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ABSTRACT 

Experiences w i t h  i n j e c t i n g  geothermal f l u i d s  have i d e n t i f i e d  

a 

3 

3 

techn ica l  problems associated w i t h  geothermal waste disposal. Th is  

r e p o r t  assesses t h e  f e a s i b i l i t y  o f  i n j e c t i o n  as an a l t e r n a t i v e  f o r  

geothermal wastewater disposal and analyzes hydro log ic  c o n t r o l s  governing 

t h e  upward m ig ra t i on  o f  i n j e c t e d  f l u i d s .  I n j e c t i o n  experiences a t  

several geothermal developments are presented. 

Tes t ing  a t  t h e  R a f t  R iver  KGRA i n  Idaho was l i m i t e d  t o  short-term 

i n j e c t i o n  i n t o  an i n t e r v a l  shal lower than t h e  product ion i n t e r v a l .  

Resul ts  i nd i ca ted  the re  i s  hydrau l i c  communication among deep and shal low 

we1 1s. The p o t e n t i a l  f o r  subs tan t ia l  upward m ig ra t i on  o f  i n j e c t e d  f l u i d s  

i s  moderately high. 

I n j e c t i o n  a t  t h e  Sal ton Sea KGRA i n  Ca l i f o rna  was tes ted  by 

i n j e c t i n g  i n t o  an i n t e r v a l  s l i g h t l y  deeper than t h e  product ion i n t e r v a l .  

Problems inc luded h igh  t o t a l  d isso lved s o l i d s  (TDS) and p o t e n t i a l  f o r  

increased subsidence and induced se ismic i ty .  The p o t e n t i a l  f o r  

subs tan t i a l  upward m ig ra t i on  o f  i n j e c t e d  f l u i d s  i s  low. 

I n j e c t i o n  a t  t h e  East Mesa KGRA i n  C a l i f o r n i a  has occurred i n t o  an 

i n t e r v a l  s i m i l a r  t o  the  product ion i n t e r v a l .  Problems are  s i m i l a r  t o  

those a t  t h e  Sal ton Sea KGRA, although TDS are  less.  The p o t e n t i a l  f o r  

subs tan t i a l  upward m ig ra t i on  o f  i n j e c t e d  f l u i d s  i s  low. 

I n j e c t i o n  a t  t h e  Otake geothermal f i e l d  i n  Japan occurs i n  

i n t e r v a l s  s i m i l a r  t o  t h e  product ion i n t e r v a l s .  Problems inc lude a h igh 

p o t e n t i a l  f o r  i n j e c t e d  f l u i d s  t o  migrate upward along f r a c t u r e s  and 

s i l i c a  sca l i ng  o f  we l l s  and equipment. 

i 
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I n j e c t i o n  a t  t h e  Hatchobaru geothermal f i e l d  i n  Japan occurs i n  

i n t e r v a l s  s i m i l a r  t o  product ion i n t e r v a l s .  Problems inc lude r a p i d  

hydrodynamic breakthrough, r e s e r v o i r  cool ing, and s i l i c a  s c a l i n g  o f  w e l l s  

and equipment. The p o t e n t i a l  f o r  subs tan t ia l  upward m ig ra t i on  o f  

i n j e c t e d  f l u i d s  i s  high. 

I n j e c t i o n  a t  t he  Ahuachapan geothermal f i e l d  i n  E l  Salvador occurs 

a t  i nte rva l  s deeper than product ion i n t e r v a l  s. Some r e s e r v o i r  cool i ng 

has occurred, bu t  i n j e c t i o n  e f f e c t i v e l y  s t a b i l i z e s  pressure decl ines. 

The p o t e n t i a l  f o r  subs tan t i a l  upward m ig ra t i on  o f  i n j e c t e d  f l u i d s  i s  low. 

Hydrogeologic and design/operational f a c t o r s  a f f e c t i n g  t h e  success 

o f  an i n j e c t i o n  program are i d e n t i f i e d .  Hydrogeologic f a c t o r s  i nc lude  

subsidence, near-surface e f f e c t s  o f  i n j e c t e d  f l u i d s ,  and se ismic i ty .  

Design/operational f a c t o r s  i nc lude  hydrodynamic breakthrough, cond i t i on  

of t h e  i n j e c t i o n  system and rese rvo i r  maintenance. E x i s t i n g  and 

po ten t i  a1 e f f e c t s  o f  p roduc t ion / i  n j e c t i o n  on these f a c t o r s  a re  assessed. 

ii 



a 

a 

ACKNOWLEDGEMENTS 

Th is  p r o j e c t  was funded by t h e  Uni ted States Department o f  Energy 

through the  Idaho Water and Energy Resources Research I n s t i t u t e  under 

Task Agreement No. DE-AT07-81ID12347 f o r  Contract  No. DE-AM07-81ID12210. 

Special thanks are extended t o  Dr.  Dale Ralston fo r  h i s  s k i l l e d  

d i r e c t i o n  and guidance as we l l  as h i s  good na ture  f o r  t h e  dura t ion  o f  t h e  

p ro jec t .  The cooperation and assistance o f  Dr .  David Allman and t h e  

geothermal s t a f f  a t  EGdG Idaho, Inc.  are s ince re l y  appreciated. David 

Anderson o f  t h e  Geothermal Resources Council and Dr .  Rol and Horne o f  

Stanford U n i v e r s i t y  were p a r t i c u l a r l y  h e l p f u l  i n  p rov id ing  geothermal 

information. Thanks a l so  go t o  O l i n  Whitescarver o f  Union O i l  Company 

and Thomas H in r i chs  o f  Magma Power Company f o r  t h e i r  p a t i e n t  answers t o  

many questions. Donna Hansen o f  t h e  U n i v e r s i t y  o f  Idaho L i b r a r y  prov ided 

inva luab le  assistance i n  ob ta in ing  techn ica l  repor ts .  F i n a l l y ,  t he  

t i r e l e s s  techn ica l  support o f  Sue L iner  L i sa  Scarano, Lynne Scarano, and 

Linda Wr ight  are espec ia l l y  appreciated. 

a 

a 

iii 



TABLE OF CONTENTS 

Page 

3 

B 

3 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

ACKNOWLEGMENTS . . . . . . . . . . . . . . . . . . . . . . .  iii 

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . .  v i  

LISTOF FIGURES . . . . . . . . . . . . . . . . . . . . . .  v i i i  

1 . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . .  
1.1. Statement o f  t h e  Problem . . . . . . . . . . . . .  
1.2. Purpose and Object ives . . . . . . . . . . . . . .  

1 

1 
4 

2 . BACKGROUND . . . . . . . . . . . . . . . . . . . . . . .  6 

3 . RAFTRIVER. IDAHO . . . . . 12 

3.1. I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . .  
3.2. Geology . . . . . . . . . . . . . . . . . . . . .  
3.3. Hydrology . . . . . . . . . . . . . . . . . . . .  

3.3.1. Surface Water . . . . . . . . . . . . . .  
3.3.2. Groundwater . . . . . . . . . . . . . . .  
3.3.3. Geothermal Resource . . . . . . . . . . .  

3.4. I n j e c t i o n  . . . . . . . . . . . . . . . . . . . .  
3.4.1. I n j e c t i o n  System . . . . . . . . . . . . .  
3.4.2. Moni to r ing  Program . . . . . . . . . . . .  
3.4.3. I n j e c t i o n  Test ing . . . . . . . . . . . .  
3.4.4. Const ra in ts  on I n j e c t i o n  . . . . . . . . .  

3.5. Summary . . . . . . . . . . . . . . . . . . . . .  

12 
14 
17 
17 
17 
28 
30 
31 
32 
33 
39 
40 

4 . IMPERIAL VALLEY. CALIFORNIA . . . . . . . . . . . . . .  42 

4.1. I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . .  
4.2. Geology . . . . . . . . . . . . . . . . . . . . .  
4.3. Hydrology . . . . . . . . . . . . . . . . . . . .  

4.3.1. Surface Water . . . . . . . . . . . . . .  
4.3.2. Groundwater . . . . . . . . . . . . . . .  
4.3.3. Geothermal Resource . . . . . . . . . . .  

4.4. I n j e c t i o n  . . . . . . . . . . . . . . . . . . . .  
4.4.1. I n j e c t i o n  System . . . . . . . . . . . . .  
4.4.2. Moni to r ing  Program . . . . . . . . . . . .  
4.4.3. I n j e c t i o n  Tes t ing  . . . . . . . . . . . .  
4.4.4. Const ra in ts  on I n j e c t i o n  . . . . . . . . .  

4.5. Summary . . . . . . . . . . . . . . . . . . . . .  

42 
44 
46 
46 
49 
54 
57 
58 
61 
63 
70 
75 

i v  



3 

d 

5 . OTAKE GEOTHERMAL AREA. JAPAN . . . . . . . . . . . . . .  
5.1.  Introduct ion . . . . . . . . . . . . . . . . . . .  
5.3.  Hydrology . . . . . . . . . . . . . . . . . . . .  

5.3.1. Surface Water . . . . . . . . . . . . . .  
5.3.2. Groundwater . . . . . . . . . . . . . . .  
5.3.3. Geothermal Resource . . . . . . . . . . .  

5.4.  I n j e c t i o n  . . . . . . . . . . . . . . . . . . . .  
5.4.1.  I n j e c t i o n  System . . . . . . . . . . . . .  
5.4.2.  Monitoring Program . . . . . . . . . . . .  
5.4.3. I n j e c t i o n  Testing . . . . . . . . . . . .  
5.4.4. Constraints on I n j e c t i o n  . . . . . . . . .  

5.5. Summary . . . . . . . . . . . . . . . . . . . . .  

5.2.  Geology . . . . . . . . . . . . . . . . . . . . .  

6 . AHUACHAPAN GEOTHERMAL FIELD. EL SALVADOR . . . . . . . .  
6.1. Introduct ion . . . . . . . . . . . . . . . . . . .  
6.3. Hydrology . . . . . . . . . . . . . . . . . . . .  

6.3.1. Surface Water . . . . . . . . . . . . . .  
6.3.2. Groundwater . . . . . . . . . . . . . . .  
6.3.3. Geothermal Resources . . . . . . . . . . .  

6.4. I n j e c t i o n  . . . . . . . . . . . . . . . . . . . .  
6.4.1. I n j e c t i o n  System . . . . . . . . . . . . .  
6.4.2. Monitoring Program . . . . . . . . . . . .  
6.4.3.  I n j e c t i o n  Testing . . . . . . . . . . . .  
6.4.4. Constraints on I n j e c t i o n  . . . . . . . . .  

6.5. Summary . . . . . . . . . . . . . . . . . . . . .  

6.2.  Geology . . . . . . . . . . . . . . . . . . . . .  

7 . DISCUSSION . . . . . . . . . . . . . . . . . . . . . . .  
8 . CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . .  

77 

77 
79 
83 
83 
84 
85 
89 
89 
93 
93 . 
96 
99 

100 

100 
100 
102 
102 
105 
109 
110 
111 
114 
115 
118 
119 

121 

131 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . .  

I 

132 

V 



3 

Tab1 e 

3.1 

3.2 

3.3 

4.1 

4.2 

4.3 

4.4 

5.1 

5.2 

5.3 

P 

5.4 

5.5 

6.1 

LIST OF TABLES 

Page 

Geologic and hydro log ic  c h a r a c t e r i s t i c s  o f  
formations a t  t h e  R a f t  R iver  KGRA, Cassia 
County, I d a h o .  . . . . . . . . . . . . . . . . . . . . . . .  18 

Selected phys ica l  and chemical charac ter i  s t i  cs 
o f  we l l  waters i n  t h e  R a f t  R i ve r  Va l ley  . . . . . . . . . .  22 

Pred ic t i ons  o f  wellhead pressure r e s u l t i n g  from 
long-term i n j e c t i o n  . . . . . . . . . . . . . . . . . . . .  35 

Tota l  d i  sso l  ved so l  i d s  content  o f  r i v e r s  c o n t r i  b u t i  ng 
water t o  t h e  Imper ia l  Valley, C a l i f o r n i a  . . . . . . . . .  49 

Selected charac ter i  s t i  cs  o f  f l  u i  ds taken from deep 
geothermal wells, l o c a l  shallow we l ls  and sur face 
waters o f  t h e  Imper ia l  Valley, C a l i f o r n i a  . . . . . . . . .  53 

Geologic and hydro log ic  c h a r a c t e r i s t i c s  o f  t h e  
Sal ton Trough near t h e  Sal ton Sea KGRA, Imper ia l  
Valley, Ca l i f o rn ia .  . . . . . . . . . . . . . . . . . . . .  56 

Depths and s l o t t e d  i n t e r v a l s  o f  geothermal w e l l s  
i n  t h e  Imper ia l  Valley, C a l i f o r n i a  . . . . . . . . . . . .  60 

Geologic and hydro log ic  c h a r a c t e r i s t i c s  o f  t h e  
Otake Geothermal Area, Japan. . . . . . . . . . . . . . . .  80 

Selected water chemi s t r y  i n geothermal we1 1 s i n  
t h e  Otake and Hatchobaru f i e l d s  of t h e  Otake 
Geothermal Area, Japan . . . . . . . . . . . . . . . . . .  86 

Summary o f  i n j e c t i o n  and product ion a t  Otake and 
Hatchobaru geothermal f i e l d s ,  Japan, 
September, 1980 . . . . . . . . . . . . . . . . . . . . . .  88 

Resul ts  o f  t r a c e r  t e s t s  a t  t h e  Hatchobaru geothermal 
f i e l d ,  Japan . . . . . . . . . . . . . . . . . . . . . . .  94 

Resul ts  o f  a t r a c e r  t e s t  us ing K I  a t  t h e  Otake 
geothermal f i e l d ,  Japan . . . . . . . . . . . . . . . . . .  95 

Geologic and hydro log ic  c h a r a c t e r i s t i c s  o f  t h e  
Ahuachapan geothermal f i e l d ,  E l  Salvador. . . . . . . . . .  103 

v i  



'4 

a 

3 

6.2 Selected chemical and phys ica l  cha rac te r i  s t i  cs o f  
waters from thermal spr ings and geothermal we1 1 s o f  
o f  t h e  Ahuachapan geothermal area, 
E l  Salvador . . . . . . . . . . . . . . . . . . . . . . . .  108 

6.3 Depths o f  Ahuachapan geothermal product ion wel ls ,  
E l  Salvador . . . . . . . . . . . . . . . . . . . . . . . .  113 

6.4 Ext rac ted  and i n j e c t e d  mass dur ing  development and 
product ion periods a t  t h e  Ahuachapan geothermal 
f i e l d ,  E l  Salvador. . . . . . . . . . . . . . . . . . . . .  114 

7.1 Desc r ip t i on  o f  hydrogeol og ic  f a c t o r s  t h a t  govern 
t h e  i n j e c t i o n  o f  geothermal waste f l u i d s  i n t o  
subsurface formations . . . . . . . . . . . . . . . . . . .  123 

7.2 Desc r ip t i on  o f  design/operational f a c t o r s  t h a t  
govern t h e  i n j e c t i  on o f  geothermal waste f l  u i  ds 
i n t o  subsurface formations . . . . . . . . . . . . . . . .  124 

7.3 E x i s t i n g  and p o t e n t i a l  e f f e c t s  o f  geothermal 
product ion and i n j e c t i o n  on se lected hydrogeologic 
f a c t o r s . .  . . . . . . . . . . . . . . . . . . . . . . . .  125 

7.4 E x i s t i n g  and po ten t i  a1 e f f e c t s  o f  geothermal 
product ion and i n j e c t i o n  on se lected design/ 
opera t iona l  f a c t o r s  . . . . . . . . . . . . . . . . . . . .  126 

P 

v i  i 



LIST OF FIGURES 

3 Figure  

2.1 

Page 

Conceptual model o f  t h e  advancing plume o f  cooled 
geothermal f l u i d s  toward t h e  producing zone and 
along v e r t i c a l  f a u l t s  f o l l o w i n g  i n j e c t i o n  i n t o  a 
f r a c t u r e d  geothermal reservo i r .  . . . . . . . . . . . . 9 

3 
3.1 Locat ion o f  t h e  R a f t  R ive r  KGRA, Idaho. . . . . . . . . . . 13 

3.2 

3.3 

Regional geology and s t r u c t u r e  near t h e  R a f t  R iver  
Valley, Idaho . . . . . . . . . . . . . . . . . . . . . . . 16 

Conceptual i n t e r p r e t a t i o n  o f  t h e  Br idge F a u l t  Zone 
i n  t h e  R a f t  R iver  KGRA . . . . , . . . . . . . . . . . . . 19 

3.4 

3.5 

Locations o f  R a f t  R iver  w e l l s  . . . . . . . . . . . . . . . 21 

Conceptual model o f  f low i n  t h e  R a f t  R iver  KGRA, 
I d a h o . .  . . . . . . . . . . . . . . . . . . . . . . . . . 29 

4.1 

4.2 

Locat ion o f  t h e  Imper ia l  Val ley, C a l i f o r n i a  . . . . . . . . 42 

Regional geology o f  t h e  Imper ia l  Val ley, C a l i f o r n i a ,  
and l o c a t i o n s  o f  t h e  Sal ton Sea and East Mesa KGRAs . . . . 45 

4.3 Locat ions o f  w e l l s  a t  t h e  Sal ton Sea Geothermal 
Loop Experimental F a c i l i t y  (GLEF), Imper ia l  Val ley, 
C a l i f o r n i a .  . . . . . . . . . . . . . . . . . . . . . . . . 47 

4.4 Locations o f  se lected geothermal w e l l s  a t  t h e  East 
Mesa KGRA, Imper ia l  Valley, C a l i f o r n i a  . . . . . . . . . . . 48 

4.5 Conceptual cross section and f low pattern o f  the East 
Mesa geothermal system, Imper ia l  Valley, C a l i f o r n i a  . . . . 73 

5.1 Locat ion o f  t h e  Otake Geothermal Area, Kyushu, Japan. . . . 78 B 
Regional geolog ic  cross sec t ion  through t h e  Otake 
Geothermal Area . . . . . e . . . . . . . . . . . . . . . . 81 

5.2 

Schematic cross-section showi ng f a u l t s  and t h e  
geothermal reservo i  r i n  t h e  Otake Geothermal Area, 
J a p a n . .  . . . . . . . . . . . . . . . . . . . . . . . . . 82 

5.3 

3 

5.4 Locations o f  geothermal product ion and i n j e c t i o n  
w e l l s  a t  t h e  Otake geothermal f i e l d ,  Japan. . . . . . . . . 90 

P 5.5 Locations o f  geothermal product ion and i n j e c t i o n  
w e l l s  a t  t h e  Hatchobaru geothermal f i e l d ,  Japan . . . . . . 91 

v i i i  

3 



a 

3 
6 .1  Location of  Ahuachapan geothermal f i e l d ,  E l  Salvador. . . . 101 
6.2 Geological section and selected geothermal we1 Is of  

the Ahuachapan geothermal f i e l d ,  E l  Salvador. . . . . . . . 114 
6.3 Locations o f  geothermal production and in jec t ion  

wells i n  the Ahuachapan geothermal f i e l d ,  
E l  Salvador . . . . . . . . . . . . . . . . . . . . . . . . 112 

a 

i x  

a 



1. INTRODUCTION 

a 

a 

13 

9 

1.1. Statement o f  t h e  Problem 

I n j e c t i n g  f l u i d s  i n t o  subsurface formations i s  a wel l -estab l ished 

method of l i q u i d  waste disposal t h a t  has served t h e  petroleum indus t r y  

and o ther  water- in tens ive i n d u s t r i e s  f o r  decades. The geothermal 

i ndustry, however, has faced numerous complex problems s ince f i r s t  

a t tempt ing i n j e c t i o n  i n  the  e a r l y  1960's. Developing hydrothermal 

resources requ i res  continuous pumping o f  l a r g e  volumes o f  superheated 

water t h a t  requ i re  disposal a f t e r  t h e  heat has been ex t rac ted  f o r  energy 

production. 

The success o r  f a i l u r e  o f  an i n j e c t i o n  program depends l a r g e l y  

upon s i t e - s p e c i f i c  condi t ions.  Geologyr f l u i d  temperature and chemistry, 

and hydro log ic  f l ow  c o n t r o l s  vary among f i e l d s ,  so each i n j e c t i o n  program 

requ i res  an i n d i v i d u a l  design f o r  i t s  respec t ive  geothermal f i e l d .  The 

inconsis tency o f  phys ica l  and chemical parameters has created numerous 

problems f o r  developers who have experienced g rea t  d i f f i c u l t y  i n  opera t ing  

long-term i n j e c t i o n .  Most worldwide i n j e c t i o n  programs t o  date have been 

e s s e n t i a l l y  one o r  more s e r i e s  o f  short-term i n j e c t i o n  t e s t s  (24-1000 

hrs.). For t h e  most pa r t r  t e s t s  have been designed t o  i d e n t i f y  techn ica l  

problems associated w i t h  f l u i d  i n j e c t i o n  and t o  assess t h e  f e a s i b i l i t y  o f  

i n j e c t i o n  w i t h i n  t h e  hydrogeologic c o n s t r a i n t s  o f  a g iven geothermal 

system. F i e l d  operators  t h a t  have i n j e c t e d  geothermal waste f l u i d s  f o r  

several months t o  several years have encountered numerous associated 

problems. These d i f f i c u l t i e s ,  depending upon each s i t ua t i on ,  may have 

. _  

chemicalr hydro log ica l ,  o r  opera t iona l  o r i g ins .  Only t h e  Ahuachapan 
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geothermal f i e l d  i n  E l  Salvador has repor ted success w i t h  long-term 

i n j e c t i o n .  Commonly repor ted problems inc lude  mainta in ing r e s e r v o i r  

pressure, subsidence r e s u l t i n g  from incomplete i n j e c t i o n ,  induced 

se ismic i ty ,  chemical f o u l i n g  o f  equipment, rese rvo i r  plugging, r a p i d  

communication o f  i n j e c t e d  water among geothermal wells, and heat 

dep le t ion  o f  t h e  geothermal rese rvo i r  by r e l a t i v e l y  cool i n j e c t e d  f l u i d s .  

There are several p r a c t i c a l  advantages o f  i n j e c t i n g  1 i q u i d  wastes 

from thermal  power p l a n t s  i n t o  underground aqui fers .  Assuming favorab le  

hydrogeologic cond i t i ons  and proper placement o f  product ion and i n j e c t i o n  

we1 1 s, these advantages are: 

I s o l a t i o n  o f  l i q u i d  wastes from t h e  sur face and prevent ion o f  sur face 

p o l l u t i o n .  

Min imiza t ion  o f  subsidence caused by withdrawal o f  l a r g e  volumes o f  

geothermal f l u i d s  (Note: l e s s  than 100% i n j e c t i o n  can s t i l l  r e s u l t  i n  

r e s e r v o i r  pressure dec l ines and accompanying subsidence). 

M in imiza t ion  o f  t h e  dec l ine  i n  rese rvo i r  pressure t h a t  occurs as 

geothermal f l u i d s  are produced. F a i l u r e  t o  rep len ish  rese rvo i r  f l u i d s  

by i n j e c t i o n  or adequate na tu ra l  recharge can d imin ish  rese rvo i r  f l u i d  

pressures and cause we1 1 produc iv i  t y  t o  decl i ne. 

P rov i s ion  o f  a mechanism t o  recover add i t i ona l  heat from t h e  

reservo i r .  Most geothermal heat i s  contained i n  r e s e r v o i r  rocks. The 

i n j e c t e d  f l u i d  scavenges heat  from t h e  rocks as it migrates through 

t h e  format ion toward t h e  product ion w e l l s  (Sanyal, 1978). 
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These l a s t  two advantages can prolong t h e  l i f e  o f  t h e  geothermal 

reservo i r .  
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Numerous hydro log ic  c r i t e r i a  must be evaluated before implementing 

an i n j e c t i o n  program. Local and reg iona l  geology con t ro l  t h e  l i t h o l o g i c  

and s t r u c t u r a l  cond i t i ons  surrounding t h e  geothermal resource as we l l  as 

t h e  a v a i l a b l e  pe rmeab i l i t i es  f o r  f l u i d  movement. The ex is tence o f  

primary porous media f low or  secondary f r a c t u r e  f low in f luences  t h e  speed 

and d i r e c t i o n  o f  groundwater movement. 

Fractures seem t o  dominate t h e  permeab i l i t y  o f  most geothermal 

f i e l d s .  The e f f e c t  o f  f r a c t u r e s  i n  geothermal rese rvo i r s  i s  one o f  t h e  

l a r g e s t  unknown q u a n t i t i e s  i n f l uenc ing  p red ic t i ons  o f  r e s e r v o i r  behavior 

dur ing  development and i n j e c t i o n .  Est imat ing t h e  degree o f  

in te rconnect ion  and t h e  spacing o f  f rac tu res  w i t h  reservo i  r s imu la t i on  

techniques i s  a primary t a r g e t  i n  cu r ren t  geothermal research. 

Evaluat ion o f  groundwater f low pat te rns  be fore  geothermal product ion and 

r e s u l t i n g  hydro log ic  g rad ien ts  a f t e r  product ion g ives a reasonably c l e a r  

idea o f  where and how f a s t  i n j e c t e d  f l u i d s  w i l l  flow,. The degree and 

s p a t i a l  d i s t r i b u t i o n  o f  r e s e r v o i r  f r a c t u r i n g  as we l l  as t h e  degree o f  

in te rconnect ion  o f  f rac tu res  a l so  have considerable e f f e c t  on t h e  r a t e  o f  

f l u i d  t ranspor t  between adjacent aquifers, both h o r i z o n t a l l y  and 

v e r t i c a l l y .  F rac ture  zones and f a u l t s  may f a c i l i t a t e  v e r t i c a l  m ig ra t i on  

o f  wastes and consequent p o l l u t i o n  o f  shal lower aqui fers .  I d e a l l y  t h e  

presence o f  an impermeable cap rock o r  con f in ing  l a y e r  would prevent 

v e r t i c a l  m ig ra t i on  o f  waste f l u i d s ;  however, n o t  a l l  geothermal systems 

possess such a cap rock. 

L i t t l e  i s  understood about t h e  near-surface and reg iona l  e f f e c t s  

o f  continuous i n j e c t i o n  o f  l a r g e  volumes o f  geothermal wastes i n t o  the  

ground. Over many years# t h e r e  could be s i g n i f i c a n t  repercussions near 

3 
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t h e  sur face from subsurface i n j e c t i o n .  Many o f  these impacts can be 

an t i c ipa ted  and avoided by a c a r e f u l l y  planned i n j e c t i o n  scheme o r  

dec is ion n o t  t o  i n j e c t  a t  a l l .  

by a 

1.2. Purpose and Object ives 

The purpose o f  t h i s  p r o j e c t  i s  t o  assess t h e  f e a s i b i l i t y  o f  

subsurface i n j e c t i o n  as an a l t e r n a t i v e  f o r  geothermal wastewater d isposal  

i n  t h e  western Un i ted  States. The general o b j e c t i v e  i s  t o  prov ide a 

d e t a i l e d  ana lys is  o f  hydro log ic  c o n t r o l s  governing t h e  e f f e c t s  o f  

i n j e c t i n g  geothermal wastewater on ove r l y ing  aqui fers .  Spec i f i c  

ob jec t i ves  inc lude:  

1) Search t h e  l i t e r a t u r e  t o  i d e n t i f y  and s e l e c t  geothermal 

developments t h a t  use subsurface i n j e c t i o n  o f  wastesr 

p a r t i c u l a r l y  i n  f rac tu red r  vo lcan ic r  and Basin and Range 

geologic  systems. 

2) Gather avai 1 ab1 e data from i n j e c t i o n  system moni t o r i  ng 

programs f o r  each o f  t h e  se lected developments and w r i t e  case 

Studies, i n c l  ude: 

a) Describe t h e  geologic  and hydro log ic  systems i n  which t h e  

geothermal resource occurs. 

b) Describe t h e  a v a i l a b l e  water chemistry data on t h e  

geothermal fl u i  d and na tu ra l  l y  occur r ing  groundwater i n 

t h e  hydrogeologic system. 

c )  Character ize the  geothermal resource on t h e  bas is  o f  i t s  

ci 
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o r i g i n r  f l u i d  movementr and r e s e r v o i r  parameters. 
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d 1 Describe t h e  i n j e c t i o n  program, i n c l  ud i  ng t h e  arrangement 

o f  i n j e c t i o n  and product ion we l l s  and t h e  e f f e c t s  o f  

i n j e c t i o n  seen a t  mon i to r ing  s t a t i o n s  and o ther  geothermal 

wel ls .  

e) Assess environmental/physical e f fec ts ,  such as 

subsi dence, se ismic i ty ,  and decl i nes i n  reservo i  r 

p roduc t i v i t y .  

3 )  Analyze hydrogeologic f a c t o r s  t h a t  con t ro l  t h e  e f fec ts  on 

ove r l y ing  aqu i fe rs  o f  i n j e c t i n g  geothermal wastewater. 

a 
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2. BACKGROUND 

Generating power us ing a l iquid-dominated hydrothermal resource 

requ i res  producing and disposing o f  l a rge  volumes of water. The amount 

o f  f l u i d  r e q u i r i n g  disposal depends upon several fac to rs .  Temperature o f  

t h e  geothermal resource c o n t r o l s  t h e  volume o f  geothermal f l u i d  needed t o  

run a g iven  power p lan t .  A 100-MW flashed-steam power p l a n t  using 

geothermal resources a t  175OC would generate about 84 x lo6 m3 ( cub ic  

meters) o f  waste f l u i d s  per  year. By comparison, t h e  same p l a n t  using 

6 3  resource temperatures o f  285OC would generate approximately 23 x 10 m 

per  year (Layton, 1980). Power p l a n t  s i z e  and type a lso  i n f l uence  t h e  

requ i red  volume o f  geothermal water. 

There may be add i t i ona l  sources o f  water needing disposal besides 

t h e  produced geothermal f l u i d s .  These sources depend l a r g e l y  upon p l a n t  

design and s i t e - s p e c i f i c  f a c t o r s  governing f l u i d  ex t rac t i on .  A f lashed- 

steam type o f  generat ing c y c l e  invo lves  a n e t  l o s s  o f  f l u i d  i n  t h e  form 

o f  steam, so t h a t  l e s s  than 100% o f  t h e  ex t rac ted  f l u i d  i s  re turned t o  

t h e  r e s e r v o i r  v i a  i n j e c t i o n .  If t h i s  ne t  f l u i d  loss  i s  subs tan t ia l ,  o r  

i f  l o c a l  cond i t i ons  i n d i c a t e  the re  i s  long-term danger o f  subsidence o r  

r e s e r v o i r  pressure losses, some source o f  make-up water may be necessary. 

Make-up water w i l l  doubt less ly  a l t e r  temperature and chemistry o f  t h e  

i n j e c t a t e .  The r e s u l t i n g  chemical reac t ions  can severely fou l  equipment 

and perhaps p lug t h e  r e s e r v o i r  near the  i n j e c t i o n  we l l  i f  proper 

precautions are no t  taken. Some power p l a n t  designs i nc lude  coo l i ng  
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towers which produce small amounts o f  cooled water r e q u i r i n g  disposal. 

Short-term wel l  t e s t i n g  a l so  produces small amounts o f  water. The 
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chemical c o m p a t i b i l i t y  o f  these f l u i d s  determines i f  they may be mixed 

w i t h  geothermal f l u i d s  f o r  i n j e c t i o n .  I n  t h e  case o f  t h e  Imper ia l  

Valley, Ca l i f o rn ia ,  even geothermal f l u i d s  from d i f f e r e n t  w e l l s  may n o t  

be compatible. 

Geologic and hydro log ic  p roper t ies  o f  a geothermal f i e l d  s t rong ly  

i n f l uence  t h e  success o r  f a i l u r e  o f  an i n j e c t i o n  program. The 

composition o f  rese rvo i r  rocks con t r i bu tes  t o  t h e  hydrochemistry o f  

r e s e r v o i r  f l u i d s .  Hydrothermal a l t e r a t i o n  o f  r e s e r v o i r  rocks, 

p a r t i c u l a r l y  i n  sedimentary formations, may s i g n i f i c a n t l y  impede f l u i d  

f 1 ow by reduci ng primary po ros i t y  and permeabi 1 i t y .  Hydrothermal 

a l t e r a t i o n  and indu ra t i on  may a l t e r n a t e l y  make r e s e r v o i r  more suscept ib le  

t o  f r a c t u r i n g ,  thereby enhancing secondary po ros i t y  and permeabi l i ty .  

The re1 a t i v e  dominance o f  primary (porous media) and secondary 

( f r a c t u r e d )  pe rmeab i l i t i es  i s  a c r i t i c a l  f a c t o r  i n  determining what 

f a c t o r s  c o n t r o l  t h e  a b i l i t y  t o  withdraw and i n j e c t  geothermal f l u i d s .  

Other f a c t o r s  t o  consider  a re  t h e  na tura l  groundwater f low pat te rns  and 

t h e  l oca t i ons  o f  f a u l t  zones and thermal highs and lows. 

There are several con f igura t ions  o f  we l l  f i e l d s  t h a t  may be 

implemented on t h e  bas is  o f  s p e c i f i c  cond i t i ons  e x i s t i n g  a t  each 

geothermal s i t e  (Horne, 1982a). I n j e c t i o n  and product ion w e l l s  may be 

in terspersed so t h a t  i n j e c t i o n  i s  occur ing w i t h i n  t h e  product ion area; 

i n j e c t i o n  w e l l s  may be placed i n  t h e  geothermal system a t  some d is tance 

from product ion we l l s  i n  a s ide  by s ide  arrangement; o r  i n j e c t i o n  we l l s  

may be loca ted  ou ts ide  o f  t h e  geothermal system. F l u i d  disposal by 

i n j e c t i o n  requi res only  t h a t  the  i n j e c t i o n  we l l  penetrates a permeable 

format ion capable o f  accepting t h e  i n j e c t e d  f l u i d s .  The permeable 
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product ion horizon may be used f o r  an i n j e c t i o n  horizon, o r  i n j e c t e d  

f l u i d s  may be d i rec ted  t o  an a l t e r n a t e  permeable zone above o r  below t h e  4 

producing horizon. 

I n te rspe rs ing  produc t i  on and i n j e c t i  on we1 1 s may he1 p mai n t a i  n 

p r o d u c t i v i t y  by reducing r e s e r v o i r  pressure losses, bu t  t he re  i s  danger 4 

o f  reducing product ion temperatures w i t h  cooled rese rvo i r  f l u i d s ,  

p a r t i c u l a r l y  i n  a very permeable system. Reducing product ion 

temperatures would requ i re  higher volumes t o  be pumped, a t  higher cost, 

t o  achieve t h e  same power generating capacity. A s ide  by s ide  

arrangement o f  c l  ose ly  spaced produc t i  on and i n j e c t i  on we1 1 s can have a 

s i m i l a r  e f f e c t .  F igure  2.1 i s  a concept ia l  diagram o f  t h e  advancing 

f r o n t  o f  i n j e c t e d  f l u i d s  i n  a very permeable f rac tu red  reservo i r .  Ths 

i n j e c t e d  f l u i d s  f low along f r a c t u r e  planes toward t h e  product ion zone and 

perhaps upward t o  ove r l y ing  aqui fers .  

Locat ing i n j e c t i o n  we l l s  a t  some d is tance from product ion w e l l s  

can prov ide a longer  f low path f o r  i n j e c t e d  f l u i d s  which would l i k e l y  

f o l l o w  a steepened, production-induced hyd rau l i c  g rad ien t  toward t h e  

producing zone. The longer  f low path (prov ided f r a c t u r e  channeling can 

be avoided) increases f l u i d  contac t  w i t h  superheated r e s e r v o i r  rocks and 

enables more heat t o  be gathered from t h e  reservo i r .  

i s  l e s s  advantageous f o r  ma in ta in ing  product ion pressures. 

