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ABSTRACT contrast, t h i s  present study presents some 
resu l t s  from a major inves t iga t ion  o f  steam 

The r a t i o s  o f  gases i n  d ry  steam produced from gas data co l lec ted  by GEO Operator Corporation 
the  vapour-dom rese rvo i r  o f  the  Unit 15 (GEOOC) from Unit 15 a t  The Geysers 
steam f i e l d  e Geysers i n  Northern (Figure 1 ) .  The data were evaluated by 
Ca l i fo rn ia ,  US be explained by a model Geoscience Limited and GEOOC, both wholly 
incorporat ing m i  Xing between o r i g i n a l  owned subsidari  es of Geothermal Resources 
reservo i r  vapour and vapori sed reservo i r  In te rna t iona l  Inc. This inves t iga t ion  has 
1 i qui d. However, hydrogen analyses are produced a conceptual model of the  area 
anomalous i n  t h a t  they are apparently enriched invo lv ing  the  production o f  steam from a 
i n  the  produced steam compared w i th  l eve l s  mixture o f  both vaporised l i q u i d  and vapour* 
predicted by t h i s  model. This enrichment sources (McCartney and Haizl ip,  1989). Some 
appears t o  be caused p r i m a r i l y  by f lu id - rock  anomalies t o  the  model e x i s t  although the  most 
in te rac t ions  dur ing b o i l i n g  i n  the  reservoir ,  evident involves hydrogen which appears t o  be 
although we l l  casing corrosion react ions enriched i n  steam produced from low gas steam 
dur ing production are a l so  contr ibutary.  
Hydrogen enrichment also appears t o  be present 
i n  the  northwestern area o f  The Geysers and a t  
the  vapour-domi nated geothermal systems o f  
Larderel l o ,  I t a l y ,  suggesting i t s  occurrence 
may be widespread. The ca l cu la t i on  and 
in te rp re ta t i on  o f  steam f rac t ions  and water- 
rock i n te rac t i on  models could be s i g n i f i c a n t l y  
affected by t h i s  hydrogen enrichment 
phenomenon. 

INTRODUCTION 

i t  can be used where the  f l u i d  i s  a mixture 
o f  vaporised l i q u i d  and 'vapour' 1. a general model f o r  t he  f i e l d  has been 

proposed (Truesdell  e t  a l ,  1987). I n  
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wel ls. Unpublished data from the  northwestern 
area o f  The Geysers, and o f  bubl ished data 
from Larderel lo (D'Amore e t  a l ,  1983, 19871, 
i nd i ca te  tha t  t h i s  might be a widespread 
phenomenon. 

The purpose o f  t h i s  paper i s  t o  present the  
evidence f o r  hydrogen enrichment i n  steam 
produced from low gas we l ls  a t  The Geysers and 
Larderel lo, examine t h e  possible causes o f  
t h i s  anomalous behaviour, and o f f e r  an 
explanation f o r  t h e  observations. As hydrogen 
i s  commonly used i n  the  ca lcu la t ion  o f  
reservo i r  temperatures and steam fract ions,  
the  impl icat ions o f  hydrogen enrichment t o  
such ca lcu la t ions  are also discussed. 

EVIDENCE FOR THE ANOHALOUS BEHAVIOUR OF 
HYDROGEN AT UNIT 15 

Truesdell  e t  a1 (1987) noted t h a t  the  t o t a l  
gas concentrations i n  steam from The Geysers 
range from approximately 150 t o  65 000 ppmw. 
The general order o f  dominancy i n  the  gas 
phase i s :  

COz > H: > CH, > NHJ ,HIS > Nz 

COZ i s  t y p i c a l l y  50-70 mole percent of t he  dry 
gas w h i l s t  the proport ion o f  hydrogen usua l ly  
ranges from 10 t o  20 mole percent. A t  
Un i t  15, a s im i la r  order o f  gas dominancy i s  
present w i th  steam t o t a l  gas concentrations 
ranging from approximately 1000 t o  
15 000 ppmw. A l l  gas concentrat ions increase 
w i t h  increases i n  COZ concentration. The 
average proport ions o f  COZ and HZ are 
approximately 60 and 16 mole percent i n  the  
dry  gas, respect ively.  

