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A B S T R A C T  

Idaho N a t i o n a l  E n g i n e e r i n g  L a b o r a t o r y  ( INEL) ,  
Lawrence L ivermore  N a t i o n a l  L a b o r a t o r y  (LLNL) , and 
Oak Ridge N a t i o n a l  L a b o r a t o r y  (ORNL) conduct 
research  i n  r e s e r v o i r  e n g i n e e r i n g ,  geophysics,  and 
geochemistry,  r e s p e c t i v e l y ,  i n  s u p p o r t  o f  t h e  DOE 
Reservo i r  Technology Research Program. INEL 's  
research  has c e n t e r e d  on t h e  development o f  a 
r e s e r v o i r  s i m u l a t i o n  code t o  p r e d i c t  h e a t  and 
s o l u t e  t r a n s f e r  i n  f r a c t u r e d ,  porous media. The 
r e s u l t s  o f  t h a t  development were r e p o r t e d  t o  t h e ,  
geothermal i n d u s t r y  i n  a t e c h n i c a l  t r a n s f e r  
workshop d u r i n g  1989. I n  suppor t  o f  t h e  
i n i t i a t i v e s  f o r  r e s e a r c h  a t  The Geysers, INEL w i l l  
i n i t i a t e  i n  c o o p e r a t i o n  w i t h  Lawrence B e r k e l e y  
Labora tory ,  s t u d i e s  o f  i n j e c t i o n  and r e l a t e d  
i n t e r f e r e n c e  e f f e c t s  a t  The Geysers. Work a t  LLNL 
i s  c e n t e r e d  on a n a l y s i s  o f  t h e  s e i s m i c i t y  
a s s o c i a t e d  w i t h  p r o d u c t i o n  and i n j e c t i o n  a t  
geothermal systems and e f f e c t s  o f  geothermal 
systems on s e i s m i c  s i g n a l s .  LLNL i s  c o n t i n u i n g  
s t u d i e s  o f  s e i s m i c  a t t e n u a t i o n  r e l a t e d  t o  t h e  
presence o f  steam a t  The Geysers. ORNL conducts 
research  t o  o b t a i n  t h e  thermodynamic and k i n e t i c  
da ta  needed as i n p u t  i n t o  geochemical models such 
as those b e i n g  developed by John Weare o f  t h e  
U n i v e r s i t y  o f  C a l i f o r n i a ,  San Diego t h a t  p r e d i c t  
t h e  phase b e h a v i o r  and c o r r o s i o n  c h a r a c t e r i s t i c s  
o f  geothermal b r i n e s .  The c u r r e n t  program a t  ORNL 
addresses t h e  i o n  i n t e r a c t i o n  parameters o f  
b i s u l f a t e  i o n  (HSO-) w i t h  Hf and Na', t h e  
d i s s o c i a t i o n  c o n s t a n t  o f  HS04-,OH-, and t h e  
s o l u b i l i t y  and s p e c i f i c a t i o n  o f  aluminum i n  t h e  
sys tern ORNL i s  
i n i t i a t i n g  s t u d i e s  o f  t h e  d i s t r i b u t i o n  o f  HC1 i n  
steam i n  s u p p o r t  o f  t h e  expanded research  program 
a t  The Geysers. 

INEL i s  a l s o  i n v o l v e d  i n  s e v e r a l  o t h e r  a c t i v i t i e s  
i n  s u p p o r t  o f  t h e  development o f  geothermal 
resources. INEL a c t s  as l i a i s o n  between t h e  
Geothermal Technology O r g a n i z a t i o n  and DOE and 
prov ides  c o n t r a c t  s u p p o r t  f o r  i n i t i a t i o n  o f  j o i n t  
research. INEL a l s o  p a r t i c i p a t e d  w i t h  s e v e r a l  
o t h e r  N a t i o n a l  L a b o r a t o r i e s  i n  p r e p a r a t i o n  o f  an 
a n a l y t i c a l  s t u d y  o f  renewable resources  i n  s u p p o r t  
o f  D O E ' S  ongo ing  N a t i o n a l  Energy S t r a t e g y .  As a 
r e s u l t  o f  t h i s  s tudy ,  INEL i s  i n i t i a t i n g  a r e v i e w  
o f  geothermal r e s e r v e s .  

H - Na - K+- C 1 - - 0 H - . 

INEL 
( J .  L x n n e r )  

S i m u l a t i o n  Code Development 

The movement o f  i n j e c t e d  f l u i d  i n  a f r a c t u r e d  
r e s e r v o i r  i s  b e i n g  modeled i n  response t o  a 
p r i m a r y  i n d u s t r y  concern  about  t h e  e f f e c t  o f  