Th is  con f igu ra t i on  

The r e l a t i v e  m e r i t s  o f  i n j e c t i n g  i n to ,  above o r  below producing 

horizons depend l a r g e l y  upon s i t e - s p e c i f i c  condi t ions.  These cond i t ions  

may enhance o r  reduce t h e  p o s s i b i l i t y  o f  hydrodynamic o r  thermal 

breakthrough. I n  t h i s  paper, hydrodynamic breakthrough i s  def ined as t h e  

4 
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Figure 2.1 Conceptual model of the advancing plume of cooled geothermal fluids toward the producing zone and along 
vertical faults following injection into a fractured geothermal reservoir. 



physica l  and chemical appearance o f  i n j e c t e d  f l u i d s  a t  product 

Thermal breakthrough occurs when i n j e c t e d  f l u i d s  a c t u a l l y  

r e s e r v o i r  rocks and, as a resu l t ,  cool  t h e  n a t i v e  rese rvo i r  f l u  

phenomenon i s  much slower than hydrodynamic breakthrough. 

on wel ls .  

cool t h e  

ds. Th is  

It i s  necessary t o  de f ine  several o ther  terms as they are used i n  

t h i s  repor t .  Permeab i l i t y  i s  t h e  a b i l i t y  o f  t h e  medium t o  t ransmi t  water 

and i s  a func t i on  o f  t h e  medium alone. It i s  n o t  t o  be confused here 

w i t h  hyd rau l i c  conduc t i v i t y  which i s  a func t i on  o f  both t h e  medium and 

t h e  f l u i d .  The h igh  v a r i a b i l i t y  i n  geothermal f l u i d  p roper t ies  p r o h i b i t s  

us ing t h e  groundwater hydro1 ogi  s t s '  

w i t h  any degree o f  consistency 

I n j e c t a b i l i t y  i s  used as an index o f  

they may help o r  h inder  t h e  i n j e c t  

e f i n i t i o n  o f  hydrau l i c  c o n d u c t i v i t y  

w i thout  considerable cor rec t ion .  

geothermal f l u i d  p roper t i es  and how 

on process. I n j e c t i v i t y  i s  an index 

r e f l e c t i n g  t h e  a b i l i t y  of a wel l  o r  format ion t o  accept geothermal 

f l u i d s .  It i s  def ined as Q/ P, where Q i s  r a t e  o f  f low and P i s  

r e s e r v o i r  pressure (Howard e t  al . ,  1978). I n j e c t i v i t y  may decrease w i t h  

increased we l l  o r  format ion plugging o r  may increase w i t h  we l l  

r e h a b i l i t a t i o n  o r  hydro f rac tur ing .  The geothermal i ndus t r y  uses a mass- 

based r a t e  o f  tons/hour t o  measure production. I n  some cases it i s  

poss ib le  t o  r e p o r t  i n  s t r a i g h t  volume measurements ( l / s ) .  Both terms 

appear i n  t h i s  repor t .  

A number o f  geothermal operators  worldwide have done short-term 

i n j e c t i o n  t e s t i n g  t o  determine t h e  f e a s i b i l i t y  o f  i n j e c t i o n  as a means o f  

geothermal f l  u i  d d isposal  . Other developments have implemented 

continuous i n j e c t i o n  f o r  long-term waste disposal. S ix  s p e c i f i c  case 

h i s t o r i e s  o f  developments t h a t  have p rac t i ced  i n j e c t i o n  have been 
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3 

a 
selected f o r  p resenta t ion  here. They are  t h e  R a f t  R iver  KGRA i n  Idaho; 

t h e  Sal ton Sea and East Mesa KGRAs i n  t h e  Imper ia l  Va l ley  o f  Ca l i f o rn ia ;  

t h e  Otake and Hatchobaru f i e l d s  o f  t h e  Otake Geothermal Area on t h e  

i s l a n d  o f  Kyushu, Japan; and t h e  Ahuachapan geothermal f i e l d  i n  

E l  Salvador. These s i t e s  were se lected on t h e  bas is  o f  t h e i r  va r ied  

experiences w i t h  i n j e c t i o n  and the  phys ica l  f a c t o r s  c o n t r o l l i n g  i n j e c t i o n  

a t  each s i t e .  Experiences a t  each o f  these s i t e s  have con t r i bu ted  

s i g n i f i c a n t l y  t o  our knowledge o f  geothermal i n j e c t i o n ,  i t s  c o n t r o l l i n g  

factors ,  and i t s  hydro log ic  and operat ional  e f fec ts .  
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3 .  RAFT RIVER, IDAHO 

I 

3.1. I n t r o d u c t i o n  

The R a f t  R iver  Va l ley  i s  loca ted  w i t h i n  t h e  Nor th American Basin 

and Range Province i n  south-central Idaho (F igure  3.1). The Known 

Geothermal Resource Area (KGRA) l i e s  i n  the  southern p o r t i o n  of t h e  

Va l l ey  near t h e  Idaho-Utah border. The thermal zone o f  t h e  l i q u i d -  

dominated geothermal system produces water and steam near 15OoC. 

The Uni ted States Department o f  Energy ( fo rmer l y  Energy Research 

I 

I 

and Development Admin is t ra t ion) ,  t h e  R a f t  R iver  Rural E l e c t r i c  

Cooperative, and the Idaho Department o f  Water Resources jointly 

i n i t i a t e d  d r i l l i n g  a geothermal exp lo ra t i on  we l l  a t  R a f t  R ive r  i n  1975. 

I 

The R a f t  R iver  geothermal exp lo ra t i on  we l l  No. 1 (RRGE-1) encountered 

temperatures o f  146OC, thereby v e r i f y i n g  the  ex is tence o f  a 

resou rce. 

hydrothermal 

A f e d e r a l l y  funded experimental geothermal program was i n i t i a t e d  

a t  R a f t  R iver  t o  show t h a t  moderate-temperature geothermal f l u i d s  can be 

used t o  generate e l e c t r i c i t y  and t o  prov ide energy f o r  d i rect -use 

app l ica t ions .  A 5-MW e l e c t r i c a l  generat ion p i l o t  p l a n t  t es ted  a dual- 

b o i l i n g  b inary  c y c l e  us ing isobutane as t h e  working f l u i d .  Large volumes 

o f  geothermal water suppl ied t h e  power f a c i l i t y  as we l l  as numerous 

research experiments. D i rec t -app l i ca t i on  research inc luded a number of 

i n t e n s i v e  experiments t h a t  a1 so resu l ted  i n  1 arge quant i  t i e s  o f  spent 

f l u i d  r e q u i r i n g  disposal. Disposal invo lved t h e  p i p i n g  of cooled, 

geothermal f l u i d  across t h e  we l l  f i e l d  t o  ho ld ing  ponds t o  awai t  l a t e r  

1 n j e c t i  on. 

e 

a 

Q 

1 

e 

I 
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Figure 3.1 Location o f  the Raft River KGRA,  Idaho. 
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The R a f t  R i ve r  KGRA l i e s  w i t h i n  an area designated by t h e  Idaho 

Department of Water Resources (IDWR) i n  1963 as a C r i t i c a l  Groundwater 

Basin. The des ignat ion means t h a t  add i t i ona l  long-term uses o f  t h e  water 

resource w i  11 no t  be approved. Th is  r e s t r i c t i o n  p ro tec ts  t h e  e x i  s t i  ng 

users of near-surface aqu i fe rs  from t h e  consequences o f  severe overdra f t ,  

such as degradation o f  water q u a l i t y  and excessive water l e v e l  decl ines. 

Geothermal development, however, was considered by IDWR t o  be a temporary 

research p r o j e c t  and d i d  no t  requ i re  a long-term water use permit. 

Having begun e a r l y  operat ions i n  1974, t h e  f e d e r a l l y  supported program 

ceased operat ing i n  December, 1982. The s i t e  i s  p resent ly  (1984) owned 

by a p r i v a t e  corporat ion.  

Q 

4 

Q 

4 

3.2. Geology 

The R a f t  R iver  Va l ley  i s  a Cenozoic bas in associated w i t h  Basin 

and Range geology i n  south cen t ra l  Idaho. I n  t h e  Basin and Range 

Province, h igh ranges w i t h  complex s t ruc tu res  are  i s o l a t e d  from 

4 

neighboring ranges by v a l l e y s  t h a t  are f i l l e d  w i t h  Cenzoic con t inen ta l  

deposits. Th is  geolog ic  prov ince i s  a deser t  area o f  low r a i n f a l l  . The 

ranges u p l i f t e d  t i l t e d  b locks commonly bounded on one o r  both sides are 

by normal f a u l t s  t h a t  t rend i n  a genera l l y  north-south d i rec t i on .  The 

reg ion  has a notably  t h i n  c r u s t  and abnormally h igh  heat f low. 

The R a f t  R i ve r  Val ley occupies p a r t  o f  t h e  northernmost extension 

o f  t h e  Basin and Range Province abu t t i ng  t h e  Snake R ive r  P la in .  On t h e  

north, t h e  R a f t  R iver  Val ley opens onto the  Snake R iver  P la in .  The 

v a l l e y  i s  bounded on t h e  south by t h e  R a f t  R iver  Range, on t h e  west by 

(I 

4 

4 

t h e  J im Sage and Co t te re l  Ranges, and on t h e  east by the  Black Pine Range 

14 
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and A t  t h e  southern end o f  t h e  Jim Sage 

Mountains, t h e  R a f t  R iver  enters  t h e  v a l l e y  and f lows northward. The 

KGRA The topography near t h e  

KGRA i s  c h a r a c t e r i s t i c a l l y  a l l u v i a l  fans and sediments a t  t h e  edges o f  

t h e  R a f t  R iver  f l o o d  p l a i n  (Dolenc e t  al., 1981). 

t h e  S u b l e t t  Range (F igu re  3.2). 

i s  a l so  a t  t h e  southern end o f  t h e  va l l ey .  

The R a f t  River  Va l ley  near the  KGRA i s  a downdropped basin w i t h  

steep normal f a u l t s  i n f e r r e d  a t  t h e  rangefronts. The Br idge F a u l t  Zone, 

on t h e  west s ide  o f  t h e  va l ley ,  i s  a zone o f  p r i n c i p a l  f a u l t s  e x h i b i t i n g  

v e r t i c a l  displacement and steep dips. These features are exposed a t  t h e  

surface. The Horse Well F a u l t  Zone i s  a l so  a zone o f  steep normal 

f a u l t i n g  west o f  t h e  Br idge zone t h a t  approximates t h e  s t r i k e  and d i p  o f  

t h e  Br idge zone (Dolenc e t  a1 . , 1981 1 

Nor th  o f  t h e  R a f t  River, both these f a u l t  zones terminate a t  a 

s t r u c t u r e  c a l l e d  t h e  Narrows Zone, which i s  def ined by -anomalous 

geophysical data. The Narrows Zone t rends  nor theast  and i s  be l ieved t o  

be a basement shear (Mabey e t  al., 1978). The KGRA occurs a t  t h e  

i n t e r s e c t i o n  o f  t h i s  poor ly  understood Narrows s t r u c t u r e  and t h e  Br idge 

F a u l t  Zone. It i s  be l ieved t h a t  hydrothermal waters c i r c u l a t e  deeply 

along basement f rac tu res ,  then r i s e  l o c a l l y  a t  t h e  i n t e r s e c t i o n  o f  t h e  

two major s t ruc tu res  and spread l a t e r a l l y  i n t o  T e r t i a r y  sediments. Hot 

water i n  shal low we l l s  comes from upward leakage through f rac tu res  i n  

deeper formations. There i s  no evidence o f  a l o c a l  heat source (Mabey e t  

al., 1978). 

The l i t h o l o g y  o f  t h e  R a f t  R iver  KGRA inc ludes complex metamorphic 

and vo lcan ic  rocks as we l l  as sedimentary sequences. The l i t h o l o g i c  

composition, s t r u c t u r a l  c h a r a c t e r i s t i c s  and approximate thicknesses o f  

15 
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/ I  1 t Down thrown side of fault 1 

INELA-19 436 

Figure 3.2 Re(JI0nal yeoloyy and structure near the R a f t  River Valley, 
Idaho ( f rom Dolenc e t  al. ,  1981 1. 
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a 

a 

these geologic  u n i t s  appear i n  Table 3.1. F igure  3.3 i s  a conceptual 

cross-sect ion through t h e  v a l l e y  showing t h e  r e l a t i v e  p o s i t i o n  o f  these 

un i t s .  

3.3 . Hydro1 ogy 

The R a f t  R i ve r  KGRA i s  a groundwater discharge area, although 

the re  i s  no v i s i b l e  discharge a t  t he  surface. The on ly  hydro log ic  

fea tu re  a t  t h e  sur face i s  t h e  R a f t  River. 

3.3.1. Surface Water 

The R a f t  R ive r  d ra ins  northward through t h e  v a l l e y  t o  t h e  Snake 

River. The des ignat ion as a r i v e r  i s  a misnomer because i t  i s  more 

accurate ly  an ephemeral stream. 

3.3.2. Groundwater 

Groundwater i n  t h e  basin may be conf ined o r  unconfined i n  t h e  

unconsolidated sediments o f  t h e  S a l t  Lake Formation o r  i n  sands and 

grave ls  o f  t h e  R a f t  Formation and recent  a l l u v i a l  deposits. Recharge t o  

these aqu i fe rs  is e i t h e r  f r o m  l o c a l  p r e c i p i t a t i o n ,  f r o m  i n f i l t r a t i o n  of 

l o c a l  sur face water and i r r i g a t i o n  runof f ,  o r  from upward discharge from 

deeper aqui fers .  

The KGRA i s  a groundwater discharge area. Inc reas ing  hyd rau l i c  

heads w i t h  depth i n d i c a t e  the  n e t  movement o f  water i n  subsurface 

aqu i fe rs  i s  i n  an upward d i r e c t i o n  toward t h e  surface. Most water below 

300 m (meters) i s  confined, although l o c a l i z e d  conf ined cond i t ions  may 

e x i s t  a t  shal lower depths. Heads i n  deeper aqu i fe rs  range from 30 m t o  

over 100 m above land surface i n  the  geothermal v i c i n i t y .  Most 

17 
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Tab le  3.1. Geo log ic  and h y d r o l o g i c  c h a r a c t e r i s t i c s  o f  format ions a t  t h e  R a f t  R i v e r  KGRA, Cass ia County, 
Idaho.a 

Forma ti on @ o l o g i c  D e s c r i p t i o n  H y d r o l o g i c  D e s c r i p t i o n  

Quaternary Uppermost sediments d e r i v e d  Shal low Aqu i fe r :  Extends f r o m  s u r f a c e  t o  about  180 m. 
A l l u v i u m  and S i g n i f i c a n t  c o m u n i c a t i o n  w i t h  deeper a q u i f e r s  v i a  
Co 1 1 u v i  um mounta in ranges. f r a c t u r e s  and f a u l t s .  Receives d i s c h a r g i n g  f l u i d s  

f r o m  deeper u n i t s .  
a q u i f e r .  

P 1 e i s tocene P o o r l y  s o r t e d  angu la r ,  Upper Aqui t a r d :  Occurs f rom ,about 180-355 m. Less 
Ra f t  Format ion u n c o n s o l i d a t e d  q u a r t z  sand permeable than  Shal low A q u i f e r ;  more permeable than  

and s i l t ,  t u f f ,  m ino r  Lower A q u i t a r d .  
r h y o l i t e  g r a v e l s ;  up t o  completed i n  t h i s  a q u i t a r d .  

a 1 1 u v i  a 1 de pos i t i  ona 1 Lower A q u i t a r d :  Occurs f r o m  about 335-450 m. 
env i ronment .  Replacement H y d r o l o g i c a l l y  i s o l a t e s  I n t e r m e d i a t e  A q u i f e r  f r o m  
o f  p r i m a r y  c a l c i t e  b y  Shal low A q u i f e r  and o v e r l y i n g  Upper A q u i t a r d ,  w i t h  
s i l i c a ;  f r a c t u r e  f i l l i n g  r e s p e c t  t o  p o t e n t i o m e t r i c  heads. MW-1 completed i n  
by  secondary c a l c i t e .  t h i s  a q u i t a r d .  

T e r t i a r y  L a c u s t r i n e  d e p o s i t  up t o  I n t e r m e d i a t e  A q u i f e r :  Occurs from about  450-580 m. 
S a l t  Lake 1600 m t h i c k ;  i n c r e a s i n g  Sedimentary l a y e r s  o f  sand and g r a v e l s ;  h i g h  t r a n s -  
Format i  on v o l c a n i c  m a t e r i a l s  w i t h  m i s s i v i t y .  V e r t i c a l  communication w i t h  o v e r l y i n g  

depth. P r i m a r i l y  sha les ,  a q u i t a r d s  and deeper Metamorphic and Basement 
s i l t s t o n e s ,  sandstones and Geothermal A q u i f e r  a l o n g  f a u l t s  and f r a c t u r e s .  No 
t u f f .  Shales and s i l t -  w e l l s  completed s o l e l y  i n  t h i s  a q u i f e r .  
s tones  th in -bedded  t o  
massive. Oe fo rmat iona l  Geothermal Aqui t a rd /Aqu i  f e r :  Loca ted  between 580- 
s t r u c t u r e s  i n c l u d e  m i c r o -  1700 m; f r a c t u r e d  and c o n s o l i d a t e d  sedimentary u n i t  o f  
f a u l t s ,  b r e c c i a s ,  b a l l  and v a r i a b l e  t h i c k n e s s ;  s p a t i a l l y  heterogeneous and an iso -  
p i l l o w  s t r u c t u r e s ,  and t r o p i c  p e r m e a b i l i t y ;  p e r m e a b i l i t y  c o n t r o l l e d  b y  
c o n v o l u t e  l a m i n a t i o n s .  f r a c t u r e  spacing,  f r a c t u r e  zone w i d t h s ,  and secondary 
Replacement o f  p r i m a r y  p r e c i p i t a t i o n  o f  c a l c i t e  and s i l i c a ;  t r a n s m i s s i v i t y  
c a l c i t e  by  s i l i c a ;  f r a c -  g r e a t e r  i n  f a u l t  p lane  than i n  h o s t  rock .  Serves as: 
t u r e  f i l l i n g  b y  secondary 1) source o f  geothermal  w a t e r  f o r  p r o d u c t i o n  w e l l s ;  
c a l c i t e .  2 )  s i n k  f o r  i n j e c t i o n  w e l l s ;  3) a q u i t a r d ,  r e d u c i n g  

v e r t i c a l  leakage losses f r o m  i n j e c t i o n  a q u i f e r s  and 
Ois-  

w a t e r  q u a l i t y  w i t h  decreased depth i n  v i c i n i t y  o f  

p r i m a r i l y  f rom s u r r o u n d i n g  

MW-5, MW-7 completed i n  t h i s  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

MW-4, MW-6, and p o s s i b l y  MW-3 

3 0  m t h i c k ;  f l u v i a l  and . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

_-______________________________________-------------- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Metamorphic and Basement Geothermal A q u i f e r .  
Precambrian Q u a r t z i t e s ,  s c h i s t s ,  c h a r g i n g  f l o w  p a t t e r n  i n d i c a t e d  by  d e t e r i o r a t i n g  
Rock 
Assemb 1 age metamorphic rocks  ove r -  KGRA. 
( M e t a s e d i m n t s  l y i n g  an adame l l i  t e  
and A d a m e l l i t e  basement. Metamorphic and Basement Geothermal A q u i f e r :  Begins 
Basement r o c k s )  anywhere f rom 1200-1700 m deep; f rac tu re -domina ted  

groundwater  f low;  b e l i e v e d  t o  be p r i n c i p a l  sou rce  o r  
l o c a l  o r i g i n  o f  geothermal  f l u i d  a t  R a f t  R i v e r  KGRA. 
D ischarges geothermal  f l u i d  t o  o v e r l y i n g  u n i t s  v i a  
v e r t i c a l  f a u l t s  and f r a c t u r e s ,  Water e n t e r s  w e l l s  
f rom metasediments, a d a m a l l i t e  a f t e r  f l o w i n g  f r o m  J i m  
Sage Mountains t o  R a f t  R i v e r  f l o o d p l a i n .  

gne isses - -gau l  t e d  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 

4 

(I 

(I 
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aA l lman e t  a l . ,  1982. 
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2000 Raft River Valley 

1500 

1000 

500 
-7 ~ -- 

Metasediments-,- O t  Precambrian Adamellite ' \ I  ', ' ' . I -  
,.- < - # - ,  , - 4 ~ , 

- wn --- 
(Covington, 1980) INEL 2 0002 

Figure 3.3 Conceptual interpretation o f  the Bridge Fault Zone in the Raft River K G R A  
(from Dolenc e t  al. ,  1981 1. 
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i r r i g a t i o n  w e l l s  i n  t h e  area show some chemical o r  thermal evidence o f  

upward leakage from t h e  deep geothermal resource (Spencer and Goldman, 

1980). 

3.3.2.1. Aqu i fe rs  

Geologic u n i t s  a t  t h e  R a f t  R ive r  KGRA have been reorganized by 

A1 lman e t  a1 . (1982) i n t o  s i x  hydro1 og ic  aqui fe r /aqu i  t a r d  un i t s .  These 

are: 

1) The Shallow Aqu i fe r  

2) The Upper Aqui tard 

3 )  The Lower Aqu i ta rd  

4) The In te rmed ia te  Aqu i fe r  

5) The Geothermal Aqui tard/Aqui fer  

6) The Metamorphic and Basement Geothermal Aquifer. 

These hydro log ic  un i ts ,  t h e i r  depths, and 1 i t ho log ies ,  and chemistry are 

b r i e f l y  described i n  Table 3.1. Locat ions o f  w e l l s  i n  t h e  KGRA are shown 

(i 

(i 

Q 

4 

4 

i n  F igure  3.4. Chemistry o f  f l u i d s  from var ious  w e l l s  are presented i n  (I 

Table 3.2. Values repor ted are f o r  t h e  h ighest  q u a l i t y  water obtained 

from each we l l  (Allman e t  al., 1982). 

The Shallow Aqui fer  has been ex tens ive ly  developed f o r  domestic 

and i r r i g a t i o n  uses. Hydrograph data from we l l s  PW-3, MW-3, -5 ,  -7, and 

USGS-2 i n d i c a t e  t h a t  y e a r l y  f l u c t u a t i o n s  o f  po ten t iomet r ic  head i n  most 

Shallow Aqu i fe r  we l l s  correspond t o  annual i r r i g a t i o n  and n o n - i r r i g a t i o n  

seasons (Allman e t  al. ,  1982). 

I n  t h e  KGRA, t h e  Shallow Aqu i fe r  receives s i g n i f i c a n t  recharge 

from upward seepage through both nonindurated sediments and 

4 
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Table 3.2. S e l e c t e d  p h y s i c a l  and chemical  c h a r a c t e r i s t i c s  o f  w e l l  waters  i n  t h e  R a f t  R ive r  V a l l e y . a  

Depthb Maxi mum 
( m )  Borehole 

Temperature 
Wel l  Well  Casing (OC) PH 

Depthb Maxi mum 
( m )  Borehole 

Temperature 
Wel l  Well  Casing (OC) PH 

Concen t ra t i on ,  m g / l  __  

Cat2 Mgt2 Na' Kt L i t  HCO3-  SO^-^ C1' F- S i02 

Geothermal Wells 
RRGE- 1 

RRGE-3 
RRGE-2 

RRGP-4 
RRGP-SB 
RRG 1-6 
RRGI-7 

M o n i t o r  Wells 
I I;.'- 1 
FIW-2 
MW- 3 
EIW-4 
FI w- 5 
NW-6 
14w- 7 

USGS M o n i t o r  Wells 
USGS-2 
USGS-3 

0 t h e r  Geo t h e  rmal 
B L M ~  
Crooke 

152 1 
1994 
1789 
1558 
1497 
1176 
1185 

39 9 
174 
15 3 
30 5 
152 
311 
152 

244 
434 

123 
165 

1105 
1289 
129 3 
1049 
10 34 
509 
623 

369 
154 
140 
225 
124 
2 74 
140 

64 
60 

45 

14 1 
144 
149 
142 
135 
10 7 
122 

10 6 
7 1  
9 7  
28  
44 
35 

59 
89 

9 3  
9 7  

7.7 

6.9 
7.4 
7.5 
7.2 

7.6 
7.4 
7.5 
7.7 
7.6 
7.3 
7.6 

7.7 
7.7 

7.4 
7.7 

32 
224 
147 
4 1  

171 
350 

2 15 
125 
155 
160 
10 7 
20 7 
95 

5 1  
57 

44 
130 

0 . 5  
0 .5  
0.2 
0 .1  
1.4 
1.5 

0.4 
0.5 
6 . 3  
0 .6  

25.0 
2.4 

20.2 

4.0 
0 .5  

0 . 7  
0 . 8  

30 6 
336 

1193 
1524 
484 

2200 
2200 

2200 
1000 
1400 
1520 
280 

15 70 
333 

3 70 
1270 

577 
1020 

32 
105 

3 1  
32 

30 
25 
65 
3 1  
14 
56 
14 

34 
14 

2 1  
32 

A f t e r  A l lman e t  a l . ,  1982. 
Depth t o  b o t t o m  o f  c a s i n g  o r  t o  f i r s t  p e r f o r a t i o n s .  
Temperature measured a t  t h e  s u r f a c e .  
C a l l e d  t h e  B r idge  w e l l  by USGS. 

e R e f e r r e d  t o  as t h e  Crank w e l l  i n  e a r l i e r  p u b l i c a t i o n s .  

1.0 
3 . 1  
3 .1  
1.6 
5 .1  

3.7 
2.5 
3.0 
3.7 
0 .3  
3 . 1  
0.6 

6.6 
1.7 

1.4 
2.6 

57 
6 1  56 
44 60 
42 
35 40 
73 60 
32 64 

25 66 
26 57 
47 60 
27 53 

120 2 7  
50 73 

125 33 

2 16 55 
6 1  54 
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f a u l t s / f r a c t u r e s  from t h e  under ly ing geothermal system. The g rea tes t  

geothermal f low upward t o  the  shallow system appears t o  be centered i n  

t h e  v i c i n i t y  o f  t h e  Crook Well, MW-2, and MW-3, where t h e  i n t e r s e c t i o n  o f  

a m u l t i p l e  f a u l t  system p a r a l l e l i n g  t h e  J im Sage and R a f t  R iver  Mountains 

may c rea te  an area o f  g rea te r  v e r t i c a l  permeabi l i ty .  

Water q u a l i t y  i n  t h e  Shallow Aquifer, as measured by d isso lved 

cons t i t uen ts  and temperature, i s  a f fec ted  by discharge from t h e  

under ly ing  geothermal system. Shallow domestic w e l l s  appear l e s s  

a f fec ted  chemical ly  (i.e., have lower s p e c i f i c  conductance) by t h i s  

geothermal discharge than t h e  s l i g h t l y  deeper i r r i g a t i o n  wells, probably 

because o f  h igh  q u a l i t y  l o c a l  recharge from p r e c i p i t a t i o n  and sur face 

water i n f i l t r a t i o n .  Selected chemical values f o r  w e l l s  i n  t h e  Shallow 

Aqu i fe r  appear i n  Table 3.2. The poorest q u a l i t y  water i n  t h e  Shallow 

Aqu i fe r  i s  around the  Crook Well, MW-2 and MW-3. 

Temperature i n  t h e  Shallow Aqui fer  peaks near MW-2 and MW-3. 

Thermal g rad ien ts  o f  we l l s  i n  t h e  Shallow Aqu i fe r  range from 0.011 t o  

0.030°C/m, w i t h  the  exception o f  MW-2. MW-2 i s  be l ieved t o  represent t h e  

In te rmed ia te  Aqu i fe r  v i a  a f a u l t ,  so t h e  low thermal g rad ien t  i n  MW-2 i s  

a t t r i b u t e d  t o  i t s  p rox im i t y  t o  t h e  higher-temperature center  o f  

geothermal recharge t o  t h e  Shallow Aqu i fe r  (Allman e t  al., 1982). 

The aqui t a r d  separat ing t h e  Sha l l  ow Aqu i fe r  and t h e  In termediate 

Aqu i fe r  cons i s t s  o f  two u n i t s .  The Upper Aqui tard i s  l e s s  permeable than 

t h e  Shallow Aqu i fe r  bu t  more permeable than t h e  Lower Aquitard. Each o f  

these i s  described b r i e f l y  i n  Table 3.1. The Lower Aquitard 

h y d r o l o g i c a l l y  i s o l a t e s  t h e  In te rmed ia te  Aqu i fe r  from the  Shallow Aqui fer  
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and ove r l y ing  Upper Aqui tard and separates zones w i t h  d i f f e r e n t  

po ten t iomet r ic  heads. For instance? we1 1 s moni t o r i  ng t h e  Intermedi a te  

Aquifer (MW-l r  -2? -4? USGS-3? BLM o f f s e t )  e x h i b i t  higher groundwater 

p o t e n t i a l  than w e l l s  mon i to r ing  t h e  Upper Aqui tard (MW-6) o r  Shallow 

Aqui fer  (PW-3? -5? MW-3? -5? -7? and USGS-2). Th is  d i f f e rence  i n  head 

supports t h e  conclus ion t h a t  t h e  Lower Aqui tard i s  a b a r r i e r  t o  upward 

f low o f  geothermal f l u i d s  from t h e  In termediate Aqui fer  (Allman e t  a l .?  

1982). However? the re  i s  evidence t h e  aqu i ta rd  i s  leaky and a1 lows some 

t r a n s p o r t  o f  f l u i d  across it. 

Groundwater q u a l i t y  o f  t h e  Lower Aqui tard degrades l o c a l l y  and 

w i t h  depth r e f l e c t i n g  poorer-qual i ty  f l u i d s  m ig ra t i ng  upward from t h e  

under ly ing In te rmed ia te  Aqui fer .  The d i s t r i b u t i o n  o f  s p e c i f i c  

conductance i n  t h e  Lower Aqui tard r e s u l t s  from t h e  upward leakage o f  

geothermal f l u i d ?  t h e  chemical reac t i on  o f  groundwater w i th  t h e  f i n e -  

gra ined hos t  rock dur ing  long residence time, and t h e  d i l u t i o n  w i t h  l o c a l  

recharge. The Upper Aqui tard? i n  t u r n ?  receives poor q u a l i t y  f l u i d  from 

t h e  Lower Aquitard, as we l l  as f l u i d  from t h e  l a t e r a l  f low o f  groundwater 

i n  both t h e  Upper Aqu i ta rd  and Shallow Aquifer. Representative chemical 

values f o r  these aqui tards appear i n  Table 3.2. 

Leakage o f  geothermal f l u i d  from t h e  In termediate Aqui fer  through 

t h e  Lower Aqui tard appears t o  occur v i a  porous media f low and f a u l t s  

cross ing t h e  aqui tard.  Convection and conduction o f  heat from t h e  

In te rmed ia te  Aqui fer  and by l a t e r a l  t ranspor t  i n  t h e  Upper Aqui tard 

s i g n i f i c a n t l y  in f luences  temperatures i n  t h e  Upper and Lower Aquitards 

4 

4 

e 

4 

(Allman e t  al., 1982). Shut- in temperature p r o f i l e s  (Allman? 1982) 

24 

4 



a 

i n d i c a t e  t h a t  groundwater temperature i n  t h e  Upper and Lower Aquitards 

decreases toward the  surface. 

The In termediate Aqu i fe r  i s  i n  t h e  T e r t i a r y  S a l t  Lake Formation. 

I t s  depth and geologic  desc r ip t i on  appear i n  Table 3.1. Wells be l ieved 

t o  be mon i to r ing  t h e  In te rmed ia te  Aqu i fe r  inc lude MW-1, -2, -4, USGS-3, 

t h e  Crook Well, t h e  BLM well ,  and t h e  BLM o f f s e t  we l l .  Discharge o f  

geothermal f l u i d  from t h e  In termediate Aqu i fe r  t o  the  ove r l y ing  aqu i ta rd  

occurs i n  t h e  v i c i n i t i e s  o f  MW-2, -4, t h e  BLM wel l ,  and t h e  Crook Well. 

These we l l s  are not  completed i n  t h e  In termediate Aquifer, b u t  data 

suggest they moni tor  t h e  po ten t iomet r ic  head regime and water q u a l i t y  o f  

t h i s  deeper aqui fer .  These data may be mod i f ied  somewhat by leakage and 

po ten t iomet r ic  head changes i n  t h e  Shallow Aqui fer  o r  i n  t h e  i n t e r v a l  

separat ing t h e  w e l l s  from t h e  top  o f  t h e  In termediate Aquifer. 

Geochemical data f o r  t h e  In termediate Aqu i fe r  are suspect because o f  t h e  

absence o f  monitor we l l s  completed e n t i r e l y  w i t h i n  t h e  aqui fer .  

Temperature data f o r  t h e  In termediate Aqui fer  are a l so  

unavai 1 able. Temperatures throughout t h e  In termediate Aqu i fe r  a re  

be l ieved t o  be f a i r l y  un i form except where geothermal f l u i d  f r o m  t h e  

Metamorphic and Basement Geothermal Aqu i fe r  leaks upward along 

h y d r a u l i c a l l y  continuous f a u l t s .  A thermally- induced convective f low 

system con t r i bu tes  t o  t h i s  uniform temperature phenomenon and t o  a 

reduc t ion  i n  l a t e r a l  thermal gradients .  

The geology, depth and f l u i d  chemistry of t h e  sedimentary 

Geothermal Aqui tard/Aqui fer  are described b r i e f l y  i n  Tables 3.1 and 3.2. 

Each o f  t h e  geothermal product ion and i n j e c t i o n  we l l s  appears t o  a t  l e a s t  

p a r t i  a1 l y  penetrate t h e  Geothermal Aqui tard/Aqui fer .  
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The u n i t  has th ree  p r i n c i p a l  hydro log ic  functions. F i r s t 8  it 

conta ins considerable amounts o f  t u f f  t h a t  r e t a r d  v e r t i c a l  porous media 

f low so t h a t  t he  u n i t  as a whole behaves as an aquitard. Second, it i s  a 

source o f  geothermal water f o r  product ion w e l l s  and thus i s  an aqu i fe r .  

In terbeds o f  sandstone and s i l t  f unc t i on  as aqu i fe rs  f o r  ho r i zon ta l  f low. 

V e r t i c a l  in te rconnect ion  o f  these aqu i fe rs  i s  presumably poor except 

where t ransec t i ng  f a u l t s  permi t  v e r t i c a l  f low. Fau l t s  are condui ts  o f  

v e r t i c a l  geothermal f l  u i  d f low from the  Metamorphic and Basement 

Geothermal Aqui fer .  F i n a l l y ,  t h e  Geothermal Aqui tard/Aqui fer  f unc t i ons  

as a permeable hydro log ic  u n i t  t h a t  w i l l  accept i n j e c t e d  f l u i d s .  

Although the Geothermal Aqui tard/Aqui fer  i s  breached by numerous fau l t s ,  

g rea ter  po ten t iomet r ic  heads i n  we l l s  penet ra t ing  t h e  under ly ing  

Metamorphic and Basement Geothermal Aqu i fe r  suggest leakage losses upward 

are minimal. 

I n  w e l l s  penet ra t ing  t h e  Geothermal Aquitard/Aquifer, s p e c i f i c  

conductance increases w i t h  decreasing depth and c l e a r l y  suggest a 

discharge area i n  t h e  v i c i n i t y  o f  t h e  KGRA. Geothermal f l u i d  i s  

m ig ra t i ng  and d e t e r i o r a t i n g  water q u a l i t y  i n  t h e  u n i t  (Allman e t  

a l .  8 1982). Temperature data i n d i c a t e  t h a t  h igher  temperatures a t  

shal lower depths appear t o  be occur r ing  i n  t h e  v i c i n i t y  o f  t h e  KGRA. 

Th is  phenomenon i s  a l so  evidence o f  a discharge area. 

upward 

The Metamorphic and Basement Geothermal Aqui fer  i s  described 

b r i e f l y  The f r a c t u r e d  p o r t i o n  o f  t h i s  a q u i f e r  con t r ibu tes  

s i g n i f i c a n t  amounts o f  geothermal f l u i d  t o  each o f  t he  product ion w e l l s  

i n  t h e  KGRA8 except perhaps RRGE-3 (Allman e t  a l . 8  1982). 

i n  Table 3.1. 

4 

4 

4 

4 

4 
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Potent iomet r ic  surfaces f o r  t h e  Metamorphic and Basement 
a 

Geothermal a q u i f e r  are h igher  than i n  ove r l y ing  aqu i fe rs .  Poten t iomet r ic  

sur face data f o r  product ion w e l l s  i n d i c a t e  t h a t  groundwater f low i n  t h e  

product ion zone i s  from NW t o  SE (Allman e t  al., 1982). Chemical, 
a 

hydro log ic  and temperature data i n d i c a t e  t h e  Metamorphic and Basement 

Geothermal Aqui fer  i s  t h e  primary conveyer o f  geothermal f l u i d  from a 

a 

P 

a 

a 

recharge area t o  t h e  NW t o  t h e  KGRA (Allman e t  al., 1982). Conductive 

heat t r a n s f e r  i n  rock masses near t h e  KGRA may be heat ing t h e  water i n  

t r a n s i t .  

