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GAS SEOTIIERYOMETRY FOR DRILLHOLE FLUIDS FROH VAPOR D O M T N A I E D  AND HOT WATER GEOTHERYAL FIELDS 

F r a n c o  D ’ A m o r e  
IIRG-CNR, P i s a ,  I t a l y  

and 

A l f r e d  H. T r u e s d e l l  
U.S. G e o l o g i c a l  S u r v e y ,  Menlo P a r k ,  C a l i f o r n i a  

INTRODUCTION 

The c o m p o s i t i o n s  o f  steam from t h e  vapor-dominated  g e o t h e r m a l  s y s t e m s  o f  L a r d e r e l l o ,  I t a l y  and  The 
G e y s e r s ,  C a l i f o r n i a  h a v e  b e e n  shown by p r e v i o u s  i n v e s t i g a t o r s  t o  v a r y  w i t h  p o s i t i o n  i n  t h e  f i e l d  ( C e l a t i  e t  
al., 1 9 7 3 ;  F a n i c h i  e t  a l . ,  1 9 7 4 ;  D’Amore e t  a l . ,  1 9 7 7 ;  T r u e s d e l l  e t  a l . ,  1 9 7 7 ;  T r u e s d e l l  and  N e h r i n g ,  1 9 7 F  
yazor ,  1 9 7 8 ) .  
v a p u r - d o m i n a t e d  g e o t h e r r n a l  a r e a s  a r e  s t r o n g  i n c r e a s e s  or d e c r e a s e s  f rom t h e  c e n t e r  t o  t h e  e d g e s  o f  
c o n s t i t u e n t s  c a r r i e d  i n  t h e  s t e a m .  The p a t t e r n  o f  t h e s e  p a r a m e t e r s  i n  vapor-dominated  s y s t e m s  seem t o  be  
c o n t r o l l e d  m a i n l y  by a p r o c e s s  o f  l a t e r a l  s t e a m  movement and c o n d e n s a t i o n  (D’Amore and T r u e s d e l l ,  1 9 7 9 ;  Calore 
e t  a l . ,  1980).  

- 
The n o s t  c o n s p i c u o u s  chemi-atterns o b s e r v e d  i n t h e L a r d e r e l l o  and The G e y s e r s  

-- 
The C J Q d e n S a t i O n  p r n c e s s ,  a t  c o n s t a r i t  t e m p e r a t u r e  and t o t a l  p r e s s u r e  i n c r e a s e s  t h e  p a r t i a l  p r e s s u r e  of 

Cog a t  t h e  same r a t e  a s  t h e  g a s / s t e s i n  r a t i o ,  s t r o n g l y  a f f e c t i n g  t h e  c o m p o s i t i o n  o f  t h e  t o t a l  g a s  ( i n c l u d i n g  
s t e a m ) .  The c o n d e n s h t i o n  e f f e c t  s h o u l d  i n c r e a s e  c o n t e n t s  o f  C02, A2S, H2 and CH4 i n  t i e  r e s i d u a l  
steam t o  a b o u t  c h e  same d e g r e e  b e c a u s e  t h e i r  s o l u b i l i t i e s  a r e  s i m i l a r .  However, t h e  g e n e r a l  t r e n d  o b s e r v e d  i s  
a l m o s t  c o n s t a n t  r a t i o s  o f  1325, H2, CH4 t o  H z O  a s  t h e  C32/H20 r a t i o  i n c r e a s e s  i n  L a r d e r e l l o  a b o u t  
5-5 t i m e s  f rom t h e  c e n t e r  t o  t h e  e d g e s  a t  c o n s t a n t  t e m p e r a t u r e .  
and  H z S / C O z  r a t i o s  d e c r e a s e  w i t h  i n c r e a s i n g  C02/H20 r a t i o s .  
e x p l a i n  t h i s  b e h a v i o r  i s  r e a c t i o n  o f  t h e s e  t h r e e  g a s e s  w i t h  o t h e r  g a s e s  and w i t h  r e s e r v o i r  m i n e r a l s  so t h a t  
t h e  p a r t i a l  p r e s s u r e s  of t h e s e  g a s e s  a r e  b u f f e r e d  by t e m p e r a t u r e - d e p e n d e n t  r e a c t i o n s  with w a t e r  and rock 
m i n e r a l s .  

T h i s  means t h a t  t h e  ? i 2 ; C 0 2 ,  CH4/CO2, 
A p p a r e n t l y  t h e  o n l y  rnechanism t h a t  c a n  

GEO TH E RYON?E TE R S 

A s y s t e m  of a p p r o p r i a t e  e q u a t i o n s  i n v o l v i n g  H z O ,  C02, H2. CH4, H2S c a n  b e  set  up.  T a b l e  1 shows 
t h e  e q u a t i o n s  and t h e i r  e q u i l i b r i u m  c o n s t a n t s  a s  f u n c t i o n s  o f  t e m p e r a t u r e  i n  d e g r e e s  K e l v i n .  