' I t  ' I '  
1 1 1 '  

i n j e c t i o n  on pressure  maintenance, thermal  I /  
b reak through,  and water - rock  i n t e r a c t i o n  i n  a 
p r o d u c i n g  r e s e r v o i r  ( M i l l e r  and Clemo, 1988) .  The 
Idaho N a t i o n a l  Eng ineer ing  L a b o r a t o r y  ( INEL) has 
developed t h e  FRACSL code t o  s i m u l a t e  f l o w ,  s o l u t e  
t r a n s p o r t ,  and h e a t  t r a n s p o r t  i n  a s a t u r a t e d  
f r a c t u r e d - p o r o u s  media. The code uses a dua l  
p e r m e a b i l i t y  approach i n  wh ich  a common head 
d i s t r i b u t i o n  d r i v e s  f l o w  i n  m a t r i x  c e l l s  and i n  
d i s c r e t e  f r a c t u r e s  which l i e  on t h e  edges and 
d i a g o n a l s  o f  t h e  m a t r i x  c e l l s .  S o l u t e  and h e a t  
t r a n s p o r t  a r e  modeled by moving marker  p a r t i c l e s  
i n  t h e  m a t r i x ,  i n  t h e  f r a c t u r e s  and between t h e  
two. F r a c t u r e s  and m a t r i x  a r e  modeled e x p l i c i t l y  
t o  p r o v i d e  t h e  most p h y s i c a l l y  r e a l i s t i c  models 
and p o t e n t i a l l y  t h e  most a c c u r a t e  t o o l  f o r  
s t u d y i n g  t h e  movement of i n j e c t e d  and produced 
f l u i d s .  

FRACSL ( M i l l e r  e t  a l . ,  1987, M i l l e r  and Clemo, 
1988) p r o v i d e s  a two-dimensional  s i m u l a t i o n  o f  
f low, s o l u t e  t r a n s p o r t  and h e a t  t r a n s p o r t  i n  a 
s a t u r a t e d ,  f r a c t u r e d - p o r o u s  media. The f o l l o w i n g  
d i s c u s s i o n  o f  FRACSL i s  t a k e n  f r o m  M i l l e r  and 
Clemo (1988) .  

As shown i n  F i g u r e  1, a d i s t r i b u t e d  f l o w  i s  
computed t h r o u g h  t h e  porous m a t r i x  c e l l s  and a 
d i s c r e t e  f l o w  i s  computed i n  t h e  p a r a l l e l  
p l a t e  f r a c t u r e s  superimposed on t h e  edges and 
d i a g o n a l s  o f  t h e  m a t r i x  c e l l s .  T h i s  approach, 
termed d u a l  p e r m e a b i l i t y ,  i s  d i f f e r e n t  f rom 
dua l  p o r o s i t y  i n  which f l o w  i s  computed i n  t h e  
f r a c t u r e s  and a one-dimensional  i n t e r c h a n g e  
occurs  w i t h  t h e  s t o r a g e  i n  t h e  a d j a c e n t  
m a t r i x .  I n  dual  p e r m e a b i l i t y  a f l o w  can be 
computed f r o m  f r a c t u r e  t o  f r a c t u r e  t h r o u g h  
i n t e r v e n i n g  m a t r i x  and i n  d u a l  p o r o s i t y  
modeling i t  cannot .  

The marker  p a r t i c l e  t r a n s p o r t  approach used i n  
FRACSL i s  i d e a l l y  s u i t e d  t o  d u a l - p e r m e a b i l i t y  
models s i n c e  i t  p e r m i t s  e x p l i c i t l y  a d d r e s s i n g  
t h e  f r a c t u r e s ,  t h e  m a t r i x ,  and t h e  i n t e r c h a n g e  
between them i n  terms o f  t h e  fundamental  
p h y s i c a l  processes o f  a d v e c t i o n ,  d i s p e r s i o n ,  
and d i f f u s i o n .  

Movement w i t h i n  a f r a c t u r e  i s  computed based 
on random d i f f u s i o n  p l u s  t h e  l o n g i t u d i n a l  and 
t r a n s v e r s e  f l u i d  ve1,oc i t ies  a t  t h e  p a r t i c l e  
l a t e r a l  p o s i t i o n .  The l o n g i t u d i n a l  v e l o c i t y  
i s  s e l e c t e d  f r o m  a P o i s e u i l l e  d i s t r i b u t i o n  
across  t h e  f r a c t u r e  a p e r t u r e  w h i l e  t h e  
t r a n s v e r s e  v e l o c i t y  depends on t h e  f l u i d  
movement f r o m  f r a c t u r e  t o  m a t r i x  due t o  
a d v e c t i o n  across  t h e  m a t r i x  c e l l  and s t o r a g e  
w i t h i n  it. A t  a j u n c t i o n  w i t h  a n o t h e r  
f r a c t u r e  t h e  p a r t i c l e  moves i n t o  t h e  
a p p r o p r i a t e  e x i t  f r a c t u r e  b y  a d v e c t i o n  a l o n g  a 
s t ream l i n e  p l u s  a random d i f f u s i v e  movement. 
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P a r t i c l e  t r a n s f e r s  between f r a c t u r e  and m a t r i x  
a r e  computed due t o  advec t i on  and d i f f u s i o n .  
For  d i f f u s i v e l y  dominated c o n d i t i o n s ,  t h e  
random walk  approach used excess i ve  amounts o f  
computer t ime  s i n c e  a p a r t i c l e  moving i n t o  t h e  
m a t r i x  has a 50% chance o f  moving back i n t o  
t h e  f r a c t u r e  i n  t h e  n e x t  t i m e  s tep .  A h i g h e r  
o r d e r  model was, t h e r e f o r e ,  developed wh ich  
determines the  p a r t i c l e  mo t ion  based on 
o v e r a l l  p r o b a b i l i t y . .  

