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The a b i l i t y  t o  i n j e c t  "spent"  geothermal  b r i n e  may b e  a 
c r i t i c a l  and perhaps l i m i t e d  f a c t o r  i n  t h e  development of f l u i d -  
dominated geothermal  r e s o u r c e s .  I n  o r d e r  t o  unders tand  and 
e v a l u a t e  changes i n  format ion  p e r m e a b i l i t y  and p o r o s i t y  a t  d e p t h  
as a r e s u l t  of  i n j e c t i o n  of b r i n e  e f f l u e n t s ,  exper iments  w e r e  
c a r r i e d  o u t  (7Oo-90"C a t  10.3 MPa conf in ing  p r e s s u r e )  i n  conjunc- 
t i o n  w i t h  t h e  ongoing b r i n e  chemis t ry  and materials e v a l u a t i o n  
e f f o r t  a t  t h e  Lawrence Livermore Labora tory  F i e l d  T e s t  S t a t i o n  
l o c a t e d  i n  t h e  S a l t o n  Sea Geothermal F i e l d ,  I m p e r i a l  Va l l ey ,  
C a l i f o r n i a  . 

SAMPLES, APPARATUSy AND EXPERIMENTAL METHOD 

The sedimentary rock  i n v e s t i g a t e d  w a s  t h e  Kayenta sands tone  
(Chan, 1977; P i w i n s k i i  and Ne the r ton ,  1977) .  Core samples 
(10.2 cm l o n g ,  2.5 cm d iame te r )  w e r e  d r i e d  a t  approximate ly  80°C 
f o r  48 t o  7 2  hours  a t  a p r e s s u r e  of 1 0  kPa. A f t e r  c o o l i n g ,  
specimens were s a t u r a t e d  w i t h  1 M N a C l  s o l u t i o n  and s t o r e d  under 
t h i s  s o l u t i o n  i n  a d e s i c c a t o r .  Core s a m p l e s  w e r e  j a c k e t e d  w i t h  
tygon and p r e s s u r i z e d  t o  10 .3  MPa ( P i w i n s k i i  and Ne the r ton ,  1977) .  
When t h e  specimen a t t a i n e d  thermal  e q u i l i b r i u m ,  geothermal  b r i n e  
w a s  admi t t ed  t o  t h e  c o r e  and f low rates were measured a t  a series 
of d i f f e r e n t i a l  p r e s s u r e s  i n  o r d e r  t o  e s t a b l i s h  t h a t  d a t a  w e r e  
be ing  c o l l e c t e d  i n  a l amina r  f low rggime. 
eva lua ted  from k = qQL/A[P2 - P1](Wycoff e t  a l . ,  1934; Muskat, 
1937) .  
were measured v i a  Bourdon t u b e  gauges,  and Q,  f low r a t e ,  w a s  
determined by n o t i n g  t h e  t i m e  of  b r i n e  f low i n t o  a b u r e t t e  u s i n g  
a s t o p  watch. Length (L) and Area (A) of t h e  samples  were 
mea$ured and b r i n e  v i s c o s i t y  (q) w a s  determined u s i n g  a Brookf i e ld  
LV v iscometer  w i th  UL a d a p t e r  ( P i w i n s k i i  e t  a l . ,  1977; P i w i n s k i i  
and Ne the r ton ,  1977) .  

P e r m e a b i l i t y  w a s  

P2 and PI, upstream and downstream p r e s s u r e ,  r e s p e c t i v e l y ,  

*Work performed under t h e  a u s p i c e s  of t h e  U.S. Dept. of Energy 
under c o n t r a c t  No. W-7405-Eng-48. 
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EXPERIMENTAL RESULTS 

Magmamax No. 1 b r i n e ,  a c i d i f i e d  i n  some cases upstream of 
t h e  c o r e  sample,  w a s  t h e  f l u i d  used i n  t h e  i n v e s t i g a t i o n .  
exper iments  w e r e  conducted i n  t h r e e  b a s i c  modes: 

1) no f i l t e r s  o p e r a t i o n a l  upstream of t h e  c o r e ,  
2) one 1 0  pm c a r t r i d g e  f i l t e r  o p e r a t i o n a l  ups t ream of t h e  

c o r e  , 
3)  one 10 pm c a r t r i d g e  f i l t e r  and one 1 0  pm depth- type 

f i l t e r  o p e r a t i o n a l  upstream of t h e  c o r e .  

The 

When t h e  exper iments  w e r e  conducted w i t h  one f i l t e r  o r  no f i l t e r  
i n  o p e r a t i o n ,  t h e  p e r m e a b i l i t y  c a l c u l a t e d  i s  a composi te  of t h e  
rock  and a 2 t o  3 mm t h i c k  f i l t e r  cake composed of  amorphous 
s i l i c a  and i r o n  which i s  formed on t h e  top  f a c e  of t h e  c o r e  
sample. The t h i c k n e s s  of t h e  f i l t e r  cake i s  n o t  f i x e d  b u t  i s  a 
f u n c t i o n  of t i m e  of sample exposure to t h e  b r i n e .  A l l  s a m p l e s  
run  i n  modes 1 and 2 show t h i s  t y p e  of cake bu i ldup .  A s  a 
r e s u l t ,  i t  i s  ve ry  d i f f i c u l t  t o  assess t h e  i n t r i n s i c  p e r m e a b i l i t y  
of t h e  sands tone ,  o r  t h e  p e r m e a b i l i t y  of  t h e  s l u d g e  l a y e r  on t h e  
c o r e  f a c e .  