E q u a t i o n  2 e x p r e s s e s  a p o s s i b l e  d o u b l e  o r i g i n  f o r  CH4, f rom c a r b o n  d i o x i d e  and f rom f r e e  c a r b o n  v i a  
h y d r o g e n  r e d u c t i o n .  F r e e  c a r b o n  a s  c a r b o n a c e o u s  m i n e r a l s  h a s  b e e n  found i n  c u t t i n g s  f r o m  w e l l s  a t  L a r d e r e l l o ,  
C e r r o  T r i e t o ,  an6  e l s e w h e r e .  Hydrogen  p a r t i a l  p r e s s u r e  c a n  b e  c a l c u l a t e d  f rom t h e  d i s s o c i a t i o n  r e a c t i o n  o f  
v a t e r  ( r e a c t i o n  l), by f i x i n g  t e m p e r a t u r e  and  oxygen f u g a c i t y .  

E q u a t i o n s  3 and  4 e x p r e s s  t h e  c o n t r o l  o f  s u l f u r  f u g a c i t y  by m a g n e t i t e ,  p y r i t e  and oxygen f u g a c i t y  and  t h e  
c o n t r o l  o f  H ~ S  p a r t i a l  p r e s s u r e  b y  s u l f u r  f u g a c i t y  and h y d r o g e n  p a r t i a l  p r e s s u r e .  
e q u i l i b r i u m  e q u a t i o n s  a r e  e s p r e s s e G  i n  f u g a c i t i e s  b u t  a t  t h e  r e l a t i v e l y  l o v  p r e s s u r e s  o f  g e o t h e r m a l  s y s t e m s  
c’oese a r e  e q u i v a l e n t  t o  p a r t i a l  p r e s s u r e s .  The term f u g a c i t y  i s  r e t a i n e d  h e r e  o n l y  f o r  oxygen and sulfur 
which  a c e  n o t  m e a s u r e a i l e  i n  t h e  w e l l  d i s c h a r g e s  b u t  i m p o r t a n t  i n  e x p r e s s i n g  r e s e r v o i r  c o n d i t i o n s .  

I n  g e n e r a l ,  g a s  

E q u a t i o n  5 e x p r e s s e s  t h e  p a r t i a l  p r e s s u r e s  o f  oxygen  d e t e r m i n e d  by t w o  e x t r e m e  oxygen b u f f e r  s y s t e m s :  

CaCQ3-CaS04-Fe304-FeS2-COz 

C-( FeS) -FeS~-Fe304-C02 

a n d  e q u a t i o n  6 t h e  f u g a c i t y  o f  s a t u r a t e d  steam. 
?;1CO2/Kgw a s  i n  e q u a t i o n  7. 

Assuming i a e a l  gas b e h a v i o r ,  PcO2 i s  a f u n c t i o n  of 

pco2 = P H ~ O  ( N 1 C 0 2  /Kgw)/ (55 .51  x 22.4) 

w h e r e  (N1C02/Kgw) i s  t h e  g a s / s t e a m  r a t i o  as  l i t e r s  o f  C02 at s t a n d a r d  c o n d i t i o n s  (STP) p e r  k g  of 
steam. 

( 7 )  

From e q u a t i o n s  1 t o  7 t h e  f o l l o w i n g  e q u a t i o n s  h a v e  b e e n  o b t a i n e d ,  r e l a t i n g  t h e  g a s  c o n p o s i t i o n  t o  t e m p e r a t u r e  
( O K )  and g a s f s t e a m  r a t io .  

l o g  ( P H ~ / P c ~ ~ )  = 4 - 3 4  - 2396/T - IOg (NICg2/Kgw) 

log  (PCH4/PC02) = 16.87  - 4318IT - 3.56 l o g  T - 112 l o g  (N1CO2/Kgw) 

IOg ( P H ~ S / P C O ~ )  = 1-71 ,  - 3024/T - 0 . 7 9  log T - i o g  (N1,-o2/KgW) 

log (Pf12/Pco2) = 5.52 - 3406/T - 1 1 2  log (N1co2/Kgw) 

log ( P ~ ~ s / ’ P c o ~ )  -i 8.92 - 4033.5/T - 0.79 log  T - 1 1 2  l o g  (N1Co2/KgW) 