3.3.2.2. Groundwater Chemistry 

Wellhead water q u a l i t y  data f o r  RRGE-1, RRGE-2, and poss ib ly  RRGE- 

3 and RRGP-5 are dependent on t h e  discharge h i s t o r y  o f  each we1 1. 

Selected chemical analyses from w e l l s  penet ra t ing  t h e  var ious hydro log ic  

u n i t s  i n  t h e  KGRA are presented i n  Table 3.2. These values represent  t h e  

h ighes t  q u a l i t y  measured i n  each we l l  (Allman e t  a1 . , 1982). Since t h e  

w e l l s  are i n  a discharge area, t h e  upgradient, deep w e l l s  have h igher  

q u a l i t y  f l u i d  than ove r l y ing  aqui fers .  Add i t iona l  chemical data a re  

a v a i l a b l e  i n  repo r t s  by Allman e t  a l .  (19821, Spencer and Cal lan (1980) 

and Dolenc e t  a1 . ( 1981). 
Each of t h e  deep geothermal we1 1 s produces sodi um-chl o r i  de type 

waters. The low values f o r  a l k a l i n i t y  range from 26 t o  60 mg/l 

( m i l l i g r a m  per  l i t e r )  as CaCo3. , To ta l  d isso lved s o l i d s  vary 
< 

subs tan t i  a1 1 y among we1 1 s. 

Wells RRGE-1, -2 and RRGP-5 

conta in  t h e  h ighest  concentrat ions 

have s i m i l a r  chemical p roper t ies  and 

o f  f l u o r i d e  (>7 mg/l).  F luo r ide  
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l e v e l s  i n  t h e  geothermal f l u i d s  are o f  concern because they exceed t h e  

recommended d r ink ing  water l e v e l s  o f  <1.0 mg/l. The geothermal f l u i d  

disposal system must take  precautions against  excessive f l u o r i d e  

contamination o f  po tab le  water supplies. 

The v a r i  ab i  1 i t y  of conductance i n d i  f f e r e n t  we1 1 s suggest t he re  

are two sources o f  water en te r ing  t h e  va l l ey .  Dolenc e t  a1 . (1981) 

present a conceptual model t h a t  i nd i ca tes  water conta i  n ing  h igh  d isso lved 

s o l i d s  moves i n  from t h e  southeast along deep basement f ractures.  It i s  

heated wh i l e  passing over a heat source and r i s e s  by convection t o  t h e  

surface near t h e  Crook Well. Meteoric water conta in ing  low d isso lved 

s o l i d s  en ters  from t h e  northwest, heats, and r i s e s  along t h e  Br idge F a u l t  

near t h e  BLM we l l  (F ig .  3.5). M ix ing  o f  these two waters can exp la in  t h e  

chemical v a r i a t i o n  among geothermal wel ls .  

There i s  concern f o r  t h e  f u t u r e  q u a l i t y  o f  shal low groundwater 

suppl ies based on the  conceptual model. The i n j e c t i o n  zone a t  t h e  KGRA 

i s  loca ted  i n  t h e  plume where water w i t h  h igh  d isso lved s o l i d s  and other  

chemical species, such as f l u o r i d e  occur i n  t h e  shallow groundwater. 

3.3.3. Geothermal Resource 

The geothermal resource a t  R a f t  R ive r  i s  a f rac tu re-cont ro l led ,  

l iquid-dominated, moderate-temperature hydrothermal system t h a t  produces 

water and steam near 15OoC. Geologic s t r u c t u r e  c o n t r o l s  t h e  expression 

o f  t h e  thermal r e s e r v o i r  i n  t h e  R a f t  R iver  Basin. Data presented by 

Dolenc e t  a l .  (1981) suggest t h e  thermal product ion rese rvo i r  i s :  

(a )  c o n t r o l l e d  l a r g e l y  by f r a c t u r e s  found a t  t h e  contac t  between 

t h e  metamorphic rock sequence and the  S a l t  Lake Formation a t  
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Figure 3.5 Conceptual model of flow in the R a f t  River KGRA,  Idaho 
(from Doienc e t  ai., 1981 1. 
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t h e  base o f  l i s t r i c  normal f a u l t i n g  o f  t h e  Br idge and Horse 

Well F a u l t  zones 

anisot rop ic ,  w i t h  t h e  major ax i s  o f  hydrau l i c  conduc t i v l t y  

co inc ident  t o  t h e  Br idge F a u l t  Zone; 

hydraul i c a l  l y  connected t o  t h e  s h a l l  ow thermal f l u i d s  

upon both geochemistry and pressure response); and 

con t ro l  l e d  by a mix tu re  o f  d i l  u ted meteor ic  water rechargi ng 

from t h e  northwest and a s a l i n e  c h l o r i d e  water en te r ing  from 

t h e  southwest. (Russel l ,  1982, p. 6) 

(based 

The KGRA i s  loca ted  a t  t h e  i n t e r s e c t i o n  o f  t he  Narrows Zone and 

t h e  Br idge F a u l t  Zone. The conceptual model suggested by Dolenc e t  a l .  

(1981) i n d i c a t e s  t h a t  deep basement f r a c t u r e s  are probable paths f o r  

c i r c u l a t i n g  hydrothermal water t h a t  eventual l y  r i s e s  a t  t he  i n t e r s e c t i o n  

of these two major s t ruc tu res .  The hydrothermal water then spreads 

l a t e r a l l y  i n t o  T e r t i a r y  sediments. Considerable v e r t i c a l  f r a c t u r i n g  i n  

t h e  S a l t  Lake Formation permi ts  upward leakage o f  h o t  water t o  shal low 

hot  we1 1s i n  t h e  v a l l e y  (Crook and BLM we1 I s ) .  

3.4. I n j e c t i o n  

Subsurface i n j e c t i o n  o f  waste f l u i d s  a t  t h e  R a f t  R iver  KGRA was 

planned because o f  environmental concerns associated w i t h  sur face 

disposal o f  geothermal waters. I n j e c t i o n  t e s t i n g  revealed several 

techn ica l  c o n s t r a i n t s  as we l l .  These w i l l  be described i n  t h e  f o l l o w i n g  

subsections. 
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3.4.1. I n j e c t i o n  System 

There are seven geothermal we l l s  i n  t h e  R a f t  R ive r  KGRA 

(F ig .  3.4). RRGE-1, -2, -3 and RRGP-4 and -5 are product ion wel ls .  They 

are d r i l l e d  t o  depths o f  approximately 1500-2000 m from surface. ground 

RRG1-6 and -7 are i n j e c t i o n  w e l l s  d r i l l e d  t o  1185 m. The completion 

i n t e r v a l s  o f  t h e  i n j e c t i o n  w e l l s  over laps s l i g h t l y  w i t h  those o f  

product ion we l ls  RRGE-1, RRGP-4 and -5. A l l  t h e  w e l l s  are completed i n  

t h e  Geothermal Aquitard/Aquifer. The open i n t e r v a l s  o f  RRGE-2 and -3 are 

s l i g h t l y  below those o f  t h e  i n j e c t i o n  wel ls .  

The i n j e c t i o n  w e l l s  are loca ted  on t h e  eastern edge o f  t h e  

w e l l f i e l d ,  nea r l y  1 km from RRGE-3 and near l y  3 km from t h e  other  

producing we l ls .  The con f igu ra t i on  o f  t h e  w e l l f i e l d  i s  thus a side-by- 

s ide  arrangement (as  opposed t o  in terspersed)  o f  widely spaced 

p roduc t i on / i n jec t i on  w e l l s  whose i n j e c t i o n  i n t e r v a l s  a re  somewhat above 

product ion i n t e r v a l  s and over1 ap s l  i g h t l y  i n  t h e  same reservo i  r. 

The o r i g i n a l  design f o r  product ion and i n j e c t i o n  a t  R a f t  R iver  was 

a c losed system. Reasons f o r  designing a c losed system inc luded 

min imiz ing coo l i ng  o f  geothermal f l u i d  p r i o r  t o  i n jec t i on ,  reducing t h e  

p o s s i b i l i t y  o f  chemical p r e c i p i t a t i o n ,  and prevent ing consumptive water 

loss v i a  evaporation. Spent f l u i d  from power generation was pumped v i a  a 

pressur ized p i p e l i n e  d i r e c t l y  i n t o  t h e  i n j e c t i o n  wel ls .  Problems w i t h  

coord ina t ing  product ion f lows f o r  simultaneous i n j e c t i o n  resul ted,  and 

mal func t ion  o f  t h e  network forced shutdowns o f  operation. 

submersi b l  e 

The f a i l u r e  of 

pumps i n product ion we1 1 s was another opera t iona l  d i f f i c u l t y  

associated w i t h  t h e  closed system. 
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Mod i f i ca t i on  t o  an open system i n  1981 allowed independent 

operat ion o f  t h e  product ion and i n j e c t i o n  systems. Waste f l u i d  f lowed 

d i r e c t l y  i n t o  an open pond. The cooled water (30°C) d i d  no t  decrease 

f l u i d  i n j e c t i v i t y .  Ne i ther  d i d  suspended p a r t i c u l a t e s  increase enough t o  

decrease i n j e c t i v i t y .  Line-shaft,  geothermal pumps replaced submersible 

geothermal pumps i n  July, 1981, and operated s a t i s f a c t o r i l y  (Allman e t  

al., 1982). 

3.4.2. Mon i to r ing  Program 

The monitor we l l  program a t  R a f t  R iver  was designed t o  moni tor  

p r e d i c t  and po ten t iomet r ic  water l e v e l s  and water chemistry i n  order  t o  

evaluate the effects o f  geothermal development on the Intermediate 

Aquifer. Seven mon i to r ing  w e l l s  (MW-1 through MW-7) are loca ted  near t h e  

geothermal product ion and i n j e c t i o n  w e l l s  (F igure  3.4). Other moni tor ing 

w e l l s  i nc lude  t h r e e  USGS w e l l s  (USGS-2, -3, and BLM o f f s e t )  and f o u r  30-m 

water t a b l e  we l l s  near RRGE-3 and RRGP-5. 

Varying l o c a t i o n s  and depths o f  t h e  mon i to r ing  w e l l s  were planned 

t o  de tec t  any a q u i f e r  response t o  geothermal i n j e c t i o n  and t o  determine 

t h e  degree o f  communication between t h e  geothermal system and s h a l l  ower 

aqui fers .  Condi t ions w i t h i n  t h e  mon i to r ing  w e l l s  d i f f e r .  Each o f  t h e  

w e l l s  i s  cased t o  w i t h i n  10 t o  50 m o f  t o t a l  depth so t h a t  se lected 

aqu i fe rs  can be monitored. 

The mon i to r ing  program emphasizes measuring wellhead pressure o r  

water l e v e l s  s ince these are expected t o  respond t o  hydro log ic  changes 

more r a p i d l y  than water q u a l i t y .  MW-1 and MW-2 are equipped w i t h  

d ig iqua r t z  pressure transducers, and USGS-3 has a B r i s t o l  recorder. 
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Remaining w e l l s  a re  equipped w i t h  Stevens A35 o r  F water l e v e l  recorders. 

MW-4 has water l e v e l  a t  ground leve l ,  so it has a dual system (Spencer, 

1979 1 

3.4.3. I n j e c t i o n  Tes t ing  

A v a r i e t y  o f  s ing le-hole and mul t ip le -ho le  i n j e c t i o n  t e s t s  were 

done a t  R a f t  River. Numerous parameters were measured i n  attempts t o  

de f i ne  the  r e s e r v o i r  and f l ow  system, p r e d i c t  i t s  behavior over t h e  long- 

term, i d e n t i f y  p o t e n t i a l  problems i n  t h e  i n j e c t i o n  system, and t o  p r e d i c t  

reg iona l  e f f e c t s  a t t r i b u t a b l e  t o  geothermal development. Tests were 

performed w i t h  p a r t i  c u l  a r  i n t e r e s t  i n t h e  1 ong-term e f f e c t s  o f  i n j e c t i o n  

on t h e  shal low aqui fers .  Th is  sec t ion  describes several types o f  

mon i to r ing  and t e s t i n g  procedures used. 

A seismic network was es tab l i shed a t  R a f t  R ive r  t o  c o l l e c t  

base l ine  data and t o  moni tor  seismic a c t i v  

tes t ing ,  production, and i n j e c t i o n  (Thurow 

study concluded t h a t  t he re  i s  an absence o f  

a c t i v i t y  normal l y  associated w i t h  t h e  se i  sm 

t y  dur ing  geothermal f i e l d  

and Cahn, 1982). The seismic 

macroseismic and microseismic 

c a l l y  a c t i v e  Basin and Range 

Province. Seismica l ly ,  t he  KGRA i s  more c l o s e l y  r e l a t e d  t o  t h e  l e s s  

a c t i v e  Snake R ive r  P la in .  The low l e v e l s  o f  background s e i s m i c i t y  i n  t h e  

KGRA i ndi  cates t h e  area i s  a 1 ow-stress envi ornment. Earthquake a c t i v i t y  

i s  no t  l i k e l y  t o  be induced by t h e  r e l a t i v e l y  small-scale i n j e c t i o n  

a c t i v i t y  a t  R a f t  R iver  (Thurow and Cahn, 1982). 

A surveying g r i d  was es tab l i shed i n  1975 t o  monitor p o t e n t i a l  

subsidence caused by geothermal f l u i d  withdrawal. The v a l l e y  has a 

h i s t o r y  o f  aqu i fe r  compaction and r e s u l t i n g  subsidence i n  response t o  
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excessive f l u i d  withdrawals f o r  i r r i g a t i o n .  However, no de tec tab le  

e leva t i on  changes have resu l ted  as a r e s u l t  o f  geothermal product ion o r  

i n j e c t i o n  a t  R a f t  R ive r  (Thurow and Cahn, 1982). 

I n  1982, r e s i s t i v i t y  and s e l f  p o t e n t i a l  (SP) surveys were done 

dur ing  i n j e c t i o n  t e s t i n g  a t  RRGP-5 us ing RRGE-3 as t h e  product ion wel l .  

Data i nd i ca ted  downhole f l u i d  movement and m ig ra t i on  i n  a no r theas te r l y  

d i rec t i on ,  presumably along a f r a c t u r e  extending from depth a t  t h e  

r e s e r v o i r  (1400 m) t o  near t h e  sur face (100 m deep) (UURI, 1983; S i l l ,  

1983a and 1983b). Responses were too  c lose  t o  the  noise l e v e l s  o f  t h e  

inst rumentat ion t o  conclude abso lu te ly  t h a t  these methods are use fu l  f o r  

mon i to r ing  subsurface f l u i d  movement. However, t h e  l o c a l  geology has 

NE-trending f a u l t s  around t h e  Narrows St ruc ture  and t h e  Br idge F a u l t  

Zone, and SP and r e s i s t i v i t y  data c l o s e l y  f o l l o w  these s t ruc tu res  (UURI, 

1983 1 . 
Temperature i s  a d i f f i c u l t - t o - c o n t r o l  parameter t h a t  may induce 

e r r o r s  i n  pressure measurements whenever temperature changes exceed 

0.006°C/mi n. Three pressure measuring devices were requ i red  a t  

product ion and i n j e c t i o n  we l l s  t o  ob ta in  good q u a l i t y  pressure data 

dur ing a q u i f e r  tes ts .  Wellhead pressures f o r  RRGI-7 were measured dur ing 

t h e  pe r iod  August 9-15, 1979. The data were used t o  p r e d i c t  wellhead 

pressures r e s u l t i n g  from long-term i n j e c t i o n  (Table 3.3). Demuth (1980) 

be l ieves  t h e  p red ic t i ons  f o r  we l l  head pressure a f t e r  long-term i n j e c t i o n  

o f  66OC water are t h e  bes t  est imates a v a i l a b l e  based on h i s t o r i c a l  

temperatures and hydro log ic  p roper t i es  o f  t h e  R a f t  R ive r  Reservoir.  

Mu l t i p le -we l l  pressure t e s t i n g  dur ing  i n j e c t i o n  occurred from 

4 

4 

4 

4 

4 

4 

4 3 March 21 - June 10, 1978. An estimated 12,800 m o f  water was i n j e c t e d  
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Table 3.3. P red ic t i ons  o f  wellhead pressure r e s u l t i n g  from 
1 ong-term i n j e c t  i on. a 

I n j e c t i o n  I n j e c t i o n  We1 lhead Pressure We1 lhead Pressure 
Temperature F1 ow A t  1 gear A t  5 Yfars 

OC l / s  Pa Pa 

6 1.16 x l o 6  6 129 28 1.13 x l o6  

129 79 2.42 x l o 6  2.51 x l o 6  
66 63 3.45 x l o 6  3.65 x l o 6  
66 79 4.31 x 10 4.49 x 10 

129 63 2.02 x l o 6  2.09 x l o 6  

~ 

a Converted from Demyth, 1980. 

Pascal: 1 Pa - 1 N/m2 - 1.45 x l b / i n 2  

i 

i n t o  RRGI-4 (RRGP-4 became RRGI-4 a f t e r  a b r i e f  conversion t o  an 

i n j e c t i o n  w e l l )  a t  ra tes  o f  16 t o  15 l/s. The wel l  bore was open from 

550 t o  850 m. The longes t  t e s t  dur ing  t h i s  per iod was 9 days i n j e c t i n g  

a t  44 l / s .  Pressure increases a t  USGS-3 (434 m deep) and MW-1 (399 m 

deep) were l a r g e r  than expected and exceeded these w e l l s '  responses t o  

seasonal hydro log ic  changes and t o  past  geothermal development a c t i v i t y .  

The pressure increases were 34 kPa i n  MW-1 and 97 kPa i n  USGS-3. The 

d i f f e rence  i n  magnitude between the  two we l l s  suggests t h e  in termediate 

aqu i fe r  system i s  both heterogeneous and an iso t rop i c  (Spencer, 1979). 

During t h e  same period, a 21-day t e s t  i n j e c t i n g  38 l / s  was 

performed a t  RRGI-6. RRGI-6 i s  uncased from 516-1185 m. MW-4 (305 m 

deep) showed a d e f i n i t e  pressure response w i t h  water l e v e l s  r i s i n g  about 

0.4 m/week. MW-6 (305 m deep) showed no response. There were no t r u e  

hydro log ic  responses i n  other  monitor wells. The d i f f e rence  i n  responses 
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o f  we l l s  d r i l l e d  t o  s i m i l a r  depths i n d i c a t e s  t h e  system i s  f rac tu re -  

domi nated (Spencer, 1979) . 
I n  September, 1982, a se r ies  o f  short-term i n j e c t i o n  and backflow 

t e s t s  fo l lowed by a longer-term i n j e c t i o n  t e s t  were done on RRGP-5, us ing 

RRGE-3 as t h e  supply well .  Tracer t e s t s  were done i n  con junc t ion  w i t h  

t h e  geophysical t e s t i n g  discussed prev ious ly  i n  t h i s  section. Tracers 

were added dur ing  i n j e c t i o n  and monitored dur ing  backflow i n  an attempt 

t o  determi ne t h e i  r e f fec t i veness  i n  assessing rese rvo i r  c h a r a c t e r i s t i c s  

i n  a one-well in jec t ion /back f low t e s t .  

I n  a p re- tes t  opera t iona l  check, approximately 96% o f  t h e  i n j e c t e d  

t r a c e r s  were recovered, i n d i c a t i n g  e x c e l l e n t  opera t iona l  c o n t r o l  o r  

t es t i ng .  Two se r ies  o f  parametric t e s t s  were done together  w i t h  t h e  

eva lua t ion  o f  assorted t racers .  The f i r s t  se r ies  tes ted  t h e  e f f e c t  o f  

increased volume o f  i n j e c t e d  f l u i d .  The second se r ies  examined t h e  

e f f e c t s  of extended delays between i n j e c t i o n  and backflow. A long-term 

i n j e c t i o n  t e s t  was intended t o  determine i f  t r a c e r  breakthrough could be 

obtained i n  a second wel l ,  RRGE-1, which i s  known t o  have a pressure 

connection w i t h  RRGP-5. 

Three natura l ,  conserved ( 1  .e. , unreac t ive  w i t h  t h e  geologica l  

formations present i n  t h e  study area) t r a c e r s  under cond i t i ons  a t  R a f t  

R iver  are sodi urn, po tass i  um, and c h l  o r i  de. Average backf 1 ow recovery o f  

Na, K and C1 i n  one o f  t h e  t e s t s  was 99%. As t o t a l  volume o f  backflow 

increased, t h e  f r a c t i o n  o f  i n j e c t a t e  i n  t h e  recovered f l u i d  decreased, 

based on a l l  t h ree  t racers .  F ina l  r e s u l t s  o f  t h e  f i r s t  t e s t  se r ies  

i nd i ca ted  t h a t  a l a r g e  volume o f  backflow r e l a t i v e  t o  volume o f  i n j e c t a t e  

i s  necessary f o r  complete recovery o f  i n j e c t a t e .  Approximately e i g h t  
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volumes o f  backflow were requi red t o  f u l l y  recover t h e  t r a c e r  (UURI, 

1983 1. 

Downhole conduc t i v i t y  surveys done dur ing  i n j e c t i o n  i nd i ca ted  

l i t t l e  o r  no mix ing occurred between t h e  t r a c e r  s o l u t i o n  and t h e  

rese rvo i r  water w i t h i n  t h e  conf ines o f  t h e  wellbore. As t h e  volume o f  

i n j e c t a t e  increased, however, mix ing increased w i t h i n  t h e  reservo i r .  

Complete displacement o f  n a t i v e  rese rvo i r  f l u i d s  had n o t  occurred a f t e r  

96.5 hours o f  i n j e c t i o n .  Small amounts o f  n a t i v e  f l u i d  began t o  r e t u r n  

almost immediately upon backflow. Data suggested mix ing  o f  i n j e c t e d  

f l u i d  w i t h  r e s e r v o i r  f l u i d  was occur r ing  i n  an o r d e r l y  f r a c t u r e  system, 

ra the r  than i n  a r e s t r i c t e d  f l ow  area o f  an i n f i n i t e  a q u i f e r  as suggested 

by pressure data (UURI, 1983). The second t e s t  se r ies  had l e s s  

d e f i n i t i v e  resu l t s .  f l u i d  movement i n  the  r e s e r v o i r  occurred i n  t h e  

quiescent per iod  between te rmina t ion  o f  i n j e c t i o n  and i n i t i a t i o n  o f  

backflow8 however, t h e  na ture  o f  t h e  movement could no t  be conc lus ive ly  

assessed w i t h  a v a i l a b l e  samples and data (UURI, 1983). 

During t h e  long-term i n j e c t i o n / t r a c e r  tes t ,  t h e  expected t r a c e r  

breakthrough t o  we l l  RRGE-1 d i d  n o t  occur. Ne i ther  was the re  any 

pressure response i n  RRGE-1 dur ing  any o f  t h e  in jec t ion /back f low t e s t s  on 

RRGP-5. A complete ana lys is  o f  t h e  f l o w  system around RRGP-5 was thus 

impossi b l  e. 

I n  l a t e  October and e a r l y  Novemeber, 1981, a two week se r ies  o f  

t e s t s  were done t o  evaluate t h e  e n t i r e  p roduc t ion-e lec t r i ca l  generation- 

i n j e c t i o n  system a t  R a f t  River. Geochemical i nves t i ga t i ons  focused on 

suspended s o l i d s  ( S S )  and t h e  format ion o f  chemical p rec ip i t a tes .  
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Cooling and l o s s  of C02 are two processes associated w i t h  

i n j e c t i o n  t h a t  can cause chemical p r e c i p i t a t i o n .  A t  R a f t  River, e a r l y  

coo l i ng  occurred i n  t h e  ho ld ing  ponds. Water was i n j e c t e d  a t  about 4OoC. 

C a l c i t e  supersa tura t ion  i s  u n l i k e l y  t o  occur a t  these low temperatures; 

however, coo l i ng  R a f t  R ive r  water does r e s u l t  i n  water supersaturated 

w i t h  s i l i c a .  Reaction ra tes  f o r  s i l i c a  p r e c i p i t a t i o n  slow considerably  

below 100°C, so s i l i c a  p r e c i p i t a t i o n  i n  t h e  ponds was n o t  expected t o  be 

a problem. No evidence o f  s i l i c a  p r e c i p i t a t i o n  was apparent dur ing  

tes t i ng .  It i s  conceivable t h a t  h igher  temperatures i n  t h e  rece iv ing  

zone would accelerate s i l i c a  p r e c i p i t a t i o n ,  although l o s s  o f  permeab i l i t y  

i n  t h e  a q u i f e r  ma te r ia l  would occur slowly. Elevated temperatures i n  t h e  

i n j e c t i o n  zone would a l so  reduce t h e  s o l u b i l i t y  o f  c a l c i t e  (Hu l l ,  1982). 

Corros ion i n  t h e  i n j e c t i o n  we l l  i s  a two- fo ld  problem. F i r s t ,  t h e  

i n j e c t i  on we1 1 cas i  ng de te r io ra tes  and may eventual l y  a1 1 ow contamination 

o f  cased shal low aqui fers  by i n j e c t e d  f l u i d .  Second, t h e  reac t i on  o f  

f r e e  i r o n  w i t h  s i l i c a  forms a s o l i d  p r e c i p i t a t e  capable o f  c logg ing  t h e  

weJl. The on ly  t e s t s  done t o  evaluate cor ros ion  p o t e n t i a l  dur ing  t h e  

two-week October-November, 1981, t e s t i n g  per iod  were measurements o f  

d isso lved oxygen (Hu l l ,  1982). Dissolved oxygen concentrat ions remained 

low throughout t e s t i n g  a t  RRGI-6. Concentrat ions rose a t  t h e  beginning 

o f  t e s t s  a t  RRGI-7, then declined. According t o  H u l l  (19821, even low, 

steady concentrat ions o f  d isso lved oxygen o f  on ly  a few ten ths  o f  a mg/l 
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3.4.4. Const ra in ts  on I n j e c t i o n  

General ly speaking, i n j e c t i n g  waste f l u i d s  minimizes t h e  p o t e n t i a l  

f o r  contaminating sur face waters, reduces t h e  r i s k  o f  subsidence, and may 

extend t h e  l i f e  o f  t h e  geothermal resource by main ta in ing  r e s e r v o i r  

pressure. I n  some cases? i n j e c t i o n  may be a means o f  g leaning more heat  

from r e s e r v o i r  rocks. The primary concern a t  R a f t  R ive r  i s  whether 

i n j e c t i o n  w i l l  a f f e c t  q u a l i t y  o r  q u a n t i t y  o f  water i n  shal low aqu i fe rs  o f  

t h e  a d m i n i s t r a t i v e l y  c losed groundwater basin. Geophysical and 

geochemical data i n d i c a t e  t h e  R a f t  R iver  resource i s  f rac tu re -con t ro l l ed  

and t h a t  t he re  i s  already a na tura l  upward m ig ra t i on  o f  poorer -qua l i t y  

geothermal f l u i d s  i n t o  shal lower aqui fers .  Should i n j e c t i o n  increase 

t h i s  upward flow, t h e  Shallow Aqu i fe r  could experience an increase i n  

temperature and a dec l i ne  i n  water q u a l i t y .  Chemical contamination o f  

i n j e c t i o n  rece iv ing  zones i s  no t  a concern? based on water q u a l i t y  o f  

these zones. 

There were several techn ica l  problems associated w i t h  i n j e c t i o n  a t  

R a f t  R ive r  KGRA. The presence o f  submersible o r  t u r b i n e  s h a f t  pumps i n  

t h e  we1 1 bores o f  most expl  o r a t i  on, product ion o r  i n j e c t i o n  we1 1 s 1 i m i  t e d  

t h e  a c q u i s i t i o n  o f  downhole data. Much data c o l l e c t i o n  was l i m i t e d  t o  

t h e  wellhead o r  t o  t h e  p i p e l i n e  from product ion t o  i n j e c t i o n  wel ls .  

Thermal shock i n  t h e  t r a n s i t e  p i p e l i n e  caused extens ive damage t o  t h e  

pipe. became necessary t o  discharge warm water through t h e  p i p e l i n e  

p r i o r  t o  pump t e s t i n g  i n  order  t o  cond i t i on  t h e  p i p e l i n e  f o r  extreme 

temperatures and pressures. 

It 

Regulatory cons t ra in t s  a l so  e x i s t  f o r  t h e  R a f t  R ive r  KGRA. The 

Idaho Department o f  Water Resources (IDWR) declared t h e  R a f t  R iver  Basin 
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t o  be a c r i t i c a l  groundwater area i n  1963. Th is  des ignat ion r e s t r a i n s  

f u r t h e r  groundwater development f o r  consumptive use. The incep t ion  o f  

geothermal development a t  R a f t  R iver  thus ra i ses  questions concerning 

p ro tec t i on  o f  q u a l i t y  and q u a n t i t y  o f  t he  reg ion 's  l i m i t e d  water 

supplies. Long term geothermal development may be dependent upon 

purchasing and t r a n s f e r r i n g  e x i s t i n g  water r i g h t s .  

3.5. Summary 

The R a f t  R iver  geothermal p r o j e c t  began as f e d e r a l l y  funded 

experimental research on t h e  development o f  medium temperature geothermal 

resources. It i s  now owned by a p r i v a t e  corporat ion.  

The R a f t  River  Va l ley  i s  a downdropped basin loca ted  i n  t h e  

nor thern sec t ion  o f  t h e  Basin and Range geologic  province. The l i t h o l o g y  

a t  t h e  KGRA inc ludes  complex metamorphic and vo lcan ic  rocks as we l l  as 

sedimentary sequences. 

The R a f t  R ive r  KGRA i s  a groundwater discharge area e x h i b i t i n g  

inc reas ing  hyd rau l i c  heads w i t h  depth. There i s  na tura l  upward f l u i d  

m ig ra t i on  along f r a c t u r e s  from deep aqui fers .  

The Geothermal Aqui tard/Aqui f e r r  loca ted  between 580-1700 m bel ow 

t h e  surfacer i s  t h e  producing a q u i f e r  f o r  geothermal f l u i d s  and t h e  

rece iv ing  aqu i fe r  f o r  i n j e c t e d  l i q u i d  wastes. The i n j e c t i o n  hor izon i s  

loca ted  above t h e  producing horizonsr b u t  open i n t e r v a l s  o f  i n j e c t i o n  

w e l l s  and some product ion w e l l s  over lap s l i g h t l y .  I n j e c t i o n  we l l s  are 

loca ted  i n  a side-by-side arrangement 2-3 km from most product ion we l l s  

except RRGE-3r which i s  about 1 km away. 
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The geothermal resource i s  a f rac tu re-cont ro l led ,  l i q u i d  dominated 

hydrothermal system producing water and steam up t o  15OoC. The 

geothermal f l u i d s  conta in  e levated concentrat ions o f  f l u o r i d e  (7-10 mg/l 

i n  some we l ls ) .  Concern t h a t  upward m ig ra t i on  o f  i n j e c t e d  f l u i d s  might 

occur prompted extens ive t e s t i n g  a t  R a f t  River .  A shal low mon i to r ing  

system and a v a r i e t y  o f  s ing le-hole and mul t ip le -ho le  i n j e c t i o n  t e s t s  

were used t o  t e s t  t h e  e f f e c t s  o f  product ion and i n j e c t i o n  a t  R a f t  River. 

Experimental i n j e c t i o n  t e s t i n g  inc luded mul t ip le -ho le  geophysical 

surveys, t r a c e r  tes ts ,  and pressure responses, as we l l  as s ing le-hole 

pressure responses, in ject ion-backf low tes ts ,  and near-well chemical 

e f f e c t s  . Numerous techn ica l  problems i n t e r r u p t e d  and complicated 

i n j e c t i o n  tes t ing ,  b u t  a wealth o f  in fo rmat ion  about t h e  operat ional  and 

hydrogeologic systems was obtained. 
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4. IMPERIAL VALLEY, CALIFORNIA 

4.1. I n t r o d u c t i o n  

Southern C a l i f o r n i a ' s  Imper ia l  Va l ley  conta ins near ly  one- th i rd  o f  

t h e  Uni ted States '  i d e n t i f i e d  h o t  water resources (Fig. 4.1). Several 

designated Known Geothermal Resource Areas (KGRAs) i n  t h e  v a l l e y  r e p o r t  

temperatures ranging from 90-360°C. 

The Va l ley  i s  one o f  t h e  most p roduc t ive  a g r i c u l t u r a l  regions i n  

t h e  world. I t s  warm c l ima te  and approximately 475,000 acres o f  i r r i g a t e d  

land enable a 365-day growing season essen t ia l  f o r  year-round food 

product ion i n  t h e  con t inen ta l  Uni ted States. The Colorado River  yea r l y  

provides over 2,800,000 acre-feet o f  i r r i g a t i o n  water t o  the  Val ley.  

Th is  water i s  conveyed through t h e  All-American Canal and d i s t r i b u t e d  v i a  

an e labora te  i r r i g a t i o n  and drainage system t h a t  ends a t  t h e  Sal ton Sea 

( B u t l e r  and Pick, 1982). Over-wateri ng o f  crops he1 ps remove undesirable 

s a l t s .  Most i r r i g a t i o n  water i s  removed by t h e  drainage system, b u t  some 

s a l i n e  water perco la tes  through t h e  s o i l  t o  recharge groundwater. 

The i n e v i t a b l e  product ion o f  l i q u i d  wastes dur ing  geothermal 

development and operat ions requ i res  an acceptable means o f  disposal. The 

p o l i c y  o f  Imper ia l  County c u r r e n t l y  favors t h e  f u l l  i n j e c t i o n  o f  res idua l  

geothermal f l u i d s  i n t o  t h e  geothermal reservo i rs .  Th is  pol i c y  p r i m a r i l y  

in tends t o  p r o t e c t  against  p o t e n t i a l  land  subsidence r e s u l t i n g  from f l u i d  

withdrawal and decreased rese rvo i r  pressures ( B u t l e r  and Pick, 1982). 

I n j e c t i o n  i s  a l so  a means o f  prevent ing waste f l u f d s  of very h igh 

s a l i n i t i e s  from reaching crops o r  sur face waters. 
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Figure 4.1 Location of  the Imperial  Valley, California 
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Two KGRAs i n  t h e  Imper ia l  Val ley have undergone short-term 

i n j e c t i o n  t e s t i n g  p r i o r  t o  completion o r  operat ion o f  new thermal ly  

powered e l e c t r i c a l  generat ing p lants .  Resul ts  o f  i nves t i ga t i ons  a t  t he  

East Mesa KGRA and t h e  Sal ton Sea KGRA w i l l  be j o i n t l y  considered f o r  t he  

purpose o f  t h i s  study. 

4.2. Geology 

4 

I 

The Imper ia l  Va l ley  occupies a p o r t i o n  o f  t h e  Salton Trough, a 

g e o l o g i c a l l y  recent  complex r i f t  v a l l e y  l y i n g  i n  t h e  n o r t h e r l y  extens ion 

o f  t h e  Gu l f  o f  C a l i f o r n i a .  Coastal C a l i f o r n i a  mountains border t h e  

t rough i n  t h e  west, and low, b lock- fau l ted  mountain ranges ( t h e  Chocolate 

M o u n t a i n s )  border it o n  t h e  e a s t  ( F i g .  4 . 2 ) .  To t h e  n o r t h ,  t h e  v a l l e y  i s  

occupied by t h e  Sal ton Sea, which has a sur face e leva t i on  o f  about -70 m. 

Complex s t r i k e - s l i p  f a u l t  zones o f  t h e  San Andreas f a u l t  system t rend 

northwest through t h e  va l l ey .  There i s  both subs tan t i a l  ho r i zon ta l  as 

we l l  as v e r t i c a l  movement o f  t h e  San Andreas f a u l t  zone i n  t h i s  region. 

A g rea t  deal o f  seismic a c t i v i t y  occur r ing  i n  t h e  reg ion i s  a t t r i b u t e d  t o  

c r u s t a l  displacements. Much o f  t h i s  seismic a c t i v i t y  occurs i n  t h e  

v i c i n i t y  o f  geothermal anomalies. 