P a r t i c l e  movement w i t h i n  t h e  m a t r i x  i s  
computed as t h e  sum o f  advec t i ve ,  d i s p e r s i v e  
and d i f f u s i v e  mot ions .  S o l u t e  c o n c e n t r a t i o n  
o r  tempera ture  w i t h i n  t h e  model i s  computed 
from t h e  d i s t r i b u t i o n  o f  p a r t i c l e s  a t  any 
p a r t i c u l a r  t ime.  Concen t ra t i on  o r  tempera ture  
i s  a l s o  mon i to red  a t  a p r o d u c t i o n  w e l l  node. 

The o r i g i n a l  v e r s i o n  o f  FRACSL uses t h e  
Advanced Continuous S i m u l a t i o n  Language (ACSL) 
( M i t c h e l l  and Gau th ie r  Assoc ia tes ,  1986) f o r  
i t s  use r  i n t e r f a c e  and numerics and i s  
implemented on t h e  INEL CDC Cyber 176 
computer. T h i s  v e r s i o n  has been phased o u t  
and t h e  work l o a d  t r a n s f e r r e d  t o  a UNIX  based 
v e r s i o n  w i t h  s e l f - c o n t a i n e d  numerics.  The new 
v e r s i o n  (FRAC-UNIX) i s  ope rab le  on a SUN o r  
e q u i v a l e n t  w o r k s t a t i o n  f o r  f i e l d  a p p l i c a t i o n s .  

The FRAC-UNIX code i s  c u r r e n t l y  capable o f  
m o d e l l i n g  f l u i d  f l ow  and s o l u t e  and hea t  t r a n s p o r t  
i n  a two-d imens iona l ,  d u a l - p e r m e a b i l i t y  
r e s e r v o i r .  F u r t h e r  development of  FRAC-UNIX i s  
n o t  i n c l u d e d  i n  the  f i s c a l  y e a r  1990 program. 

INEL p resen ted  a two day workshop on t h e  code t o  
the  geothermal i n d u s t r y  i n  January 1989. A 
p r e l i m i n a r y  e d i t i o n  o f  t h e  u s e r ' s  manual f o r  t h e  
code was g i v e n  t o  t h e  a t tendees  a t  t h e  meet ing.  
The f i n a l  v e r s i o n  o f  t h e  manual i s  be ing  e d i t e d  
and w i l l  be a v a i l a b l e  soon. The code w i l l  be 
re leased  th rough t h e  N a t i o n a l  Energy Sof tware  
Center.  

Geysers Research 

Cur ren t  research  a t  INEL i s  d i r e c t e d  towards 
deve lop ing  a b e t t e r  unders tand ing  o f  t h e  e f f e c t s  
o f  i n j e c t i o n  on r e s e r v o i r  performance. Two 
s t u d i e s  have been proposed. The f i r s t ,  which w i l l  
be conducted i n  c o n j u n c t i o n  w i t h  Lawrence Berke ley  
Labora to ry ,  proposes t o  s t u d y  t h e  r e l a t i o n  between 
i n t e r f e r e n c e  e f f e c t s  and i n j e c t i o n .  The second 
s tudy  w i l l  i n v e s t i g a t e  m o d e l l i n g  o f  i n j e c t i o n  a t  
t he  Geysers and pe r fo rm compara t ive  s t u d i e s  o f  t h e  
M I N C  and Warren and Root approaches t o  s i m u l a t i o n  
of  f r a c t u r e d  r e s e r v o i r s .  

LLNL 
( P .  W.Kasameyer) 

Lawrence L ivermore  N a t i o n a l  Labora to ry  i s  
deve lop ing  and t e s t i n g  methods t o  image v o l c a n i c  
areas, g a t h e r i n g  case-s tudy  i n f o r m a t i o n  f o r  

geophys ica l  m o n i t o r i n g  o f  geothermal f i e l d s ,  and 
e v a l u a t i n g  p r a c t i c a l  geothermal a p p l i c a t i o n s  o f  
e x i s t i n g  geochemical m o d e l l i n g  codes Only the  
development o f  se i sm ic  v e l o c i t y  and a t t e n u a t i o n  
images a t  The Geysers t o  l o o k  f o r  steam zones i s  
d iscussed i n  t h i s  paper. 

The method used a t  The Geysers i s  based on 
successful  exper iments  a t  Med ic ine  Lake Volcano, 
and a t  Newberry Cra te r .  Rings o f  exp los ions  
p rov ided  se i sm ic  s i g n a l s  t o  produce 3-D images o f  
these v o l c a n i c  a reas .  A t  Med ic ine  Lake, a low 
a t t e n u a t i o n ,  normal v e l o c i t y  a rea  was i n t e r p r e t e d  
t o  be a d r y  o r  s team-satura ted  area  beneath t h e  
water t a b l e .  