E q u a t i o n s  11 and 1 2  m u s t  b e  c o n s i d e r e d  s e m i - e m p i r i c a l ,  b e c a u s e  t h e  Y 2 / C O %  and  Y2s/C02 p a r a m e t e r s  a r e  
a r b i t r a r i l y  t a k e n  a s  f u n c t i o n  of (P,-02)1/2 i n s t e a d  of PcO2 e q u a t i o n s  8 and 10. 
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The g e o t h e r m o m e t e r s  h a v e  b e e n  t e s t e d  o n  d a t a ,  r e p o r t e d  i n  t a b l e  2 ,  f rom t h e  I t a l i a n  f i e l d s  o f  T , a r d e r e l l o ,  
T r a v a l e ,  B a g n o r e ,  P i a n c a s t a g n a i o  and f rom The G e y s e r s ,  U.S.A. F o r  t h e  c e n t r a l  L a r d e r e l l o  ( " c l a s s i c " )  area,  7 0  
s a m p l e s  h a v e  b e e n  r a n k e d  f o r  i n c r e a s i n g  g a s / s t e a m  r a t i o .  T a b l e  3 shows t h e  t e m p e r a t u r e s  computed  f rom 
e q u a t i o n s  8, 11, 9 ,  1 0  and 1 2 .  E q u a t i o n  8 c a n  b e  u s e d  s a t i s f a c t o r i l y  f o r  t h e  I t a l i a n  g e o t h e r m a l  f i e l d s ,  
e x c e p t  where  t h e  g a s / s t e a m  r a t i o s  a r e  v e r y  h i g h  (more t h a n  50 l i t e r s  o f  g a s  p e r  k s  o f  s t e a m ) .  E q u a t i o n  9 
f a i l s  f o r  CH4/C02 r a t i o s  o f  more t h a n  0.05. I n  t h e  L a r d e r e l l o  and T r a v a l e  f i e l d s  o n l y ,  r e l i a b l e  r e s u l t s  
c a n  be  o b t a i n e d  c o m p u t i n g  t h e  a v e r a g e  o f  t h e  t h r e e  t e m p e r a t u r e s  c a l c u l a t e d  €ro>n e q u a t i o n s  8 ,  9 and 10. The 
most  r e l i a b l e  r e s u l t s ,  however ,  a r e  p r o v i d e d  by e q u a t i o n s  10 and 12. E q u a t i o n  1 2  i n d i c a t e s  r e a s o n a b l e  
t e m p e r a t u r e s  f o r  a l l  t h e s e  vapor-dominated  g e o t h e r m a l  f i e l d s .  

I n  f i g u r e  1, e a u a t i o n  1 2  i s  p l o t t e d  a t  s e l e c t e d  t e m p e r a t u r e s  a long  w i t h  t h e  a n a l y t i c a l  d a t a  for 
L a r d e r e l l o ,  The G e y s e r s  and T r a v a l e  f i e l d s  which e x h i b i t  a wide  r a n g e  o f  g a s / s t e a m  r a t i o s .  An a t t e m p t  h a s  
b e e n  made t o  a p p l y  e q u a t i o n  1 2  t o  all o f  L a r d e r e l l o  g e o t h e r m a l  f i e l d .  F i g u r e  2 s h o w s  & b e  computed  i s o t h e r m s  
a t  250 ,  225 ,  and 20OoC. The f u l l  c i r c l e s  i n d i c a t e  t e m p e r a t u r e s  o f  more t h a n  250012. The o n l y  w e l l s  shown 
a r e  t h o s e  f o r  which r e c e n t  (1978-1980)  d a t a  are a v a i l a b l e .  

RESERVOIR TEMPERATURE EVOLUTION OF SINGLE WELLS 

Well-head t e m p e r a t u r e s  o f  s i n g l e  w e l l s  c h a n g e  w i t h  t i m e  b u t  t h e s e  t e m p e r a t u r e s  a r e  a complex  f u n c t i o n  o f  
f l o w  r a t e  and d o  n o t  d i r e c t l y  i n d i c a t e  c h a n g e s  i n  r e s e r v o i r  t e m p e r a t u r e s .  The g a s  g e o t h e r m o m e t e r s  h a v e  b e e n  
a p p l i e d  t o  s t e a m  s a m p l e s  f rom wel l s  FBN and ALR i n  o r d e r  t o  d e f i n e  c h a n g e s  i n  b o t h  w e l l  and  r e s e r v o i r  
t e m p e r a t u r e s .  Both  t h e s e  w e l l s  a r e  s i t u a t e d  i n  t h e  c e n t r a l  p a r t  o f  t h e  L a r d e r e l l o  c l a s s i c  a r e a  and h a v e  
p r o d u c e d  s t e a m  f o r  a b o u t  4 0  y e a r s .  Gas /s tearn  r a t i o  and d r y  g a s  c o m p o s i t i o n  e v o l v e  w i t h  t i m e .  A s  a n  example ,  
t h e  e v o l u t i o n  o f  s t e a m  H2S c o n t e n t s  i n  d r y  g a s  f o r  w e l l  ALR and o f  g a s / s t e a m  r a t i o s  f o r  t h r e e  w e l l s  i n  
L a r d e r e l l o  i s  shown i n  f i g u r e s  3 and 4. 