McCartney and H a i z l i p  (1989) selected 290 
steam samples, which had been co l lec ted  from 
Un i t  15 we l ls  between 1979 and 1988, f o r  
examination. These were co l lec ted  under 
condi t ions o f  f u l l ,  s tab le  production f l ow  and 
are bel ieved t o  be f r e e  o f  s i g n i f i c a n t  a i r  
contamination as a l l  samples contained less 
than 5 mole percent NZ i n  the  dry  gas. Their  
i n te rp re ta t i on  suggests t h a t  a number o f  we1 1s 
from a geographical ly def ined area a t  Un i t  15 
(Figure 1) der ive t h e i r  steam from a single, 
two-phase, f l u i d  type* under s im i la r  reservo i r  
condit ions. 

The d i s t r i b u t i o n  o f  a gaseous const i tuent 
between a l i q u i d  and a vapour phase can be 
described through the  use o f  a laboratory 
derived d i s t r i b u t i o n  c o e f f i c i e n t  (Bi, where i 
i s  a gaseous cons t i tuent )  which i s  t he  r a t i o  
o f  the  gas m o l a l i t y  i n  the  vapour phase t o  the  
gas m o l a l i t y  i n  the  l i q u i d  phase. I n  terms of 

* A f l u i d  type may be single- o r  two-phase 
and i s  defined as one which has a d i s t i n c t  
and i d e n t i f i a b l e  chemical composition. 
Where both l i q u i d  and vapour f rac t ions  are 
present, both are assumed t o  be i n  chemical 
and phase equ i l ib r ium i n  the  reservoir .  

the  const i tuents normally analysed i n  produced 
, steam, the  order o f  a f f i n i t y  f o r  the  vapour 

phase based on d i s t r i b u t i o n  coe f f i c i en ts  a t  
temperatures observed a t  The Geysers and 
Larderel lo (-240-260°C) i s  (see D'Amore and 
Truesdell, 1986, f o r  a summary; Ha iz l i p  and 
Truesdell, 1988): 

Nz > Hz > CH, > COz > HzS > HC1 > NHJ >> HJBOJ 

where, NZ i s  the  l eas t  'soluble '  gas and only 
H ~ B O J  has a d i s t r i b u t i o n  coe f f i c i en t  less than 
u n i t y  ( i e  p a r t i t i o n s  p re fe ren t i a l l y  i n t o  the  
l i q u i d  phase). 

Given t h a t  (a) the  s ing le  f l u i d  type i s  
produced from the  reservo i r  as steam, (b) no 
mass loss occurs through condensation between 
the  production source and the  wellhead, ( c l  no 
gas-gas o r  water-rock i n te rac t i on  occurs 
du r in  o r  a f t e r  b o i l i n g  o f  the  l i q u i d  phase, 
and !dl the  gases obey t h e i r  d i s t r i b u t i o n  
coef f i c ien ts ,  t he  change i n  gas composition 
w i t h  change i n  f r a c t i o n  o f  produced steam 
derived from vaporised l i q u i d  i s  

-qua l i t a t i ve l y ,  i f  not quant i tat ively,  
predictable. As the  proport ion o f  vaporised 
1 i qui d increases, gas concentrations decrease, 
and the  f r a c t i o n  o f  t he  more l i q u i d  soluble 
gases increases i n  the  produced steam phase. 
As an example, because BCH, i s  greater than 
BHzS, the  HzSKH, mole r a t i o  o f  steam i s  
higher a t  lower gas concentrations where the  
f r a c t i o n  o f  vaporised l i q u i d  i n  the  produced 
steam i s  dominant over the  f r a c t i o n  of 
o r i g i n a l  vapour. Single f l u i d  type wel ls a t  
Un i t  15 show such a t rend (Figure 2) which can 
be explained by assuming mixing between 
vaporised l i q u i d  and o r i g i n a l  vapour 
(Equation 1; a f t e r  D'Amore e t  a i ,  1982) given 
the  above condit ions. 