Data provided i n  F i g u r e  1 i n d i c a t e  t h a t  t h e  p e r m e a b i l i t y  
of K-4 when conducted i n  mode 1 (no f i l t e r s  o p e r a t i o n a l )  dec reased  
from 50 md t o  1 md a f t e r  5.2 hours  of f low of a c i d i f i e d  b r i n e  ( s e e  
Table  1 f o r  i n l e t  pH). Sample K-10 w a s  run  i n i t i a l l y  w i t h  two 
f i l t e r s  o p e r a t i o n a l  (mode 3 ) .  A f t e r  approximate ly  1 . 6  hour s  of 
f low,  t h e  p e r m e a b i l i t y  dec reased  t o  60 md. A f t e r  removal of t h e  
d i s c  f i l t e r ,  t h e  p e r m e a b i l i t y  of sample K-10 dec reased  s h a r p l y  
from 60 md t o  1 5  md a f t e r  two hour s  f low of u n t r e a t e d  b r i n e  (mode 
2 ) .  When b o t h  1 0  pm f i l t e r s  were i n s e r t e d  ups t ream of t h e  c o r e  
(mode 3 ) ,  t h e  p e r m e a b i l i t y  of sample K-A decreased  from 700 md t o  
65 md a f t e r  1 .5  hours  of f low o f . b r i n e  which had been a c i d i f i e d  
t o  pH = 3.58 (see Table  1). It i s  i n t e r e s t i n g  to n o t e  t h a t  a f t e r  
approximate ly  1 . 5  hours f l o w  of f i l t e r e d  b r i n e  (see samples  K-10 
and K-A i n  F igu re  l ) ,  1360 po re  volumes of pH = 3.58 b r i n e  flowed 
through K-A w h i l e  on ly  421 po re  volumes of pH = 5.8 ( u n t r e a t e d )  
b r i n e  permeated sample K-10. 

DISCUSSION 

Unmodified Magmamax b r i n e  conta ined  about  140  ppm suspended 
s i l i c a  s o l i d s .  I n  a c i d i f i e d  b r i n e ,  however, s i l i c a  suspended 
s o l i d s  c o n c e n t r a t i o n s  were 115 ppm. Depending on pH, a c i d i f i e d  
b r i n e  e f f l u e n t s  have long-term (20-200 hours )  s t a b i l i t y  w i t h  
r e s p e c t  t o  s i l i c a  p r e c i p i t a t i o n .  I n  unmodified b r i n e ,  suspended 
s o l i d s  levels  r each  300-400 ppm w i t h i n  two hours  a t  90°C. Rapid 
p e r m e a b i l i t y  d e c l i n e  occurred  when untreated and unfiZtered b r i n e  
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permeated sample K-4, and when acidified and filtered b r i n e  passed 
through samples K-10 and K-A ( s e e  F igu re  1). The p e r m e a b i l i t y  
l o s s  e x h i b i t e d  by K-A d e s e r v e s  f u r t h e r  comment. Data g iven  i n  
Tab le  1 reveal t h a t  t h e  pH of b r i n e  l e a v i n g  K-A is much h i g h e r  
t h a n  t h e  incoming b r i n e  pH. 
m a t r i x  ca lc i te  cement is  be ing  d i s s o l v e d  by t h e  h o t ,  permeat ing 
a c i d  b r i n e ,  t he reby  y i e l d i n g  a carbonated  ex i t  b r i n e  of  h igh  pH. 
Furthermore,  t h e  Si02 con ten t  of b r i n e  e x i t i n g  t h e  c o r e  sample is  
much lower than  t h a t  of  t h e  e n t e r i n g  b r i n e  ( s e e  Table  1 ) .  This  
s u g g e s t s  t h a t  p r e c i p i t a t i o n  of  amorphous s i l i ca  occur red  i n  t h e  
sands tone ,  presumably d e c r e a s i n g  t h e  s i z e  of p o r e  t h r o a t s  and 
caus ing  p e r m e a b i l i t y  l o s s .  