I n  f i g u r e s  5 and 6 t h e  w e l l - h e a d  t e m p e r a t u r e ,  w e l l - b o t t o m  t e m p e r a t u r e  computed by t h e  m e t h o d s  d e s c r i b e d  by 
Nathenson  (19?5), and t h e  a v e r a g e  t e m p e r a t u r e  computed u s i n g  H2S,  112, CH4 g e o t h e r n o m ? t e r s  ( e q u a t i o n s  8, 
9 ,  and 10) a r e  p l o t t e d  a s  f u n c t i o n  of t i m e .  The a g r e e m e n t  o f  geothermometer  t e m p e r a t u r e s  w i t h  computed 
w e l l - b o t t o m  t e m p e r a t u r e s  i s  v e r y  good.  The i n c r e a s e  o f  t e m p e r a t u r e  i n  t h e  f i r s t  25 y e a r s  c o u l d  be  r e l a t e d  t o  
a c h a n g e  i n  t h e  s o u r c e  o f  s t e a m  f rom w e t t e r  t o  d r i e r  p a r t s  o f  t h e  r e s e r v o i r .  D u r i n g  p r o d u c t i o n ,  d e c r e a s e  o f  
p r e s s u r e  c a u s e s  t h e  f l a s h i n g  o f  t h e  l i q u i d  w a t e r  t o  s t e a m  and a d e c r e a s e  o f  t e m p e r a t u r e  ( T r u e s d e l l  and W h i t e ,  
1973) .  

A c o m p l e t e l y  d r y  s y s t e m  w i l l  h a v e  t h e  same t e m p e r a t u r e  w i t h  e x p l o i t a t i o n  and a c o n s t a n t  d e c a y  o f  f l o w  
r a t e .  The d e c r e a s e  o f  steam f l o w  r a t e  w i t h  t i m e  o b s e r v e d  a t  L a r d e r e l l o  i s  g e n e r a l l y  e x p o n e n t i a l  and o n l y  a 
c o n s i d e r a b l e  amount o f  l i q u i d  w a t e r  a t  s t a r t i n g  p r o d u c t i o n  c a n  e x p l a i n  t h i s  s t r o c g  d e c r e a s e  i n  f low r a t e  
d u r i n g  t h e  f i r s t  y e a r s  of  e x p 1 o i : a t i o n .  If t h e  g a s e s  r e t a i n  a memory of t h e  o r i g i n a l  r e s e r v o i r  t e m p e r a t u r e  
and a r e  n o t  g r e a t l y  i n f l u e n c e d  by t h e  r a p i d  d e c r e a s e  o f  t e m p e r a t u r e  c a u s e d  by f l a s h i n g ,  t h e  d i f f e r e n c z  b e t w e e n  
t h e  w e l l - b o t t o m  t e m p e r a t u r e  and t h a t  i n d i c a t e d  by g a s  g e o t h e r m o m e t e r s  s h o u l d  be  r e l a t e d  t o  t h e  r a t i o  o f  l i q u i d  
w a t e r  t o  r o c k  i n  t h e  p r o d u c i n g  r e s e r v o i r .  A s  shown i n  D'Amore e t  a l .  (1978)  f rom a n  a p p l i c a t i o n  o f  R c Z z 2  as 
t r a c e r ,  t h e  t r a n s i t  t i m e  of s t e a m  i n  L a r d e r e l l o  f rom t h e  t w o - p h K v a p o r - d o m i n a t e d  r e s e r v o i r  t o  t h e  w e l l  
b o t t o m  i s  o f  t h e  o r d e r  o f  a few d a y s .  T h i s  t r a v e l  t i m e  i s  t o o  s h o r t  t o  a l l o w  s i g n i f i c a n t  r e e q u i l i b r a t i o n  of 
g a s  r e a c t i o n s  a t  t h e  new t e m p e r a t u r e  c o n d i t i o n s .  

I n  f i g u r e  7 t h e  volume p e r  c e n t  o f  l i q u i d  w a t e r  i n  t o t a l  r o c k  i s  p l o t t e d  v e r s u s  t h e  d i f f e r e n c e  be tween t h e  
r e s e r v o i r  t e m p e r a t u r e  and w e l l - b o t t o m  t e m p e r a t u r e  a f € e c t e d  by f l a s h i n g  ( d a t a  f rom T r u e s d e l l  a n d  W h i t e ,  1973).  
The s t a r t i n g  t e m p e r a t u r e  t o  p l o t  t h e  d i a g r a m  i s  24OOC b u t  t h e  computed t e m p e r a t u r e s  d i f € e r e n c e s  a r e  also 
a p p r o x i m a t e l y  c o r r e c t  €or a s t a r t i n g  t e m p e r a t u r e  o f  a b o u t  25OOC. 