cS  C v  .Y + C1.(1-y) (1) 

where, C, = Concentration o f  gas i n  
produced steam (moles/1000 
moles HzO) 
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Cv = Concentration o f  gas i n  
reservo i r  vapour (moles/1000 
moles HzO) 

C1 = Concentration o f  gas i n  
reservo i r  1 i q u i d  (moles/1000 
moles HzO) . 

y = Frac t ion  of produced steam 
which i s  reservo i r  vapour 

Cy, HzS, COZ and NH3 data appear t o  support 
t he  proposed Un i t  15 model bu t  Hz data do not. 
This can be i l l u s t r a t e d  by the  va r ia t i on  i n  
H2/CH. mole r a t i o s  and COz concentrat ions f o r  
s ing le  f l u i d  type samples a t  Un i t  15 
(Figure 3 ) .  Whilst t he  d i s t r i b u t i o n  c o e f f i -  
c i en ts  p red ic t  an almost constant Hz/CH, r a t i o  
dur ing b o i l i n g h i x i n g ,  t he  f i e l d  data 
ind ica tes  t h a t  HZ i s  r e l a t i v e l y  enriched i n  
the  low gas we l ls  and possibly also i n  the  
higher gas we l l s  ( t he  HZ enrichment may not be 
la rge  enough t o  take the  Hz/CH, r a t i o  out o f  
t he  range o f  t he  e r r o r  bars i n  the  higher gas 
wel ls) .  A l l  o ther gas r a t i o s  invo lv ing  H2 
show the  same anomaly. Although we r e a l i s e  
t h a t  t he  anomaly cou ld  be caused by r e l a t i v e  
deplet ions i n  a l l  t h e  other gases we th ink  
t h a t  t h e i r  strong co r re la t i on  w i th  the  
l iquid-vapour mixing model makes i t  more 
l i k e l y  t h a t  on ly  hydrogen i s  enriched. I n  the  
fo l lowing sect ion we examine the  possible 
causes o f  t h i s  e f f e c t  on the  s ing le  f l u i d  type 
wells. 

..- 

i :  

VARIATION Q LE RATIO Y 
UNIT 1s STEM SOLID 
MIXING lwDEL FIT TH~OUGH SINGLE FLUID SOURCE SMPLEJ 
(240'C SOLID CIRCLES). OPEN CIRCLES REPRESENT W L E s  
fRW &3toruLarS YEUS (SEE TEXT). yy(PLES I N  AREA A ARE 
BELIEVED TO BE AFFECTED BY COHOEN 

INTERPRETATION 

i s  i n  the  region 30-60 ( i e  s i m i l a r  t o  tha t  o f  
HzS) as opposed t o  597 a t  240"C, the  s ing le  

f l u i d  data are c lose ly  f i t t e d  by the above 
model. Although var ia t ions  i n  calculated 
p a r t i t i o n  coeff ic ients e x i s t  between 

u l t s ,  they are not large 
Hz d i s t r i b u t i o n  coe f f i c i en ts  

as low as 30-60 a t  240°C. Likewise, tempera- 
t u r e  var ia t ions  which may occur i n  the 
reservo i r  a5 a r e s u l t  o f  b o i l i n g  cannot 
explain the  HZ enrichment i f  a l l  gases are i n  
phase equil ibr ium. This i s  because the  order 
of d i s t r i b u t i o n  coeff ic ients noted above i s  
maintained across the  range o f  i n te res t  ( i e  
170-240°C). 

Condensation 

The low gas we l ls  general ly produce steam a t  
low flow ra tes  which may make them prone t o  
wellbore condensation. I f  condensation occurs 
between the  reservo i r  steam production s i t e  
and the  wellhead sampling point, a l l  gases 
w i  11 become concentrated i n  the steam phase 
and the  proport ion o f  less  l i q u i d  soluble 
gases i n  the  produced steam w i l l  increase as 
long as a l l  t he  gases obey t h e i r  d i s t r i b u t i o n  
coef f i c ien ts .  Thus, i t  i s  possible t h a t  the HZ 
enrichment over Cy could r e s u l t  from 
condensation o f  steam which o r i g i n a l l y  had a 
gas content much lower than t h a t  observed. 
However, simulat ions o f  Raleigh-type 
condensation ( a f t e r  D'Amore and Truesdell, 
1979) i nd i ca te  tha t  t h i s  process i s  un l i ke l y  
t o  exp la in  the  Ht data. Even s t a r t i n g  with 
gas concentrations less than 1 ppmw t o t a l  gas, 
and condensing more than 99.9% steam causes an 
i n s i g n i f i c a n t  increase i n  the  Hz/CH. mole 
r a t i o .  