Because o f  s u b s t a n t i a l  i n d u s t r y  i n t e r e s t  i n  t h i s  
method, LLNL dec ided t o  app ly  i t  a t  The Geysers, 
where t h e  p r e d i c t i o n s  of  t h e  e x i s t e n c e  o f  steam 
zones c o u l d  be t e s t e d .  I n  a c o o p e r a t i v e  p r o j e c t ,  
Unoca l '  C o r p o r a t i o n  and Lawrence L ivermore  Na t iona l  
Labora to ry  a r e  work ing  t o g e t h e r  t o  u t i l i z e  
e x i s t i n g  mic roear thquake da ta  f o r  a 
th ree-d imens iona l  i n t e r p r e t a t i o n  o f  b o t h  t h e  
se ismic  v e l o c i t y  s t r u c t u r e  and t h e  a t t e n u a t i o n  
p r o p e r t i e s  o f  t h e  geothermal f i e l d .  I n  t h i s  s tudy  
LLL i s  u s i n g  n a t u r a l  m ic roear thquakes  as se i sm ic  
sources t o  t e s t  t h e  hypo thes i s  t h a t  h i g h  se i sm ic  
v e l o c i t y  and low a t t e n u a t i o n  occu r  where steam i s  
p resent .  I f  t h i s  method i s  success fu l ,  i t  c o u l d  
be a p p l i e d  t o  o t h e r  se ismic  da ta  s e t s  c o l l e c t e d  a t  
The Geysers. 

Unocal has reco rded  waveforms and p i c k e d  P-wave 
a r r i v a l  t imes  f o r  thousands o f  mic roear thquakes  
recorded o v e r  a f i v e  yea r  pe r iod ,  and a r e  
p r o v i d i n g  LLNL w i t h  a comprehensive s e t  o f  t h e  
"bes t "  events .  LLNL i s  u s i n g  t h e  da ta  f rom 
s e l e c t e d  even ts  t o  de termine t h e  apparent  
a t t e n u a t i o n  f o r  each s i g n a l  and t o  r u n  i n v e r s i o n  
programs t o  produce 3-D models o f  a t t e n u a t i o n  and 
v e l o c i t y .  Resu l t s  o f  t h e  s tudy  shou ld  p r o v i d e  an 
improved a b i l i t y  t o  l o c a t e  earthquakes, a d d i t i o n a l  
i n f o r m a t i o n  about  geo log i c  s t r u c t u r e s ,  and 
p o s s i b l y ,  t h e  l o c a t i o n  o f  steam zones. 

The study area i s  10 km square and 5 km deep. The 
number o f  s t a t i o n s  and t h e  d i s t r i b u t i o n  o f  
earthquakes p r o v i d e s  exce l  l e n t  coverage o f  t h e  
t a r g e t  volume. P resen t l y ,  LLNL i s  r e s o l v i n g  
source volumes o f  1 km cubed and i s  examining ways 
t o  improve r e s o l u t i o n  o f  t h e  i n v e r s i o n  t o  b e t t e r  
than 0.5 km. T h i s  t y p e  o f  s tudy  i s  p o s s i b l e  i n  
most areas t h a t  have recorded mic roear thquakes  o r  
a r t i f i c i a l  e x p l o s i o n s  from a wide v a r i e t y  o f  
l o c a t i o n s  w i t h  s t a t i o n s  d i s t r i b u t e d  ove r  t h e  area  
o f  i n t e r e s t .  

Graphic p r e s e n t a t i o n  of t h e  i n v e r s i o n  r e s u l t s  
p rov ides  a means t o  compare t h e  s t r u c t u r a l  
i n t e r p r e t a t i o n s  w i t h  geo log ic  maps o r  hypocen t ra l  
l o c a t i o n s .  When f i n a l  images o f  v e l o c i t y  and 
a t t e n u a t i o n  a r e  completed t h i s  summer, LLNL w i l l  
r e l a t e  them t o  geo log ic  f e a t u r e s  and make 
p r e d i c t i o n s  about  t h e  occurrence o f  steam. 
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The Unocal c o n t r i b u t i o n  t o  t h i s  work has been 
s u b s t a n t i a l .  By supp ly ing  LLNL w i t h  h i g h - q u a l i t y  
se ismic  da ta  c o l l e c t e d  over  seve ra l  yea rs ,  they  
have saved DOE s e v e r a l  hundred thousand d o l l a r s ,  
and have a l l owed  LLNL t o  complete t h i s  p r o j e c t  i n  
one yea r  i n s t e a d  o f  t h ree .  LLNL l o o k s  fo rward  t o  
o t h e r  f r u i t f u l  c o o p e r a t i v e  e f f o r t s  w i t h  i n d u s t r i a l  
ope ra to rs  a t  The Geysers. 

ORNL 
(R. E-smer) 

Geochemical Research 

The o b j e c t  o f  t h i s  research  i s  t o  o b t a i n  needed 
thermodynamic and k i n e t i c  da ta  f o r  i n p u t  i n t o  
geochemical models which p r e d i c t  t h e  phase 
behav io r  and c o r r o s i o n  c h a r a c t e r i s t i c s  o f  
geothermal b r i n e s .  O f  p a r t i c u l a r  i n t e r e s t  a r e  
r e a c t i o n s  i n v o l v i n g  h i g h l y  s a l i n e  s o l u t i o n s ,  f o r  
which no adequate t h e o r e t i c a l  p r e d i c t i v e  
capabi 1 i t i e s  e x i  s t . React ions  i m p o r t a n t  i n  
c o n t r o l l i n g  r e s e r v o i r  p e r m e a b i l i t y ,  b r i n e  
chemis t r y ,  p l a n t  s c a l i n g ,  and c o r r o s i o n  a r e  the  
major  concerns o f  t h i s  program. Needed da ta  
i n c l u d e  a c t i v i t y  c o e f f i c i e n t s ,  gas s o l u b i l i t i e s ,  
and s e l e c t e d  r a t e  cons tan ts  i n  t h e  range o f  
0-350% and 0-6 mo la l  i o n i c  s t r e n g t h  f o r  
components o f  t h e  system H-Na-K-Ca-Mg-Fe-Al-B- 
C-0-S-Si-C1 and t h e  me ta l s  Pb-Mn-Zn-Cu, e t c .  