LIQUID WATER I N  THE RESERVOIRS OF LARDERELLO AND THE GEYSERS 

T a b l e  4 shows t h e  a p p r o x i m a t e  volume p e r  c e n t  o f  l i q u i d  w a t e r  i n  t h e  p a r t  o f  t h e  r e s e r v o i r  f e e d i n g  t h e  
w e l l s  ALR and FBN frorn 1 9 4 0  t o  1978,  computed a s  d e s c r i b e d  by T r u e s d e l l  a n 2  Whi te  (1973)  f r o m  d i f f e r e n c e s  i n  
t e m p e r a t u r e s  g i v e n  by t h e  H2S g e o t h e r m o m e t e r  ( e q u a t i o n  1 2 )  and t h e  w e l l - b o t t o m  t e m p e r a t u r e s  c a l c u l a t e d  
a c c o r d i n g  t o  Nathenson  ( 1 9 7 5 ) .  The d i f f e r e n c e s  be tween t h e  bot tom-hole  t e m p e r a t u r e s  and  a c o n s t a n t  r e s e r v o i r  
t e m p e r a t u r e  o f  255OC are a l s o  g i v e n .  

A s  t h e  f l o w  r a t e  d e c r e a s e s ,  t h e  volume p e r  c e n t  o f  l i q u i d  w a t e r  i n  t h e  p r o d u c i n g  r e s e r v o i r  d e c r e a s e s  
r e g u l a r l y .  A f t e r  a b r o a d  maximum f rom 1 9 5 3  t o  1960,  t h e  computed t e m p e r a t u r e s  i n  r e s e r v o i r  and a t  t h e  w e l l  
b o t t o m  d e c r e a s e  m o d e r a t e l y  p r o b a b l y  d u e  t o  t h e  i n c r e a s i n g  c o n t r i b u t i o n  o f  t h e  s t e a m  d i r e c t l y  coming f rom 
f l a s h i n g  o f  d e e p  b r i n e .  The t e m p e r a t u r e  d e c r e a s e  i s  n o d e r a t e  b e c a u s e  s t e a m  t e m p e r a t u r e s  a r e  b u € f e r e d  by 
p a s s a g e  t h r o u g h  t h e  d r y  b u t  s t i l l  h o t  r e s e r v o i r .  Geothermometer  t e m p e r a t u r e s  a g r e e  w i t h  b o t t o m - h o l e  
t e m p e r a t u r e s  b e c a u s e  t h e  l ong  t r a n s i t  t i m e  h a s  a l l o w e d  r e e q u i l i b r a t i o n  o f  t h e  g a s e s .  ' , e n  t h e  steam 
t e m p e r a t u r e  s t a r t s  t o  d r o p ,  c h l o r i d e  i o n  i n  t h e  s t e a m  f o r  t h e s e  w e l l s  s t a r t s  t o  i n c r e a s e  s t r o n g l y .  T h i s  i s  
c o n s i s t e n t  w i t h  a c o n t r i b u t i o n  o f  s t e a m  coming f rom a c h l o r i n e - r i c h  w a t e r  s u c h  a s  t h e  h y p o t h e s i z e d  d e e p  
b r i n e .  The f l o w  ra te  c o n t i n u e s  t o  d e c r e a s e  b e c a u s e  o f  t h e  s t r o n g  e x p l o i t a t i o n  i n  t h i s  p a r t  o f  t h e  f i e l d .  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  l e v e l i n g  o f f  o f  t h e  f l o w  r a t e  f rom i t s  i n i t i a l  l a r g e  v a l u e s  c o i n c i d e s  
w i t h  t h e  a c h i e v e m e n t  o f  n e a r  maximum w e l l - b o t t o m  t e m p e r a t u r e s .  F l a s h i n g  of  l i q u i d  f rom t h e  u p p e r  c o n d e n s a t e  
l a y e r  n e a r  t h e  w e l l  b o t t o m  p r o d u c e s  a l a r g e  f l o w  of r e l a t i v e l y  low t e m p e r a t u r e  s team.  When t h i s  i s  e x h a u s t e d  
Steam i s  s u p p l i e d  f r o m  d r i e r  p a r t s  o f  t h e  r e s e r v o i r  a c  g r e a t e r  d i s t a n c e s  f rom t h e  w e l l .  F lash i i - ig  o f  t h e  d e e p  
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brine produces no increase in flow because it is distant from the well bottom. Because the brine zone is 
saturated the steam flow path may be expected to increase more slowly and the rate of flow decline may 
decrease. 

The calculated percentage of liquid water in the reservoir rock is shown for a number of The Geysers wells 
in Table 5 (data courtesy of Union Oil Cs.). The temperature has been computed starting from a reservoir 
temperature of 2$7OC bascd on the maximum sea level pressure of 36 bars for the Sulfur Bank wells (Lipman et 
al., 1978), and the average depth of The Geysers wells assuming saturated steam. This temperature is 
consistent with the average temperature (249+1OoC) computed by the H2S geothermometer (equation 12). The 
computed liquid water contents in the reservoir increase with C02/steam ratio as would be expected with 
increasing condensation. The average water contents are close to 6.5  volume percent, similar to the figure of 
5 per cent used by Nathenson and Muffler (1975) to calculate reserves at The Geysers. 