Boi l ing/mixing condi t ions 

As long as the  model c r i t e r i a  discussed above 
are obeyed, and only a s ing le  f l u i d  type i s  
present, var ia t ions  i n  the  b o i l i n g  o r  mixing 
condi t ions i n  the  reservo i r  do not a f fec t  the  
overa l l  r a t i o s  o f  gases observed a t  d i f f e r e n t  
COZ concentrations. For example, consider the  
case where (a) steam (vapour o r  a vapour/ 
vaporised l i q u i d  mixture) i s  continuously 

i s  case, as the  Droport ion of 
quid increases r e i a t i v e  

vapour i n  the  produced 
the  more l i q u i d  soluble gases w i l l  
appear enriched r e l a t i v e  t o  the  less  l i qu id -  
soluble aases, and vice-versa. - 

Dhases. Likewise he found tha t  each gas was 
a f fec ted  t o  a d i f f e r e n t  extent suggesting tha t  



the rates o f  t ransfer vary between gases. This 
e f fec t  might extend t o  other processes and 
provides a possible mechanism o f  Hz enrichment 
i n  the steam phase. For example, given the 
condensation model discussed above, if HI 
entered the condensate a t  a slower ra te  than 
CH, then the Hz/CH, r a t i o  i n  the remaining 
steam phase would increase t o  a greater extent 
than suggested by our previous calculations. 
However, fur ther  calculations indicated tha t  
even i f  H t  does not enter the condensate a t  
a l l ,  the Hz/CH, mole r a t i o  i n  the steam phase 
increases only s l i gh t l y ,  pr imar i ly  because o f  
the poor s o l u b i l i t y  o f  CH, i n  the l i q u i d  
phase. Thus, slow HZ uptake by the l i q u i d  
phase during condensation could not have 
induced the observed HI trend. 

HZ might leave the l i q u i d  phase a t  a slower 
r a t e  than other gases during b o i l i n g  such that  
the remaining l iquid,  when completely 
vapoarised, produces low gas steam anomalously 
enriched i n  Hz. Although t h i s  process might 
occur we do not. favour i t  as a cause of HI- 
enrichment. . Conceptually, any l i q u i d  which 
s ta r t s  b o i l i n g  w i l l  continue t o  do so u n t i l  i t  
i s  a l l  vaporised. The presence o f  super- 
heating i n  wel ls from t h i s  area shows that  
t h i s  has happened. Likewise, steam irom a 
number o f  s i t es  i n  d i f f e ren t  states o f  bo i l i ng  
w i l l  probably supply a well. Linking t h i s  
conceptual model wi th  the gas k inet ics  hypo- 
thesi  s would suggest that  hydrogen-enriched 
and -depleted steam w i l l  enter each well a t  
the same time. This i s  inconsistent wi th  the 
f a c t  that  low gas wel ls have produced only 
Hz-enriched steam f o r  a t  least  nine years. 

F1 u i d  inhomgenei t i e s  
Inhomogeneities might ex i s t  i n  the HZ 
composition o f  the reservoir  f l u i d  wh i l s t  the 
COz, HzS and CH, compositions remain 
homogenous. For example, t h i s  could be caused 
through mineralogical var iat ions or through 
mixing with unequil ibrated reinjected f lu ids;  
there i s  no evidence f o r  natural recharge at  
Uni t  15 (GEOOC, unpublished data). 