(I 

The Sal ton Trough has cont inuously  subsided f o r  approximately t h e  

l a s t  10 m i l l i o n  years, and by doing so has accumulated p r i m a r i l y  d e t r i t a l  

sediments ranging i n  th ickness from 1500 rn i n  t h e  nor th  t o  6000 m a t  t h e  

Mexican border t o  t h e  south (Van de Kamp, 1973). These sediments have 

been provided by t h e  ancest ra l  Colorado River, which f o r  t h i s  e n t i r e  

rough from t h e  east. Resu l t ing  sediments 

c u l a r  beds o f  sand, s i l t  and mud. Most 

per iod  has discharged i n t o  t h e  

are complex interbedded l e n t  

I 

4 

(I 

(I 
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' Figure 4.2 Regional geology o f  the Imperial Valley, California, and locations of the Salton 
Sea and East Mesa KGRAs.  
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sediments are unconsolidated, although thermal metamorphism associated 

w i t h  geothermal a c t i v i t y  has caused some l o c a l  l i t h i f i c a t i o n  ( M u f f l e r  and 

White, 1969). Metamorphism i n  t h e  h o t t e s t  zones has appreciably a l t e r e d  

t h e  po ros i t y  o f  t h e  rock (Helgeson, 1968). Recent volcanism i s  be l ieved 

t o  be associated w i t h  t h e  f a u l t  system and may be t h e  heat source f o r  t h e  

reg ion 's  geothermal anomalies (Elders, 1975). 

The two geothermal f i e l d s  examined i n  t h i s  case study are t h e  

Sal ton Sea Geothermal F i e l d  (SSGF), which i s  p a r t  o f  t h e  Sal ton Sea KGRA, 

and t h e  East Mesa KGRA. The SSGF i s  loca ted  a t  t h e  southern end o f  t h e  

Sal ton Sea, and i s  e n t i r e l y  below sea leve l .  I r r i g a t i o n  waters d ra in ing  

t o  t h e  Sal ton Sea pass through t h e  SSGF. Several f a u l t s  a l so  t ransec t  

t h e  f i e l d  (F ig .  4.3 1. The East Mesa KGRA i s  loca ted  on t h e  western 

margin o f  t h e  East Mesa about 30 m above sea l e v e l  on t h e  eastern f l a n k  

o f  t h e  Sal ton Trough. The u n i r r i g a t e d  t e r r a i n  a t  East Mesa i s  r e l a t i v e l y  

f l a t  and dese r t - l i ke  and i s  covered by a l l uv ium and sand dunes. Several 

f a u l t s  t ransec t  t h e  East Mesa geothermal f i e l d  a l so  (F ig .  4.4). 

(I 

(I 

4 

4 

4.3. Hydro1 ogy 

4.3 .l. Surface Water 

9 3  The Colorado R iver  provides over 3.7 x 10 m o f  water t o  the  

Imper ia l  Va l ley  v i a  i r r i g a t i o n  canals each year (Snoeberger e t  a1 ., 
1978). The s a l i n i t y  o f  t h i s  water i s  about 850 mg/l t o t a l  d isso lved 

s o l i d s  (TDS). TDS i n  sur face waters i n  t h e  Va l ley  ranges from about 900 4 

mg/l i n  t h e  A l l  American Canal t o  over 39,000 mg/l i n  t h e  Sal ton Sea 

(Table 4.1). The Sal ton Sea i s  about 75 m below sea l e v e l  and serves as 

4 
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Salton Sea 

Legend: 
Geothermal Wells 

WW - Woolsey 
EL - Elmore 

0 2000 u 
m 

MM - Magmamax 
SN - Sinclair 

Figure 4.3 Loca t ions  o f  wel ls a t  t h e  Sa l ton  Sea Geo the rma l  Loop Exper i rnenta l  Facl l l ty 
( G L E F ) ,  Imper ia l  Va l ley ,  Ca l i f o rn ia  (a f te r  Schroeder,  1976). 
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Figure 4.4 Locations of selected geothermal wells a t  the East Mesa KGRA, Imperial Valley, 
California (after Swanberg, 1976). 
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Table 4.1. Tota l  d isso lved s o l i d s  content  o f  r i v e r s  
c o n t r i b u t i n g  water t o  t h e  Imper ia l  Val ley, 
C a l i f o r n i a .  

TDS ppm 3 Water Body Volume m / y r  

850-900 9 Colorado R ive r  3.4 x lo8 
New River  5.2 x lo8 33 00-43 00 
A1 am0 River  8.0 x 10 23 00 
Sal ton Sea - 39,000 

a drainage s ink  i n  t h e  Valley. The New and Alamo r i v e r s  f l ow  

northwestward t o  t h e  Sea, as does re tu rn  f low from i r r i g a t i o n .  

4.3.2. Groundwater 

The groundwater rese rvo i r  i n  Imper ia l  Va l ley  cons is t s  o f  Cenozoic 

v a l l e y  f i l l  deposi ts  t h a t  may be g rea te r  than 6000 m t h i c k .  The upper 

few thousand meters i s  p r i n c i p a l l y  a heterogeneous sequence o f  non-marine 

deposts conta in ing  groundwater o f  v a r i a b l e  q u a l i t y  t h a t  may o r  may n o t  be 

s u i t a b l e  f o r  use. The considerable v a r i a b i l i t y  i n  chemical q u a l i t y  o f  

t h e  groundwater i s  a t t r i b u t a b l e  t o  t h e  composit ional d i f f e rences  i n  t h e  

sources o f  recharge and t h e  h igh  evaporation r a t e  i n  t h i s  h o t  a r i d  

c l ima te  ( L o e l t z  e t  al., 1975). A t  g rea ter  depths t h e  water i s  too s a l i n e  

f o r  i r r i g a t i o n  and o ther  use. There i s  poor hyd rau l i c  communication 

between water i n  t h e  deeper deposi ts  and water i n  t h e  shal lower deposits. 

Interbedded sands, s i l t s  and muds are a t  l e a s t  p a r t i a l l y  responsib le  f o r  

t h e  reduced v e r t i c a l  hyd rau l i c  conduc t i v i t y .  

Hundreds of we l l s  have been d r i l l e d  t o  var ious depths and through 

Some f low a t  a number of d i f f e r e n t  depos i t iona l  ma te r ia l s  i n  t h e  Valley. 
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t h e  surface, some do not, depending upon both depth and l o c a t i o n  i n  t h e  

Val 1 ey. 

Some p r i v a t e  we l l s  produce h o t  water which i s  used f o r  heat ing 

homes. Most w e l l s  are o f  small diameter and supply on l y  small q u a n t i t i e s  

o f  water f o r  home, and stock uses. TDS range from a few hundred t o  more 

than 1000 mg/l . 
Upward discharge from t h e  deeper aqu i fe rs  t o  i r r i g a t i o n  dra ins  

occurs p r i n c i p a l l y  near t h e  eas t  edge o f  t h e  i r r i g a t e d  area. There i s  

a l so  upward leakage t o  t h e  New and Alamo r i v e r s  and i n  t h e  v i c i n i t y  o f  

t h e  Sal ton Sea. The amount o f  yea r l y  leakage i s  est imated t o  be small 

( L o e l t z  e t  al., 1975). 

4.3.2.1. Aqu i fe rs  

F a i r l y  s i m i l a r  aqu i fe r  descr ip t ions  e x i s t  f o r  both t h e  SSGF and 

t h e  East Mesa KGRA. Sal ton Trough f i l l  deposits are layered, 

i n t e r f i n g e r i n g ,  sedimentary sequences t h a t  have v a r i a b l e  pe rmeab l l i t i es  

and hyd rau l i c  heads. 

A t  t h e  SSGF, a cap rock about 300-350 m t h i c k  conf ines the  

under ly ing  geothermal r e s e r v o i r  and func t i ons  as a b a r r i e r  t o  deep 

convection cur ren ts  and upward f l ow  o f  geothermal f l u i d s .  The upper 180 

m o f  t h e  cap rock i s  composed o f  unconsolidated s i l t ,  sand and gravel  

t h a t  serve as near-surface aqui fers .  The lower p o r t i o n  o f  t h e  cap rock 

i s  an impermeable s i l t - c l a y  sequence (Morse and Stone, 1979). Some 

na tu ra l  upward f low t o  t h e  sur face does occur, t o  form mudpots, and h o t  

springs, b u t  t h e  f low i s  presumably r e s t r i c t e d  t o  l o c a l  f a u l t s .  These 
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l a r g e  f a u l t s  are ev iden t l y  p r i n c i p a l  condu i ts  o f  upward v e r t i c a l  f low o f  

geothermal f l u i d s  across t h e  cap rock. 

Below t h e  cap rock, t h e  geothermal r e s e r v o i r  rocks a t  SSGF are 

layered sequences o f  shale and sandstone. Hydrothermal a l t e r a t i o n  o f  

r e s e r v o i r  rocks ncreases w i t h  depthr s t a r t i n g  a t  bottom o f  t h e  cap rock 

u n t i l  g rea te r  than 2100 m deep. As a resu l t ,  t h e  upper rocks are n o t  

f u l l y  indurated and are bel ieved t o  ma in ta in  t h e i r  primary permeabi l i ty .  

The rocks become more indurated as hydrothermal a l t e r a t i o n  increases w i t h  

depth. Evidence o f  na tura l  f r a c t u r i n g  suggests t h a t  secondary p o r o s i t y  

and permeab i l i t y  are dominant i n  t h e  lower depths (Morse and Stone, 

1979). Major c r u s t a l  seismic a c t i v i t y  i s  be l ieved t o  have caused t h e  

f r a c t u r i n g .  The producing we l l s  a t  SSGF are producing a t  i n t e r v a l s  

ranging between about 570 t o  2160 m (Schroeder, 1976). Wel ls  used f o r  

i n j e c t i o n  t e s t i n g  (MM-3, MM-2, and EL-3 1 are completed between 

approximately 630 and 1370 m i n  both t h e  Upper and Lower geothermal 

reservo i  rs .  

A t  t h e  East Mesa KGRA, temperature and permeab i l i t y  data from U.S. 

Bureau o f  Reclamation (USBR) w e l l s  31-1, 6-2, 6-1, 5-1 and 8-1 i n d i c a t e  

t he re  i s  a con f in ing  c l a y  cap extending t o  about 600 m deep. No spr ings 

o r  o ther  expressions o f  t h e  geothermal resource e x i s t  a t  t h e  surface. 

Primary permeabil ty increases w i t h  depth between 600 and 900 m as c l a y  

content  decreases and sand content  increases. Much o f  t he  media are 

unconsolidated o r  semiconsolidated. The i n t e r v a l  750-900 m represents 

t h e  upper p o r t i o n  o f  t h e  geothermal r e s e r v o i r  (Swanberg, 1976). The 

remainder o f  t h e  geothermal r e s e r v o i r  below 900 m i s  s i m i l a r  i n  

composition, bu t  con tac t  w i t h  geothermal f l u i d  has a l t e r e d  some o f  t h e  
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rock, causing indurat ion,  and sands are  l e s s  permeable. Primary 

permeab i l i t y  decreases i n  t h i s  zone, and secondary f r a c t u r i n g  i s  t h e  

dominant permeabil iy. USBR product ion w e l l s  (31-1, 6-2, 6-1 and 8-11 are  

completed i n  t h i s  1 ower reservo i  r w i t h  s l o t t e d  o r  per fo ra ted  i n t e r v a l s  

ranging between about 1508 t o  2433 m (Mathias, 1976). The USBR i n j e c t i o n  

wel l ,  5-1, i s  completed w i t h i n  t h i s  i n t e r v a l  also. The USBR w e l l s  are 

experimental research we l l s  and are no t  used f o r  commercial power 

production. 

Three postu la ted f a u l t s  t raverse  t h e  East Mesa geothermal anomall y 

and may be condui ts  f o r  t h e  r i s e  o f  geothermal f l u i d s  from a deep igneous 

heat  source t o  t h e  geothermal reservoir .  T h e s e  f a u l t s  and assoc iated 

f r a c t u r e s  may a l so  f a c i l i t a t e  v e r t i c a l  m ig ra t i on  o f  i n j e c t e d  f l u i d s  o r  

r a p i  d contac t  between heat-depl e ted i n j e c t e d  f 1 u i  ds and t h e  product ion 

reservo i r .  The degree t o  which these phenomona may occur i s  l a r g e l y  

dependent on s i z e  o f  t h e  geothermal resource, wel l  spacings, d i s p a r i t i e s  

o f  s l o t t e d  i n te rva l s ,  and v e r t i c a l  and pe rmeab i l i t i es  o f  t h e  media. 

4.3.2.2. Groundwater Chemistry 

The chemical q u a l i t y  o f  t h e  groundwater of t h e  Sal ton Trough i s  

Numerous chemical analyses have been done on water from h i g h l y  var iab le .  

w e l l s  throughout t h e  va l l ey .  The analyses are grouped geographica l ly  i n  

Table 4.2 and discussed by L o e l t z  e t  a l .  (1975). Representative 

chemis t r ies  o f  water from geothermal product ion w e l l s  a l so  appear i n  

Table 4.2. The v a r i a b i l i t y  i s  l i k e l y  a t t r i b u t a b l e  t o  t h e  groundwater 

o r i g ins .  Some o f  t h e  deeper groundwater might be s l i g h t l y  a l t e red  

connate water. Shallower water occu r r i ng  i n  t h e  d e l t a i c  deposits may 
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W w W w W W W W W 

T o t a l  S p e c i f i c  
Ois-  Con- 

I n t e r v a l  so l ved  ductance 
______ Date Sampled S o l i d s  vrnhos 

Sampled f t  pH nig/l 25°C H C O j  Cat C 1 -  F 1 -  Fe L i  Mg S i  Si02 K Ma k'iNa- 

~ l j~_~r f i -o t i i  Sal t o n  Sea K G R A ~  

15,800 70,000 85,bfJO 
8,600 42,000 50,600 

S i i l c l a i i -  4 4-23-75 - -  --  290,000 - -  - -  29,000 .. .. _ _  1,450 _ _  7 1  1,230 249 -- 
143~lilall1ax 1 8-10-76 -- _ _  208,000 - -  -- 20,000 !.21,000 --  256 141 80 690 202 - -  16,600 53,600 70,200 
f.lagrnatiiax 2 3-18-76 - -  - -  244,000 - -  --  27,200 147,,000 22 1,910 192 148 1,290 410 - -  
::??Is f rom Eas t  Mesa KGRA - 

Mesa 6-1 6-09-76 - -  5.45 26,300 
Flesa 6-2 6-00-76 -- 6.12 5,000 
Mesa 8-1 6-22-76 - -  6.27 1,600 

b S e l x t e d  _ ~ _ _ _  Shal low Wells Near E a s t  Mesa KGRA 

l j S i l 6 E  1-16-62 -50-52 7.9 7,150 
m 7-31-61 360-430 8.3 787 

16S/17E 2-24-64 155-157 8 .0  1,270 

9-16-64 298-300 8 . 1  708 
16Sl laE 2-16-65 134-136 7.7 2,860 

40,000 202 1,360 15,850 0.99 8.8 40 
6,000 156 16.4 2,142 1.23 <0.10 4 
3,200 173 8.5 500 1.60 <0.10 1.1 

12,700 267 238 3,840 --  _ _  _ _  
1,360 450 8.2 159 3 - -  _ _  
2,340 296 49 508 0.9 - -  _ _  
4,900 123 127 1,320 -- _ _  _ _  
1,200 134 23 192 1.3 _ _  -_  

0.95 - -  320 1,050 8,100 9.150 
269 
389 70 610 680 

17.2 
0.24 

~ 0 . 0 5  
150 1,700 1,850 0.05 -- 

0.05 - -  

172 _ -  _ _  40 _ _  _ _  2,230 
1.6 _ -  _ _  14 _ _  _ _  300 

2 1  _ -  _ _  21 _. _ _  403 
49 _-  _ _  30 _ _  _ _  860 

7 . 7  _ -  _ _  21 5 .4  216 221.4 

Se lec ted  Shal low We l l s  Near S a l t o n  Sea KGRAb 

l lS /13E 5-10-62 145-147 7.4 1,600 3,120 100 3 710 -- -- _ _  134 _ -  - _  3 _ _  _ -  384 
125/13E 7-10-62 113-115 7.2 2,020 9,370 40 476 2,900 - -  _ -  - -  202 _ -  _ -  2 _ _  _ _  ! ,300 
12S/13E 7-10-62 145-147 7.4 5,400 19,800 408 810 5,850 - -  -- _ _  822 --  _ _  18 _ _  - -  3,400 

- _ _ _  R q - e s e n t a t i v e  Sur face \datersc 

Calldl Samples - -  _ _  930 - -  140 94 '40 0.46 0.01 0.06 33 0.007 4 4 - -  5.6 155 6 155 6 
sur,ip c o l -  _ _  - _  7,600 - -  360 570 2,300 0.92 0.05 0.44 270 1.3 7 8 - -  19 1,iSO 1.619 
D r a i n  l e c t e d  - _  --  3,300 - -  280 210 640 0.58 0.15 5 5 - -  11 510 52 1 0.02 0.19 94 

24 860 844 R i  vere f rom 3,700 - -  220 220 1,300 1 .15  0.03 0.45 120 0.16 7.1 - -  _ _  _ _  
4-76 t o  
1-78 

a S a l t o n  Sea and Eas t  Mesa geothermal w e l l  d a t a  repo r ted  by Snoeberger and H i l l ,  1978 

h L o e l t z  e t  a l . ,  1975. 

'Layton e t  a l . ,  ed. ,  1980. 

dCanals c o n t a i n  w a t e r  impor ted  from t h e  Colorado Rivet-. 

ellei, and Alatno R i v e r s .  

We l l s  were s e l e c t e d  on the  bas is  o f  p r o x i m i t y  t o  i n j e c t i o n  s i t e s  a t  t h e  East  Mesa and S a l t o n  Sea KGRAs 



conta i  n evaporat i  on r e s i  duals from prehi  s t o r i  c freshwater 1 akes and may 

be f resh  o r  moderately sa l ine.  Storm r u n o f f  has probably leached 

so luable evapor i te  from sedmentary rocks above t h e  water tab le .  Small 

lenses o f  f resh  groundwater may be t h e  r e s u l t  o f  r u n o f f  impoundment from 

ephemeral deser t  washes against  sand dunes (Loe l t z  e t  al., 1975). The 

v a r i a b i l i t y  i n  sources o f  recharge coupled w i t h  a dry a r i d  c l ima te  and 

h igh  evaporation r a t e  a l so  a f f e c t  groundwater q u a l i t y .  

, 

e 

Q 

Q 
3.3. Geothermal Resource 

The o r i g i n  o f  geothermal resources i n  Imper ia l  County i s  l i n k e d  

t h e  

East  P a c i f i c  R i v e r  under t h e  P a c i f i c  Ocean. C o l l i s i o n  of t h e  North  

American and P a c i f i c  P la tes  has resu l ted  i n  expansion o f  t h e  Salton 

Trough o f  t h e  Imper ia l  Val ley and extens ive b lock f a u l t i n g  along i t s  

f l a n k s  ( B u t l e r  and Pick, 1982). The major heat source i n  t h e  v a l l e y  i s  

probably groundwater b r ines  heated by magmatic emplacement i n  t h e  c r u s t  

and p o r t i o n s  o f  t h e  lower basement ( B i e h l e r  and Lee, 1977). There i s  

disagreement over whether o r  no t  t h e  e n t i r e  v a l l e y  trough i s  a s i n g l e  

vas t  geothermal reservo i  r. Some people be l  ieve  it i s ;  o thers be l i eve  

t h a t  add i t i ona l  areas besides t h e  KGRAs are undergoing recent  magma 

emplacements w i t h i n  t h e  v a l l e y  basement. 

t h  t h e  San Andras F a u l t  and w i t h  spreading centers  associated w i t h  
Q 

S a l i n i t y  i s  a major problem o f  t h e  geothermal resources o f  

Q 

4 

(i 

Imper ia l  County. S a l i n i t y  increases i n  t h e  county t o  t h e  northwest 

toward t h e  Sal ton Sea where most o f  t h e  KGRA resources l i e .  Varying 

s u b s t a n t i a l l y  from f i e l d  t o  f i e l d ,  s a l i n i t y  a l so  va r ies  w i t h i n  a s i n g l e  

KGRA from we1 1 t o  we1 1. The Sal ton Sea KGRA, which i s  t h e  l a r g e s t  and 
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has t h e  h ighes t  recoverable heat content  o f  a l l  t h e  KGRAs i n  t h e  va l ley ,  

has the  poorest q u a l i t y  geothermal f l u i d s .  S a l i n i t y  increases w i t h  

depth, and b r ines  may be r i c h  i n  metals such as maganeser zinc, lead  

cooper, and s i l v e r .  

Temperatures o f  geothermal f l u i d s  i n  Imper ia l  County range from a 

h igh  about 36OoC t o  in termediate temperature systems o f  90 t o  15OoC. 

The Sal ton Sea KGRA i s  t h e  h o t t e s t  area fo l lowed by Brawley, Heber, East 

Mesa and t h e  Dunes. I n  most places t h e  geothermal resource i s  loca ted  a t  

a range o f  about 800-4000 m deep ( B u t l e r  and Pick, 1982) b u t t h e  upper 

and lower l i m i t s  may vary s l i g h t l y .  

of 

A p o r t i o n  o f  t h e  Sal ton Sea KGRA known as t h e  Sa l ton  Sea 

Geothermal F i e l d  (SSGF) and t h e  East Mesa KGRA have undergone short-term 

i n j e c t i o n  t e s t i n g .  I n j e c t i o n  experience i n  these two KGRAs are t h e  focus 

o f  t h i s  case study. These f i e l d s  have c h a r a c t e r i s t i c a l l y  d i f f e r e n t  

b r i nes  and s l i g h t l y  d i f f e r e n t  geolog ic  condi t ions.  

The SSGF r e s e r v o i r  i s  l iquid-dominated w i t h  deep we l l  temperatures 

as h igh  as 36OoC. Reservoi r  f l u i d  i s  a sal ine, s l i g h t l y  a c i d i c  brine, 

con ta in ing  up t o  one t h i r d  by weight o f  d isso lved so l ids .  The ex ten t  o f  

t h e  geothermal r e s e r v o i r  i s  probably l i m i t e d  on ly  by temperature, s ince  

t h e  rock appears t o  be l i qu id -sa tu ra ted  throughout t h e  rese rvo i r  beneath 

t h e  SSGF ( B u t l e r  and P 

t h i c k  shale (Table 4.3) i s  

"LowerIf reservo i  r s  on the  

12 m-thick shale l a y e r  d i v  

una1 t e r e d  Upper reservo i  r 

ck, 1982). The geothermal rese rvo i r  capped by 

bel ieved t o  be separated i n t o  Wpperrt and 

bas is  o f  degree o f  hydrothermal a l t e r a t i o n .  A 

des these rese rvo i r s  (Schroeder, 1976). The 

i s  very porous and has a h igh  permeab i l i t y  and 

p r o d u c t i v i t y .  I t s  temperature and d isso lved s o l i d s  are l e s s  than those 

55 

a 



V V W W 



3 

3 

3 

a 

a 

o f  t h e  lower reservo i r .  The a l t e r e d  Lower r e s e r v o i r  i s  be l ieved t o  be 

tw ice  t h e  s i z e  o f  t h e  Upper reservo i r ,  b u t  t h e  s t o r a t i v i t y  and 

permeab i l i t y  o f  t h e  rock ma t r i x  are less. Secondary p o r o s i t y  and 

permeab i l i t y  are dominant i n  t h e  hydrothermally a l t e r e d  zone and 

ev iden t l y  are a r e s u l t  o f  ongoing na tu ra l  f r a c t u r i n g  (Morse and Stone, 

1979). The geothermal f l u i d s  have v a r i a b l e  TDS o f  >160,00 ppm. 

A t  t h e  East Mesa KGRA, t h e  l iquid-dominated geothermal r e s e r v o i r  

i s  conf ined beneath a c l a y  cap repor ted t o  be around 600 m t h i c k  and 

consi s t i n g  o f  about 60% c l  ay ( Swan berg, 1976) . The c l  ay e f f e c t i v e l y  

seals  t h e  geothermal r e s e r v o i r  from t h e  sur face and i s  a b a r r i e r  t o  

v e r t i c a l  f low. V e r t i c a l  f low occurs p r i n c i p a l l y  i n  l a r g e  f a u l t s .  The 

hydro log ic  fea tures  o f  t h e  geothermal rese rvo i r  a re  discussed i n  g rea ter  

d e t a i l  i n  t h e  preceding Sect ion 4.3.2.1. The temperature o f  t h e  

geothermal resource a t  East Mesa i s  around 200°C. 

4.4. I n j e c t i o n  

Imper ia l  County favors subsurface i n j e c t i o n  o f  geothermal f l u i d s  

over t h e  l ong  term p r i m a r i l y  as a means t o  minimize l o c a l  subsidence by 

mal n t a i  n i  ng reservo i  r pore water pressures. I n j e c t 1  on i s  a1 so expected 

t o  prolong t h e  l i f e  o f  t h e  geothermal rese rvo i r  by recharging t h e  

depleted product ion reservo i  r. Heat-depleted b r ines  t r a v e l  i ng through 

superheated rocks between i n j e c t i o n  and product ion w e l l s  a re  expected t o  

reheat so t h a t  product ion temperatures and pressures w i l l  no t  dec l ine  

subs tan t i a l l y .  The chemistry o f  i n j e c t e d  f l u i d s  i s  a r e s u l t  o f  t h e  

chemistry o f  t h e  product ion f l u i d s ,  b u t  t h e  two are  no t  t h e  same. 

I n j e c t e d  f l u i d s  are l i k e l y  t o  have undergone temperature deplet ion,  
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i n - l i n e  pressure changes, concent ra t ion  by means o f  steam f lash ing,  and 

numerous accompanying chemical reac t ions  by t h e  t ime they reach t h e  

i n j e c t i o n  wellhead. A t  Imper ia l  Va l ley  KGRAs, it i s  probable t h a t  some 

s o r t  o f  make-up water has been added as wel l ,  which f u r t h e r  a l t e r s  t h e  

o r i g i n a l  chemistry and temperature. The end r e s u l t  i s  a f l u i d  r e q u i r i n g  

very s i t e - s p e c i f i c  handling technology f o r  maximum i n j e c t a b i l  i t y .  

Pretreatment o f  t h e  b r i n e  i s  commonly necessary, p a r t i c u l a r l y  a t  t h e  

SSGF, where s o l i d s  concentrat ions are high. Production water v a r i e s  from 

KGRA t o  KGRA, and even from we l l  t o  we l l  i n  t h e  Imper ia l  Valley, and so 

i n j e c t i o n  cond i t i ons  w i l l  vary. Even i n j e c t i n g  combined f l u i d s  from two 

neighboring product ion w e l l s  can have d i f f e r e n t  r e s u l t s  than i f  only one 

produc t i  on we1 1 were used. 

4.4.1. I n j e c t i o n  System 

There are several operators  developing geothermal resources i n  t h e  

Imper ia l  Val ley. A t  t h e  Sal ton Sea geothermal f i e l d ,  Union O i l  Company 

has been producing and i n j e c t i n g  geothermal f l u i d s  s ince  1982. S p e c i f i c  

d e t a i l s  o f  t h e i r  i n j e c t i o n  programr i n c l u d i n g  we l l  conf igurat ions,  

i n j e c t a t e  p roper t i es  and pretreatment are no t  avai 1 able. F1 ashi ng o f  

geothermal f l u i d s  a t  t h e i r  10 MW p l a n t  r e s u l t s  i n  a l o s s  o f  f l u i d  volume, 

so t h a t  s l i g h t l y  l e s s  than 100% i s  being i n j e c t e d  back t o  t h e  rese rvo i r  

(Whitescarver, 1984). The n e t  volume l o s s  i s  small compared t o  t h e  s i z e  

o f  t h e  geothermal reservo i r ,  and no r e l a t e d  ill e f f e c t s  have been 

documented . 
The San Diego Gas and E l e c t r i c  Company operates a Geothermal Loop 

Experimental F a c i l i t y  (GLEF) a t  t h e  Sal t o n  Sea KGRA, and considerable 

4 

4 

4 

(I 

4 

4 

58 



i n j e c t i o n  t e s t i n g  has occurred there. The w e l l f i e l d  a t  t h e  Sal ton Sea 

3 

GLEF i s  shown i n  F igure  4.3. Magmamax 1 (MM-1) and Woolsey 1 ( W - 1 )  a re 

t h e  primary producing w e l l s  f o r  t h e  GLEF. MM-3 was t h e  main i n j e c t i o n  

we l l  u n t i l  i t  became plugged and went o u t  o f  se rv i ce  i n  July, 1978; MM-2 

then became the  primary i n j e c t i o n  wel l .  MM-4 was designed and i s  used as 

an observat ion we l l  (Morse and Stone, 1979). Depths o f  some o f  these 

we l l s  appear i n  Table 4.4. 

The i n j e c t i o n  system a t  t h e  GLEF i s  an open system. As ho t  

geothermal f l u i d s  (190-220°C) a re  flashed, steam escapes. The r e s u l t i n g  

waste f l  u i  ds are dimi n i  shed i n vo l  ume and temperature ( 100°C) (Snoeberger 

and H i l l ,  1978). Chemical p r e c i p i t a t i o n  on equipment and i n  t h e  we l l  i s  

a severe problem, and numerous s tud ies  on f l u i d  t reatment  p r i o r  t o  

i n j e c t i o n  have been made (Owen e t  al. ,  1978, 1979; Quong e t  al., 1978). 

These s tud ies  are not  discussed here, although a b r i e f  d iscuss ion o f  t h e  

de t r imenta l  near-well chemical e f f e c t s  i s  i n  Section 4.4.3. 

A t  t h e  East Mesa geothermal f i e l d ,  Magma Power Company has been 

i n j e c t i n g  waste f l u i d s  from t h e i r  10 MW power f a c i l i t y  s ince 1, 

1982. Magma Power's wel ls  i nc lude  f i v e  s l a n t - d r i l l e d  product ion w e l l s  

October 

d r i l l e d  t o  depths ranging around 2100 m ( B u t l e r  and Pick, 1982). Three 

i n j e c t i o n  w e l l s  are loca ted  about one m i l e  from t h e  power p lant .  A t  

l e a s t  one o f  these i n j e c t i o n  w e l l s  (46-7) i s  d r i l l e d  t o  near ly  1000 m 

(Table 4.4). Data f o r  t h e  remaining two i n j e c t i o n  w e l l s  and f o u r  o f  t h e  

product ion we l l s  are no t  a t  hand. 

The Magma Power f a c i l i t y  i s  a b inary  p l a n t  t h a t  u t i l i z e s  isobutane 

loop. as t h e  working f l u i d  i n  t h e  primary loop and propane i n  t h e  second 
P 
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Table 4.4.  Depths and s l o t t e d  i n t e r v a l s  of geothermal wel ls  i n  the 
Imperial Valley,  Ca l i fo rn ia .  

4 

Perforated 
Total P1 ugged-back o r  S l o t t e d  
Depth Depth In te rva l  

(m) (m) (m) 

Salton Sea GLEF 
Production We1 Isa 

Magmamax 1 ( M M - 1 )  882 723 ' 565- 712 
Woolsey 1 (WW-1) 75 4 586- 746 

In jec t ion  Wellsa 
Magmamax 2 (MM-2) 1373 1189- 1370 
i4agmamax 3 (MM-3)  125 7 9 80 82 3-96 7 

b Observation We1 1s 
Elmore 3 ( E L - 3 )  787 
S i n c l a i r  3 (SN-3) 16 16 

East Mesa 
USBR Production Wells' 

6- 1 2433 

6- 2 
8- 1 
31- 1 

18 16 
1829 
1882 

631-787 

2075-217 

2 2 38- 2 4 33 

1663- 1816 
1508- 1829 
1652- 1882 

(pe r fo ra t ed )  

( s l o t t e d )  

USBR In,zcti  on We1 1' 

Magma Power Production Well 

5- 1 1830 
d 

48- 7 2200 

Magma Power In jec t ion  Well 
46- 7 9 74 

4 

4 

1 

1525- 1830 

16 34-2200 1 

69 1-9 74 

aTowse and Palmer, 1976. 
bSchroeder, 1976 
'Mathias , 1976. 
dJorda , 1980. 
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Heat i s  t r a n s f e r r e d  from t h e  geothermal f l u i d  t o  t h e  working f l u i d  i n  a 

heat exchanger, thus no steam f l a s h i n g  i s  necessary. There i s  no ne t  

f l u i d  l o s s  t o  steam, so one hundred percent o f  t h e  produced geothermal 

f l u i d  volume i s  re turned t o  t h e  geothermal r e s e r v o i r  v i a  i n j e c t i o n  

(Hinr ichs,  1984). 

Several U.S. Bureau o f  Reclamation w e l l s  a t  East Mesa have been 

used experimently f o r  product ion and i n j e c t i o n .  The i r  l o c a t i o n s  are 

shown i n  F igure  4.4. The product ion we l l s  a re  6-1, 6-2, 8-1, and 31-1. 

Well 5-1 i s  an i n j e c t i o n  we l l .  Depths o f  these w e l l s  range approximately 

from 1800 t o  2400 m (Table 4.4). 

4.4.2. Mon i to r ing  Program 

No near-surface mon i to r ing  program has been es tab l i shed a t  East 

Mesa o r  a t  Sal ton Sea. Moni tor ing data from area w e l l s  and s u r f i c i a l  

spr ings  are  almost non-exi s ten t .  The Cal i f o r n i  a Department o f  O i  1 and 

Gas regulates subsurface f l u i d  i n j e c t i o n  i n  Ca l i f o rn ia .  Shallow usable 

aqu i fe rs  must be cased o f f  and t h e  casings checked r e g u l a r l y  f o r  defects  

t h a t  migh t  a l low communication among aqu i fe rs  v i a  t h e  wellbore. 

Union O i l  Company has cont inuously  operated a 10 MW steam f l a s h  

p l a n t  s ince  mid-1982. Geothermal w e l l s  produce f l u i d s  from depths o f  570 

t o  2160 m. A l l  o f  t h e  res idua l  geothermal f l u i d s  a re  i n j e c t e d  t o  a depth 

range o f  approximately 630 t o  1370 m (Whi tescarver, 1984). Flow ra tes  

(and presumably temperatures and pressures) are monitored i n  product ion 

and i n j e c t i o n  wells, b u t  are n o t  a v a i l a b l e  f o r  p resenta t ion  here. Any 

o ther  we l l  moni tor ing t h a t  Union may o r  may n o t  do i s  p rop r ie ta ry  

in format ion.  

6 1  



Union O i l  moni tors  t h e  surface v i s u a l l y  f o r  sur face man i fes ta t ions  

of hydro log ic  features. Several p re -ex i s t i ng  spr ings  and mud pots  appear 

t o  be a l igned along area f a u l t s .  Union O i l  a l so  monitors subsidence; 

none has been repor ted t o  be associated w i t h  geothermal producton as o f  

May, 1984. Net f l u i d  withdrawals a re  so small r e l a t i v e  t o  t h e  immense 

s i z e  o f  t h e  reservo i r ,  t h a t  no f u t u r e  subsidence i s  an t ic ipa ted .  Indeed, 

t h e  r e l a t i v e l y  small-scale i n j e c t i o n  seems t o  have l i t t l e ,  i f  any e f f e c t  

(Whitescarver, 1984). There are good background seismic data a v a i l a b l e  

f o r  t h e  Imper ia l  Val ley. Union O i l  has been moni tor ing seismics as 

product ion and i n j e c t i o n  proceed; they have repor ted no subs tan t i  a1 

changes i n  se i sm ic i t y  associated w i t h  i n j e c t i o n .  

The Magma Power Company has been i n j e c t i n g  160 l / s  o f  geothermal 

wastewater cont inuously  s ince  s t a r t i n g  a b inary  magmamax f a c i l i t y  a t  East 

Mesa on October 1, 1982. The i n j e c t i o n  i n t e r v a l  f o r  Magma Power's w e l l s  

i s  about 610-910 m, whereas t h e  product ion i n t e r v a l  f o r  Magma Power's 

w e l l s  i s  about 1370-1430 m. o f  

t h e  i n j e c t i o n  and product ion i n t e r v a l s  are presented i n Sect ion 4.3.2.1. 

(H in r ichs ,  1984). 

The s t ra t i g raphy  and hydro log ic  fea tures  

Magma Power does n o t  use area we l l s  f o r  shallow moni tor ing 

purposes. A l l  o f  t h e i r  geothermal w e l l s  are being used and are 

unava i lab le  f o r  constant  mon i to r ing  o ther  than f o r  pressure, temperature, 

and product ion and i n j e c t i o n  ra tes  (H inr ichs ,  1984). 

The geothermal rese rvo i r  a t  East Mesa, as o f  May, 1984, has no t  

s tab l i zed  t o  a steady s t a t e  drawdown w i t h  t h e  product ion and i n j e c t i o n  

r a t e  of 160 l / s .  There i s  no evidence o f  f low boundaries o r  of 

communication between Magma Power's i n j e c t i o n  and product ion zones. 