The c u r r e n t  program addresses t h e  i o n  i n t e r a c t i o n  
parameters o f  b i s u l f a t e  ion--HSOq--wi th -  H'and 
Na', t h e  d i s s o c i a t i o n  c o n s t a n t  o f  HSO4, t h e  
s o l u b i l i t y  and s p e c i f i a t i o n  o f  aluminum i n  t h e  
system H+-Na+-K+-Cl -OH-,  and t h e  
d i s t r i b u t i o n  o f  HC1 t o  steam. Resu l t s  a r e  
a v a i l a b l e  as i n p u t  t o  t h e  computer codes be ing  
developed by J .  Weare and o t h e r s ,  wh ich  model t h e  
e f f e c t s  o f  chemical  e q u i l i b r i a  and s a l i n i t y  on t h e  
geochemis t ry  and e n g i n e e r i n g  chemis t r y  o f  
geothermal f a c i  1 i t i e s .  

L iqu id -Vapor  D i s t r i b u t i o n  o f  HC1 t o  3 5 0 0 G  

Th is  p r o j e c t  addresses p h y s i c a l  chemical  
measurements r e l a t i v e  t o  unders tand ing  t h e  o r i g i n  
and t r a n s p o r t  o f  c h l o r i d e  i n  superheated 
geothermal steam systems such as The Geysers and 
La rde re l  l o ,  I t a l y  . I n  o r d e r  t o  assess t h e  
p h y s i c a l  and chemical  c o n d i t i o n s  f o r  p r o d u c t i o n  
and h a n d l i n g  o f  t h e  HC1-conta in ing  steam, new 
i n f o r m a t i o n  on t h e  d i s t r i b u t i o n  o f  HC1 between 
l i q u i d  and vapor a r e  needed a t  h i g h  tempera tures  
as a f u n c t i o n  o f  b r i n e  compos i t ion .  The 
m o t i v a t i o n  f o r  t h e  work comes f rom t h e  a c c e l e r a t e d  
c o r r o s i o n  caused by t h e  presence o f  HC1 i n  steam 
i n  c o n t a c t  w i t h  w e l l  cas ings  and p a r t s  of  t h e  
steam c o l l e c t i o n  and h a n d l i n g  systems o f  
geothermal power p l a n t s .  

HC1 i s  s t r o n g l y  d i s s o c i a t e d  i n  t h e  l i q u i d  phase a t  
tempera tures  w e l l  below t h e  wa te r  c r i t i c a l  
tempera ture  b u t  i s  s t r o n g l y  assoc ia ted  i n  t h e  
steam phase. Mass a c t i o n  suggests an i nc rease  i n  

t h e  v o l a t i l i t y  w i t h  dec reas ing  pH and w i t h  
i n c r e a s i n g  c h l o r i d e  a c t i v i t y  i n  t h e  l i q u i d  phase. 
We have c o n s t r u c t e d  an appara tus  f o r  e q u i l i b r a t i n g  
HC1 s o l u t i o n s  i n  a nob le  me ta l  l i n e d  p ressu re  
vesse l  f i t t e d  w i t h  a p ressu re  t ransducer ,  i n e r t  
t u b i n g ,  and va lves .  The KD va lues  a r e  be ing  
eva lua ted  from v o l a t i l i t y  measurements t o  abou t  
350OC on s o l u t i o n s  f o r  wh ich  a c t i v i t y  
c o e f f i c i e n t s  f o r  HC1 a r e  known. 

Thermodynamic Parameters f o r  NaHS04 and 
!2g4 : 