Wells affected by re in ject ion would tend t o  
produce low gas steam due t o  the higher l i q u i d  
content o f  the source f l u i d  and because the 
re in jected l i qu ids  may react wi th  the 
reservoir  rocks p r i o r  t o  vaporisation and 
production they may po ten t i a l l y  become 
enriched i n  HI over a l l  other gases. Increases 
i n  deuterium, oxygen-18 and t r i t i u m  i n  
produced steam, since re in jec t i on  started a t  
Uni t  15, indicate that  up t o  60% of production 
from some wells comes from reinjected f l u id ,  
and the proportions are highest i n  some o f  the 
low gas wells. However, samples col lected 
from the low gas wel ls before re in ject ion 
began show the same HZ enrichment as observed 
i n  l a t e r  samples suggesting that  re in ject ion 
i s  not the cause o f  t h i s  e f fect .  Although 
re in ject ion might perhaps add t o  the general 
scatter o f  the data about the boil ing/mixing 
model trend i n  Figure 3, the f a c t  that  more 
recent data follows the gas mole r a t i o  

d is t r ibut ions o f  e a r l i e r  samples may indicate 
tha t  re- in jected f l u i d s  equi l ibrate t o  a large 
extent i n  the reservoir  p r i o r  t o  production. 

Steam produced f r o m  a s ingle f l u i d  type w i l l  
have almost constant Hz/CH. mole ra t i os  over a 
range of COZ concentrations i f  the 
d i s t r i bu t i on  coef f ic ients  and the model 
conditions discussed above are obeyed. If a 
range o f  reservoir  f l u i d  types ex i s t  i n  the 
reservoir  where only the H t  composition varies 
and C o t ,  HzS and C k  are constant, then the 
vapour, l i q u i d  and produced steam phases may 
have a range o f  Hz/CH. mole rat ios.  Thus, the 
low gas samples might represent samples of 
high vapoarised l i q u i d  content, produced from 
such a range o f  reservoir  f l u i d  types 
(Figure 4) .  There are, however, two factors 
which suggest t ha t  t h i s  i s  not the case. 
F i r s t l y ,  although Unit  15 wells have been 
monitored under varying production conditions 
f o r  over nine years .there i s  l i t t l e  evidence 
o f  a range o f  vapour-liquid mixing l ines which 
would support the presence o f  a range of Hz 
f l u i d  types (see Figures 3 and 4). Many of 
the data which might represent examples o f  
these f l u i d s  are i n  f a c t  low gas samples 
affected by wellbore condensation (samples 
marked A i n  Figure 3, McCartney and Haizlip, 
1989). Secondly, we have no evidence o f  
mineralogical var iat ions across the reservoir 
which might explain why HI concentrations 
should vary i n  the s ingle f l u i d  type, whi lst  
leaving HzS, CH. and COZ concentrations 
constant. 

c 

FIWRE 4 E W L E  Of THE DISTRI8lJTIlXl Of DATA EXPECTED ma( A FLUID 
YIlRCE U T I (  I#hWlXENEW!i & CONCENTRATI~  BUT 

ARE ALMOST HORIZONlAL. 

Flu id-so l id  interact ions 

Pruess e t  a1 (1985) presented evidence f o r  the 
act ive production o f  COz a f te r  the onset o f  
b o i l i n g  i n  the Larderello reservoir. Boi l ing 
produces a decline i n  gas p a r t i a l  pressures 
and resul ts  i n  d i  sequi 1 i brium between the 
residual l i q u i d  and the host rock. Whilst 
l i q u i d  remains, there i s  a thermodynamic 
d r i v ing  force f o r  gas production. r;F HI i s  . 
produced a t  Uni t  15 i n  t h i s  way, or HI i s  

* 

4 
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produced a t  a faster r a t e  than other gases, 
then such a process would r e s u l t  i n  the  HZ 
enrichment we observe. Given the  remarkable 
consistency o f  the  CH,, HzS and COS data over 
t ime t o  the  s ing le  f l u i d  model, we. be l ieve  
t h a t  Hz i s  the  on ly  gas which might be 

process i s  occurring a t  a l l .  The ion  o f  
p rehn i te /pyr rho t i te  t o  ep ido te lpy r i t e  
(Equation 2) i s  an example of t he  type which 
might be generating t h e  excess HI. This 
reac t ion  has been proposed t o  bu f fe r  HZ i n  
1 i qui d-domi nated systems by Arnorsson and 
Gunnlaugsson (1985) and i s  also compatable 
w i th  the  mineralogy observed a t  The Geysers 
(Sternfeld, 1981 1. 