4 
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3 
These zones are measured on ly  f o r  t r a n s i e n t  pressures and temperatures. 

Ne i ther  i s  t he re  any v i  s i  b l  e o r  measu rab l  e evidence o f  communicati on o f  

f l u i d s  between t h e  i n j e c t i o n  zone and shal low aqu i fe rs  (H inr ichs ,  1984) 

although shallow moni tor ing data are scant. 

4.4.3. I n j e c t i o n  Test ing 

Most a v a i l a b l e  in fo rmat ion  on i n j e c t i o n  t e s t i n g  i n  t h e  Imper ia l  

Val ley i s  concerned w i t h  near-well engineer ing such as chemical f o u l i n g  

o f  equipment, format ion plugging, and t h e  r e s u l t i n g  l o s s  o f  i n j e c t i v i t y .  

Most t e s t i n g  t o  date, has been l i m i t e d  t o  s ing le -ho le  t e s t s  t h a t  focus on 

these problems. Mu l t i -we l l  product ion and in te r fe rence  t e s t i n g  prov ide 

more i n fo rma t ion  about hydrology i n  t h e  Imper ia l  Va l ley  KGRAs than t o  t h e  

documented s ing le -we l l  i n j e c t i o n  tes ts .  

a 
4.4.3.1. Single-Well Test ing 

a 

a 

Several s i  ng l  e-well product ion and i n j e c t i o n  t e s t s  were done on 

geothermal w e l l s  i n  t h e  East Mesa KGRA beginning i n  1976 (Howard e t  al., 

1978; McEdwards and Benson, 1978). General ly cons i s ten t  pressure data 

for USBR wells 8-1 and  6-1 are t y p i c a l  o f  a s i n g l e  p r o d u c t i o n  z o n e  

(Howard e t  al., 1978). Data f o r  USBR Wells 5-1 and 6-2 do no t  e x h i b i t  

t h e  same consistency. I n j e c t i o n  s tep- tes t  data f o r  5-1 suggest t h a t  t h e  

we l l  encounters a v e r t i c a l  f r a c t u r e  t h a t  may have been induced by h igh  

i n j e c t i o n  pressures i n  t h e  per fo ra ted  i n t e r v a l  (1525-1830 m) . The r e s u l t  

i s  an increased t r a n s m i s s i v i t y  value. A sp inner  survey showed a l l  flow 

leav ing  t h e  wel lbore i n  a 122 m i n t e r v a l  a t  t h e  t o p  o f  t h e  per fo ra ted  

i n t e r v a l .  The i n j e c t i o n  l o g  exh ib i t ed  a r a p i d  drop i n  pressure 
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(8.3 x lo7  t o  2.8 x lo7 Pa) a t  a constant  i n j e c t i o n  r a t e  ( 6  l / s ) .  

F i n a l l y ,  t h e  measured l n j e c t i v i t y  index increased as t h e  r a t e  o f  

i n j e c t i o n  increased (Howard e t  al., 1978; McEdwards and Benson, 1978). 

The i n j e c t i v i t y  index i s  def ined by Howard e t  a l .  (1978) as W PI where 0 

i s  t h e  r a t e  o f  f low and P i s  t h e  r e s e r v o i r  pressure. The i n j e c t i v i t y  

index i n  5-1 l a t e r  dropped, presumably as a r e s u l t  o f  p lugging t h e  

f r a c t u r e  sur face dur ing  i n j e c t i o n .  The p a r t i c u l a t e  plugging i n  t h e  we l l  

was enhanced by incompat ib le  f l u i d  chemistr ies. F rac tu r ing  t h e  format ion 

thus d i d  n o t  necessar i ly  enhance i n j e c t i v i t y ,  except i n  t h e  sho r t  term. 

Pressure data f o r  we l l  6-2 i n d i c a t e  the re  are two producing 

r e s e r v o i r s  f o r  t h i s  wel l .  The more permeable r e s e r v o i r  i s  i n  t h e  upper 

150 m o f  t h e  per fo ra t ions .  The l e s s  permeable zone i s  deeper i n  t h e  

wel l .  Well- log permeab i l i t y  data support t h i s  conclusion. Product ion 

w e l l  6-1, l i k e  5-1, was damaged by s c a l i n g  and plugging. 

Var iab le- rate i n j e c t i o n  i n t o  Republic Geothermal's wel l  18-28 

successive segments o f  t h e  

i n d i c a t i v e  o f  inc reas ing  

n values suggest t he re  i s  

The pressures were no t  

showed increased i n j e c t i o n  pressures w i t h  

i n j e c t i o n  t e s t .  The increased pressures are  

s k i n  e f fec ts .  The r a p i d l y  inc reas  

chemical a c t i v i t y  occur r ing  i n  t h e  

considered t o  be s u f f i c i e n t l y  h igh  t o  

a t  depth (McEdwards and Benson, 1978). 

ng sk 

we1 1. 

induce f r a c t u r i n g  o f  t h e  format ion 

The p r i n c i p a l  chemical e f f e c t  observed a t  t h e  Salton Sea GLEF 

dur ing i n j e c t i o n  i s  t h e  p r e c i p i t a t i o n  o f  amorphous s i l i c a  and other  

so lub le  m e t a l l i c  s a l t s  (Snoeberger and H i l l ,  1978; H i l l  and Otto, 1977; 

Vet te r  and Kandarpa, 1982). This  depos i t ion  o f  s o l i d s  occurs i n  t h e  

i n j e c t o n  w e l l  and i n  t h e  near-well format ion r e s u l t i n g  i n  t h e  gradual 
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plugging o f  each and i n  gradual increases i n  i n j e c t i o n  pressures (Morse, 

1978). I n  1978, t h e  MM-3 i n j e c t i o n  we l l  a t  t h e  Salton Sea GLEF became 

completely d isab led  as a r e s u l t  o f  chemical p r e c i p i t a t i o n .  MM-2 

subs t i t u ted  as an i n j e c t o r  wh i l e  attempts were made t o  r e h a b i l i t a t e  MM-3. 

F l u i d  t reatment  p r i o r  t o  i n j e c t i o n  became necessary i n  order  t o  extend 

t h e  l i f e  o f  t h e  i n j e c t i o n  we l l  (Owen e t  al., 1978; Owen e t  al., 1979; 

Quong e t  al., 1978; Morse, 1978). A t  t h e  East Mesa KGRA, t h e  r e l a t i v e l y  

good water q u a l i t y  does no t  requ i re  pretreatment (Jorda, 19801, b u t  

chemical p r e c i p i t a t i o n  i n  t h e  we l l s  and format ion have been documented 

(Howard e t  al. ,  1978; McEdwards and Benson, 1978). 

Magma Power's i n j e c t i o n  we l l  46-7 a t  East Mesa was badly impaired 

as a r e s u l t  o f  sediment f i l l  t h a t  occurred dur ing shut- ins between 

i n j e c t i o n  tes ts .  I n j e c t i v i t y  improved a t  l e a s t  seven-fold by 

subsequently backflowing t h e  we l l  (Jorda, 1980). A small continuous f l ow  

dur ing  quiescent  periods was recommended t o  he lp prevent sediment f i l l  

(Jorda, 1980). 

Huf f -Puf f  t e s t s  (monitored backflow o f  i n j e c t e d  t r a c e r s )  were done 

a t  East Mesa i n  summer, 1983 ( M i  chel  s, 1983 1. Steam-fl ashed geothermal 

f l u ids ,  supplemented by CaC03 sca le  i n h i b i t o r s ,  were used as t h e  

i n j e c t i o n  f l u i d s .  Republic Geothermal we l l  38-30 was t h e  producing we l l  

and 56-30 and 56-19 were the  i n j e c t o r s .  The depos i t ion  o f  CaC03 was 

expected t o  eventua l l y  occur: 1) once t h e  res idua l  i n h i b i t o r  i n  the  

b r i n e  dec l ined t o  below a minimum concentrat ion; 2) as i n h i b i t o r  

s t a b i  1 i t y  a t  e levated rock temperatures i n t h e  i n j e c t i o n  zone; 

and 3 )  as contac t  occurred between t h e  i n j e c t a t e  and rock sur face area i n  

decl i ned 
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t h e  i n j e c t i o n  zone. The t e s t s  were designed t o  1) determine t h e  d is tance 

t h e  f l u i d  t r a v e l s  from t h e  wel lbore before CaC03 depos i t ion  occurs, and 

2) compare t h e  moun t  of CaCo3 depos i t ion  w i t h  a v a i l a b l e  space i n  t h e  

r e s e r v o i r  rock 's  p o r o s i t y  (Michels, 1983). Calcium was used as a t r a c e r  

o f  t h e  i n j e c t a t e ' s  r e a c t i v i t y  and as an i n d i c a t o r  o f  t h e  i n h i b i t o r ' s  

e f fect iveness.  Non depos i t ion  of CaC03 i n  we l l  56-19 was t h e  r e s u l t  o f  

environmental and composit ional changes. These i n c l  uded m i  nor  

temperature v a r i a t i o n s  and sharp changes i n  i o n i c  s t rength  and a c t i v i t y  

c o e f f i c i e n t s .  Calcium depos i t ion  d i d  occur i n  56-30. I n j e c t i n g  i n t o  

we l l  56-30 then backflowing t h e  we l l  f o r  several i n j e c t i o n  volumes showed 

a d e f i c i t  o f  calcium concentrat ions i n  t h e  n a t i v e  f l u i d s .  The de f i c iency  

i nd i ca ted  t h a t  calcium depos i t ion  was occur r ing  i n  t h e  r e s e r v o i r  rocks. 

The de f ic iency  a l so  suggested t h a t  t h e  source o f  ca lc ium was t h e  n a t i v e  

f l u i d s  t h a t  never had d i r e c t  con tac t  w i t h  t h e  i n j e c t a t e .  The i n j e c t a t e  

ev iden t l y  e q u i l i b r a t e d  chemical ly  w i t h  r e s e r v o i r  rocks which, i n  turn,  

acted as an in termediary  between t h e  i n j e c t a t e  and n a t i v e  f l u i d s .  The 

e q u i l i b r a t i o n  invo lved e a s i l y  reversed reac t ions  w i t h  several carbonate 

species. The rocks then behaved as Bronsted ac ids and bases, thereby 

i n f l u e n c i n g  carbonate e q u i l i b r i a  i n  t h e  i n j e c t a t e  and t h e  n a t i v e  f l u i d s .  

Th is  mechanism is apparent ly  how t h e  calcium depos i t ion  occurred 

(Michels, 1983). 

4 

(I 

4.4.3.2. Mul t i -Wel l  Tes t ing  
4 

Mul t i -we l l  i n te r fe rence  t e s t i n g  provided more in fo rmat ion  about 

t h e  behavior o f  t h e  w e l l f i e l d  as a whole than d i d  s ing le-wel l  i n j e c t i o n  

tes t i ng .  Numerous product ion and in te r fe rence  t e s t s  were done a t  t he  
6 
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East Mesa KGRA i n  1976 and 1977, (Howard e t  al., 1978). These t e s t s  

u t i l i z e d  a l l  a v a i l a b l e  w e l l s  i n  t h e  northern, southern, and cen t ra l  

po r t i ons  o f  t h e  KGRA. Analyses o f  data from in te r fe rence  t e s t s  enabled 

t h e  l o c a t i o n  o f  hyd rau l i c  bar r ie rs ,  in fe rence o f  r e s e r v o i r  recharge, and 

t h e  conf i rmat ion  t h a t  t he re  i s  hydro log ic  c o n t i n u i t y  between t h e  nor thern 

and southern sectors  o f  t h e  geothermal f i e l d .  The i n t e r f e r e n c e  t e s t s  

provided average estimates o f  r e s e r v o i r  parameters such as t r a n s m i s s i v i t y  

and s t o r a t i v i t y  (Howard e t  al., 1978). T ransmiss iv i ty  est imates i n  t h e  

nor thern p a r t  o f  t h e  f i e l d  a re  cons is ten t l y  h igher  than i n  t h e  cen t ra l  

p a r t  and may be a func t i on  o f  t h e  degree o f  metamorphism associated w i t h  

t h e  geothermal f l u i d s  (Howard e t  al., 1978). Several no-flow boundaries 

are i n f e r r e d  from numerous i n te r fe rence  tes ts .  Producing USBR w e l l s  6-1 

and 6-2 and observing pressure responses i n  Well 31-1 i n  the  nor thern  

p o r t i o n  o f  t h e  f i e l d  i nd i ca ted  the re  i s  hydro log ic  c o n t i n u i t y  among these 

th ree  w e l l s  (see Fig. 4.4 f o r  we l l  l oca t i ons ) .  Well 8-1 d i d  n o t  respond 

t o  product ion from 6-2 o r  6-1 i n d i c a t i n g  an absence o f  hydro log ic  

c o n t i n u i t y  between 8-1 and 6-2, and 8-1 and 6-1. Well 8-1 seems t o  have 

some c o n t i n u i t y  w i t h  we l l s  from t h e  southern p o r t i o n  o f  t h e  f i e l d  (Howard 

e t  al.8 1978). \ 

The general hydro log ic  s i t u a t i o n  a t  t h e  East Mesa KGRA seems t o  be 

one o f  l o c a l i z e d  no-flow boundaries (Narasimhan e t  al., 1977; Howard e t  

al., 1978). The boundaries are probably associated w i t h  reg ional  

f a u l t i n g  and r e s e r v o i r  he terogene i t ies  such as shale 1 ayers. 

Heterogenei t y  and ani  sotropy i n t h e  geothermal reservo i  r are preval ent. 

It i s  d i f f i c u l t  t o  charac ter ize  t h e  geothermal r e s e r v o i r  on t h e  bas is  o f  

conventional parameters such as s t o r a t i v i t y  and t r a n s m i s s i v i t y  because o f  
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i nherent  r e s e r v o i r  v a r i a b i l i t i e s .  L i t t l e  i s  known about t h e  arrangement 

o f  sands and o ther  permeable zones t h a t  t ransmi t  water w i t h i n  t h e  

reservo i  r. t e s t s  are unre l  i ab1 e f o r  p r e d i c t i n g  even t h e  near-well 

values f o r  s t o r a t i v i t y  and t ransmiss i v i t y .  These c h a r a c t e r i s t i c s  must be 

estimated from geophysical and 1 i tho1 ogi  c a l  1 ogs. 

We1 1 

A t  t h e  SSGF, t h ree  surveys o f  pressure drop o f f  f o l l o w i n g  

i n j e c t i o n  were done a t  MM-3 dur ing  a c t i v e  i n j e c t i o n  t e s t i n g  from May, 

1976 t o  Apr i l ,  1978 (Morse and Stone, 1979). Pressure responses t o  

i n j e c t i o n  i n t o  MM-3 (measured a t  -808 m) suggest t h e  i n j e c t i o n  r e s e r v o i r  

(790 t o  850 m) i s  moderately permeable both near and away from t h e  wel l .  

Pressure da ta  a l s o  i n d i c a t e  t h e r e  a r e  important  f low components i n  both 

m a t r i x  and f r a c t u r e  permeab i l i t y  i n  t h e  i n j e c t i o n  zone (Morse and Stone, 

1979). 

Product ion t e s t i n g  a t  t h e  SSGF i n  1977 and 1978 u t i l i z e d  w e l l s  

MM-1 and W W - 1  i n  e f f o r t s  t o  p r e d i c t  permeab i l i t y  o f  sands i n  t h e  

geothermal product ion zone from drawdown and pressure data r e s u l t s  proved 

t o  be un rea l i ab le  (Morse and Stone, 1979). Wel ls  MM-4,SN-3, and EL-3 

were equipped as observat ion w e l l s  a t  var ious times dur ing t h e  t e s t i n g  t o  

observe i n te r fe rence  e f f e c t s  o f  product ion and i n j e c t i o n  tes t i ng .  

Pressure t rans ien ts  were recorded a t  shallow depths (45-140 m) i n  each o f  

these wel ls .  I n  t h e  summer o f  1977, MM-4 was used t o  observe v e r t i c a l  

i n te r fe rence  caused by i n j e c t i o n  i n t o  MM-3. Areal ly ,  t h e  two we l l s  a re  

about 15 m apart. V e r t i c a l l y ,  t h e  t o p  o f  t h e  i n j e c t i o n  i n t e r v a l  i n  MM-3 

is about 24 m below t h e  bottom o f  MM-4. A 12 m-thick shale l a y e r  l i e s  

between t h e  bottom o f  MM-4 and t h e  i n j e c t i o n  zone. MM-4 i s  completed i n  
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t h e  Upper geothermal reservo i r ,  whereas t h e  i n j e c t i o n  i n t e r v a l  o f  MM-3 i s  

i n  t h e  t o p  o f  t h e  Lower geothermal reservo i r .  There were i n i t i a l  

pressure responses i n  MM-4 t o  i n j e c t i o n  i n  MM-3, i n d i c a t i n g  v e r t i c a l  

communi c a t i o n  between t h e  Upper and Lower geothermal reservo i  rs across 

t h e  shale layer .  The shale may be leaky o r r  t h e r e  may have been an 

incomplete cement bond around t h e  MM-3 casing a l l ow ing  v e r t i c a l  leakage. 

No pressure responses i n  MM-4 t o  i n j e c t i o n  i n t o  MM-3 were detectable by 

t h e  beginning o f  1978 (Morse and Stone, 1979). 

Responses i n  SH-3 and EL-3 t o  product ion and i n j e c t i o n  i n  t h e  GLEF 

were very small. These we1 1s are  loca ted  f a r  from t h e  i n j e c t i o n  and 

product ion w e l l s  (F ig .  4.21, and t h e  t e s t s  may have been i n s u f f i c i e n t l y  

long  t o  observe a subs tan t i a l  response. There was no evidence o f  l o c a l  

p o s i t i v e  o r  negat ive hydro log ic  boundaries i n  t h e  r e s e r v o i r  (Morse and 

Stone, 1979). 

The dangers o f  subsidence i n  t h e  Imper ia l  Val ley are discussed i n  

d e t a i l  i n  Sect ion 4.4.4., f o l l o w i n g  t h i s  section. Subsidence has been 

monitored dur ing  both geothermal product ion and i n j e c t i o n  a t  t h e  Sal t o n  

Sea and East Mesa KGRAs. There i s  no evidence t h a t  subsidence has 

increased as a r e s u l t  o f  geothermal development. The ne t  l o s s  o f  f l u i d  

a f t e r  i n j e c t i o n  i s  be l ieved t o  be small, r e l a t i v e  t o  t h e  immense s i z e  o f  

t h e  reservo i r ,  so t h a t  l o c a l  o r  reg iona l  subsidence i s  n o t  an t ic ipa ted .  

The p o t e n t i a l  f o r  induced s e i s m i c i t y  i s  discussed i n  d e t a i l  i n  

There i s  no evidence t h a t  subsurface i n j e c t i o n  a t  cur ren t  Section 4.4.4. 

volumes and pressures w i l l  increase seismic a c t i v i t y  i n  t h e  region. 
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4.4.4. Const ra in ts  on I n j e c t i o n  

Increased land  subsidence i s  a poss ib le  consequence o f  geothermal 

energy product ion i n  t h e  Imper ia l  Val ley. E x i s t i n g  na tu ra l  subsidence i s  

reg iona l  and has n o t  been known t o  cause ser ious damange t o  lands o r  

proper ty  i n  t h e  Valley. The concern over increased land subsidence stems 

from t h e  po ten t i  a1 adverse e f f e c t s  o f  l o c a l  i zed  d i  f f e r e n t i  a1 s e t t l  i ng on 

t h e  Va l ley 's  gravity-based i r r i g a t i o n  and drainage systems. S i g n i f i c a n t  

changes i n  sur face slopes could severe ly  d i s r u p t  i r r i g a t i o n  and thereby 

t h e  crop product ion which i s  so economical ly impor tant  t o  t h e  region. 

Imper ia l  County has a f u l l  i n j e c t i o n  p o l i c y  t h a t  requ i res  a l l  

withdrawn f l u i d s  ( o r  an equal volume o f  another f l u i d )  t o  be i n j e c t e d  

back t o  t h e  reservo i r .  The i n t e n t i o n  i s  t o  ma in ta in  r e s e r v o i r  pore water 

pressure and prevent  aqu i fe r  compaction and subsidence. Layton e t  a l .  

( 1980) modeled reservo i  r cond i t ions  i n  Imperi a1 Val 1 ey and concl uded t h a t  

p a r t i a l  i n j e c t i o n  r e s u l t s  i n  more subsidence than f u l l  i n j e c t i o n  as a 

r e s u l t  o f  ne t  pressure losses. They a l so  concluded t h a t  c l o s e l y  spaced 

product ion w e l l s  would produce more subsidence than w e l l s  spaced f a r t h e r  

apart. Optimum spacing depends upon l o c a l  cond i t ions .  

The poss ib le  e f f e c t s  o f  subsidence i n  t h e  Imper ia l  Valley, based 

on Layton's model, a re  numerous. I n  some areas, s lope changes o f  even a 

few cent imeters may a l t e r  t h e  e f fec t i veness  o f  i r r i g a t i o n  o r  may reverse 

f l ow  i n  i r r i g a t i o n  canals a l together .  Without m i t i g a t i o n  measures, t h e  

a f fec ted  acreages could be removed from a g r i  cu l  t u r a l  product ion a t  an 

economic l o s s  t o  growers. Regional drainage would be a l t e r e d  by a 

subs tan t i  a1 subsidence basi n. Changing water f l  ow v e l o c i t i e s  and 

increased water l e v e l s  i n  t h e  canals as t h e i r  e leva t i on  decreases 
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r e l a t i v e  t o  surrounding lands would d r a s t i c a l l y  a l t e r  t h e  e x i s t i n g  

i r r i g a t i o n  systems a t  huge economic cost. 

A t  t h e  Sal ton Sea, t h e r e  i s  already a problem w i t h  r i s i n g  water 

l e v e l s  and t h e  encroachment o f  s a l t  water on t h e  geothermal f i e l d .  Dikes 

prov ide some pro tec t ion ,  b u t  r i s i n g  sea l e v e l s  combined w i t h  d e c l i n i n g  

e leva t ions  increase t h e  r i s k  o f  f l ood ing  (Layton e t  a1 . , 1980). 
A poss ib le  consequence o f  f l u i d  i n j e c t i o n  i n  t h e  Va l ley  i s  induced 

se ismic i ty .  Seismic l e v e l s  are already n a t u r a l l y  h igh because o f  t h e  

a c t i v e  f a u l t  systems, and t h e r e  has been measurable c r u s t a l  displacement 

i n  t h i s  century. Land subsidence i s  commonly associated w i t h  seismic 

a c t i v i t y  i n  f a u l t e d  zones. Measurable earthquakes are common, 

p a r t i c u l a r l y  along t h e  Brawley and Imper ia l  F a u l t  Zones which are t h e  

area's most a c t i v e  (Layton e t  al., 1980). 

The concern t h a t  subsurface f l u i d  i n j e c t i o n  could enhance seismic 

a c t i v i t y  i n  t h e  Imper ia l  Va l ley  r e s u l t s  from two p r i o r  experiences a t  

3 
other  loca t ions .  A t  t h e  Rocky Mountain Arsenal near Denver, Colorado, 

earthquakes resu l ted  from t h e  i n j e c t i o n  o f  waste f l u i d s  (Healy e t  al., 

1968; R a l e i g h  e t  a l . ,  1975). A t  Rangely, Colorado it was shown t h a t  

i nc reas ing  long-term i n j e c t i o n  pressure beyond a th resho ld  pressure f o r  

t h e  g iven rese rvo i r  would induce seismic events. Raleigh e t  a l .  (1975) 

concluded t h e  mechanism f o r  t h i s  phenomenon was decreased phys ica l  

s t rength  o f  t h e  rock body caused by i n j e c t i o n  and t h e  ex is tence o f  a 

subs tan t i a l  seismic s t ress  f i e l d .  Reduced rock s t rength  may be caused by 

forced l u b r i c a t i o n  o f  rock f r a c t u r e  planes and by induced f rac tu r ing .  

N a t u r a l l y  t h e  p o t e n t i a l  f o r  increased-  communication and leakage of 
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i n j e c t e d  f l u i d s  between adjacent aqu i fe rs  i s  g rea ter  w i th  induced 

f r a c t u r i n g .  As a resu l t ,  a standard commonly app l ied  by var ious  s ta tes  

l i m i t s  i n j e c t i o n  pressure a t  t h e  formation face t o  0.8 p s i  per f o o t  o f  

depth. Th is  pressure i s  genera l l y  l e s s  than t h a t  expected t o  f r a c t u r e  

most r e s e r v o i r  rocks, b u t  t he re  are cases, such as those i n  Colorado, 

where t h e  f r a c t u r e  pressure i s  lower than t h e  standard. The occurrence 

o f  f r a c t u r i n g  can be detected from changes i n  i n j e c t i o n  pressure as 

exempl i f ied  i n  USBR we l l  5-18 b u t  t h e  pressures a t  which f r a c t u r i n g  w i l l  

occur cannot be pred ic ted  (Layton e t  al., 1980). There i s  experience 

t h a t  short-term i n j e c t i o n  ( a  few hours t o  a few days) a t  pressures above 

f r a c t u r e  pressure does no t  induce seismic a c t i v i t y  i n  t h e  short-term 

(Layton e t  al., 1980). 

N a t u r a l l y  high l e v e l s  o f  s e i s m i c i t y  i n  t h e  Imper ia l  Val ley are 

associated w i t h  t h e  KGRAs. Indeed, earthquake swarms near these areas 

are common. D is t i ngu ish ing  induced seismic a c t i v i t y  from na tu ra l  seismic 

a c t i v i t y  i n  these areas i s  a problem. For tunate ly  the re  are basel ine 

seismic data a v a i l a b l e  t h a t  i n d i c a t e  t h e  na tu ra l  a c t i v i t y  occurs a t  

g rea te r  depth than t h e  depth expected f o r  i n j e c t i o n .  Thus foca l  depth 

may be t h e  f a c t o r  d i s t i n g u i s h i n g  t h e  cause o f  earthquakes near producing 

geothermal f i e 1  ds. 

The ex ten t  t o  which na tu ra l  upward discharge from t h e  geothermal 

r e s e r v o i r  would increase o r  decrease as a r e s u l t  o f  a r t i f i c i a l  i n j e c t i o n  

i s  unknown. Local ly ,  geothermal f l u i d s  a re  bel ieved t o  move upward along 

f r a c t u r e  p l  anes and may spread 1 a t e r a l  l y  i n t o  permeable sediments 

(Fig. 4.5). Th is  flow pa t te rn  would exp la in  l o c a l  v a r i a t i o n s  i n  

groundwater chemistry and e levated temperatures i n  some near-surface 
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Figure 4.5 Conceptual cross section and flow pattern of the East Vesa geothermal 
system, Imper ia l  Va l ley ,  Ca l i f o rn ia  (a f te r  R i n e y  e t  at., 1980). 
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we1 1 s. Several cond i t i ons  e x i s t  t h a t  minimize i nduced upward f 1 ow and 

thereby reduce p o t e n t i a l l y  harmful e f f e c t s  on near-surface water 

supplies. F i r s t ,  t h e  very t h i c k  cap rock a t  both t h e  Sal ton Sea and East 

Mesa KGRAs i s  an aqu i ta rd  t h a t  e f f e c t i v e l y  seals  t h e  geothermal r e s e r v o i r  

from surface, both h y d r o l o g i c a l l y  and thermal ly .  Communication o f  f l u i d s  

across t h e  cap rock along f a u l t  planes i s  minimal. Second, w i t h i n  t h e  

geothermal reservo i  r i t s e l  f, c l  ay lenses and hydrothermal 1 y a1 te red  zones 

r e s t r i c t  v e r t i c a l  porous media f low. F l u i d s  would have t o  f i n d  a we l l -  

connected f r a c t u r e  passage t o  cross 1000 m o r  more o f  overburden t o  t h e  

surface. F i n a l l y ?  t h e  very l a r g e  estimated volume o f  t h e  geothermal 

rese rvo i r ( s1  dwar fs  t h e  cu r ren t  sca le  o f  goetherrnal development i n  t h e  

Imper ia l  Val ley. A t  c u r r e n t  development leve ls ,  no e f f e c t s  o f  i n j e c t i o n  

on ove r l y ing  near-surface aqu i fe rs  have been detected? and none i s  

an t ic ipa ted .  The p o t e n t i a l  e f f e c t s  o f  increased i n j e c t i o n  over t h e  long 

term are unknown. 

I n j e c t i o n  pressures i n  we l l  t e s t s  have been h igh  enough t o  

f r a c t u r e  t h e  r e s e r v o i r  rock a t  depth (Howard e t  al., 19781, b u t  i n j e c t i o n  

pressures are genera l l y  lower. It i s  conceivable t h a t  such 

hyd ro f rac tu r ing  might  f a c i l i t a t e  upward f low i f  t h e  i n j e c t i o n  we l l  i s  

loca ted  s u f f i c i e n t l y  c lose  t o  a f a u l t  zone so as t o  e s t a b l i s h  a hyd rau l i c  

connection. A t  East Mesa, USBR i n j e c t i o n  w e l l  5-1 was loca ted  a m i l e  

away from product ion w e l l s  i n  a non-faulted area t o  avoid such hyd rau l i c  

connection w i t h  product ion wel ls .  Such cons idera t ion  i n  l o c a t i n g  

i n j e c t o r s  may be e f f e c t i v e  i n  p r o t e c t i n g  ove r l y ing  freshwater aqu i fe rs  as 

we l l .  
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4.5. Summary 

The Imper ia l  Val ley occupies a p o r t i o n  o f  t h e  Sa l ton  Trough, a 

sed iment - f i l l ed  r i f t  v a l l e y  t h a t  i s  t e c t o n i c a l l y  ac t i ve .  Crusta l  

displacements have resu l ted  i n  s t r u c t u r a l  f a u l t i n g  and e levated 

se ismic i ty .  Groundwater i n  t h e  v a l l e y  i s  loca ted  i n  heterogeneous and 

an iso t rop i c  v a l l e y  f i l l  deposits. Groundwater q u a l i t y  var ies  

considerably  both a r e a l l y  and v e r t i c a l l y  as a r e s u l t  o f  v a r i a b l e  sources 

o f  recharge and a hot, d ry  c l imate.  

A t h i c k  c l a y  cap rock separates and h y d r o l o g i c a l l y  i s o l a t e s  t h e  

near-surface aqu i fe rs  from t h e  deeper geothermal rese rvo i r .  Fau l t s  

l o c a l l y  breach t h i s  cap rock and presumably prov ide pathways f o r  l i m i t e d  

upward m ig ra t i on  o f  geothermal f l u i d s .  

The upper geothermal rese rvo i r  e x h i b i t s  primary permeabil i t i e s  i n  

porous media flow. Increas ing  hydrothermal a1 t e r a t i o n  w i t h  depth reduces 

primary permeab i l i t ies ,  and secondary f r a c t u r e  f low dominates. The 

geothermal r e s e r v o i r  i s  a layered se r ies  o f  sedimentary rock un i t s .  Clay 

lenses and hydrothermally a l t e r e d  zones may serve as aquicludes t o  

v e r t i  cal  f 1 ow. 

Mu l t i -we l l  t e s t s  a t  East Mesa and Sa l ton  Sea KGRAs i n d i c a t e  there  

i s  hyd rau l i c  communication among some w e l l s  a t  depth. Test ing a t  East 

Mesa has shown t h a t  several negat ive and p o s i t i v e  boundaries e x i s t  w i t h i n  

t h e  KGRA. Test ing a t  t h e  Sal ton Sea KGRA has n o t  i nd i ca ted  t h e  ex is tence 

o f  hydro1 og ic  boundaries, a1 though several f a u l t s  t ransec t  t h e  KGRA. No 

evidence o f  i n j e c t e d  f l u i d s  moving upward toward t h e  sur face has been 
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documented, however the re  i s  no mon i to r ing  system u t i l i z i n g  shal low w e l l s  

f o r  chemical and pressure data c o l l e c t i o n .  

S i  ng l  e-we1 1 i n j e c t i  on t e s t s  revealed severe chemical p rec i  p i  t a t i  on 

c logg ing  Chemical 

depos i t ion  so severely shortened t h e  i n j e c t i o n  l i f e  o f  MM-3 t h a t  b r i n e  

pretreatment methods t o  remove TDS had t o  be inves t iga ted .  Chemical 

depos i t ion  and sediment f i l l  a t  East Mesa KGRA reduced i n j e c t i v i t y  o f  

some w e l l s ?  bu t  backflow t e s t s  have improved some o f  these wel ls .  

w e l l s  and p lugging format ions a t  t h e  Sal ton Sea GLEF, 

There appears t o  be l i t t l e  evidence t h a t  i n j e c t i n g  geothermal 

f l u i d s  w i l l  cause adverse e f f e c t s  on near-surface w e l l s  i n  t h e  Imper ia l  

Val ley. Minute chemical e f f e c t s  would be hard t o  de tec t?  as t h e  water 

q u a l i t y  i n  most v a l l e y  w e l l s  var ies.  
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5. OTAKE GEOTHERMAL AREA, JAPAN 
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5.1 . I n t r o d u c t i o n  

The Japanese is lands  are  geo log ica l l y  loca ted  i n  t h e  Circum- 

P a c i f i c  Zone on t h e  margin o f  t h e  P a c i f i c  basin. These i s lands  have a 

long h i s t o r y  o f  t e c t o n i c  and vo lcan ic  a c t i v i t y .  There are wel l  over 200 

1 oca1 i t i e s  throughout t h e  i s l  ands t h a t  e x h i b i t  geothermal a c t i v i t y  i n  t h e  

forms o f  fumaroles, ho t  springs, and o ther  geothermal man i fes ta t ions  

(Hayashida and Ezima, 1970). 

Future  e l e c t r i c a l  energy demands are  expected t o  cont inue t o  

increase i n  Japan. The development o f  indigenous geothermal resources ha5 

become a means o f  meeting some o f  these energy demands. There are  f i v e  

1 iquid-dominated geothermal f i e l d s  i n  product ion i n  Japan t h a t  i n j e c t  

waste f l u i d s .  These are Otake, Hatchobaru, Onuma, Onikobe and Kakkonda. 

Each produce steam i n  water i n  r a t i o s  from 1:2 t o  1:6, and each i n j e c t s  

100% o f  i t s  produced f l u i d s  (Horne, 1982a). With t h e  exception o f  Otake, 

these f i e l d s  have experienced r a p i d  i n te r fe rence  between product ion and 

i n j e c t i o n  w e l l s  and a r e s u l t i n g  dec l ine  i n  p r o d u c t i v i t y .  

Th i s  study examines t h e  Otake and Hatchobaru geothermal f i e l d s  

loca ted  i n  t h e  Otake Geothermal Area on t h e  i s l a n d  o f  Kyushu (Fig. 5.1). 

Kyushu i s  loca ted  i n  southwestern Japan. These two f i e l d s  were chosen on 

t h e  bas is  o f  the1 r d i  f f e r e n t  reservo i  r experiences under s i  m i  1 a r  

cond i t ions  i n  t h e  same geographical area. These experiences are 

described i n  Sect ion 5.4.3. 
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Figure 5.1 Location of the Otake Geothermal Area, Kyushu, Japan: (a) Copyright @ 1982 
SPE-AIME; Ib) after Hayashida and Ezima, 1970. 
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5.2. Geology 

2 The i s l a n d  o f  Kyushu (41,950 km ) occupies t h e  geologic  j u n c t i o n  

between Honshu ( t h e  main i s l a n d )  and t h e  Ryuku i s l a n d  arc and has thus 

become an impor tant  prov ince f o r  s tudy ing geotectonics and Cenozoic 

volcanism (Yamasaki and Hayashi, 1976). The Otake Geothermal Area i s  

loca ted  i n  a depression zone associated w i t h  l o c a l  and reg iona l  a c t i v e  

vo l  canoes. A t h i c k  Quaternary format ion conta in ing  predominantly 

vo lcan ic  rock se r ies  f i l l s  t h i s  depression zone. 

The Quaternary vo lcanics are genera l l y  d i v ided  i n t o  two groups: 

t h e  middle Ple is tocene Kuju complex and t h e  lower Ple is tocene Hohi 

complex (Table 5.1) (F ig .  5.2). The t h i n  Miocene Kusu sediment group 

under l ies  t h e  Hohi complex. Below t h e  Kusu group, o r  where it i s  absent, 

l i e s  t h e  a n d e s i t i c  Usa group. 

The Otake Geothermal Area inc ludes both t h e  Otake geothermal f i e l d  

t o  t h e  n o r t h  and t h e  Hatchobaru geothermal f i e l d  t o  t h e  south. 

