f l u i d  does 
not show t h e  f a s t  decrease which occurred without 
mineral buffer.  
t i o n  used i n  t h i s  case ( 0 . 6 )  t h e  depletion time 
is still about 38 years. 

Figure 6 shows t h e  cumulative CO2 mass 
generat ion per un i t  volume a s  a function of 
d i s tance  from t h e  block surface f o r  t h e  four 
cases  of Figure 4. 
s u f f i c i e n t l y  smooth, but t h e  cases with higher 
a requ i re  a f i n e r  space d i sc re t iza t ion .  
curves show d i f f e r e n t  t rends  a t  short  d i s tances  
from t h e  block surface.  With a very high a, t h e  
s t rong  COP generation tends  t o  maintain every- 
where i n  t h e  two-phase zone a Pc c lose  t o  t h e  
equ i l ib r iun  value, preventing t h e  propagation of 
Pc drawdown ins ide  t h e  block. 
t h a t  s t rong generation r a t e s  occur i n  a narrow 
zone c lose  t o  t h e  sa tura t ion  f ron t  only. In such 
condit ions t o t a l  CO2 generation depends mainly 
on t h e  ve loc i ty  o f  sa tu ra t ion  f ron t  displacement. 
This ve loc i ty  increases as t h e  front  moves away 
from t h e  block surface,  due t o  t h e  decreasing 
l i q u i d  sa tura t ion  and t h e  consequent lower l iqu id  
flow from t h e  inner most p a r t s  o f  t h e  block. 
With low a, on t h e  contrary,  a s i g n i f i c a n t  
Pc gradient  is establ ished throughout t h e  block 
and CO2 generation begins very ea r ly  a l so  a t  
po in t s  d i s t a n t  from t h e  sa tura t ion  front.  
generation is always diffused over a r e l a t i v e l y  
l a r g e  volume. 

Moving away from t h e  block surface,  t h e  
period of CO2 generation increases  as drying 
occurs l a t e r ,  but t h e  average generation r a t e  
decreases due t o  t h e  lower average Pc drawdown. 
The e f f e c t  o f  t h e  increasing period of  generation 
preva i l s  at intermediate d i s tances  from t h e  block 
surface,  while t h e  decrease of average generation 
r a t e  general ly  p reva i l s  i n  t h e  innermost p a r t s  of 
t h e  block. 

With t h e  i n i t i a l  l iqu id  satura-  

In a l l  cases  t h e  curves a r e  

The 

The r e s u l t  is 

CO2 

Conclusions 

Overall mass balance considerat ions and 
numerical simulations of reservoir  depletion show 

t h a t  only a small f rac t ion  of t h e  CO2 produced 
i n  Larderello could have been or ig ina l ly  s tored 
i n  t h e  rese rvo i r  f lu id .  Most of t h e  produced 
CO2 was supplied e i t h e r  by an external  source, 
or  by an in te rna l  source ( i . e . ,  a mineral buffer) .  
The l a t t e r  p o s s i b i l i t y  appears more l i k e l y ,  
because of t h e  small temporal vadiat ions in CO2 
content of well discharges, even as  production 
r a t e s  change by la rge  amounts. 

Numerical simulations were performed t o  
study CO2 discharge from rocks o f  low perme- 
a b i l i t y ,  with a temperature-dependent p r e h n i t d  
c l i n o z o i s i t e  mineral buffer.  Siqulated dischartje 
c h a r a c t e r i s t i c s  were found t o  be in  approxi- 
mate agreement with typ ica l  CO2 t rends  observed 
for Larderel lo  wells. However, qbserved CO2 
concentrations tend t o  be somewhat l a rger  than 
t h e  simulated values, suggesting t h a t  addi t ional  
minerals a re  par t i c ipa t ing  in  buffering CO2. 
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Figure 1. C02 mass f rac t i on  i n  tlwo-phase 
f l u i d  as a funct ion o f  l i q u i d  saduration. 
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Figure 2. E f fec t i ve  density o f  GU2 i n  gas 
and l i a u i d  phases a t  a p a r t i a l  pressure o f  
Pc = 1 bar. 
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Figure 3. Simulated CO2 and enthalpy 
t r a n s i e n t s  fo r  f l u i d  discharge from a 
block of  low permeability. 
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t i o n  r a t e  constant of 10-10, 10-12, 10- 9 3 and t r a n s i e n t s  fo r  f lu id  discharge from a porous 

Figure 5 .  

block with C02 i n t e r n a l  source and i n i t i a l  
l i q u i d  sa tu ra t ion  o f  60%. 

Simulated CO2 and enthalpy 
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Figure 4. 
buffer  given by Equation (1) .  COP mess 
f r a c t i o n s  ( a )  and enthalpy (b) t r ends  f o r  t h e  ~ 

Block deplet ion model with mineral 
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Figure 6 .  
u n i t  volume fo r  t h e  four cases o f  Figure 4. 
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