The e l e c t r o l y t e  s o l u t i o n s  encountered  i n  
r e a l - w o r l d  s i t u a t i o n s  such as i n  geothermal b r i n e s  
t y p i c a l l y  c o n t a i n  seve ra l  c a t i o n s  and an ions ,  some 
a t  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s .  The e x t e n t s  t o  
wh ich  s o l i d s  p r e c i p i t a t e  and v a r i o u s  chemical  
r e a c t i o n s  occur  i n  these complex systems depend 
n o t  o n l y  on t h e  ( g e n e r a l l y  known) c o n c e n t r a t i o n s  
o f  t h e  i n d i v i d u a l  components b u t  a l s o  on t h e i r  
( g e n e r a l l y  unknown) a c t i v i t y  c o e f f i c i e n t s .  The 
s u l f a t e -  b i s u l f a t e  r a t i o  i s  an i m p o r t a n t  pH b u f f e r  
i n  many such systems and t h e  thermodynamic 
i n f o r m a t i o n  f o r  b i s u l f a t e ,  as w e l l  as f o r  t h e  
b i s u l f a t e  i o n i z a t i o n  e q u i l i b r i u m ,  a r e  l a c k i n g  f o r  
a complete chemical  model o f  these systems. We 
have ob ta ined  osmot ic  d a t a  f rom i s o p i e s t i c  
measurements on NaHS04 and H2SO4 s o l u t i o n s  
t o  250oC and t o  about  5 m o l a l .  These da ta  a r e  
be ing  ana lyzed i n  d e t a i l  a long  w i t h  o t h e r  r e l e v a n t  
da ta  i n  t h e  l i t e r a t u r e  t o  d e r i v e  i o n - i n t e r a c t i o n  
parameters u s e f u l  i n  t h e  P i t z e r  model. R e s u l t s  
can be combined w i t h  o t h e r  thermodynamics t o  
deve lop  a comprehensive model f o r  mu l t i component  
b r i n e s  . 
The osmot ic  c o e f f i c i e n t  i s  a u s e f u l  thermodynamic 
f u n c t i o n  which i s  d e f i n e d  i n  terms o f  t h e  a c t i v i t y  
o f  t h e  s o l v e n t  (wa te r  i n  t h e  p r e s e n t  case) .  
F i g u r e  2 compares t h e  osmot ic  c o e f f i c i e n t s  o f  
NaCl(aq) and NaHSOq(aq) a t  100 and 2OOOC. 
Standard  da ta  f o r  NaCl(aq) a t  t hese  two 
tempera tures  a r e  shown as t h e  dashed l i n e s .  The 
p o i n t s  a r e  r e s u l t s  f rom ORNL i s o p i e s t i c  
exper iments  on NaHS04( aq) w i t h  NaCl (aq )  as t h e  
osomotic standard.  Osmotic c o e f f i c i e n t s  f o r  
NaHSOq(aq) a r e  s t o i c h i o m e t r i c ,  i . e . ,  computed on 
t h e  assumption t h a t  NaHS04 d i s s o c i a t e s  i n t o  
t h r e e  i o n s  ( t h e  i n f i n i t e l y  d i l u t e  s t a n d a r d - s t a t e  
c o n d i t i o n ) ,  and a r e  u s e f u l  as i s  f o r  c a l c u l a t i o n s  
i n v o l  v i  ng t h e  s o l  ven t  a c t  i v i  t y  . 

D i s s o c i a t i o n  Constant o f  B i s u l f a t e  i n  NaCl B r i n e s  
t o  5 Mo la l  and 150OC: 

The s u l f a t e / b i s u l f a t e  r a t i o  i s  an i m p o r t a n t  pH 
bu f fe r  i n  many geothermal systems and t h e  a c t i v i t y  
c o e f f i c i e n t s  o f  s u l f a t e  and b i s u l f a t e  a r e  needed 
f o r  mode l ing  t h e  s o l u b i l i t y  of  t h e  s u l f a t e  
m i n e r a l s  and ca l c ium phases (such as c a l c i t e )  i n  
b r i n e s  as a f u n c t i o n  o f  tempera ture  and t o t a l  
s a l i n i t y .  The d i s s o c i a t i o n  cons tan t  o f  b i s u l f a t e  
i o n ,  Q = m(H+) m(SO42-)/m(HSO~) was 
measured p o t e n t i o m t r i c a l l y  i n  a hydrogen- 
e l e c t r o d e  c o n c e n t r a t i o n  c e l l  i n  0 . 1  t o  5.0 mo la l  
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NaCl s o l u t i o n s  f rom 50 t o  250OC. The r e s u l t s  
have been combined w i t h  l i t e r a t u r e  da ta  and f i t  t o  
a f u n c t i o n  of  tempera ture  and i o n i c  s t r e n g t h  over  
t h e  range 0-25OoC and 0-5.0 m o l a l '  i o n i c  
s t r e n g t h  ( F i g u r e  3 )  u s i n g  a m o d i f i e d  fo rm o f  t h e  
P i t z e r  i o n  i n t e r a c t i o n  model ( s o l i d  l i n e s  i n  
F igu re  3 ) .  

These r e s u l t s  demonst ra te  t h e  dominant e f f e c t  of  
s a l i n i t y ,  as w e l l  as tempera ture ,  on t h i s  
impor tan t  pH b u f f e r .  Because b i s u l f a t e  
d i s s o c i a t e s  a p p r e c i a b l y  t o  s u l f a t e  and hydrogen 
i o n s  a t  e l e v a t e d  tempera tures  and i o n i c  s t r e n g t h s ,  
independent knowledge o f  t h e  d i s s o c i a t i o n  cons tan t  
i s  needed i n  o r d e r  t o  model t h e  i s o p i e s t i c  da ta  
d iscussed above. 