F igure  5.3 dep ic ts  a schematic conception of geologc s t r u c t u r e  i n  t h e  

geothermal area. The Otake geothermal f i e l d  occurs i n  a reg iona l  ca ldera 

s t r u c t u r e  about 900-1100 m above sea l e v e l  and i s  d issected by t h e  Kusu 

River. Geophysical surveys i n d i c a t e  t h e  f i e l d  i s  a small h o r s t  near ly  a 

k i lometer  wide from east  t o  west and about 3-4 km long nor th  t o  south. 

Hot spr ings  and fumaroles comprise t h e  natura l ,  s u r f i c i a l  geothermal 

a c t i v i t y  a t  t h e  Otake f i e l d .  Geothermal water issues p r i m a r i l y  from 

f a u l t s  and f rac tu res  i n  t h e  deep Kusu and Usa sediment groups a t  

Hatchobaru and t o  some ex ten t  from l a v a  and t u f f  brecc ias i n  t h e  Hohi 

complex a t  Otake and Hatchobaru ( E l l i s  and Mahon, 1977). The Hohi 

andesites behave as a con f in ing  r e s e r v o i r  cap rock. Extensive 
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Table 5.1.  Geologic and hydrologic c h a r a c t e r i s t i c s  of the Otake Geothermal Area, Japan.a 

Geologic Complex Descr i p t i on Hydrogeology 

Kujyu Volcanic Complex 
(Middle P le i s tocene)  

Andesi t ic  lavas ,  hornblende 
an.desites, lava domes, 
p y r o c l a s t i c s .  

Hohi Volcanic Complex 
(Lower Pleis tocene)  overlying pyroc las t ics  and 

Pyroxene andes i tes (cap rock) 

lava and t u f f  brecc ias ;  f a u l t s  geothermal production from t u f f  breccias  
and associated f r a c t u r e s  in the  middle formation of the  Hohi Complex 
preva len t ;  hydrothermal a1 t e r a t i o n  
alonq f i s s u r e  flow planes;  about 
1000 m th ick .  

Dominant permeabi l i ty  in  f r a c t u r e  
flow; per iodic  good water and steam 

- (200-400 m deep);  some geothermal production 
from f r a c t u r e s  in overlying andes i tes .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Pliocene peneplanation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Kusu Group 
(Upper Niocene) 

Usa Group 
(Middle Miocene) 

Lake deposi ts  and pyroc las t ics :  Substant i  a1 geothermal production just  bel ow 
a l t e r n a t i n g  t u f f s ,  sandstone pebbles 
and mudstone; f a u l t s ,  f r a c t u r e s ,  
hydrothermal a1 t e r a t i o n  preva len t ;  
andes i te  l a v a s ,  a l s o  highly f rac tured .  

Andesites, l avas ,  pyroc las t ics .  

the  peneplanation unconformi t y  e i t h e r  i n  
the t h i n  Kusu Group o r ,  i n  i t s  absence, the  
Usa Group. 

- 
a Yamasaki and Hayashi, 1976. 
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Figure 5.2 Regional geologic cross section through the Otake Geothermal Area ( f rom Yamasaki et al., 1970). 
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hydrothermal a l t e r a t i o n  i s  known t o  e x i s t  along f a u l t s  and f r a c t u r e  

planes t h a t  are o r  have been i n  contac t  w i t h  geothermal f l u i d s .  The 

r e s u l t i n g  m i  nera l  ogy o f  t h e  a1 te red  rock i n d i c a t e s  whether env i  ronmental 

cond i t i ons  are  a c i d i c  o r  basic. Both s i t u a t i o n s  e x i s t  a t  t h e  Otake 

f i e l d .  

The Hatchobaru geothermal f i e l d  i s  a l so  a small ho rs t  o f  

Quaternary andesites ove r l y ing  t h e  Miocene basement. Ac id cond i t i ons  and 

a l t e r a t i o n  e x i s t  as deeply as 600-700 m. Some w e l l s  produce a c i d i c  

s u l  fa te-ch l  o r i  de water. The na tu ra l  geothermal fea tures  here are steam 

f umarol 8s. 

Many o f  t h e  confirmed o r  presumed f a u l t s  i n  t h e  Otake Geothermal 

Area t rend  NW-SE o r  east-west. These f a u l t s  and numerous associated 

f i ssures  and j o i n t s  may a l low upward f l ow  o f  geothermal f l u i d s .  The 

r e s u l t i n g  s u r f i c i a l  geothermal man i fes ta t ions  are fumaroles and h o t  

springs. Fractured permeab i l i t y  may be an impor tant  l o c a l  c o n t r o l  on 

hydrothermal a c t i v i t y  (Yamasaki and Hayashi, 1976). 

5.3. Hydrology 

5.3.1. Surface Water 

The Kusu R iver  f lows northward through t h e  Otake Geothermal Area 

passing through t h e  Hatchobaru f i e l d  and s l i g h t l y  t o  t h e  west of  t h e  

Otake f i e l d  (Fig. 5.1). Both f i e l d s  have w e l l s  placed as c l o s e l y  as 50 m 

from t h e  r i v e r ,  bu t  no hydro log ic  connections between i n j e c t i o n  zones and 

t h e  sur face water have been i d e n t i f i e d .  The chemical c h a r a c t e r i s t i c s  o f  

t h e  Kusu R iver  are unavai lab le.  

83 



5.3.2. Groundwater 

There i s  scant i n fo rma t ion  a v a i l a b l e  on t h e  occurrence and na ture  

o f  near-surf ace groundwater i n  t h e  Otake Geothermal Area. Water 1 eve1 s 

and groundwater q u a l i t y  are unknown. Table 5.1 describes t h e  

hydrogeol ogy o f  vo l can ic  rocks i n  t h e  area. 

The f rac tu red  na ture  o f  t h e  vo lcan ic  rocks i n  t h e  area i n d i c a t e  

t h e r e  i s  h igh  permeab i l i t y  along f r a c t u r e  planes and i n  b recc ia ted  zones. 

The r a p i d  f low o f  i n j e c t e d  geothermal f l u i d s  among w e l l s  a t  Hatchobaru 

conf  i rms t h i s .  Secondary permeabi 1 i t y  and po ros i t y  domi nate f 1 u i  d 

movement and a q u i f e r  p r o d u c t i v i t y  i n  both t h e  geothermal r e s e r v o i r  and 

ove r l y ing  a q u i f e r  un i t s .  The occurrence o f  f r a c t u r i n g  i s  impor tant  t o  

consider f o r  l o c a t i n g  product ion and i n j e c t i o n  wel ls .  

5.3.2.1. Aqu i fe rs  

No desc r ip t i on  o f  d i s c r e t e  aqu i fe r  u n i t s  i s  ava i lab le .  The near- 

sur face Kuju Volcanic Complex cons is t s  l a r g e l y  o f  lavas  o f  unknown 

permeabi l i ty .  Th i s  complex i s  we l l  f a u l t e d  and f r a c t u r e d  as a r e s u l t  o f  

i t s  assoc ia t ion  w i t h  t e c t o n i c  a c t i v i t y .  It conceivably has t h e  a b i l i t y  

t o  rece ive  and t ransmi t  geothermal f l u i d s  r a p i d l y  along f r a c t u r e  planes, 

p rov i  d ing  f r a c t u r e s  are we1 1 connected. A t  t h e  Hatchobaru f i e l  d, 

f r a c t u r e s  are responsib le  f o r  r a p i d  f lows among w e l l s  completed near 1000 

m i n  depth. A t  t h e  Otake f i e l d ,  t h e r e  i s  l e s s  we l l  i n t e r f e r e n c e  and 

apparently l e s s  f r a c t u r e  f l ow  among w e l l s  completed near 500 m i n  depth, 

although f r a c t u r e s  and f a u l t s  a re  evident. 

The andesites i n  t h e  Upper Hohi Volcanic Complex serve as a 

con f in ing  cap rock t o  the  under ly ing  geothermal rese rvo i r .  Fractures 
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permi t  some v e r t i c a l  f l u i d  m ig ra t i on  across t h e  cap rock, as i s  evidenced 

by l o c a l  s u r f i c i a l  ho t  spr ings and fumaroles. The middle format ion o f  

t h e  Hohi Volcanic Complex has dominant permeab i l i t y  i n  f r a c t u r e  f low and 

occas iona l l y  y i e l d s  water and steam thermal discharges from t u f f  brecc ias 

a t  about 200-400 m (Hayashida and Ezima, 1970). C l e a r l y  f r a c t u r e  f l ow  

dominates both ho r i zon ta l  and v e r t i c a l  permeabil i t i e s .  

A t  t h e  base o f  t h e  Hohi complex and t h e  t o p  o f  t h e  under ly ing  Kusu 

Group ( o r  Usa Group, where t h e  Kusu i s  absent a t  Hatchobaru) t h e r e  i s  an 

unconformity known as t h e  Pl iocene peneplanation (Table 5.1). The upper 

p a r t  o f  t h e  group j u s t  below t h i s  unconformity i s  be l ieved t o  be a 

s i g n i f i c a n t  and product ive geothermal reservo i r .  The base o f  t h e  Usa 

Group i s  unknown, b u t  t h e  top  has been penetrated i n  the  Otake Geothermal 

Area by Hatchobaru wel ls .  There i s  subs tan t i a l  steam product ion i n  these 

we1 1 s. 

5.3.2.2. Groundwater Chemistry 

Background groundwater chemistry i s  no t  ava i lab le .  Chemistry o f  

geothermal product ion f l u i d s  from t h e  Otake w e l l s  6, 7, 9, 10 and 

Hatchobaru 1 appears i n  Table 5.2 . Chemical p roper t i es  of f l u i d s  from 

both f i e l d s  a re  f a i r l y  s i m i l a r  desp i te  t h e  approximately 500 m d i f f e r e n c e  

i n  depth between completiorl i n t e r v a l s .  

5.3.3. Geothermal Resource 

The l iquid-dominated geothermal resource a t  t h e  Otake Geothermal 

Area occurs p r i m a r i l y  i n  f r a c t u r e s  o f  t h e  vo lcan ic  rocks described i n  

d Section 5.2. The g rea t  amount of heat s to red  i n  these rocks presumably 
a 
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o r i g i n a t e s  from anc ien t  and c u r r e n t  vo lcan ic  a c t i v i t y  and c o n s t i t u t e s  t h e  

heat source f o r  geothermal f l u i d s .  Large f a u l t s  have been encountered a t  

depth i n  geothermal we1 1s. Hydrothermal a1 t e r a t i o n  along f r a c t u r e  planes 

i s  evidence o f  rock-water contac t  a t  e levated temperatures and pressures. 

Most o f  t h e  geothermal w e l l s  i n  t h e  Otake f i e l d  produce a water- 

steam mix tu re  d i r e c t l y  from rock f rac tu res .  Well No. 8, however, 

un iquely  discharges sa tura ted  steam alone. The product ion of steam from 

r e s e r v o i r  f rac tu res  i s  a t yp i ca l .  I n  most worldwide experience, 

geothermal steam i s  produced from t h e  porous medium beneath a con f in ing  

cap rock (Hayashida and Ezima, 1970). The average temperature o f  t h e  

discharge a t  Otake i s  23OoC. Temperatures have reached as h igh as 25OoC 

( E l l i s  and Mahon, 1977). 

A t  Hatchobaru, t h e  steam/water r a t i o  i s  markedly h igher  than a t  

Otake. Th is  cond i t i on  makes t h e  p o t e n t i a l  f o r  power generat ion more 

favorable due t o  h igher  i n l e t  steam pressures and increased power 

product ion c a p a b i l i t i e s  per  u n i t  volume. A summary o f  product ion and 

i n j e c t i o n  appears i n  Table 5.3. Average and maximum temperatures a t  

Hatchobaru are  25OoC and 300°C, respec t i ve l y  ( E l l i s  and Mahon, 1977). 

Since 1977, a 55 MW (maximum capac i ty )  power p l a n t  has been on l i n e  a t  

Hatchobaru. By 

comparison, t h e r e  i s  on ly  a 12 MW p l a n t  a t  t h e  Otake f i e l d  ( s ince  

1967) (Yasumichi, 1982). The geothermal product ion water a t  t h e  Otake i s  

h igh i n  s i l i c a  and arsenic. The h igh  l e v e l s  o f  a rsen ic  prompted t h e  

dec is ion t o  i n j e c t  t h e  wastes (versus ponding o r  channel d isposal )  t o  

p r o t e c t  t h e  Kusu River. Arsenic l e v e l s  i n  t h e  Kusu R iver  o r  i n  

geothermal f l u i d s  are not  repor ted i n  a v a i l a b l e  l i t e r a t u r e .  S i l i c a  i s  on 

3 A second 55 MW p l a n t  i s  expected t o  be on l i n e  i n  1985. 
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Table 5.3. Summary o f  i n j e c t i o n  and product ion a t  O t a p  and Hatchobaru 
geothermal f i e 1  dsr Japanr Septemberr 1980. 

(I 

Hatchobaru Otake 

Capacity, MW 

1980  production^ MW 

-Wells 

Number o f  we1 1 s 

Average depth, m 

To ta l  steamr t / h b  

Wellhead pressurer kPa 

Rein.lectionWells 

Number o f  we1 1 s 

Average depthr m 

To ta l  flow8 t / h r b  

~empera turer  OC 

Pressurer kPa 

Conf i gu r a t i  on 

55 

55 

8 

1000 

40 0 

481 

14 

1000 

400 

60 t o  95 

0 

12 

12 

4 

500 

120 

304 

8 

500 

6 80 

95 

0 

by s ide  by s ide  
equal depths equal depths 

Tracer f low r a t e r  m/h up t o  80 0.3 

Comments s i l i c a  s c a l i n g  accepts water 
from Hatchobarur 

a t  175 t / h r  

a ( a f t e r  Homer 1982) 
t / h  = tons/hour (mass f low)  

c 

c 

(I 
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a 
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t he  order  o f  400-600 mg/L (Table 5.21, and s i l i c a  depos i t ion  i s  

responsib le  f o r  a c e r t a i n  amount of i n j e c t i o n  we l l  and format ion 

plugging. A s i m i l a r  l o s s  o f  i n j e c t i v i t y  has occurred a t  Hatchobaru as a 

r e s u l t  o f  s i 1  i c a  deposit ion. 

5.4. I n j e c t i o n  

Kyushu E l e c t r i c  Power Company, Inc. has been i n j e c t i n g  geothermal 

f l u i d s  a t  t h e  Otake geothermal f i e l d  s ince  1972 t o  avoid chemical 

p o l l u t i o n  o f  sur face waters. A l l  i n j e c t i o n  w e l l s  a t  Otake meet a f a u l t  

plane a t  depths o f  300 t o  500 m. These depths correspond t o  t h e  depth o f  

t h e  primary product ion zone (Hayashi e t  al,  1978). Kyushu E l e c t r i c  Power 

Company has been i n j e c t i n g  geothermal waste f l u i d s  a t  t h e  Hatchobaru 

geothermal f i e l d  s ince  1977. A t  about 1000 m i n  depth, t h e  Hatchobaru 

i n j e c t i o n  w e l l s  encounter an unconformity t h a t  corresponds t o  t h e  main 

product ion r e s e r v o i r  t he re  (Hayashi e t  al,  1978). Th i s  unconformity i s  

s a i d  t o  represent  what i s  known as t h e  Pl iocene peneplanationr an 

eros iona l  sur face  documented by Yamasaki and Hayashi (1976). 

5.4.1. I n j e c t i o n  System 

The con f igu ra t i on  o f  i n jec t i on /p roduc t i on  we1 1 s a t  Otake places 

i n j e c t i o n  on one s ide  o f  t h e  f i e l d  .and product ion on. t h e  other, a t  

s i m i l a r  depths (F ig .  5.4). The same side-by-side arrangement i s  used a t  

Hatchobaru (F ig .  5.51, w i t h  i n j e c t i o n  i n  t h e  northwest and product ion i n  

t h e  southeast. I n j e c t i o n  and product ion w e l l s  a re  d r i l l e d  t o  s i m i l a r  

depths because no o ther  permeable zone f o r  producing o r  rece iv ing  f l u i d s  

i s  known t o  be ava i lab le .  Product ion and i n j e c t i o n  w e l l s  meet t h e  same 
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Figure 5.4 Locations of geothermal production and iniection wells a t  the 
Otake geotnerrnal field, Japan (after Hayashi, e t  ai., 1978). 
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Figure 5.5 Locations o f  geothermal production and injection wells a t  the 
Hatchobaru geothermal field, Japan (after Hayashi, e t  al., 1978). 
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unconformity w i t h  h igh  pe rmeab i l i t i es  a t  Hatchobaru. Otake i n j e c t i o n  

w e l l s  encounter a f a u l t  plane w i th  h igh permeab i l i t ies .  A t  both Otake 

and Hatchobaru t h e  h o t  water i s  i n j e c t e d  a t  atmospheric pressure. 

The 12 MW power s t a t i o n  a t  Otake separates t h e  mix tu re  of steam 

and ho t  water w i t h  a steam separater a t  t h e  wellhead. The res idua l  h o t  

water t o t a l s  more than 400 t / h r  (tons/hour), and t h e  f u l l  volume requ i res  

i n j e c t i o n  (Kubota and Aosaki, 1976). The t o t a l  volume o f  i n j e c t a t e  

produced a t  Hatchobaru, i n c l u d  ng waste water from the  s ta t ion ,  i s  about 

575 t / h r .  Th is  volume i s  s p l i t  f o r  i n j e c t i o n  a t  both t h e  Otake and 

Hatchobaru geothermal f i e l d s .  Otake receives water from Hatchobaru a t  a 

r a t e  o f  175 t / h r  (Horne, 1982b). 

The h igher  steam content  a t  t h e  55 MW Hatchobaru power s t a t i o n  

enables t h e  use o f  a double f l a s h  system. Double f l a s h i n g  e f f e c t i v e l y  

reduces i n j e c t i o n  volumes and pressures. The h igher  steam content  permits 

g rea te r  power product ion per  u n i t  volume t h a t  must be in jec ted .  The 

f i n a l  volume r e q u i r i n g  i n j e c t i o n  i s  s u b s t a n t i a l l y  reduced from t h e  

product ion volume. A summary o f  i n j e c t i o n  and handling a t  Otake and 

Hatchobaru appears i n  Table 5.3. 

Some o f  t h e  i n j e c t i o n  wellheads a t  Hatchobaru are  very c lose  

(<lo0 m) t o  product ion wellheads, although d i r e c t i o n a l  d r i l l i n g  o f  

product ion w e l l s  e f f e c t i v e l y  increases t h e  ho r i zon ta l  d is tance between 

produc ing / in jec t ing  i n t e r v a l s .  Distances between Otake producers and 

i n j e c t o r s  are appoximately 150-500 m. 

e 
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5.4.2. Mon i to r ing  Program 

No s p e c i f i c  mon i to r ing  system i s  described i n  t h e  a v a i l a b l e  

l i t e r a t u r e .  Temperature and pressure changes are monitored i n  geothermal 

wells. These parameters are used t o  assess r e s e r v o i r  enthalpy. Chemical 

s tud ies are designed t o  t e s t  f o r  geothermal f l u i d s  l eak ing  t o  t h e  

surface. A f t e r  t h ree  years o f  i n j e c t i o n ,  no leakage was detected (Kubota 

and Aosaki, 1976). Surface waters are sampled p e r i o d i c a l l y  also, 

p r i m a r i l y  f o r  s a l i n i t y  analysis. Detectors  are loca ted  near i n j e c t i o n  

we l l s  t o  measure seismic a c t i v i t y .  

5.4.3. I n j e c t i o n  Test ing 

Tracer t e s t s  u t i l i z i n g  f l uo resce in  dye and potassium i o d i d e  a t  

Hatchobaru show the re  i s  a s t rong hyd rau l i c  connection between some 

wells. Tracer re tu rns  were detected as e a r l y  as two hours a f t e r  

i n j e c t i o n .  The speed o f  t r a c e r  movement i n  t h e  r e s e r v o i r  has been 

repor ted by Horne (198213) t o  be as h igh  as 80 m/hr and provides s t rong 

evidence t h a t  channeling among w e l l s  i s  occurring. Subs tan t ia l  t r a c e r  

re tu rns  have been measured over distances o f  600 m. Tracer re tu rns  from 

several Hatchobaru t e s t s  appear i n  Table 5.4. These t r a c e r  t e s t s  enabled 

t h e  i dent i  f i c a t i  on o f  p o t e n t i  a1 probl  ems associated w i t h  channel i ng f 1 ow 

among we l ls .  The s i t e  owner and operator, Kyushu E l e c t r i c  Power, has 

avoided some o f  these problems by i n j e c t i n g  some Hatchobaru f l u i d s  a t  

Otake. 

Both product ion and i n j e c t i o n  w e l l s  a t  Hatchobaru meet t h e  same 

unconformity having h igh permeabi l i ty .  The r a p i d  channeling o f  f l u i d s  

among Hatchobaru we1 1s caused a product1 on decl i ne i n  some we1 1 s. We1 1 s 
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Table 5.4. Resulsts o f  t r a c e r  t e s t s  a t  t he  Hatchobaru geothermal f i e l d ,  
Japan. a 

Tracer 

We1 1 ( t / h P  We1 1 ( t / h I b  (m/hIb 

I n j e c t i o n  Product ion F1 ow 
I n j e c t  i o n  Rate Product ion Rate Speed 

HR- 17 350 

H-6 40 

H-9R 70 

ti-7 
H-4 
H-13 
H-3 
H- 14 
H-10 

H-14 
H-7 
H-4 
H-13 

H-13 
H-7 
H-4 

H-3' NA H-6 
H-7 
H-4 

127 
140 
40 
NA 

126 
75 

126 
127 
140 
40 

40 
127 
140 

78 
76 
58 
16 * 
* 

35 
29 
8 
2 

62 * 
* 

NA 33.8 
NA 9.0 
NA 6.1 

a Kyushu E l e c t r i c  Power Company, 1979, repor ted  by Horne, 1982b. 
t / h  = tons/hour; m/h = rneters/hour 
Hayashi e t  a l . ,  1978 

NA = No data ava i l ab le  
* Secondary r e t u r n  on ly  

c 

Q 

Q 

4 
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H-4 and H-7, which repeatedly showed evidence o f  t r a c e r  returns, have 

experienced dec l ines i n  two-phase f l ow  rates. Well H-4 i s  no longer  i n  

production. Enthalp ies i n  a l l  product ion w e l l s  a t  Hatchobaru have 

decreased as a r e s u l t  o f  thermal and hyd rau l i c  i n te r fe rence  (Hayashi e t  

a l ,  1978). Predic tab ly ,  o v e r a l l  f i e l d  performance has declined. 

Tracer t e s t s  performed a t  Wake i n d i c a t e  t h e  speed o f  t r a c e r  

movement i s  about 0.3 m/hr (Hayashi e t  a l ,  1978). It took around 600 

hours f o r  a t r a c e r  i n j e c t e d  i n t o  OR-2 t o  reach we l l s  0-8, 0-9, and 0-10 

(Table 5.5). The r a p i d  channeling o f  flow seen a t  Hatchobaru does n o t  

occur a t  Otake, i n d i c a t i n g  l i t t l e  communication among w e l l s  a t  Otake. 

Table 5.5. Resul ts  o f  a t r a c e r  t e s t  usingaKI a t  t h e  
Otake geothermal f i e l d ,  Japan. 

Well D is tance Detec t ion  F1 ow 
Product ion From OR-2 T i  me Speed 

We1 1 (m)  ( h r )  (m/hr) 

0-8 125 
0-9 203 
0-10 140 

5 80 0 2 1 5  
6 20 0.327 
65 0 0.215 

aKyushu E l e c t r i c  Power Company, 1976, as repor ted by 
Hayashi e t  al., 1978 

I n j e c t i o n  s o l e l y  as a means o f  waste disposal appears t o  be 

successful a t  Japanese geothermal f i e l d s .  Permeable zones t h a t  w i l l  

accept l a rge  volumes o f  water are avai lab le.  I n j e c t i o n  as a means o f  

r e s e r v o i r  maintenance i s  l e s s  successful.  I n  o ther  worldwide experience, 

i n j e c t i n g  waste f l u i d s  i s  a way t o  recyc le  f l u i d s  and glean more heat 

from rese rvo i r  rocks. Stab1 i z i n g  dec l i n ing  product ion pressures by 
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i n j e c t i n g  f l u i d s  prolongs t h e  produc t ive  l i f e  o f  t h e  geothermal 

reservo i r .  The Japanese experience i s  c l e a r l y  one o f  de t r imenta l  

e f fec ts .  The c lose  we l l  spacing and hyd rau l i c  communication a t  

Hatchobaru have al lowed hyd rau l i c  breakthrough t o  occur t o o  rap id ly ,  so 

t h a t  t h e  dec l ines i n  enthalpy have a c t u a l l y  reduced p roduc t i v i t y .  The 

same reduc t ion  i n  p r o d u c t i v i t y  has been observed a t  o the r  Japanese 

geothermal f ie lds .  I n j e c t i o n  a t  Otake temporar i l y  increased vapor flow, 

thereby improving p r o d u c t i v i t y .  Eventual 1 y, however, a product ion we1 1 

1 ocated near t h e  permeable f aul t p l  ane penetrated by t h e  i n j e c t i  on we1 1 s 

was t o t a l l y  damaged as a r e s u l t  o f  thermal in ter ference.  By 1975, t h e  

improvement stopped, and t h e  f i e l d ' s  former r a t e  o f  product ion decline, 

observed be fore  i n j e c t i o n ,  resumed (Horne, 1982a). 

S i l i c a  depos i t ion  r e s u l t e d  i n  a l o s s  o f  i n j e c t i v i t y  i n  both Otake 

and Hatchobaru i n j e c t i o n  wel ls .  The f e a s i b i l i t y  o f  removing s i l i c a  and 

arsenic  i s  being examined by t h e  s i t e  operator. 

A f t e r  i n j e c t i n g  cont inuously  f o r  t h ree  years a t  Otake, t h e  s t a t i c  

water l e v e l  i n  t h e  i n j e c t i o n  we l l  OR-1 has r i s e n  a t  l e a s t  30 m. As o f  

1976, t h e  depth t o  water was 120 m (Kubota and Aosaki, 1976). No 

evidence o f  seismic a c t i v i t y  induced by i n j e c t i o n  has been recorded. 

5.4.4. Const ra in ts  on I n j e c t i o n  

The geothermal wastewater a t  Otake has been i n j e c t e d  s ince  1972 

because o f  i t s  arsenic  content. No r e p o r t  o f  arsenic  l e v e l s  was 

a v a i l a b l e  f o r  t h i s  report,  b u t  d isposal  t o  a pond p r i o r  t o  1972 was 

considered t o  be a t h r e a t  t o  nearby sur face  waters, i n c l u d i n g  t h e  Kusu 

River. 
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Ava i lab le  l i t e r a t u r e  does no t  mention ground subsidence associated 

w i t h  geothermal f l u i d  withdrawal o r  i n j e c t i o n  i n  Japan. The 

p roduc t i on / i n jec t i on  zones a t  both Otake and Hatchobaru are  i n  competent 

vo lcan ic  rocks, thus s i g n i f i c a n t  subsidence would no t  be expected t o  

r e s u l t  from f l u i d  withdrawal. Some seismic a c t i v i t y  has been associated 

w i t h  f l u i d  i n j e c t i o n  a t  t h e  Matsushiro geothermal f i e l d  i n  Japan (Ohtake, 

19741, b u t  no t  a t  Otake o r  Hatchobaru. 

Legal ly ,  t h e r e  i s  g rea t  environmental concern about p ro tec t i ng  

Japanese na t i ona l  parks and scenic areas (Nakamura e t  al., 1976). A 

number o f  these areas are loca ted  near geothermal developments. The a 
ex ten t  t o  which environmental laws govern i n j e c t i o n  s p e c i f i c a l l y  i s  

unknown, b u t  t h e  dec is ion t o  i n j e c t  a t  t h e  Otake f i e l d ,  a t  leas t ,  

i nd i ca tes  environmental concern. 
P 

The p o t e n t i a l  f o r  degrading usable groundwater as a consequence o f  

f l u i d  i n j e c t i o n  a t  t h e  Otake Geothermal Area i s  minimal. There i s  

d 

B 

n a t u r a l l y  occur r ing  upward m ig ra t i on  o f  geothermal f l u i d s ,  as i nd i ca ted  

by s u r f i c i a l  h o t  spr ings  and fumaroles. Upward f low i s  probably along 

f r a c t u r e  planes as the re  are  several vo lcan ic  u n i t s  t h a t  behave as 

aquicludes t o  v e r t i c a l  porous media flow. These cond i t ions  probably 

preclude t h e  contamination o f  sur face waters o r  usable groundwaters on a 

l a r g e  scale. I n j e c t i o n  a t  Hatchobaru and Otake occurs a t  0 kPa, so t h e  

h igh  pressures commonly requ i red  f o r  i n j e c t i o n  i n  o ther  systems are a 
absent. The low i n j e c t i o n  pressures a l so  help minimize any induced 

increase i n  upward f l u i d  flow. I n  t h e  Hatchobaru f i e l d ,  t h e  rap id  

a 

P 

hydrodynamic breakthrough o f  i n j e c t e d  f l u i d s  a t  t he  product ion we l l s  
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i nd i ca tes  t h a t  t h e  i n j e c t e d  f l u i d s  are f l ow ing  along p r e f e r e n t i a l  f low 

pathsJ poss ib ly  f rac tu resJ  toward t h e  product ion wells. The n e t  mass 

e x t r a c t i o n  a t  both f i e l d s  reduces reservo i  r pressures c rea t i ng  a pressure 

s ink  i n  t h e  product ion zone. I n j e c t e d  f l u i d s  are l i k e l y  t o  f o l l o w  t h e  

steeper hyd rau l i c  g rad ien t  toward t h e  pressure sink. Th is  p re fe r red  f l ow  

path could a c t u a l l y  reduce t h e  hyd rau l i c  p o t e n t i a l  f o r  upward f r a c t u r e  

flow. Increased contac t  o f  geothermal f l u i d s  w i t h  f resh  groundwater i n  

ove r l y ing  aqu i fe rs  as a r e s u l t  of f l u i d  i n j e c t i o n  seems an u n l i k e l y  

prospect i n  t h e  Otake Geothermal Area. 

Several techn ica l  c o n s t r a i n t s  e x i s t .  A t  f i v e  i n j e c t i n g  geothermal 

f i e l d s  (Otake, Hatchobaru, Onikobe, Kakkonda, and OnumaIJ on ly  Otake has 

n o t  experienced severe problems w i t h  hydrodynamic breakthrough. Closely  

spaced product ion and i n j e c t i o n  we1 1 s a t  Hatchobaru are  s t rong ly  

connected by r e s e r v o i r  f rac tu res ;  thus cooled i n j e c t e d  f l u i d  r a p i d l y  

reaches t h e  product ion area and decreases t h e  enthalpy o f  t h e  steam and 

water discharge. The r e s u l t i n g  1 oss o f  p r o d u c t i v i t y  precludes 100% 

i n j e c t i o n  and has forced p a r t i a l  i n j e c t i o n  o f  Hatchobaru water a t  OtakeJ 

where communication between w e l l s  i s  less.  

There are decreases i n  i n j e c t i v i t y  over t ime a t  both Hatchobaru 

and Otake due t o  s i l i c a  deposi t ion.  I n j e c t i v i t y  i s  simply t h e  a b i l i t y  o f  

t h e  rese rvo i r  (and/or i n j e c t i o n  w e l l )  t o  accept l a r g e  volumes o f  f l u i d .  

The det r imenta l  near-well e f f e c t s  have requ i red  Kyushu E l e c t r i c  Power Co. 

t o  do research on t h e  removal o f  s i l i c a  from i n j e c t i o n  water (HorneJ 

1982a). 
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5.5. Summary 

Geothermal a c t i v i t y  i n  Japan i s  associated w i t h  reg iona l  t e c t o n i c  

and vo l can ic  a c t i v i t y .  A t  t h e  Otake Geothermal Arear groundwater 

aqu i fe rs  and geothermal rese rvo i r  are comprised o f  vo lcan ic  rock ser ies.  

There i s  h igh  permeab i l i t y  along f a u l t  and f r a c t u r e  planes and i n  

b recc ia ted  zones. These permeable hor izons are capable o f  producing and 

accepting l a r g e  volumes o f  f l u i d .  I n  t h e  Hatchobaru geothermal f i e l d r  

t he re  i s  subs tan t i a l  and r a p i d  communication among c l o s e l y  spaced 

i n j e c t i o n  and product ion we l l s  d r i l l e d  t o  about 1000 m. As a r e s u l t r  

temperatures i n  Hatchobaru product ion w e l l s  have decl inedr thereby 

d imin ish ing  two-phase flow. This  product ion dec l i ne  has occurred i n  

several o ther  Japanese f i e l d s  also. The Otake geothermal f i e l d  has n o t  

experienced t h i s  severe l o s s  i n  p roduc t i v i t y .  P r o d u c t i v i t y  dec l ines  are 

a t  steady ra tes  expected from normal development. There I s  no apparent 

channeling among w e l l s  d r i l l e d  t o  about 500 m. 

I n j e c t i o n  occurs a t  t h e  Otake Geothermal Area because o f  concern 

fo r  p o l l u t i n g  sur face waters w i t h  arsenic. Regular chemical ana lys is  o f  

water samples had n o t  revealed any evidence o f  geothermal f l u i d  m i g r a t i o n  

t o  the  sur face as o f  1976 (Kubota and Aosaki, 1976). 

There i s  a dominant hor fzonta l  component t o  groundwater f low i n  

t h e  Otake Geothermal Area. Layered vo l can ic  t u f f s  and lavas  e f f e c t i v e l y  

r e s t r i c t  upward f lowr  presumably t o  l o c a l i z e d  f r a c t u r e  zones. S u r f i c i a l  

h o t  spr ings  and fumaroles are  evidence t h a t  geothermal f l u i d  does migra te  

t o  t h e  surface. 

a 
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6. AHUACHAPAN GEOTHERMAL FIELD, EL SALVADOR 

6.1. I n t r o d u c t i o n  

Ahuachapan i s  one of several geothermal f i e l d s  i n  E l  Salvador. It 

i s  loca ted  i n  t h e  f a r  western p o r t i o n  o f  t h e  country about 40 k i lometers  

from t h e  P a c i f i c  Ocean and about 20 k i lometers  from t h e  Guatemalan border 

(F ig .  6.1). The l iquid-dominated geothermal rese rvo i r  has a base 

temperature o f  about 24OoC (Grant e t  al., 1982) bu t  temperatures up t o  

3OO0C have been repor ted (Cue l l a r  e t  al., 1981). 

A two-uni t  60 MW power p l a n t  has been operat ing s ince 1975-1976. 

I n  1977 these u n i t s  produced 32.3% o f  t h e  t o t a l  e l e c t r i c  power generated 

i n  t h e  country  (Cue l l a r  e t  al., 1981). A t h i r d  u n i t  w i th  a 35 MW 

capac i ty  came on l i n e  i n  1982, boost ing t h e  t o t a l  generat ing capac i ty  a t  

Ahuachapan t o  95 MW. Einarsson e t  a l .  (1976) est imate t h e  f u l l  

p o t e n t i a l  o f  t h e  geothermal f i e l d  t o  be 100 t o  200 MW. 

6.2. Geology 

The reg iona l  geology o f  E l  Salvador i s  a s t r u c t u r a l  graben t h a t  

t rends  east-west across t h e  country. The t rough i s  f i l l e d  w i t h  

Quaternary vo lcan ic  cones t h a t  comprise a major vo lcan ic  chain across t h e  

country. 

The Ahuachapan geothermal f i e l d  i s  on t h e  northeastern slopes o f  a 

range o f  composite Quaternary volcanoes a t  an e leva t i on  o f  about 800 rn 

above sea leve l .  It i s  associated w i t h  the  southern f l ank  o f  t h e  cen t ra l  

Salvadoran graben median trough. P l iocene t e c t o n i c  a c t i v i t y  produced 

ex tens ive  reg ional  f a u l t i n g  be l ieved t o  have c o n t r o l l e d  t h e  s ink ing  o f  

t h e  graben and t h e  ex t rus ion  o f  vo l can ic  mater ia l .  The f i e l d  i s  lower t o  
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t h e  nor th  and northwest, r e f l e c t i n g  t h e  subsidence o f  t h e  graben (Cue l l a r  

e t  al., 1981). 