- s i g n i f i c a n t l y  produced ' i n  exces f the  

4FeS + 2CazAlzSi~O~. (OH12 + 2Hz0 = 

2FeSz + 2CatFeAl~Si~Ch~ (OH) + 3Hz (2) 

Produced steam may be enriched i n  HZ generated 
dur ing corrosion o f  we l l  casing and the  steam 
gather ing system. Minor, and i n  some cases 
more s ign i f i can t ,  condensation i s  common a t  
Un i t  15 and corrosion i s  loca l i sed  where steam 
condenses and the  condensate contacts carbon 
s tee l  (eg Giggenbach, 1979). Analyses o f  
corroded pipe i nd i ca te  the  presence o f  h igh 
l eve l s  o f  Hz w h i l s t  t he  most common corrosion 
product i s  magnetite. This suggests tha t  a 
reac t ion  such as t h a t  i n  Equation 3 i s  
important and the  poor s o l u b i l i t y  o f  HZ i n  the  
condensate w i l l  favour p a r t i t i o n i n g  o f  excess 
HZ i n t o  the  produced steam phase. 

3Fe + 4Hz0 FeSO, + 4Hz (3 )  

P y r i t e  and p y r r h o t i t e  are also corrosion 
products a t  Un i t  15 and t h e i r  formation could 
generate HZ (Equations 4 and 5). However, 
t h e i r  occurrence i s  much less frequent than 
t h a t  o f  magnetite, and the  lack o f  evidence 
f o r  HzS deplet ion i n  the  lower gas we l ls  
suggests t h a t  Reaction 3 i s  t he  dominant 
mechanism o f  HZ production dur ing we l l  casing 
and pipe corrosion. 

Oesp 
have performed mass balance ca lcu la t ions  based 
on Reaction 3, observed corrosion ra tes  o f  

ings, and cumulative steam production, 
-15% o f  the  excess 

Kami 
data from GEOOC's northwestern 

ers and some from Larderel lo 

concentrat ions i n  the  former area are i n  the  
higher ranges f o r  The Geysers (quoted e a r l i e r )  

whi 1 s t  a t  Larderel l o  they t y p i c a l l y  range from 
approximately 17 000 t o  20 0000 ppmw. As a t  
The Geysers, COz i s  by far  the dominant gas 
over HZ a t  Larderel lo ( t yp i ca l l y>90 ,  and 1-2. 
mole percent i n  the dry gas respectively). 

as yet, performed deta i led  
e r  area and therefore do not 

suggest t h a t  the  condi t ions present i n  these 
l o c a l i t i e s  are s im i la r  t o  those a t  Unit 15. 
However, mole r a t i o  data from both areas 
d isp lay  a d i s t r i b u t i o n  w i th  respect t o  CO2 
concentrat ion which i s  s im i la r  t o  t h a t  seen a t  
Unit 15 (eg HZ appears t o  be enriched i n  lower 
gas wells; see Figures 5 and 6). One 
exception i s  t ha t  both HZ and CH, appear t o  be 
enriched over COz i n  lower gas steam from 
Larderel lo (Figure 6). It i s  un l i ke l y  t h a t  
these apparent enrichments are the  r e s u l t  o f  
C02 deplet ion i n  these samples because 
Pruess e t  a1 (1985) have presented strong 
evidence t o  suggest t h a t  'excess' Cot i s  
present i n  steam from Larderel lo due t o  
f lu id-rock i n te rac t i on  dur ing boi  1 i ng. 