- 
- 

The actual content of liquid water at The Geysers is much higher than the present content computed for 
wells GR1, ALR and FBN of Larderello, but of the same order of the content computed for these three wells in 
the early years of production. The thickness and water content of the vapor-dominated reservoir appears to 
differ in the two systems and it is not certain whether steam compositions at The Geysers will go through the 
sa-e evolution as at Larderello. 

The gas geothermometer provides indications of reservoir conditions distant from the well bottoms and 
allows estimates of the liquid water content of reservoir rocks. 
vaporization of this liquid, the calculation of liquid water content allows estimates of steam reserves within 
a known volume of reservoir rock. 

Since most steam must be produced from the 

APPLICATION OF THE GEO'?4ERNOHETERS TO HOT-WATER FIELDS 

Equation 10 has been applied to calculate the reservoir temperatures using computed H;S/C02 ratios in 
the total fluid of samples from several wells of hot water fields. 

The following parameters are used: 

P measured pressure at separator (bars) 
SeP 

measured enthalpy of total fluid at separator (J/g) 

enthalpy of liquid water ( J / g )  

enthalpy of steam (J/g) 

measured mol- per cent of H S in the total noncondensable gas 

molar fraction of H S in total fluid (steam + liquid water) 
fraction of liquid water 

fraction of steam 

%ot 

Ew 

ES 
% H2S 2 

d2S 
xW 

xS 

2 x 

Y measured gas/steam ratio (moles/moles) 

n number of moles 

The enthalpy balance is: 

E = EwXw + Es(l-Xw) 

Using the measured PSep and Etotr liquid and stearn enthalpies can be computed from steam tables, and then 
the function of liquid water Xw and steam Xs: 

tot 

Xw = (Etot-Es)/(Ew-Es) 

x s = 1 - X ,  

From Xs, the measured % H2S and the gas/stezm ratio Y, the molar fraction of H2S in total fluid, 
XH~S, can be computed: 

100 + 100 -1 

xHzs = Y' Xs %H2S % H2S 

2s3 
For water-dominated systems it is then convenient to have an H2S geothermometer as a function of XH 
taking into account the solubility of this gas. 

The theoretical partial pressure of HzS is given by developing equations 1, 3, 4, 5 ,  6 as a function of 
temperature (OK) 

log PH~S = 10.11 - 5C43.5/T - 0 . 7 9  log T 
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By Henry ' s  law, t h e  p a r t i a l  p r e s s u r e  of a gas c a n  be  r e l a t e d  t o  t h e  mola r  f r a c t i o n .  

'H2S = xH2S * KH2ST 

H e n r y ' s  l aw  c o n s t a n t ,  K H ~ s ,  i s  a f u n c t i o n  o f  t e m p e r a t u r e  ( K o z i n t s e v a ,  1964) .  Then: 

log X H ~ S  = 10.11 - 5043.5/T - 0.79 log T - l o g  K H ~ s ( T )  

The t h e o r e t i c a l  log  X,,, g i v e n  by t h e  p r e v i o u s  e q u a t i o n  i s  p l o t t e d  i n  t h e  f i g u r e  8. 

The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  shown i n  t a b l e  6. The H2S geother inometer  ( e q u a t i o n  13) a p p e a r s  t o  
g i v e  r e s u l t s  c o n s i s t a n t  w i t h  l i q u i d - b a s e d  g e o t h e r z o m e t e r s .  
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Table l.--Basic chemical reactions and equilibrium constants. 

React ions Equilibrium constants Regression coefficients Ref 
A B C 

log Kt = A1 + Bl/T 

log K 2  = A + B2/T + C210g T 

log K 3  = A3 + B3/T + C310g T 

log K4 = A4 + B4/T 

log P 

log P 

2 

= A5 + B5/T 
O2 

= A6 + B6/T 
2O 

2.652 -12 ,776  a 

6 . 8 2  11,801 -7.11 b 

-0 .13  -4 ,394 .5  0 . 7 9  c 

-4 .683  -3 ,796  d 

2 . 8 0  -20 ,760  

5.451 -2 ,020  

References: a, Barin and Knacke ( 1 9 7 3 ) ;  b, Ellis (1957) .  Kubaschewski ( 1 9 5 1 ) ;  c, Holland ( 1 9 6 5 ) ;  

d, Helgesoo (1969) .  



Table 2a. Average (and standard deviation) of volume per cent and log Pgas/Pcq2 f o r  70 wells of the central ”classic” Larderello 
and Serrazzano zones divided into groups according to gas/steam ratio. 