Fau l t s  and f r a c t u r e s  o r ien ted  i n  3 main d i r e c t i o n s  seem t o  c o n t r o l  

reg iona l  and l o c a l  s t ruc tu re .  A se r ies  o f  s tep f a u l t s ,  t rend ing  p a r a l l e l  

t o  t h e  graben s t r u c t u r e  i n  an E-W d i rec t i on ,  l i m i t s  t h e  geothermal f i e l d  

on t h e  north. A second NE-trending f a u l t  system borders t h e  f i e l d  t o  t h e  

west. F i n a l l y  a younger system o f  f a u l t s  and f ractures,  associated w i t h  

s u p e r f i c i a l  hydrothermal a c t i v i t y ,  t rends  NNW. Th is  l a t e s t  system o f  

f a u l t s  may be responsib le  f o r  t h e  f rac tu red  permeab i l i t y  of t h e  

Ahuachapan rese rvo i r  formations (Cue1 l a r  e t  a l  . , 1981). The 

s t r a t i g r a p h i c  sequences o f  t h e  area are descr ibed i n  Table 6.1 and shown 

i n  F igure 6.2. 

6.3. Hydro1 ogy 

I n t e n s i v e  geothermal i n v e s t i g a t i o n s  a t  Ahuachapan have revealed a 

very permeable geothermal f l ow  system l i m i t e d  by s t r u c t u r a l  f a u l t s  a t  i t s  

edges. Regional f low w i t h i n  t h e  graben i s  toward t h e  north. 

Hydrogeol ogy ou ts ide  t h e  geothermal f i e l  d i s poor ly  understood. I n i  ti a1 

i n j e c t i o n  attempts i n d i c a t e  permeab i l i t y  decreases ou ts ide  t h e  geothermal 

f i e l d .  

6.3.1. Surface Water 

The Paz R iver  forms t h e  border between E l  Salvador and Guatemala. 

It i s  t h e  p r i n c i p a l  r i v e r  d ra in ing  t h e  Ahuachapan geothermal f i e l d .  Flow 

i n  t h e  r i v e r  i s  v a r i a b l e  according t o  seasons, b u t  may be as low as 10 t o  

15 m5/sec i n  t h e  dry p a r t  o f  t h e  year (Einarsson e t  a l .8  1976). The 
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Table  6.1. Geo log ic  and h y d r o l o g i c  c h a r a c t e r i s t i c s  o f  t he  Ahuachpan geothermal f i e l d ,  E l  Salvadora.  

w W V yl 

Geolog ic  H y d r o l o g i c  
Geo log ic  U n i t  D e s c r i p t i o n  Descr i  p t i  on 

S u r f i c i a l  Depos i ts  Tuf fs  and d e t r i t i c - t a l u s  pumices cove r ing  Shal low A q u i f e r  - very sha l l ow  uncon f ined  
lavas o f  t he  Laguna Verde Complex. a q u i f e r  w i t h  v a r i a b l e  f l o w  respond ing  

r a p i d l y  t o  r a i n f a l l  i n f i l t r a t i o n ;  waters  
g e n e r a l l y  o f  ca l c ium carbonate  type,  
l o c a l l y  s u l f a t i c ;  a q u i f e r  o f  l o c a l  
i n t e r e s t  o n l y  i n  u p h i l l  p a r t  o f  geothermal 
f i e l d ;  feeds some su r face  s p r i n g s .  

Laguna Verde Vo lcan ic  Complex 

T u f f  and Lava Format ion  

(Holocene) 

( P l e i s t o c e n e )  w 
0 
w 

Young Agglomerate 
( P l e i s t o c e n e )  . . 

Andes i tes  o f  Ahuacha an 
(PI i o - p l e i s  tocene 7 

Anc ien t  Agglomerates 

A n d e s i t i c  l a v a  f l ows  w i t h  some p y r o c l a s t i c s ;  
th inkness up t o  200 m. 

Predominant ly t u f f s  i n  the  upper p a r t ;  
lava i n t e r c o l a t i o n s  w i t h  t u f f s  i n  the  l ower  
p a r t ;  t h i ckness  up t o  500 m. 

Volcanic  agglomerate w i t h  occas iona l  l ava  
i n t e r c a l a t i o n s ;  t h i ckness  up t o  400 m. 

Lavas w i t h  p y r o c l a s t i c  i n t e r c a l a t i o n s ;  
conta ins columnar j o i n t i n g  r e l a t e d  t o  
coo l i ng  and t e c t o n i c  f r a c t u r i n g ;  t h i ckness  
up t o  300 m. 

Agglomerates w i t h  b r e c c i a  i n t e r c a l a t i o n s  i n  the  
lower p o r t i o n ;  t h i ckness  g r e a t e r  than 400 m. 

Behaves as an aqu ic lude  t o  sha l l ow  and 
s a t u r a t e d  a q u i f e r s .  

Sa tu ra ted  A q u i f e r  - recharge by d i r e c t  
i n f i l t r a t i o n ;  sha l l ow  f r e e  s u r f a c e  
tapped by l o c a l  domest ic  w e l l s ;  su r faces  
a t  seve ra l  s p r i n g s  on t h e  p l a i n  n o r t h  
o f  t h e  geothermal area; p r i n c i p a l  
n o r t h e r l y  f l o w  component; s low p i e z o m e t r i c  
response t o  r a i n f a l l ;  g e n e r a l l y  ca lc ium-  
sodium carbonate  wa te r ,  l o c a l l y  mixed w i t h  
w a t e r  m i g r a t i n g  upward a long  f r a c t u r e s  f rom 
s a l i n e  a q u i f e r .  

E s s e n t i a l l y  impermeable, save f o r  s c a t t e r e d  
f a u l t i n g ;  behaves as a c o n f i n i n g  cap rock  
t o  the  u n d e r l y i n g  geothermal r e s e r v o i r .  

S a l i n e  A q u i f e r  - p roduc ing  fo rma t ion  o f  
t he  geothermal r e s e r v o i r ;  secondary,  
a n i s o t r o p i c  p e t m e a b i l i t y  i n  j o i n t s ,  f r a c t u r e s  
and c o n t a c t  su r faces  between fo rma t ions .  

Moderate p e r m e a b i l i t y  i n  b r e c c i a s ;  r e c e i v i n g  
r e s e r v o i r  f o r  i n j e c t e d  f l u i d s .  

a C u e l l a r  e t  a l . ,  1981. 
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r i v e r  was i n i t i a l l y  considered as an avenue f o r  geothermal waste f l u i d  

disposal, b u t  was found t o  have severe long-term l i m i t a t i o n s .  R iver  

water i s  used f o r  i r r i g a t i o n  and must be pro tec ted  from chemical 

contaminants t h a t  might be harmful t o  crops. Ebron, f o r  example, would 

have t o  be s t r i c t l y  l i m i t e d .  Secondly, t h e  r i v e r  i s  on ly  ab le  t o  

accommodate volumes equ iva len t  t o  those produced by a 30 MW p lan t .  Thfs  

i s  a f r a c t i o n  o f  t h e  volume r e q u i r i n g  d isposal  today and would prove t o  

be even l e s s  adequate as t h e  f u l l  est imated p o t e n t i a l  o f  t h e  geothermal 

f i e l d  i s  reached. 

6.3.2. Groundwater 

The Ahuachapan geothermal area i s  a groundwater discharge area. 

The pressur ized thermal f l u i d s  r i s e  from t h e  southeast and east  and 

u l t i m a t e l y  discharge a t  t h e  sur face f u r t h e r  north. The s u r f i c i a l  

geothermal a c t i v i t y  w i t h i n  t h e  geothermal area o r i g i n a t e s  from steam t h a t  

separates from geothermal f l u i d  i n  t h e  deep geothermal r e s e r v o i r  and 

migrates upward along f r a c t u r e  planes. The p r i n c i p a l  permeab i l i t y  i n  t h e  

vo lcan ic  rocks a t  Ahuachapan i s  i n  secondary f a u l t s  and f rac tu res .  The 

permeabil i t y  i s  t he re fo re  v a r i  ab1 e and ani sot rop ic .  H i  g hes t  

t r a n s m i s s i v i t i e s  are assumed t o  be ho r i zon ta l  and o r ien ted  i n  t h e  

d i r e c t i o n s  o f  t h e  predominant f a u l t  t rends described i n  Sect ion 6.2 

(Cue l l a r  e t  al., 1981). 

There i s  some l o c a l  domestic use of groundwater i n  t h e  u p h i l l  

southern p o r t i o n  o f  t h e  s t r u c t u r a l  graben t h a t  def ines t h e  geothermal 

f i e l d .  These l o c a l  we l l s  t a p  t h e  Shallow and Saturated Aqu i fe rs  

3 

3 

described i n  Table 6.1. 
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6.3.2.1. Aqui f e r s  

There are th ree  producing aqu i fe rs  i n  t h e  Ahuachapan f i e l d .  The i r  

desc r ip t i ons  appear i n  Table 6.1. A l l  t h r e e  e x i s t  i n  f r a c t u r e d  vo l can ic  

rocks. The unconfined Shallow and Saturated Aqu i fe rs  supply l o c a l  

domestic w e l l s  on t h e  southern u p h i l l  end o f  t h e  geothermal f i e l d .  

Rainwater i n f i l t r a t i o n  t o  t h e  Shallow Aqu i fe r  feeds several spr ings  on 

t h e  slopes o f  t h e  Laguna Verde and t h e  Laguna de Las N in fas  volcanoes. 

The f l ow  r a t e  i n  t h i s  a q u i f e r  responds r a p i d l y  t o  r a i n f a l l .  The shallow 

f r e e  sur face o f  t h e  Saturated Aqu i fe r  a l so  supp l ies  several spr ings on 

t h e  p l a i n  no r th  o f  t h e  geothermal area. I t s  p iezometr ic  surface, 

however, responds s lowly  t o  r a i n f a l l .  The hydrau l i c  g rad ien t  and 

r e s u l t i n g  p r i n c i p a l  f low component i n  t h i s  a q u i f e r  i s  t o  t h e  no r th  

(Romagnoli e t  al., 1976). The graben d ips  s l i g h t l y  i n  t h a t  general 

d i rec t i on .  The conf ined Sa l i ne  Aqu i fe r  i s  t h e  geothermal reservo i r .  The 

geothermal w e l l s  a re  completed i n  t h i s  aqu i fe r .  The Sa l ine  Aqu i fe r  i s  

discussed i n  more d e t a i l  i n  Sect ion 6.3.3. 

The geology, na tu ra l  f low, chemistry and t h e  depths o f  permeable 

zones a l l  i n d i c a t e  the re  i s  a s t rong ho r i zon ta l  s t r u c t u r e  t o  t h e  

Ahuachapan geothermal area (Grant  e t  al., 1982). Hor izon ta l  and v e r t i c a l  

permeabil i t i e s  i n  each a q u i f e r  are g rea ter  along f a u l t s ,  f ractures,  

j o i n t s  and bedding planes than through t h e  a q u i f e r  media. The occurrence 

o f  f rac tu res  i s  c l e a r l y  i nd i ca ted  by t h e  l o s s  o f  c i r c u l a t i o n  dur ing  

d r i l l i n g .  Th is  an isot ropy r e s u l t s  i n  v a r i a b l e  bu t  predominantly 

ho r i zon ta l  f low w i t h i n  t h e  aqui fer .  Product ion capac i t i es  a re  hard t o  

p red ic t .  The s e l e c t i o n  o f  s i t e s  f o r  product ion and i n j e c t i o n  w e l l s  i n  
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such a system can be d i f f i c u l t  when consider ing economic product ion 

requirements and r e s e r v o i r  maintenance. 

The Shallow and Saturated Aqu i fe rs  are separated by an aquiclude 

o f  andes i t i c  lavas  t h a t  re ta rds  v e r t i c a l  f low. The r a t e  o f  leakage 

across t h i s  u n i t  i s  unknown, bu t  t h e  presence o f  s u r f i c i a l  thermal 

spr ings  i n  t h e  area i s  evidence t h a t  v e r t i c a l  m ig ra t i on  does occur. 

The Saturated and Sa l i ne  (geothermal) Aqu i fe rs  a re  separated by a 

th i ck ,  impermeable vo l can ic  agglomerate t h a t  ac ts  as a con f in ing  cap rock 

t o  t h e  under ly ing geothermal reservo i r .  Fractures do breach t h e  cap 

rock, however, and pressur ized geothermal f l u i d s  are able t o  move along 

f r a c t u r e  p l  anes toward t h e  s u r f  ace. 

6.3.2.2. Groundwater Chemistry 

Groundwater i n  each aqu i fe r  has a c h a r a c t e r i s t i c  background 

chemistry, b u t  t h e  f rac tu red  v e r t i c a l  permeab i l i t y  o f  t h e  Ahuachapan 

geothemal f i e l d  a l lows some l o c a l i z e d  mix ing  o f  waters from d i f f e r e n t  

aqui fers .  Water i n  t h e  Shallow Aqui fer  i s  genera l l y  o f  t h e  calcium 

carbonate type. although l o c a l l y  they may be s u l f a t i c  w i t h  residues lower 

than 500 mg/l (Einarsson e t  al., 1976). 

S p e c i f i c  i o n  concentrat ions f o r  background chemical species i n  t h e  

Shallow and Saturated Aqu i fe rs  a re  unavailable. Chemical c h a r a c t e r i s t i c s  

of some thermal spr ings  are i n  Table 6.2. Values f o r  chemical species i n  

t h e  spr ings  may be in f luenced by a c e r t a i n  amount o f  mix ing o f  deep 

thermal water o r  steam and shal lower groundwater. The groundwater o f  t h e  

Saturated Aqu i fe r  i s  genera l l y  o f  calcium-sodium carbonate type. 

Dissolved s o l i d s  are below 400 mg/l. The S a l i t r e  spring, by contrast ,  
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Table 6.2. Selected chemical a d physical characteristics o f  waters from thermal springs and geothermal wells o f  the Ahuachapan geothermal 
area, El Salvadora&. 

Well depth' Temperature 
Source (m)  O C  PH Na' K+ Cat+ Mgtt c1- SO4= HCO3- Si02 B 

Thermal Springs 

A 
8 
C 
0 
E 
F 
G 
ti 
I 
L 
M 

7.1 20 
8.0 13 
6.2 6 
8.2 10 
8.0 26 
8.0 768 
8.3 526 
8.0 566 
8.2 592 
7.6 5.4 
6.8 378 