5 ,. I 
5p: i' I 
J;c4 

I I 

Any o f  t h e  processes discussed above for  
U n i t  15 might be responsible f o r  HZ generation 
i n  t h e  northwestern area o f  The Geysers and 
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Larderel lo. However, a t  t h i s  stage there i s  
only evidence supporting HI generation through 
corrosion o f  we l l  casings and production 
p ipe l ines  I n  the  northwest Geysers. A t  t h i s  
s i t e  magnetite, p y r i t e  and p y r r h o t i t e  have 
been i d e n t i f i e d  as corrosion products 
suggesting t h a t  t he  t h e  react ions shown i n  
Equations 3 t o  5 are occurring during 
production. We have no informat ion on 
corrosion products a t  Larderel l o  but given the  
f a c t  t h a t  'excess' COS appears t o  be generated 
by f lu id - rock  in te rac t ions  i n  t h e  reservo i r  
(Pruess e t  a l ,  19851, i t  i s  possible t h a t  H t  
i s  a lso generated by such reactions. The same 
process would explain the  behaviour o f  CH. i n  
the  lower gas wells. 

CONCLUSIONS 

HI enrichment o f  steam gas has been i d e n t i f i e d  
a t  U n i t  15, The Geysers, and may also be 
occurr ing i n  other areas o f  both The Geysers 
and Larderel lo. A t  Un i t  15 we have evidence 
t h a t  t h i s  e f f e c t  may be caused, i n  part,  by 
steam-we1 1 casing in te rac t ions  dur ing produc- 
t i o n  although the  major source o f  'excess' HI 
appears t o  be f lu id - rock  in te rac t ions  which 
take place during b o i l i n g  i n  the  reservoir .  

Given the  potent i  a1 widespread presence of Hz 
enrichment, i t  i s  evident t h a t  f i e l d  data 
should be c a r e f u l l y  evaluated p r i o r  t o  using 
them i n  HZ inf luenced steam f rac t ion ,  
geothermometry o r  f lu id - rock  i n te rac t i on  
calculat ions.  I n  the  case o f  Un i t  15 data, we 
estimate tha t  approximately 14 ppmw H2 has 
been added t o  the  steam through one of the  
processes considered above and t h i s  should be 
subtracted from low gas wells, and possibly 
also higher gas we l ls  p r i o r  t o  use i n  such 
calculat ions.  Errors w i l l  be la rges t  if use 
i s  made o f  low gas mole r a t i o  data 
incorporat ing H2. If i n  doubt about the  
v a l i d i t y  o f  HZ data, we suggest non-Hz 
inf luenced ca lcu la t ions  are performed. 

ACKNOWLEDGEMENTS 

We thank Geothermal Resources Internat ional ,  
Inc, and i t s  wholly owned subsidiar ies 
Geoscience Limited and GEO Operator 
Corporation f o r  permission t o  use previously 
unpublished data. Thoughtful reviews by 
Drs A S Batchelor and J Combs are g rea t l y  
appreciated. We also thank P Davies and 
J Pearson f o r  help i n  producing the  paper. We 
acknowledge the  work o f  Ors A H Truesdell and 
F D'Amore f o r  s t imu la t ing  our i n t e r e s t  i n  the  
behaviour o f  gases i n  vapour-domi nated 
geothermal systems. 

REFERENCES 
Arnorsson 5, Gunnlaugsson E (1985). New gas 
geothermometers f o r  geothermal explorat ion : 
Cal ib ra t ion  and appl icat ion.  Geochim Cosmochim 
Acta, Vol 49, pp 1307-1325. 

D'Amore F, Ce la t i  R, Calore C (1982). F l u i d  
geochemistry appl icat ions i n  reservo i r  
engineering (vapour-domi nated systems 1. Proc 
9 th  Workshop on Geothermal Reservoir 
Engineer i ng , Stanford Uni vers i ty, Ca 1 i f o r n i  a, 
pp 295-307. c 

D'Amore F, Ce la t i  R, Calore C. (1983). Hypoth- 
es i s  of possible e q u i l i b r i a  between N2 and 
other gases a t  Larderel lo and Cerro Prieto. 
Proc 9 th  Workshop on Geothermal Reservoir 
Engineering, Stanford University, Cal i fornia,  
pp 247-252. 

D'Amore F, Fance l l i  R, Saracco L, 
Truesdell A H (1987). Gas geothermometry based 
on CO content : Appl icat ion i n  I t a l i a n  
geothermal f ie lds.  Proc 12th Workshop on 
Geothermal Reservoir Engineering, Stanford 
University, Cal i fornia,  pp 221-229. 