Aluminum S p e c i a t i o n  and G i b b s i t e  S o l u b i l i t y  i n  
B r ines  a t  E leva ted  Temperatures:  

A knowledge o f  t h e  aqueous chemis t r y  o f  monomeric 
aluminum spec ies  i s  needed i n  o r d e r  t o  model the  
e v o l u t i o n  o f  p o r o s i t y  and s o l u t i o n  c h e m i s t r y  (pH, 
c a t i o n  r a t i o s ,  e t c . )  i n  geothermal systems, 
because t h e  s t a b i l i t i e s  o f  a l u m i n o s i l i c a t e  
m i n e r a l s  ( c l a y s ,  f e l d s p a r s ,  z e o l i t e s ,  e t c . )  
c o n t r o l  these parameters.  There fo re ,  we have 
undertaken a s y s t e m a t i c  s t u d y  o f  t h e  s o l u b i l i t y  o f  
aluminum oxyhydrox ides  as a f u n c t i o n  o f  s a l i n i t y  
and tempera ture ,  coup led  w i t h  nove l  p o t e n t i o m e t r i c  
measurements, i n  o r d e r  t o  work o u t  t he  s p e c i a t i o n  
and a c t i v i t y ,  c o e f f i c i e n t s  of  aqueous aluminum. 
Work completed thus  f a r  ( f unded  j o i n t l y  by D O E ' S  
Basic Energy Science and Geothermal Technology 
D i v i s i o n )  i n c l u d e s  t h e  s o l u b i l i t y  o f  g i b b s i t e ,  
Al(OH)3, i n :  ( a )  NaC1-HC1 b r i n e s  f rom 30-70% 
and 0-5 mo la l  i o n i c  s t r e n g t h  ( f r e e  energ ies  and 
a c t i v i t y  c o e f f i c i e n t s  of Al3'); ( b )  
Na+-K+-OH--Cl- b r i n e s  f rom 5 - lOOoC 
( f r e e  energ ies  and a c t i v i t y  c o e f f i c i e n t s  o f  
A l (0H)Z) ;  and ( c )  NaCl b r i n e s  b u f f e r e d  i n  t h e  
near n e u t r a l  pH range a t  50oC (spec ies  
i n t e r m e d i a t e  between A13  and Al(0H); j  as w e l l  
as fo rmat ion  c o n s t a n t s  f o r  complexes o f  t hese  i o n s  
w i t h  a c e t a t e  and o t h e r  s o l u b l e  o rgan ic  
compounds). We have a l s o  de termined t h e  f o r m a t i o n  
cons tan ts  o f  A1 (OH)2+ and aluminum a c e t a t e  t o  
125oC i n  0.1 m o l a l  NaCl f rom p o t e n t i o m e t r i c  
ti t r s t i o n s .  

The l o g a r i t h m  o f  t h e  t o t a l  m o l a l i t y  of d i s s o l v e d  
aluminum i n  e q u i l i b r i u m  w i t h  g i b b s i t e  a t  5OoC i n  
0.1 mo la l  NaCl s o l u t i o n s  i s  shown as a f u n c t i o n  of 
t h e  n e g a t i v e  l o g  o f  t h e  hydrogen i o n  m o l a l i t y  on 
F i g u r e  4. The p l o t t e d  p o i n t s  were o b t a i n e d  by 
measur ing g i b b s i t e  s o l u b i l i t y  i n  NaCl s o l u t i o n s  i n  
which t h e  hydrogen i o n  m o l a l i t y  was f i x e d  by a 
v a r i e t y  o f  o r g a n i c  b u f f e r s .  The s t r a i g h t  l i n e s  
i n d i c a t e .  t h e  r e s u l t s  o f  o t h e r  exper iments  i n  wh ich  
t h e  s o l u b i l i t y  o f  g i b b s i t e  was measured o v e r  a 
w ide  range of tempera tures  and i o n i c  s t r e n g t h s  i n :  
sodium c h l o r i d e  p l u s  HC1 s o l u t i o n s  i n  wh ich  Al3' 
i s  t h e  dominant aluminum spec ies ;  and i n  sodium 
ch lo r i_de p l u s  sodium h y d r o x i d e  s o l u t i o n s  i n  wh ich  
A l (OHI4  i s  t h e  dominant spec ies .  The c u r v e  f o r  
A1 (OH)2' was o b t a i n e d  f rom p o t e n t i o m e t r i c  
t i t r a t i o n s  of A13' p l u s  sodium c h l o r i d e  p l u s  HC1 

s o l u t i o n s  u s i n g  a hydrogen e l e c t r o d e  c o n c e n t r a t i o n  
c e l l .  As can be seen, t h e  r e s u l t s  o f  these 
e a r l i e r  s t u d i e s  agree v e r y  w e l l  w i t h  t h e  r e s u l t s  
f rom t h e  b u f f e r  runs .  The shape o f  t h e  s o l u b i l i t y  
cu rve  near  i t s  minimum can now be used t o  e x t r a c t  
t h e  f o r m a t i o n  cons tan ts  o f  spec ies  i n t e r m e d i a t e  
between A1(OHI2+ and A l (0H)Z .  E a r l y  i n  t h i s  
s tudy ,  i t  was d i scove red  t h e  Al3' forms a s t r o n g  
complex w i t h  ace ta te ,  one o f  t h e  b u f f e r s  used i n  
t h e  s tudy .  Th is  has v e r y  i m p o r t a n t  i m p l i c a t i o n s  
f o r  secondary p o r o s i t y  development i n  sed imentary  
bas ins  and geothermal systems, because a c e t a t e  i s  
t h e  most abundant s o l u b l e  o rgan ic  a c i d  produced 
d u r i n g  t h e  thermal  decompos i t ion  o f  b u r i e d  o r g a n i c  
m a t e r i a l  i n  these s e t t i n g s .  