5-1 5-2 5-3 

l og  Nl/Kgw (avg.) 1.25 1.36 1.46 1.56 1.66 1.77 1.87 2.02 1.23 1.25 1.41 

(v%)ii2 2.9+o.f+ 2.720.4 2.120.4 l.8LO.2 1.6tO.2 - 1.2+0.2 1.0+0.3 0.8+0.2 3.620.3 3.820.5 3.120.2 

l d P H  /Pco 1 -1.50 -1.54 -1.65 -1.72 -1.78 -1.91 -1.99 -2.09 -1.40 -1.36 -1.46 
2 2  

1.520.3 1.420.2 1.420.1 1.420.5 0.920.4 0.620.3 0.4+0.2 0.620.4 1.L+O.1 1.720.2 1.8+0.1 (V%)CH4 - - - 
1 -1.79 -1.82 -1.83 -1.83 -2.03 -2.21 -2.39 -2.21 -1.85 -1.73 -1.71 1og(pCH4’PC02 

-1.57 -1.61 -1.69 -1.74 -1.84 -1.99 -2.15 -2.29 -1.45 -1.48 -1.47 

92.421 93.021 93.7~1 94.221 95.821 96.121 98.221 97.521 91.1 90.8 91.7 I 
w 

Table 2b. Carbon dioxide/steam and gas ratios for some high-temperature wells at Serrazzano, f o r  some wells at The Geysers and €or  reference 
wells at Monte Amiata and Travale. 

G-1 G-2 G-3 G-4 G-5 G-6 G-7 G-8 G-9 A- 1 A-2 T-1 

0.33 0.12 0.38 0.69 0.56 0.53 -0.73 0.64 -0.62 1.56 7.. 16 1.66 
-0.45 -0.87 -0.64 -0.66 -0.47 -1.21 -1.42 -0.90 -0.70 -2.44 -2.29 -2.25 

-0.79 -0.92 -1.39 -0.96 -0.53 -1.70 -1.34 -0.73 -0.15 -1.84 -1 56 -1.58 

-1.02 -1.16 -1.06 -1.21 -1.15 -1.56 -1.12 -1.11 -0.64 -2.97 -2.37 -1.97 

Well names: Serrazzano area, Larderello The Geysers 
s-1 vc/10 G-1 Rorabauch-10 
5-2 Querciola 1 G-2 L.? Koma-Fame-15 
S-3 Lustignano 5 G-3 DX-Stste-SO 

G-4 Ottohone-State-15 
G-5 Rorabaugh-7A 
G-6 DX-27 
G-7 Ch 956 

G-9 CA 1892 
G-8 Aidlin 1 

Monte Arniata - Travale 
A-1 Baguore 2b 
A-2 Piancastagnaio 8 
T-1 Travale 23/D 
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Table 3 .  Temperatures computed by gas geotheraoiaeters (OC) 

TH2 Larderello (classic area) T m 4  
Tmeas 

1.22 
1.33 
1.43 
1.53 
1.64 
1.76 
1.86 
2.01 

245 
253 
252 
256 
262 
260 
26 3 
269 

2 50 
251 
246 
245 
244 
239 
237 
235 

241 
24 3 
246 
250 
239 
230 
221 
239 

235 
24 1 
243 

249 
246 
240 
24 1 

2413 

2413 
249 
247 
247 
244 
238 
231 
226 

108-260 
234-252 
229-244 
223-245 
206-242 
210-222 
201-222 
198-233 

Serrazzano 

Well Vc/10 253 26 5 235 243 256 260 
Querciola 1 258 268 246 242 255 26 5 
Lustignano 5 268 269 253 260 262 270 

M. Amiata - Travale 
Well Bagnore 2b 184 '200 249 153 173 1 6 0  

Travale 23/D 213 218 276 239 236 240 
Piancastagnaio 8 263 233 302 248 226 210 

The Geysers (table 2 )  

1 
2 
3 
4 
5 
6 
7 
8 
9 

264 
198  
248 
283 
290 
204 

96 
248 
150 

313 
26 5 
297 
310 
323 
253 
193 
285 
225 

286 206 
26 6 180  
240 207 
287 220 
323 214 
222 180 
204 128 
307 224 
2 2 1  133 

256 252+ 
239 
255 
255 
255 
225 
214 
26 0 
249 247 

Table 4 .  Reservoir temperatures computed from equation ( 1 2 ) ,  well-bottom temperatures and volume 
percentages of liquid water i n  the reservoir for two wells of Larderello from 1940-1978. 

FEN 1942 80-97 24 -1.59 252 215 37 4 0  6.1-6.5 

1951 5 1  26 -1.56 257 235 22 20 3.3-3.6 

1.960-63 28 29 -1.65 252 248 4 7 0.7-1.2 

1970-71 18  29 -1.45 252 251 1 4 0.2-0.7 

1977-78 15 28 -1.69 248 245 3 LO 0.5-1.7 

ALR 1941 120 16 -1.51 252 216 36 33  5.9-6.4 

1951 38 26 -1.57 255 239 16 16 2.6-2.6 

1965-66 20 4 3  -1.74 251  250 1 5 0.2-0.9 

1970-71 15 28 -1.67 249 247 2 8 0.4-1.3 

1977-78 10 25 -1.71 246 247 0 8 0 -1.3 
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Table 5. Reservoir temperatures computed from equation (12). 
well-bottom temperatures and percentage of liquid water in 
the reservoir €or nine wells at The Geysers in 1977. 