T h i s  s u g g e s t s  t h a t  t h e  r o c k ' s  

Some evidence  exists t h a t  s m a l l  c a l c i t e  p a r t i c l e s  r e s u l t i n g  
from t h e  d i s s o l u t i o n  of  t h e  m a t r i x  cement and /o r  c o l l o i d a l  s i l i ca  
d e p o s i t s  are plugging po re  t h r o a t s .  Grens (1977) measured t h e  
p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  t h e  Magmamax No. 1 b r i n e  as i t  
e x i t e d  Kayenta s a m p l e  K-4 by means of a laser l i g h t - s c a t t e r i n g  
p a r t i c l e  a n a l y z e r .  H e  found t h a t  t h e r e  w a s  a tremendous i n c r e a s e  
i n  p a r t i c l e s  i n  t h e  2 t o  5 pm s i z e  range  i n  b r i n e  which had flowed 
through Kayenta sands tone  a f t e r  0.83 hours .  T h i s  s u g g e s t s  that  
s m a l l  c a l c i t e  p a r t i c l e s  w e r e  be ing  genera ted  i n  l a r g e  q u a n t i t i e s  
and /o r  c o l l o i d a l  s i l i c a  p a r t i c l e s  w e r e  p r e c i p i t a t i n g  from t h e  
permeat ing  b r i n e .  The combined e f f e c t  on p e r m e a b i l i t y  i s  c l e a r l y  
observed i n  F igu re  1. 

I n  summary, t h e  d a t a  po r t r ayed  i n  F igu re  1 i n d i c a t e  t h a t  
l a r g e  p e r m e a b i l i t y  l o s s e s  occur red  i n  Kayenta sands tone  ( p o r o s i t y ,  
20.7 k 1.66%) when unfiztered, untreated Magmamax b r i n e  and 
filtered, acidified Magmamax b r i n e  were t h e  permeat ing  f l u i d s .  
I n  t h e  former case, p e r m e a b i l i t y  d e c l i n e  w a s  due  t o  t h e  accumula- 
t i o n  of  a t h i c k  f i l t e r  cake  on t h e  t o p  f a c e  of t h e  c o r e  sample 
which w a s  composed of amorphous s i l i ca  and i r o n .  I n  t h e  l a t te r  
s i t u a t i o n ,  l o s s  of p e r m e a b i l i t y  w a s  caused by t h e  p r e c i p i t a t i o n  
of amorphous s i l i c a  and g e n e r a t i o n  of  l a r g e  q u a n t i t i e s  of ca l c i t e  
p a r t i c l e s  from t h e  d i s s o l u t i o n  of  t h e  m a t r i x  cement. The expe r i -  
menta l  r e s u l t s  t h u s  show t h a t  i f  t h e  S a l t o n  Sea Geothermal F i e l d  
w e r e  composed of porous sed imentary  fo rma t ions  s i m i l a r  t o  Kayenta 
sands tone ,  long-term i n j e c t i o n  of  unmodified Magmamax b r i n e  i s  n o t  
f e a s i b l e .  I n  t h e  case  of a c i d i f i e d  b r i n e ,  most of t h e  perme- 
a b i l i t y  d e c l i n e  may r e s u l t  from t h e  m o b i l i z a t i o n  of  ca lc i te .  
A d d i t i o n a l  experiments  w i l l  be  c a r r i e d  ou t  i n  t h e  f u t u r e  a t  lower 
f low rates t o  test  t h e  p o s s i b i l i t y  of long-term i n j e c t i o n  of 
f i l t e r e d ,  a c i d i f i e d  geothermal  b r i n e .  
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. . .  

I 
Mean i n l e t  pH 
Mean o u t l e t  pH 

I n l e t  S i02  composi t ion of 
b r i n e  (ppm) 

O u t l e t  Si02 composi t ion of  
b r i n e  a f t e r  0.38 h r  f low (ppm) 

O u t l e t  Si02 composi t ion of  
b r i n e  a f t e r  0.90 h r  f low (ppm) 

O u t l e t  Si02 composi t ion of 
b r i n e  a f t e r  3.55 h r  f low (ppm) 

O u t l e t  S i02  composi t ion of 
b r i n e  a f t e r  5.33 h r  f low (ppm) 

O u t l e t  S i02  composi t ion of  
b r i n e  a f t e r  15.75 h r  f low (ppm) 
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Table  1. Data on pH and Si02 Composition of  Br ine  

Kayenta Sandstone 

K-4 K-10 K-A 1 
5.00k0.20 5.80k0.08 3.58k0.6 
5.95k0.35 5.65k0.09 4.78k0.2 

445 425 47 7 

2 67 --- --- 

4 00 --- --- 

--- 17 2 --- 

353 --- --- 

--- --- 181 
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FIGURE LEGEND 

F igure  1. P e r m e a b i l i t y  of  Kayenta s a n d s t o n e s ,  K-4 and K-10, 
p a r a l l e l  t o  t h e  bedding,  and K-A, p e r p e n d i c u l a r  t o  t h e  
bedding,  as a f u n c t i o n  of  t h e  t o t a l  t i m e  of f l ow of 
b r i n e  through t h e  co re .  
of po re  volumes (PV) of b r i n e  which passed through t h e  
c o r e  samples a t  t h e  t i m e  i n d i c a t e d .  Data on t h e  mean 
pH and Si02 c o n t e n t  of b r i n e  e n t e r i n g  and l e a v i n g  each  
c o r e  are g iven  i n  Table  1. 

Also p l o t t e d  are t h e  number 
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