Fu tu re  work w i l l  i n v o l v e  boehmite,  A lOOH,  
s o l u b i l i t y  s t u d i e s  a t  tempera tures  t o  300OC and 
con t inued  p o t e n t i o m e t r i c  s t u d i e s  of  aluminum 
hyd rox ide  spec ies  and complexes w i t h  c h l o r i d e ,  
o t h e r  i n o r g a n i c  an ions ,  and c a r b o x y l i c  a c i d s .  The 
i n t e r a c t i o n  o f  aluminum w i t h  o rgan ic  compounds i s  
most i n t e r e s t i n g  because i t  p rov ides  a mechanism 
f o r  secondary p o r o s i t y  development i n  sed imentary  
bas ins  and geothermal systems i n  which abundant 
o r g a n i c  m a t e r i a l  i s  t h e r m a l l y  decomposing t o  
produce c a r b o x y l i c  a c i d s  and o t h e r  w a t e r - s o l u b l e  
o rgan ic  compounds. 

Geothermal Technology O r g a n i z a t i o n  

INEL a l s o  suppor ts  t h e  geothermal i n d u s t r y ' s  
Geothermal Technology O r g a n i z a t i o n ,  a geothermal 
i n d u s t r y  group seek ing  t o  advance t h e  
s t a t e - o f - t h e - a r t  of geothermal techno logy  th rough:  

o conduc t ing  c o o p e r a t i v e  research  under t h e  

o s h a r i n g  research  c o s t s  w i t h  t h e  DOE, 
o f a c i l i t a t i n g  t h e  i n d u s t r i a l  development o f  

o a d v i s i n g  the  r e s e a r c h  community o f  t h e  

The o r g a n i z a t i o n  was f o r m a l i z e d  and e n t e r e d  i n t o  
an agreement f o r  c o o p e r a t i v e  research  w i t h  DOE i n  
t h e  S p r i n g  o f  1988. Membership i s  open t o  a l l  who 
have an i n t e r e s t  i n  geothermal development. 

The Geothermal Technology O r g a n i z a t i o n  (GTO) : 

" N a t i o n a l  Coopera t ive  Research Ac t  of 1984, 

b a s i c  research  r e s u l t s ,  and 

geothermal  i n d u s t r y ' s  needs. 

o funds research  i n  r e s e r v o i r  performance and 
energy  convers ion  techno logy ,  

o seeks research  w i t h  h i g h  p r o b a b i l i t y  o f  s h o r t  
t e rm b e n e f i t s ,  and 

o shares  c o s t s  -- i n d u s t r y  51%, DOE 49%. 

GTO and DOE have comple ted  a s tudy  o f  t h e  
app l  i c a b i  1 i t y  o f  advanced se i sm ic  techn iques  t o  
m o n i t o r  i n j e c t i o n  and p r o d u c t i v i t y  enhancement a t  
t h e  Geysers steam f i e l d  and a d d i t i o n a l  p r o j e c t s  
a r e  under  d i scuss ion .  Much o f  t h e  proposed 
c o o p e r a t i v e  research  a t  The Geysers may be funded 
t h r o u g h  t h e  GTO. 
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* N a t i o n a l  Energy S t r a t e g y  

INEL, i n  c o n j u n c t i o n  w i t h  seve ra l  o t h e r  Na t iona l  
L a b o r a t o r i e s  and the  S o l a r  Energy Research 
I n s t i t u t e ,  p repared an a n a l y t i c a l  s tudy  of  t h e  
p o t e n t i a l  f o r  development o f  renewable energy 
resources  ave r  t h e  n e x t  40 years .  INEL was 
i n v o l v e d  i n  t h e  p r e p a r a t i o n  o f  t h e  p o r t i o n s  o f  t he  
document d e a l i n g  w i t h  geothermal resources and 
hydropower. The geothermal s e c t i o n  a t tempted t o  
take  a reasonab le  approach t o  t h e  development o f  
hydro thermal  resources  and t h e  advanced geothermal 
resources  such as geopressured, h o t  d r y  rock  and 
magma . However, t h e  a n t i c i p a t e d  growth i n  
u t i l i z a t i o n  o f  hydro therml  resources, i n  
p a r t i c u l a r ,  may be t o o  conserva t i ve .  

One outcome of t h e  p r e p a r a t i o n  o f  t h i s  i s  t h e  
r e a l i z a t i o n  t h a t  t h e r e  does n o t  e x i s t  a s u i t a b l e  
da ta  base on wh ich  t o  e s t i m a t e  f u t u r e  geothermal 
p r o d u c t i o n  r e l a t i v e  t o  inc reases  i n  c o s t  o f  
e l e c t r i c i t y  and l i t t l e  da ta  i s  p u b l i c a l l y  
a v a i l a b l e  w i t h  which t o  e s t i m a t e  undeveloped 
reserves  o r  undeveloped, n e a r l y  economic 
resources .  INEL i s  i n i t i a t i n g  a program t o  
develop such da ta  bases and i s  seek ing  t h e  suppor t  
o f  i n d u s t r y .  I n  o r d e r  t o  p r o t e c t  p r o p r i e t a r y  
i n t e r e s t s  of t h e  geothermal i n d u s t r y ,  rese rve  
es t ima tes  w i l l  be made p u b l i c a l l y  a v a i l a b l e  o n l y  
as a n a t i o n a l  aggregate .  
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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