0.79 
1.10 
1.34 
1.53 
1.58 
1.76 
2.08 
2.08 
2.73 

-1.01 
-0.95 
-0.99 
-1.37 
-0.98 
-1.04 
-1.36 
-1.22 
-1.06 

241 
250 
251 
227 
2 54 
251 
232 
24 1 
257 

232 
220 
207 
207 
207 
204 
204 
214 
179 

2.4 
4.5 
6.5 
6.5 
6.5 
7.0 
7.0 
5.5 

11.1 

Table 6 Reservoir temperatures of water-dominated geothermal systems 
calculated frog equation (10) compared with measured temperatures and 
temperatures from other geothermometers. Data from Truesdell and 
Singers ( 1 9 7 1 )  except for Cerro Prieto (Nebring and Fausto, 1979) and 
Namafjall (Arnorsson, 1974). 

W e l l  Temperatures 
Na-K-Ca Na-K Yeasured Maximum H2S Si02 

Cerro Prieto 8 
27 
35 
2 LA 
20 

Wairakei 20 
Broadlands 2 
Tauhara 1 
Rotakawa 1 
Kawerau 8 
Orakeikorakei 3 
Kizildere 1A 
Matsao E205 
Otake 7 
Hveragerdi G 7  

4 
Reykjanes 8 
Namafjall 4 

5 
6 
7 
8 
9 

Tatio 2 

273 278 295 340 
268 277 284 
287 301 299 
283 301 279 
258 262 243 
2 54 262 260 270 
297 287  287 307 
259 257 
259 255 
282 258 260 
245 242 237 
243 193 210 
234 248 240 300 
230 212 195 
217 193 
187 165 
240 235 270 
237 256 280 2 9 0  
221 237 250 
245 257 270 
247 26 5 290 
2 36 257 27 5 
244 266 260 
291 213 2 26 260 

298 270 
312 279 
291 299 
301 2 8 0  
289 2 56 
231 246 

265(290) 261 
248 248 
247 254 

233(232) 234 
216 199 
290 245 

180(201) 217 
211(22) 222 

219 200 
225(233) 251-256 

290 252-207 
273 264-243 
306 264-243 
317 280-243 
277 241 
295 254-259 
206 218 

291 282 
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Figure 1. i p p l i c a c i o n  of e q u a t i o n  1 2  io Laraereiio, Travnle, ana Tine 
Geysers .  . \ ccual  H.,SlCO, racios (as  l a g ( ? R 1 S i P C o 2  2 ) )  are p l o c t e d  YS. 
g a s l s t e a m  r a t i o s .  -ConSnuous l i n e s  snow v r e d i c e e d  v a l u e s  ac ieiected 
Kenperacures.  

I 

Figure 2 

Figure 2 .  A p p l i c a e i a n  of e q u a t i o n  12 eo a l l  a i  L a r d e r e i i o  f i e l d .  
(1) compuced T greacer than ?50°C 
( 2 )  campuced T l ess  chan oi e q u a l  eo ?50°C 
( 3 )  computed i sotherms ac ?SO, 225 and ?OO°C 
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Figure 3 
Figure  3 .  
t i m e  (:ears) f o r  w e l l  ALR? 

E v o l u t i o n  o f  H S percentage i n  the  dry gas i s  p l o t t e d  xvs. 
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Figure 5 

Figure  5.  
wel l -bottom temperature ( t r i a n g l e s ) ,  and average r e s e r v o i r  Lemperature 
computed u s i n g  i12S,  H 2 ,  CH 

E v o l u t i o n  with t i m e  o f  wel l -nead temperature (crosses), 

geathermomecers (diamonds) f a r  . d e l l  I L R .  

A WCLL GRI 
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o F8N 

Figure  h .  
three L a r d e r e l l o  wells. 

Change w i t h  t i m e  o f  g a s l s c e a m  r a t i o  (SlgasIKg steam) f o r  
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Fiaure 6 

Figure  6 .  Same as Figure  5 ,  f o r  w e l l  FBN. 
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Figure 7 

Figure 7 .  Computed volume per cenf oi l i q u i d  water i n  t o t a l  rack 
p l o t t e d  Y S .  the d i f f e r e n c e  between the r e s e r v o i r  and the well-bottom 
temperatures.  S t a r t i n g  product ion c o n d i t i o n s  a r e  l o c a f e d  on the 
diagram f o r  3 :?ells a t  L a r d e r e l l a .  
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Figure 8 

Figure 8.  
f u n c t i o n  of temperature used as  g e o t h e r k m e c e r  f o r  water-dominated 
geothermal sysrems (Table 6 ) .  

Computed molar f r a c t i o n  of H7S i n  l i q u i d  wafer r e s e r v o i r  a s  