D'Amore F, Truesdell A fl (1979). Models f o r  
steam chemistry a t  Larderel lo and The Geysers. 
Proc 5 th  Workshop on Geothermal Reservoir 
Engineering, Stanford University, Cal i fornia, 
pp 283-297. 

D'Amore F, Truesdell A H (1986). A review o f  
s o l u b i l i t i e s  and equ i l ib r ium constants f o r  
gaseous species o f  geothermal in te res t .  CNR 
report ,  33 pp. 

Giggenbach W F (1979). The appl icat ion of 
mineral phase diagrams t o  geothermal 
corrosion. Proc NZ Geothermal Workshop, 
Part  1, pp 217-226. 

Glover R B (1970). I n te rp re ta t i on  o f  gas 
compositions from the Wdirakei f i e l d  over ten  
years. Geothermics, Yo1 2, Part 2, 
pp 1355-1366. 

Ha iz l i p  J R, Truesdell A H (1988). Hydrogen 
Chloride i n  superheated steam and ch lo r ide  i n  
deep b r ine  a t  The Geysers geothermal f ie ld,  
Ca l i fo rn ia .  Proc 13th Workshop on Geothermal 
Reservoir Engineering, Stanford University, 
Ca l i fo rn ia .  

McCartney R A, H a i z l i p  J R (1989). Gas 
pressures a t  The Geysers geothermal f i e l d ,  
Ca l i f o rn ia  : Comparison with liquid-dominated 
systems and imp l ica t ions  for b o i l i n g  
processes. Proc 6 th  Symposium on Water-Rock 
Interact ions,  Malvern, England. 

Panichi C, Ce la t i  R, Noto P, Squarci P, 
T a f f i  L, Tongiorgi E (1974). Oxygen and 
hydrogen isotope studies o f  the  Larderel lo 
( I t a l y )  geothermal system. In: Isotope 
techniques i n  groundwater hydrology, 
In te rna t iona l  Atomic Energy Agency, Vienna, 
Vol 2, pp 3-28. .d 

Pruess K (1985). A quant i ta t i ve  model of 
vapour-domi nated geothermal reservoirs as heat 
pipes i n  f rac tu red  porous rock. Geotherm Res 
Counc Trans, Vol 9, pp 353-361. 

\ 

c 

- 178 - 



Pruess K, Ce la t i  R, Calore C, D'Amore F 
(1985). COS trends i n  the  deplet ion o f  the  
Larderel 10 vapour-dominated reservoir .  Proc 
10th Workshop on Geothermal Reservoir 
Engineering, Stanford Universi ty,  Cal i fornia,  
pp 273-278. 

S tern fe ld  J N (1981 1. The hydrothermal 
petrology and stable isotope geochemistry o f  
two we l ls  i n  The Geysers geothermal f i e l d ,  
Sonoma County, Ca l i fo rn ia .  MSc thesis, Univ o f  
Ca l i fo rn ia ,  Riverside, Report No UCR/IGPP 
81/7, 202 pp. 

Truesdell  A H, H a i z l i p  J R, Box W T, D'Amore F 
(1987). Fieldwide chemical and i so top ic  
gradients i n  steam from The Geysers. Proc 12th 
Workshop on Geothermal Reservoir Engineering, 
Stanford Universi ty,  Cal i fornia,  pp 241-246. 

Walters M A, S te rn fe ld  J F, H a i t l i p  J R, 
Drenick A F, Combs J B (1987). A vapour- 
domi nated reservo i r  exceeding 600°F a t  The 
Geysers, Ca l i fo rn ia .  Proc 13th Workshop on 
Geothermal Reservoir Engineering, Stanford 
Universi ty,  Ca l i fo rn ia .  

White D E, Mu f f l e r  L P J ,  Truesdell A H 
(1971 1. Vapour-dominated hydrothermal systems 
compared w i th  hot-water systems. Econ Geol, 
V O ~  66, pp 75-97. 

- 179 - 