6 
13 
1 
3 
1 

18 
19 
9 

15 
10 
39 

17 
14 
15 
15 
54 

20 I 
124 
124 
94 

8 
29 

9 
7 
2 
8 

13 
1 

t r  
1 

t r  
2 
8 

1.2 
2 .1  
1.2 
1.4 
2 

1,528 
42 1 
772 
7 16 

4 79 
1.3 

3.0 
1.0 
3.0 
3.0 
9.5 

224 
8 70 
4 10 
504 

35 
4.5 

158 
111 
75 

114 
290 

52 
45 
37 
33 
39 

371 

117.0 
10 7 
65 

10 2 
64 

114 
17 
8 1  

10 8 
46 

2 35 

0 . 3  
8.0 
6.2 
8.2 
8.0 
8.0 
8.3 
8.0 
8.2 
1.6 
6 . 8  

Geothermal Wells _ _ ~ _ _  

Ah- 1 
Ah-6 

1205 
59 1 

9 8d 7.4 6120 995 4 16 t r  11,046 28 29 66 3 7.4 
9 7d 7.2 6260 1055 443 t r  11,432 27 24 6 20 7.2 

~~~~~~ ~ 

a Romagnoli e t  a l . ,  1976. 

Concentrations in mg/l. 

Cuellar e t  a ] . ,  1981. 

E l l i s  a n d  Mahon (1977, p .  70) report 23OoC a t  a source depth o f  1195 m. 

a a br 
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has a sodium-chloride chemistry and an e levated temperature (7O0C). It 

has h igher  residues o f  600-1700 mg/l. The d i f f e rences  i n  chemistry and 

temperature are bel ieved t o  be a r e s u l t  o f  admixture w i t h  water from t h e  

deep Sa l i ne  Aqui fer  t h a t  i s  moving upward along f r a c t u r e s  (Romagnoli e t  

a l ,  1976). 

The Sa l ine  Aqu i fe r  i s  t h e  producing geothermal reservo i r .  Waters 

i n  t h e  Sa l i ne  Aqui fer  a re  a sodium-chloride type  w i th  h igh s a l i n i t y .  

Residues reach as h igh as 22,000 mg/l (Einarsson e t  al., 1976). Chemical 

concentrat ions measured i n  geothermal w e l l s  Ah-1 and Ah-6 are presented 

i n  Table 6.2. 

6.3.3. Geothermal Resource 

The Ahuachapan andesi te  i s  t h e  producing r e s e r v o i r  o f  geothermal 

steam and water i n  t h e  Ahuachapan geothermal f i e l d .  The h i g h l y  f rac tu red  

permeable zone a t  t h e  top o f  t h e  formation i s  known as t h e  Sa l i ne  

Aquifer. Temperatures i n  t h i s  aqu i fe r  are around 240-245'C ( E i  narsson 

e t  al., 1976). 

A hydrogeologic model o f  the system ind i ca tes  t h e  Ahuachapan f i e l d  

i s  a discharge area. Geothermal f l u i d s  are thought t o  r i s e  from t h e  east 

and southeast from some unknown source, t r a v e l  p r i m a r i l y  h o r i z o n t a l l y  

through t h e  rese rvo i r  v i a  f ractures,  and discharge f u r t h e r  north. 

S u r f i c i a l  thermal a c t i v i t y  i s  a t t r i b u t e d  t o  steam and h o t  water 

separating from deep geothermal f l u i d s ,  m ig ra t i ng  upward along f r a c t u r e  

planes, and mix ing  w i t h  discharges from shallower aqui fers .  R e s i s t i v i t y  

data (Romagnol i e t  a1 . , 1976) support t h i s  model as 1 t appl i e s  t o  t h e  

o r i g i n  and chemistry o f  t h e  s u r f i c i a l  thermal springs. 
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6.4. I n j e c t i o n  

The high1 y m i  nera l  i zed waters produced by t h e  Ahuachapan 

geothermal f i e l d  presented a major problem i n  t h e  i n i t i a l  stages o f  f i e l d  

development. Arsenic and boron, i n p a r t i c u l a r ,  represented p o t e n t i  a1 

t h r e a t s  t o  i r r i g a t i o n  waters and domestic supplies. To ta l  disposal t o  

t h e  Paz R ive r  and desa l i na t i on  proved t o  be unacceptable a l te rna t ives ,  so 

i n j e c t i o n  experiments f o r  subsurface disposal began i n  1970. These 

large-scale experiments were designed t o  t e s t  and evaluate methods of 

i n j e c t i n g  h i g h l y  minera l i zed  geothermal water and were concluded t o  be 

genera l l y  very successful (Einarsson e t  al., 1976). 

The spent geothermal f l u i d s  are i n j e c t e d  w i t h i n  t h e  a c t i v e  

hydrothermal system f o r  several reasons. L i t t l e  was known about deep 

hydro log ic  cond i t ions  ou ts ide  o f  t he  geothermal system. There was 

concern t h a t  i n j e c t e d  f l u i d s  might  emerge i n  an undesi rab le p lace and 

c rea te  l o c a l  p o l l u t i o n  problems. Wi th in  t h e  undisturbed geothermal 

system, t h e  very minera l i zed  water d i d  no t  emerge from t h e  r e s e r v o i r  near 

unpo l lu ted  water supplies. Simultaneous product ion and i n j e c t i o n  was 

expected t o  minimize d is turbance and t h e  p o t e n t i a l  f o r  new emergence o f  

poor q u a l i t y  water. The h igh  r e s e r v o i r  permeab i l i t y  would reduce energy 

costs  f o r  pumping also. The coo l i ng  e f f e c t  o f  waste f l u i d s  on t h e  

geothermal r e s e r v o i r  was expected t o  be small. F ina l l y ,  i n j e c t i o n  

o f f e r e d  a means o f  recyc l i ng  f l u i d  and heat w i t h i n  t h e  reservo i r ,  thereby 

extending i t s  p roduc t ive  l i f e  (Einarsson e t  al., 1976). Continued 

i n j e c t i o n  s ince  1970 apparently had no adverse e f f e c t s  on production 

we1 1 s u n t i  1 1978, when some temperature decl i nes were observed 
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(Grant e t  al., 1982). A continuous p roduc t i on / i n jec t i on  program began i n  

1975 and has been opera t ing  ever since. 

6.4.1. I n j e c t i o n  System 

As o f  1978, twenty-nine product ion and i n j e c t i o n  we l l s  had been 

d r i l l e d  i n  t h e  Ahuachapan geothermal f i e l d .  Fig. 6.3 shows t h e  r e l a t i v e  

l oca t i ons  o f  most o f  these wells. Depths o f  t h e  we l l s  ranged from 591 m 

t o  1524 m. A l l  w e l l s  a re  loca ted  w i t h i n  an area about 4 km2 i n  size. 

Two i n j e c t i o n  we l l s  were loca ted  ou ts ide  t h e  product ion area t o  minimize 

p o t e n t i a l  i n te r fe rence  w i t h  product ion wel ls .  Four o f  t h e  twenty-nine 

we l l s  are i n j e c t i o n  w e l l s  (Ah-2, Ah-8, Ah-17, and Ah-29). Wel ls  Ah-17 

and Ah-29 are  double purpose we l l s  and may be used f o r  product ion also. 

The i r  l o c a t i o n  i s  c lose  t o  t h e  product ion wel ls ,  and they are  completed 

i n  t h e  product ion reservo i r .  The l i t h o l o g i c  columns o f  Ah-17 and Ah-29 

i n d i c a t e  they are completed i n  400 m and 325 m o f  r e s e r v o i r  thickness, 

respec t ive ly .  I n j e c t i o n  Ah-2 and Ah-8 are  a l so  completed i n  t h e  

product ion rese rvo i r .  They show a r e s e r v o i r  th ickness o f  on l y  105 m and 

75 m, respec t i ve l y  (Cue l l a r  e t  al., 1981). To ta l  depths o f  a l l  t h e  

i n j e c t i o n  w e l l s  are no t  given. Depths o f  product ion w e l l s  appear i n  

Table 6.3. F igure  6.2 shows t h e  r e l a t i v e  depths o f  some o f  t h e  

geothermal we1 1 s and permeable zones i n  t h e  geothermal reservo i  r. The 

we l l  f i e l d  arrangement i s  thus one o f  a r e a l l y  in terspersed i n j e c t i o n  and 

production wel ls .  It i s  no t  known how c l o s e l y  i n j e c t i o n  horizons i n  

Ah-2, Ah-8, Ah-17, o r  Ah-29 correspond t o  producing horizons i n  

product ion we1 1 s. 
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Figure 6.3 Locations of  geothermal production and injection wells in the Ahuachapan 
geothermal field, El  Salvador (after Cuellar e t  al., 1978). 
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Table 6.3.  Depths of Ahuachapan geothermal production wells. El Salvadora.  

Ah-1  Ah-4 Ah-5 Ah-6 Ah-7 Ah-20 Ah-21 Ah-22 Ah-24 Ah-26 

Total  depth  ( m )  1205 6 40 952 59 1 950 600 849 659.5 850 80 4 

Top of a n d e s i t i c  
formati on 
(meters above 
sea  l e v e l )  30 0 3 15 284 383 2 85 3 70 350 3 15 380 39 1 

aCuel l a r  . e t  a l . ,  1981. 



F l u i d  e x t r a c t i o n  a t  Ahuachapan has been d iv ided i n t o  two per iods 

of development and production. Estimates o f  ex t rac ted  and i n j e c t e d  mass 

dur ing  those per iods appear i n  Table 6.4. Only a f r a c t i o n  o f  t h e  t o t a l  

f l u i d  mass produced i s  re turned t o  t h e  r e s e r v o i r  a f t e r  steam f lash ing .  

I n j e c t i o n ,  even on a sca le  t h a t  i s  small  r e l a t i v e  t o  production, 

apparently s t a b l i z e s  pressure losses i n  t h e  reservo i r ,  and t h e  dominating 

e f fec t  of e x t r a c t i o n  o r  i n j e c t i o n  i s  d i f f i c u l t  t o  determine (Cue l l a r  e t  

al., 1978). 

a 

6 

Y 

Table 6.4. Ext rac ted  and i n j e c t e d  mass dur ing  development and 
product ion per iods a t  t h e  Ahuachapan geothermal 
f i e l d ,  E l  Salvador. 

4 

Mass Devel opment Production 
( tons 1 196 8- 1975 1975-1978 Tota l  

Ex t rac ted  23,317,800 48,228,933 71,546 , 733 
I n j e c t e d  18850,060 19,218,3 84 21,068,444 
Net ex t rac ted  21,467,740 29 ,010 5 49 50,478,289 

a Cue l l a r  e t  al., 1978. 

6.4.2. Moni to r ing  Program 

A mon i to r ing  system was es tab l i shed a t  Ahuachapan t o  ascer ta in  t h e  

e f f e c t s  o f  i n j e c t i o n  o f  t h e  Shallow and Saturatad Aquifers. These 

aqu i fe rs  are the  source o f  potable water f o r  domestic supplies, and t h e  

p o t e n t i a l  f o r  contamination from t h e  minera l i zed  geothermal water i s  o f  

concern. 

A system o f  observat ion p o i n t s  i n c l u d i n g  water wells, sur face 

spr ings  and boreholes provided water samples which were chemical ly 
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analyzed be fore  and dur ing  t h e  per iod  o f  i n i t i a l  i n j e c t i o n  tes t i ng .  The 

purpose o f  these analyses was t o  determine how q u i c k l y  and t o  what ex ten t  

i n j e c t e d  f l u i d  would migra te  from t h e  i n j e c t i o n  we l l  t o  t h e  shallow 

aqu i fe rs  o r  t o  product ion w e l l s  i n  t h e  geothermal f i e l d .  These 

observat ion po in ts  cont inue t o  prov ide use fu l  moni tor ing data. A 

d iscuss ion o f  some i n j e c t i o n  t e s t  r e s u l t s  as determined from moni to r ing  

data i s  i n  Sect ion 6.4.3. 

6.4.3. I n j e c t i o n  Test ing 

I n i t i a l  plans f o r  i n j e c t i o n  a t  Ahuachapan c a l l e d  f o r  i n j e c t i n g  i n  

a we l l  (Ah-10) ou ts ide  o f  t h e  a c t i v e  geothermal area. Pe rmeab i l i t i es  i n  

t h e  penetrated formations were too  low t o  accept t h e  requ i red  volumes o f  

f l u i d  w i thou t  excess ive ly  h igh  pumping costs. Subsequent i n j e c t i o n  has 

occurred w i t h i n  t h e  a c t i v e  geothermal system. 

The s i l i c a  and carbonate composit ion o f  t h e  water posed a danger 

o f  chemical f ou l  i ng o f  equi pment and p l  uggi ng t h e  rece i  v i  ng format i  on. 

A study o f  chemical e q u i l i b r i a  and phys ica l  f a c t o r s  governing reac t ions  

i nd i ca ted  t h a t  i f  steam and water were separated above 15OoC, and i f  t h e  

water was maintained a t  t h i s  temperature u n t i l  i n j e c t i o n  i n t o  t h e  

reservo i r ,  mineral depos i t ion  could be avoided (Einarsson e t  al., 1976). 

The separator and i n j e c t i o n  system were s e t  and maintained a t  152-153OC. 

6.4.3.1. Single-Well Tests 

Well Ah-5 was t h e  f i r s t  experimental i n j e c t i o n  we l l  a t  Ahuachapan. 

It was designed as a dual purpose wel l ,  p r i m a r i l y  f o r  product ion b u t  a l so  

f o r  i n j e c t i o n  experiments. Ah-5 penetrates t h e  p r i n c i p a l  product ion 

hor izon a t  about 500 m depth as we l l  as another permeable hor izon a t  
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about 800 m. A re t rac tab le ,  per forated l i n e r  was i n s t a l l e d  extending 

from t h e  product ion cas ing t o  t h e  bottom o f  t h e  wel l  a t  952 m. Th is  

design was an attempt t o  i n j e c t  t h e  water i n t o  the  deeper permeable 

horizons. The s ing le -ho le  t e s t s  described here were done on Ah-5. 

A t o t a l  o f  1,927,000 tons o f  water were i n j e c t e d  i n  a se r ies  o f  

i n j e c t i o n  t e s t s  over a pe r iod  o f  244 days i n  1971. Downhole temperature 

l o g s  were made i n  t h e  i n j e c t i o n  we l l  before, dur ing  and a f t e r  i n j e c t i o n  

tes t i ng .  Cooling occurred over t h e  e n t i r e  l eng th  o f  t h e  we l l  b u t  was 

grea tes t  i n  t h e  deeper permeable horizon, i n d i c a t i n g  t h e  waste f l u i d s  

were en te r ing  t h e  r e s e r v o i r  a t  t h a t  po in t .  Temperature recovery was 

slowest in t h e  deeper zone. F u l l  recovery took near ly  seven months 

(Einarsson e t  al., 1976). Pressure p r o f i l e s  f o r  Ah-5 taken before and 

dur ing  i n j e c t i o n  show a decrease i n  pressure i n  t h e  deeper zone, which 

supports t h e  conclus ion t h a t  it i s  h i g h l y  permeable. 

Ca l i pe r  t e s t s  o f  t h e  i n j e c t i o n  we l l  cas ing and inspec t i on  of t h e  

p i p e l i n e  showed t h e r e  were no t races  o f  s c a l i n g  w i t h i n  t h e  system. No 

p l  ugging o r  increased pressures coul d be a t t r i b u t e d  t o  mineral 

deposit ion. A f t e r  244 days t h e r e  appeared t o  be no danger o f  system 

impairment due t o  sca l i ng  under the  described t e s t  cond i t ions  (Einarsson 

e t  a l . ,  1976). 

6.4.3.2. Mul t i -Wel l  Tests 

Dur ing e a r l y  t e s t i n g  a t  Ahuachapan geothermal f i e l d ,  v a r i a t i o n s  i n  

temperature, pressure, chemistry and t h e  de tec t i on  o f  i n j e c t e d  t race rs  

were used t o  monitor movement o f  i n j e c t e d  f l u i d s  (Einarsson e t  al., 

1976) . Moni to r ing  s t a t i o n s  inc luded geothermal we1 1 s, s h a l l  ow 
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fresh-water we l ls r  and s u r f i c i a l  springs. Except f o r  low-level t r a c e r  

de tec t ionr  T r i t i u m  i n j e c t e d  i n t o  Ah-5 appeared i n  

low l e v e l s  a t  geothermal product ion we l l s  Ah-1, Ah-6, and Ah-7. The 

t r i t i u m  may have moved h o r i z o n t a l l y  toward these wel ls .  It may a l s o  have 

descended i n  t h e  rese rvo i r  w i t h  t h e  i n j e c t e d  f l u i d s  ( t h a t  are coo le r  and 

denser than n a t i v e  f l u i d s I r  become d i l u t e d r  then ascended w i t h  convection 

cu r ren ts  i n  t h e  rese rvo i r  (Einarsson e t  a l . #  1976). No t r a c e r  was 

detected i n  sur face spr ings o r  shal low wells. 

no changes were seen. 

It was determined t h a t  a chemical f r o n t  precedes a coo l i ng  f r o n t  

o f  i n j e c t e d  f l u i d s .  The coo l i ng  f r o n t  i s  marked by t h e  ac tua l  coo l i ng  o f  

t h e  r e s e r v o i r  rocks by i n j e c t e d  f l u i d s .  Cooling o f  product ion zone rocks 

by i n j e c t a t e  has been t e c h n i c a l l y  c a l l e d  thermal breakthrough. The 

chemical f r o n t  i s  a determinat ion o f  where t h e  lead ing  edge o f  t h e  

i n j e c t e d  plume i s  located. Hydrodynamic breakthrough occurs when t h i s  

plume reaches t h e  producing zone. Long-term moni tor ing a t  Ahuachapan has 

shown t h a t  t he  concept o f  hydrodynamic breakthrough i s  use fu l  i n  

mon i to r ing  t h e  movement o f  i n j e c t e d  f l u i d s .  Repeated analyses f o r  

c h l o r i d e  i n  production w e l l s  have g iven some i n d i c a t i o n  o f  t h e  general 

d i r e c t i o n  o f  f low from i n j e c t i o n  wel ls .  I n j e c t i o n  we l l s  Ah-17 and Ah-29 

penetrate permeable zones a t  d i f f e r e n t  depths. Water i n j e c t e d  i n t o  Ah-29 

moves toward t h e  center  o f  t h e  geothermal f i e l d  and t o  t h e  east. Water 

i n j e c t e d  i n t o  Ah-17 f lows t o  t h e  center  o f  t h e  geothermal f i e l d  (Cue l l a r  

e t  al., 1981). No breakthrough t o  shal low groundwater has been 

documented. 
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Pressure responses i n  t h e  geothermal f i e l d  are very s e n s i t i v e  t o  

vary ing  r a t e s  o f  product ion and i n j e c t i o n .  Production Tes t ing  i n  1975 

ind i ca ted  t h e  r e s e r v o i r  pressure gradua l ly  dec l ined as a r e s u l t  o f  n e t  

mass ex t rac t i on .  As a resu l  t, product ion ra tes  f e l l .  I n j e c t i o n  

e f f e c t i v e l y  s t a b l i z e d  t h e  pressure and a new e q u i l i b r i u m  s t a t e  was 

establ ished.  I n j e c t i o n  a t  Ahuachapan a l s o  helps b u i l d  a steam zone which 

can be developed. Pressure d i s t r i b u t i o n s  before and a f t e r  i n t e n s i v e  

product ion showed t h a t  reg iona l  pressure dec l ines  tend t o  f o l l o w  t h e  

permeable r e s e r v o i r  toward t h e  south (Cue l l a r  e t  al., 1981). It i s  

unknown whether o r  n o t  pressure changes i n  shal low w e l l s  as a r e s u l t  o f  

geothermal development have been documented. 

6.4.4. Const ra in ts  on I n j e c t i o n  

There i s  some concern t h a t  subsurface i n j e c t i o n  near v e r t i c a l  

f rac tu res  on f a u l t s  could a l low h i g h l y  minera l i zed  f l u i d s  t o  migra te  

upward and contaminate t h e  shallow groundwater. Th i s  phenomenon has n o t  

been documented. The r e s e r v o i r  cap rock composed o f  Ahuachapan andesites 

(up t o  400 m t h i c k ) ,  i s  impermeable and conf ines  t h e  geothermal 

reservo i r .  It i s  an e f f e c t i v e  b a r r i e r  t o  v e r t i c a l  flow. The v a r i a b l e  

dens i ty  between cooled i n j e c t e d  f l u i d s  and hot, n a t i v e  reservo i  r f l u i d s  

may r e s u l t  i n  t h e  downward f low o f  t h e  more dense i n j e c t a t e  ins tead o f  

channeled ho r i zon ta l  f low o r  na tura l  upward discharge. 

The primary c o n s t r a i n t s  on i n j e c t i o n  a t  t h e  Ahuachapan geothermal 

f i e l d  are r e l a t e d  t o  r e s e r v o i r  management. The volume o f  t h e  geothermal 

r e s e r v o i r  has been estimated t o  be 100 krr? (Einarsson e t  al., 1976). 
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Large sca le  product ion over many yearsI however, can advance t h e  coo l i ng  
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o f  r e s e r v o i r  rocks and u l t i m a t e l y  reduce p roduc t i v i t y .  Rapid f low of 

i n j e c t e d  f l u i d s  along f r a c t u r e s  can hasten t h i s  decl ine. Spacing o f  

i n j e c t i o n  and product ion w e l l s  i s  a c r i t i c a l  f a c t o r  a f f e c t i n g  t h e  l i f e  o f  

t h e  reservo i r .  I n tens i ve  s tud ies  o f  t h e  Ahuachapan geothermal system 

concluded t h a t  i n j e c t i o n  and product ion zones should be spaced a t  l e a s t  

1.1-1.5 km apart.  It was recommended t h a t  water should be i n j e c t e d  

several hundred meters below t h e  producing hor izons (Einarsson e t  al., 

1976). 

6.5. Summary 

Groundwater i n  t h e  Ahuachapan geothermal f i e l d  occurs i n  

re1 a t i v e l y  f l  a t - l y i n g  vo lcan ic  rocks o f  a s t r u c t u r a l  graben. Regional 

t e c t o n i c  a c t i v i t y  caused f a u l t i n g ,  t h e  format ion o f  t h e  reg iona l  h o r s t  

and graben s t ruc tu re ,  and t h e  ex t rus ion  o f  vo l can ic  mater ia l .  The heat 

source f o r  t h e  geothermal r e s e r v o i r  i s  probably associated w i t h  vo lcan ic  

a c t i v i t y .  The geothermal r e s e r v o i r  i s  a h i g h l y  permeable zone loca ted  

approximately 600-900 m below land surface. Secondary permeab i l i t y  i n  

f r a c t u r e s  i s  dominant. Geothermal waste f l u i d s  are i n j e c t e d  i n t o  

d i f f e r e n t  permeable hor izons o f  t h e  geothermal reservo i r .  These waste 

f l u i d s  represent on l y  a f r a c t i o n  o f  t h e  t o t a l  mass product ion from t h e  

reservo i r ,  so the re  i s  a ne t  pressure l o s s  i n  t h e  geothermal system. 

Over time, pressure losses have caused steady pressure decl ines. 

I n j e c t i n g  waste f l u i d s  has helped s t a b l i z e  these pressure losses. 

I n j e c t i o n  as a means o f  r e c y c l i n g  f l u i d s  and g leaning more heat from 

r e s e r v o i r  rocks has worked wel l .  There has been some expected l o c a l  

P 
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coo l i ng  o f  t h e  r e s e r v o i r  rocks near i n j e c t i o n  wel ls.  Once i n j e c t i o n  has 

stopped, temperature recovery i n  these rocks i s  very slow. 

There i s  no evidence i n d i c a t i n g  t h e r e  i s  increased contamination 

o f  shallower, f resh  water suppl ies as a r e s u l t  o f  i n j e c t i o n .  There i s  

chemical evidence t h a t  t h e  i n j e c t a t e  u l t i m a t e l y  moves toward t h e  

geothermal product ion zone along t h e  g rad ien t  created by a pressure sink. 

This  s ink  can be t raced as it progresses through t h e  permeable rese rvo i r .  
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7. DISCUSSION 
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The hydrogeologic s e t t i n g  and t h e  des ign/operat ional  parameters of 

a geothermal development are the  primary f a c t o r s  con t ro l  1 i n g  t h e  success 

o f  geothermal 1 i q u i  d waste i n jec t ion .  Each geothermal development 

possesses a s i t e - s p e c i f i c  combination o f  cond i t i ons  t h a t  requ i re  a 

product ion and i n j e c t i o n  s t ra tegy  designed p a r t i c u l a r l y  f o r  t h a t  system. 

Carefu l  p lanning o f  a p roduc t i on / i n jec t i on  s t ra tegy  can e f f e c t i v e l y  

p r o t e c t  near-surface resources as we l l  as prolong t h e  use fu l  l i f e  o f  t h e  

geothermal reservo i  r, geothermal we1 1 s, and f l u i d  hand1 i ng equi pment. 

Po ten t i a l  impacts from i n j e c t i o n  may be c l a s s i f i e d  i n  terms o f  

several hydrogeologic and design/operational fac to rs .  Subsidence i n  

unconsolidated formations may occur f o l l o w i n g  excessive f l u i d  withdrawal 

and r e s e r v o i r  compaction. Replacing t h e  ex t rac ted  f l u i d s  w i t h  i n j e c t e d  

f l u i d s  can minimize pressure losses and t h e  p o t e n t i a l  f o r  subsidence. 

The upward m ig ra t i on  o f  i n j e c t e d  f l u i d s  t o  shallow, usable aqu i fe rs  may 

occur along hydro log ic  pathways. The mix ing o f  geothermal waste water 

and shal low groundwater can d imin ish the  q u a l i t y  and u s a b i l i t y  o f  near- 

sur face water supplies. I n  areas o f  n a t u r a l l y  h igh  seismic a c t i v i t y ,  

t he re  i s  concern t h a t  f l u i d  i n j e c t i o n  w i l l  r a i s e  r e s e r v o i r  pressures and 

increase seismic l e v e l s  fu r the r .  Th is  phenomenon has severe imp l i ca t i ons  

i n  earthquake-prone regions. 

Operat ional ly ,  t h e  hydrodynamic breakthrough o f  coo ed i n j e c t e d  

f l u i d s  from i n j e c t i o n  w e l l s  t o  product ion w e l l s  can reduce product ion 

temperatures and rese rvo i r  p r o d u c t i v i t y .  On t h e  other  han , i n j e c t i n g  

f l u i d s  t o  boost t h e  f a l l i n g  pressures o f  t h e  producing rese rvo i r  i s  an 

121 



e 

e f f e c t i v e  means o f  r e s e r v o i r  pressure maintenance and can pro long t h e  

r e s e r v o i r ' s  p roduc t ive  l i f e .  F ina l l y ,  i n j e c t i n g  f l u i d s  o f  v a r i a b l e  water 

q u a l i t y  a t  var ious  temperatures and pressures may r e s u l t  i n  numerous 

chemical reac t ions  t h a t  cause plugging o r  p r e c i p i t a t i o n  o f  s o l i d s  on 

equipment as we l l  as t h e  formation. Chemical f o u l i n g  creates ser ious  

f l u i d  handl ing d i f f i c u l t i e s  a t  t h e  surface. 

S p e c i f i c  hydrogeologic and design/operational f a c t o r s  t h a t  

s t rong ly  i n f l uence  an i n j e c t i o n  program are  presented i n  Tables 7.1 and 

7.2. These are described as they apply t o  each o f  t h e  s i x  geothermal 

s i t e s  i n  t h i s  repor t .  I n j e c t i o n  and product ion i n t e r v a l s  a t  t h e  Sa l ton  

Sea and East Mesa KGRAs are  those o f  we l l s  a t  t he  GLEF and USBR s i tes ,  

respect ive ly ,  and do no t  necessar i l y  apply t o  w e l l s  o f  any o ther  

operators. The q u a n t i t y  o f  i n j e c t e d  f l u i d s  i s  expressed as an estimated 

percentage o f  t h e  t o t a l  q u a n t i t y  o f  ex t rac ted  f l u i d s .  Only t h e  chemical 

cons t i t uen ts  o f  g rea tes t  concern f o r  f l u i d  handl ing a t  each s i t e  are 

mentioned. 

E x i s t i n g  cond i t i ons  and p o t e n t i a l  e f f e c t s  o f  product ion and 

i n j e c t i o n  a t  each o f  t h e  s i x  geothermal s i t e s  appear i n  Tables 7.3 and 

7.4. The e f f e c t s  described are those associated on ly  w i th  geothermal 

development and do no t  i nc lude  background o r  na tu ra l  condi t ions.  For 

instance, h i s t o r i c a l  measurements i n d i c a t e  the re  has been some subsidence 

i n  t h e  R a f t  R iver  Valley, b u t  none has been associated w i t h  e x i s t i n g  

geothermal development (Tabl e 7.3 I .  

Tabl e 

a f fec ted  by 

near-surface 

7.3 focuses on se lected hydrogeologic f a c t o r s  t h a t  may be 

product ion and i n j e c t i o n .  These f a c t o r s  inc lude subsidence, 

movement o f  i n j e c t e d  f l u i d ,  and se ismic i ty .  Subsidence i s  a 
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Table 7.1.  Description of hydrogeologic factors t h a t  govern the injection of geothermal waste fluids 
i n t o  subsurface formations ~ 

~ ~~ - - ~ ~~ 

Geothe rmal Principal Mi g r a t i  on Avenues t o  
Area Reservoi r Type Confining Layer Surface and Other Wells 

Raft  River 
KGRA 

Salton Sea 
KGRA 

CL 
N 
0 East Mesa 

KG RA 

Otake 

Ha tchobaru 

Ahuachapan 

Metamorphic and vol cani c 
rocks as well as sediment- 
ary sequences 

Unconsolidated and  consoli- 
dated de t r i t a l  sediments 
i ncl udi ng  some hydrothermal - 
l y  al tered rocks a t  depth 

Unconsol i dated and consol i - 
dated de t r i ta l  sediments, 
including some hydrothermal- 
ly altered rocks a t  depth 

Tuff  breccias o f  Middle 
Hohi Volcanic Complex 

Lake deposits and 
propyl i tes 

Andesitic lavas and 
pyrocl as t i  cs 

Continuous sediments and  
igneous rocks o f  Upper 
and  Lower Aqui tards ; 
thickness up to  300 m 

Continuous clay cap rock; 
thickness 300-350 m 

Continuous clay cap rock; 
thickness up t o  600 m 

Continuous pyroxene 
andesite lavas of Upper 
Hohi Volcani c Complex 

Volcanics of Hohi Volcanic 
Complex, particularly 
andesites ; total  thickness 
about 800 m 

Vol cani c agglomerate ; 
thickness up t o  400 m 

Fracture- dominated perme- 
ab i l i t y  i n  mostly sedi-  
ments b u t  also metamorphic 
and  igneous rocks 

Localized vertical  faul ts  
and  increasing fracture 
perrneabi l i  ty a t  depth 

Localized ver t i  cal faul ts  
and increasing fracture 
permeabi 1 i ty a t  depth 

Verti cal fau l t s  pervasi ve 
fractures and brecciated 
zones 

Vertical fau l t s  , pervasive 
fractures and brecciated 
zones 

Vertical faul ts  , pervasi ve 
fractures 



Table 7.2. D e s c r i p t i o n  o f  des ign /opera t iona l  f a c t o r s  t h a t  govern t h e  i n j e c t i o n  o f  geothermal waste f l u i d s  i n t o  subsurface fo rmat ions .  

Geothe rma 1 
Area 

Re1 a t i  ve 
I n  j e c t i o n - P r o d u c t i  on 

Depths 

R e l a t i v e  
I n j e c t i  on-Product i  on I n j e c t i o n -  P roduc t i on  F l u i d  Chemistry 

Re1 a t i  ve 

Well Locat ions  Quant i  t i e s  A f f e c t i n g  I n j e c t i b i  l i t y  

R a f t  R i v e r  I n j e c t i o n  i n t e r v a l  (500-1200 m )  s l i g h t l y  S i  de-by-si de ; Near l y  100% i n j e c t i o n  f o r  Suspended So l i ds  
KGRA above p roduc t i on  i n t e r v a l  (1100-2000 m) 1-3 km a p a r t  i n t e r m i t t e n t  t e s t i n g  

Sa l ton  Sea I n j e c t i o n  i n t e r v a l  (820-1370 m ) s l i g h t l y  I n te rspe rsed  Near l y  100% cont inuous High t o t a l  d i s s o l v e d  
KGRA below pr imary  p roduc t i on  i n t e r v a l  i n j e c t i o n  i n  Union O i l  Co. s o l i d s ;  s i l i c a  s c a l i n g  

(560-750 m )  a t  the  GLEF; w e l l  c o n f i g u r a t i o n s  
o f  o t h e r  opera tors  unknown 

w e l l s  

East Mesa I n j e c t i o n  i n t e r v a l  i n  USBR w e l l s  
KGRA (1525-1830 m) approx imate ly  e q u i v a l e n t  t o  

some produc t ion  i n t e r v a l s  (1510-1830 m) 
and above o the rs  (2075-2430 m )  c-’ 

N 
P 

Otake I n j e c t i o n  i n t e r v a l s  approx imate ly  e q u i v a l e n t  
t o  p roduc t i on  i n t e r v a l s  (near  500 m) 

Hatchobaru I n j e c t i o n  i n t e r v a l s  approx imate ly  e q u i v a l e n t  
t o  p roduc t i on  i n t e r v a l s  (near  1000 m) 

Ahuachapan I n j e c t i o n  i n t e r v a l s  (600-900 rn) genera l l y  
below p roduc t i on  i n t e r v a l  (300-400 m )  

Side-by-side; Near l y  100% i n j e c t i o n  f o r  High t o t a l  d i s s o l v e d  
1-3 km apar t  i n t e r m i t t e n t  t e s t i n g  a t  s o l i d s ;  s i l i c a  s c a l i n g  

USER w e l l s  ; 100% cont inuous 
i n j e c t i o n  i n  Magma Power Co. 
w e l l s  

Side-by-side; Near ly  100% cont inuous S i l i c a  s c a l i n g  
150-500 m a p a r t  i n j e c t i o n  

Side-by-side; S u b s t a n t i a l l y  l e s s  than S i l i c a  s c a l i n g  
50-600 m a p a r t  100% cont inuous i n j e c t i o n  

In te rspe rsed  Approximately 40% P o t e n t i a l  f o r  s i l i c a  
con ti nuous i n j e c t  i on s c a l i n g  

a L 1 I I h 
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Table 7 .3 .  E x i s t i n g  and p o t e n t i a l  e f fec ts  of geothermal p roduc t i on  and i n j e c t i o n  on se lec ted  hydrogeo log ic  f a c t o r s .  
. -~ - ..____ 

Near-Surface Movement 
Geo the  rma 1 Subsidence o f  I n j e c t e d  F1 u i  d S e i s m i c i t y  

Area E x i s t i n g  P o t e n t i  a1 E x i  s t i  ng Po ten t i  a1 E x i s t i n g  P o t e n t i a l  

Ra f t  R ive r  
KGRA 

Sa l ton  Sea 
KGRA 

Otake 

Hatchobaru 

Ah uachapan 

None Some p o t e n t i a l  b u t  none None 
a n t i c i p a t e d  based on Detected 
r e l a t i v e  p roduc t i on  and 
i n j e c t  i on vo l  umes 

None S i g n i f i c a n t  p o t e n t i  a1 None 
b u t  none a n t i c i p a t e d  Detected 
based on r e l a t i v e  pro- 
duc t i on  and i n j e c t i o n  
vo l  urns 

None S i  gni  f i  cant p o t e n t i a l  None 
b u t  none a n t i c i p a t e d  Detected 
based on r e l a t i v e  pro- 
duc t i on  and i n j e c t i o n  
vo l  umes 

None Very low p o t e n t i a l  I n  forma t i  on 
because o f  competent n o t  
vo l  can i  c rocks A v a i l a b l e  

None Very low p o t e n t i a l  I n f o r m a t i  on 
because o f  competent n o t  
v o l c a n i c  rocks Avai 1 ab l e  

None Very low p o t e n t i a l  None 
because o f  competent Detected 
vo l  can i  c rocks 

P o t e n t i a l  inc reases  w i t h  t i m e  because 
some i n j e c t a t e  en te rs  t h e  uncased I n t e r -  
mediate A q u i f e r  i n  RRGI-6 ( a t  509-580 m 
deep); h i g h l y  permeable In te rmed ia te  
A q u i f e r  i s  we l l -connected  h y d r o l o g i c a l l y  
t o  sha l low r e s e r v o i r s ;  h i g h  i n j e c t i o n  
pressures  may inc rease  upward m i g r a t i o n  
o f  i n j e c t a t e  

Low p o t e n t i a l  based on presence o f  
300-350 m- th ick  impermeable c l a y  cap 
rock and o n l y  l o c a l i z e d  f a u l t i n g  

Low p o t e n t i a l  based on presence o f  
600 m- th ick  impermeable c l a y  cap rock 
and o n l y  l o c a l i z e d  f a u l t i n g  

High p o t e n t i a l  because o f  we l l -deve loped 
v e r t i c a l  h y d r a u l i c  c o n t i n u i t y  i n  
f r a c t u r e s  

High p o t e n t i a l  because o f  we l l -deve loped 
v e r t i c a l  h y d r a u l i c  c o n t i n u i t y  i n  
f r a c t u r e s  

Low p o t e n t i a l  based on presence o f  two 
o v e r l y i n g  impermeable u n i t s ;  one o f  
which,  t h e  c o n f i n i n g  cap rock i s  up t o  
400 m- th ick  and conta ins  on ly  s c a t t e r e d  
f a u l t i n g  

No increases  No increases  
de tec ted  a n t i c i p a t e d  

a t  c u r r e n t  
i n j e c t i o n  
pressures  

No inc reases  No increases  
de tec ted  a n t i c i p a t e d  

a t  c u r r e n t  
i n j e c t i o n  
press u res  

No increases  No increases  
de tec ted  a n t i c i p a t e d  

a t  c u r r e n t  
i n j e c t i o n  
pressures  

No increases  No increases  
de tec ted  a n t i c i p a t e d  

based on low 
i n j e c t i o n  
pressures  

No increases  No increases  
de tec ted  a n t i c i p a t e d  

based on low 
i n j e c t i o n  
press ures 

In fo rma t ion  No increases  
n o t  a n t i c i p a t e d  
avai  1 ab le  a t  c u r r e n t  

i n j e c t i  on 
pressures 



Table 7 .4 .  Exist ing and poten t ia l  e f f e c t s  of geothermal production and in jec t ion  on selected design/operat ional  f a c t o r s  

Geothermal Hydrodynamic Breakthrough Condition of In jec t ion  System Reservoir Maintenance 
Area Exis t ing Potent ia l  Existing Potenti a1 Exis ti n g  Potenti a1 

Ra f t  River None 
K G R A  

Salton Sea None 
KGRA 

Y 

East Mesa None 
KGRA 

Lc 
U l  
bc 
P I  
rc 
PI 

ar 
ct 

rc 

)w po ten t ia l  based Chemical precipi-  Continued precipi-  
)on dis tance (1-3 k m )  t a t i o n  well/formation t a t i o n  will shorten 
?tween in jec t ion  and plugging l i f e  of the well and 
"eduction wel l s ,  plug the  near-well 
: l a t i v e  posi t ions of  
-0ducing and 
x e i v i n g  horizons,  
\d groundwater d i s -  
iarging conditions 

receiving zone 

Brief pressure Long-term pressure 
decl ines  observed in  decl ines  expected as 
some wel ls  a t t r i b u t -  production progresses 
able  t o  short- term dependent upon 
geothermal produc- in jec t ion  i n  a 
t i o n  and i n j e c t i o n ;  shallower zone 
no long-term trends 
ava i lab le  

S u f f i c i e n t  data  a re  Chemical precipi-  Continued precipi  - Information not Short-term pressure 
not ava i lab le  upon and we 1 1 /forma ti on t a t i o n  will shorten ava i lab le  decl ines  expected as  
which t o  base an plugging reduced by l i f e  of the well and production cont inues,  
evaluat ion of pretreatment plug the near-well dependent upon 

in jec t ion  i n  produc- poten t ia l  receiving zone, bu t  a t  
a reduced r a t e  due t o  t ion  zones 
pretreatment 

tbdera te  poten t ia l  Some chemical 
based upon dis tance prec ip i ta t ion  and 
!173 k m )  between 
in jec t ion  and produc- plugging 
t ion  wells and the 
s i m i l a r i t y  of 
in jec t ion  and 
production zones 

we 1 1 /forma ti on 

Continued prec ip i -  Reservoir has not Long-term o r  shor t -  
t a t i o n  will shorten s t a b l i z e d  w i t h  term pressure decl ines  
l i f e  of the well and production expected as  production 
plug the near-well continues i n  shal lower 
receiving zone without 
well rehabi l i ta t ion  respect ively 
techniques o r  
pretreatment 

o r  production zones, 

Otake De 1 ayed, 1 ow- l e  ve 1 Con ti n ued 1 ow- 1 eve 1 Chemical precipi-  Continued precipi- Steady pressure Reservoir pressures  
breakthrough breakthrough t a t i o n  and well t a t i o n  will shorten decl ines  w i t h  produc- approach s teady s t a t e  

possibly p l u g  the near  decl ine reduced by production i n  s i m i l a r  
well receiving zone in jec t ion  zones 

Hatchobaru Rapid breakthrough Continued rapid Chemical precipi-  Continued precipi-  Steady pressure Producti v i  ty  decl ines  
breakthrough t a t i o n  and well t a t i o n  will shorten decl ines  w i t h  produc- a t t r i b u t a b l e  t o  steam 

PI w i n g  l i f e  of the well and t i o n ,  but  r a t e  of w i t h  in jec t ion  and 

plugging l i f e  of  the well and t i o n ,  production deplet ion resu l t ing  
possibly plug the near  en tha lp ies  decreased from hydrodynamic 
well receiving zone by in jec t ion  breakthrough of cooled 

in jec ted  f l u i d s  

Ahuachapan Delayed, low-level Continued, low-level No chemical precipi-  No precipi ta t ion o r  Steady pressure Steady pressure 
breakthrough breakthrough t a t i o n  o r  well plugging ant ic ipated decl ines  w i t h  produc- decl ines  expected as 

plugging as r e s u l t  of  t i o n ,  s t a b l i z e d  by production continues 
maintaining system in jec t ion  a t  g r e a t e r  r a t e  than 
temperature > 1 W C  in jec t ion  

L I m m I m 
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f unc t i on  o f  l i t h o l o g y  and t h e  n e t  volume o f  f l u i d  ex t rac t i on .  The near- 

sur face movement of i n j e c t e d  f l u i d  i s  a f unc t i on  o f  hydrogeologic 

condi t ions,  t h e  l o c a t i o n  o f  i n j e c t i o n  w e l l s  and i n j e c t i o n  i n te rva l s ,  and 

t h e  i n j e c t i o n  pressures. Se ismic i ty  i s  a func t i on  o f  reg ional  t e c t o n i c  

a c t i v i t y ,  and induced s e i s m i c i t y  i s  a f unc t i on  o f  i n j e c t i o n  pressures and 

volumes. With t h e  exception o f  R a f t  River, t h e  p o t e n t i a l  e f f e c t s  o f  

product ion and i n j e c t i o n  i n  Table 7.3 are p red ic ted  on t h e  bas is  of 

e x i s t i n g  operat ing cond i t ions  (as near ly  as they can be determined) and 

do no t  consider proposed f u t u r e  development t h a t  may have d i f f e r e n t  

operat ing cha rac te r i s t i cs .  The R a f t  R iver  power f a c i l i t y  i s  n o t  

c u r r e n t l y  opera t ing  (June, 19841, so judgements i n  Tables 7 3 and 7.4 

have been based on e x i s t i n g  hydrogeologic cond i t i ons  and t h e  o r i g i n a l  

w e l l f i e l d  design parameters. These parameters may change w t h  f u t u r e  

development by t h e  new owners o f  t h e  s i t e .  

Table 7.4 focuses on se lected design/operational f a c t o r s  t h a t  may 

be a f fec ted  by product ion and i n j e c t i  on. These f a c t o r s  i n c l  ude 

hydrodynamic breakthrough, t h e  cond i t i on  o f  t h e  i n j e c t i o n  system, and 

maintenance o f  t h e  geothermal reservo i r .  Hydrodynamic breakthrough i s  a 

f unc t i on  o f  hydrogeology and t h e  con f igu ra t i on  o f  t h e  w e l l f i e l d .  The 

cond i t i on  o f  t he  i n j e c t i o n  system depends l a r g e l y  upon t h e  chemical and 

phys ica l  parameters o f  t h e  i n j e c t e d  f l u i d s  and, t o  some extent, near-well 

permeabi 1 i t y  . Reservoi r mai  ntenance i s a func t i on  o f  hydrogeol ogy, 

we l l  f i e l d  conf igura t ion ,  and r e l a t i v e  volumes o f  produced and i n j e c t e d  

f l u ids .  among 

t h e  s i x  geothermal s i t e s  presented i n  t h i s  repor t .  Each area i s  a 

The tab les  show t h a t  there  are some s t r i k i n g  s i m i l a r i t i e s  
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groundwater discharge area. Some s o r t  o f  impermeable cap rock conf ines 

each geothermal reservo i  r and i so l  a tes it hydro1 og i  c a l l  y from t h e  

surface. Each geothermal area conta ins s i g n i f i c a n t  permeabil i t i e s  i n  

f rac tu res .  Loca l i zed  f a u l t s  and f r a c t u r e d  zones breach t h e  cap rocks i n  

some places and a l low l i m i t e d  upward discharge o f  geothermal f l u i d s .  The 

ex ten t  t o  which upward m ig ra t i on  occurs v a r i e s  among t h e  s i t es .  

There i s  c u r r e n t l y  no subsidence associated w i t h  geothermal 

4 

a c t i v i t y  a t  any o f  t h e  s i t es .  Subsidence i s  a p o t e n t i a l  problem i n  t h e  

s i t e s  conta in ing  s i g n i f i c a n t  amounts o f  c l a y s  and sediments t h a t  might  

compact as a r e s u l t  of f l u i d  withdrawal. The ex ten t  o f  subsidence i s  

a l s o  a func t i on  o f  t h e  i n j e c t i o n  program. Subsidence i s  probably no t  a 

p o t e n t i a l  problem i n  areas conta in ing  competent vo lcan ic  rocks. 

The p o t e n t i a l  f o r  near-surface movement o f  i n j e c t e d  f l u i d s  va r ies  

w i t h  i n j e c t i o n  pressures and t h e  ex ten t  o f  v e r t i c a l  hyd rau l i c  

communication between t h e  rece iv ing  r e s e r v o i r  and ove r l y ing  aqui fers .  

The magnitude o f  these parameters va r ies  among t h e  s i x  s i t e s .  The 

p o t e n t i a l  f o r  upward m ig ra t i on  seems h ighes t  a t  t h e  pervas ive ly  f rac tu red  

Otake Geothermal Area. The p o t e n t i a l  seems lowest  a t  t h e  Imper ia l  Val ley 

KGRAs . 

4 

There has been no repor ted seismic a c t i v i t y  induced by i n j e c t i o n  

a t  any o f  t h e  s i t e s .  However, a t  some s i t e s  t h a t  already e x h i b i t  h igh  

s e i s m i c i t y  (such as t h e  Sal ton Sea and East Mesa KGRAs), any increases 

i n  s e i s m i c i t y  caused by i n j e c t i o n  cou ld  have severe repercussions. 

E x i s t i n g  and p o t e n t i a l  hydrodynamic breakthrough i s  v a r i a b l e  among 

t h e  s i t e s .  Th is  v a r i a b i l i t y  i s  a d i r e c t  r e s u l t  o f  t h e  combinations o f  

hydrogeologic and design/operational condi t ions.  Severe hydrodynamic 

(I 

(I 

(I 
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breakthrough has occurred a t  t h e  Hatchobaru geothermal f i e l d ,  y e t  seems 

t o  be o f  minor concern a t  t he  R a f t  River, Sal ton Sea and East Mesa KGRAs. 

Chemical composition o f  geothermal f l u i d s  va r ies  from s i t e  t o  

s i t e ;  bu t  f l u i d s  a t  a l l  s i t e s  have t h e  p o t e n t i a l  t o  cause severe 

p r e c i p i t a t i o n  and plugging i n  i n j e c t i o n  w e l l s  and t h e  rece iv ing  format ion 

i f  they are no t  c o r r e c t l y  handled a t  t he  surface. Pretreatment o f  f l u i d s  

(as a t  t h e  Salton Sea KGRA) and main ta in ing  an e levated system 

temperature (as a t  Ahuachapan) have been used t o  improve geothermal f l u i d  

i n j e c t a b i  1 i t y  . 
Main ta in ing  t h e  geothermal rese rvo i r  f o r  optimum p r o d u c t i v i t y  i s  

impor tant  t o  both t h e  economics and longev i t y  o f  generating e l e c t r i c a l  

power from a geothermal resource. I n i t i  a1 pressure dec l ines  are expected 

i n  e a r l y  stages o f  f l u i d  ex t rac t i on .  I n j e c t i o n  has been used as a means 

t o  stab1 i z e  pressure decl i nes and he1 p reach steady-state condi t ions.  

I n j e c t i o n  i n t o  t h e  producing rese rvo i r  can be p a r t i c u l a r l y  e f f e c t i v e  i n  

t h i s  way. I n j e c t i o n  above the  producing reservo i r ,  p a r t i c u l a r l y  i n  a 

d ischarg ing system, i s  u n l i k e l y  t o  f u l l y  s t a b l i z e  t h e  pressures o f  t h e  

producing zones because t h e  f u l l  complement o f  i n j e c t e d  f l u i d s  probably 

would n o t  reach the  product ion area. I n j e c t i o n  t o  horizons below t h e  

producing r e s e r v o i r  i n  a d ischarg ing system i s  l i k e l y  t o  be more 

e f f e c t i v e  than i n j e c t i n g  above b u t  l e s s  e f f e c t i v e  than i n j e c t i n g  i n t o  t h e  

geothermal reservo i  r. The R a f t  R iver  KGRA can probably expect con t i  nued 

subs tan t i a l  pressure dec l ines i n  t h e  geothermal product ion horizons as a 

r e s u l t  o f  i n j e c t i o n  i n t e r v a l s  being above product ion i n t e r v a l s .  

Reservoir pressures a t  t h e  Otake geothermal f i e l d  appear t o  have 
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stabl ized,  although Hatchobaru has l o s t  p r o d u c t i v i t y  as a r e s u l t  o f  

r e s e r v o i r  cool ing.  Each o f  these f i e 1  ds u t i 1  i zes  a s i  de-by-side 

i n jec t i on /p roduc t i on  conf igura t ion .  The Ahuachapan geothermal f i e l d  

genera l l y  i n j e c t s  on ly  a f r a c t i o n  o f  t h e  t o t a l  mass ex t rac ted  t o  horizons 

below t h e  producing rese rvo i r .  temperature, 

b u t  even p a r t i a l  i n j e c t i o n  has helped t o  stab1 ze r e s e r v o i r  pressures. 

It has become c l e a r  t h a t  t he  two over r  d ing c o n t r o l s  on i n j e c t i n g  

geothermal f l u i d s  a t  a g iven s i t e  are t h e  e x i s t i n g  hydrogeologic f a c t o r s  

and t h e  design/operati  onal cha rac te r i  s t i  cs  o f  t he  power p l a n t  and 

we1 1 f i e l  d. Carefu l  cons idera t ion  of each o f  these parameters and 

implementation o f  an appropr ia te i n j e c t i o n  program can mean t h e  

d i f f e r e n c e  between a successful program and one f rought  w i t h  techn ica l  

d i  f f i c u l  ti es . 

There has been some l o s s  o f  
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8. CONCLUSIONS 

a 

P 

a 

b 

1. Very l i m i t e d  data are a v a i l a b l e  worldwide on geothermal waste f l u i d  

i n j e c t i o n .  Data on the  near-surface e f f e c t s  o f  geothermal i n j e c t i o n  

are p a r t i  c u l  a r l  y 1 ack i  ng. 

2 .  Each o f  t h e  case s tud ies  examined i n  t h i s  repo r t  demonstrates some 

degree o f  techn ica l  d i f f i c u l t y  w i t h  i n j e c t i o n .  The na ture  and ex ten t  

o f  these problems are dependent upon s i  te-speci f i c  hydrogeol og i c  and 

design/operational fac to rs .  

3 .  Three f a c t o r s  o f  t h e  hydrogeologic s e t t i n g  are most impor tant  w i th  

respect t o  i n j e c t i o n :  a >  subsidence, b) near-surface movement o f  t h e  

i n j e c t e d  f l u i d ,  and c )  se ismic i ty .  Subsidence and s e i s m i c i t y  can be 

c o n t r o l l e d  l a r g e l y  by operat ional  f a c t o r s  such as withdrawal ra tes  

and i n j e c t i o n  pressures. Near-surface movement o f  t h e  i n j e c t e d  

f l u i d s  i s  p r i m a r i l y  c o n t r o l l e d  by hydrogeologic cond i t i ons  such as 

f r a c t u r e d  c o n t r o l l e d  v e r t i c a l  permeabi l i ty .  

4. Three design/operational f a c t o r s  are most impor tant  w i t h  respect t o  

i n j e c t i o n :  a) hydrodynamic breakthrough, b)  c o n d i t i o n  o f  t h e  

i n j e c t i o n  system, and c )  r e s e r v o i r  maintenance. Hydrodynamic 

breakthrough i s  p r i m a r i l y  dependent upon t h e  permeab i l i t y  o f  t h e  

r e s e r v o i r  b u t  can be minimized by ca re fu l  design o f  t h e  w e l l f i e l d .  

The cond i t i on  o f  t h e  i n j e c t i o n  system can be c o n t r o l l e d  a t  t he  

sur face p r i o r  t o  i n j e c t i o n  o f  f l u i d s  t o  t h e  reservo i r .  Reservoir 

maintenance can a l so  be c o n t r o l l e d  a t  t h e  sur face by t h e  design o f  

t h e  w e l l f i e l d  and by c o n t r o l  o f  t h e  amount and cond i t i on  o f  t h e  

i n j e c t e d  f l u i d .  
P 

131 

3 



6 

REFERENCES 

Allman, D.W., 1982. Analys is  o f  RRGI-6 October-November 1981 i n j e c t i o n  
t e s t :  EGdG, Idaho, unpublished repor t .  

Allman, D.W. e t  al., 1979. Eva lua t ion  o f  t e s t i n g  and r e s e r v o i r  
parameters i n  geothermal we l l s  a t  R a f t  R iver  and Boise, Idaho: 
CONF-790906, EG8G Idaho. 4 

Allman, D.W. e t  al., 1982. R a f t  R ive r  moni tor  we l l  po ten t iomet r ic  head 
responses and water q u a l i t y  as r e l a t e d  t o  t h e  conceptual ground- 
water f low system: EGG 2215, Vol. 11, Sept. 1982, Prepared f o r  
U.S. DOE. 

6 
Biehler ,  S. and Lee, T., 1977. F i n a l  r e p o r t  on a resource assessment o f  

t h e  Imper ia l  Val ley: Dry Lands I n s t i t u t e ,  Un ive rs i t y  o f  Cal i f o r n i a ,  
Riverside, C a l i f o r n i a .  

But le r ,  E.W. and Pick, J.B., 1982. Geothermal E m  D&UdXWM& 
Problems a nd Prosoects i n  t h e  m e r i a l  Va l lev  of C a l i f o r n i a  : Plenum 
Press, New York. p. 60-75. 

Cuellar, G., Choussy, M., and Escobar, D., 1978. E x t r a c t i o n  r e i n j e c t i o n  
a t  Ahuachapan geothermal f i e 1  d: ProceedinasL Second I n v i t a t i o n a l  
We1 1-Testi  ng Symposi um, October 25-27, 1978, Berkeley, Cal i f o r n i  a, 
LBL-8883 , CONF-7810170. 

Cuel lar ,  G., Choussy, M.Y and Escober, D., 1981. E x t r a c t i o n  r e i n j e c t i o n  
a t  Ahuachapan geothermal f i e l d ,  i n: Geothermal Svstem s: P r i  ncipbLs 

Case H is to r i es ,  L. Rybach and L.J.P. Muf f le r ,  Eds., John Wiley 
and Sons, New York, p. 321-336. 

Demuth, O.J., 1980. Ef fects  o f  temperature o f  i n j e c t e d  water on 
i n j e c t i o n  pressure: I n t e r o f f i c e  Correspondence t o  C.A. A l len /  
D. Goldman, Jan. 23, 1980, OJD-1-80, EG&G Idaho. 

Demuth, O.J., 1981. Ca lcu la t i on  o f  wel lbore pressure a t  t h e  rece iv ing  
zone f o r  i n j e c t i o n  tes ts :  I n t e r o f f i c e  Correspondence t o  C.A. 
Allen/D. Goldman, Nov. 9, 1979, OJD-9-79, EG&G Idaho. 

Dolenc, M.R. e t  al., 1981. R a f t  R ive r  geoscience case study: EGG2125, 
Vol. I &  11, Nov. 1981, Prepared f o r  U.S. DOE. 

Einarsson, S.S., Vides, A.R., and Cuellar, G., 1976. Disposal o f  
geothermal waste water by r e i n j e c t i o n :  ProceedingsL Second Uni ted 
Nat ions Symposi um on t h e  Devel opment and Use o f  Geothermal 
Resources, San Francisco, Ca l i f o rn ia ,  1975, UN2, Vol. 2, 
p. 1349-1363. 

(I 

4 

4 

4 

4 

132 

r 



d 

3 

a 

3 

JD 

Elders, W.A., 1975. Regional geology o f  t h e  Sa l ton  Trough, i n :  
Geothermal Development o f  t h e  Sal t o n  Trough, C a l  i f o r n i  a and Mexico, 
T.D. Palmer e t  al., Eds.; Lawrence Livermore Laboratory, Un ive rs i t y  
o f  C a l i f o r n i a ,  Livermore, Ca l i f o rn ia ,  p. 1-12. 

E l l i s ,  A.J. and Mahon, W.A.J., 1977. Chemi s t r v  Geothermal Sv s tems : 
Academic Press, New York, 392 p. 

Grant, M.A., Donaldson, I.G., B ix ley,  P.F., 1982. Geothermal BBSWX~I 
Fna ineer ina t  Academic Press, San Francisco, p. 254-258. 

Hayashi, M., Mimura, T., and Yamasaki, T., 1978. Geological s e t t i n g  o f  
r e i n j e c t i o n  w e l l s  i n  t h e  Otake and t h e  Hatchobaru geothermal f i e l d ,  
Japan: Geothermal Resources Council, Tran sactions, V O l .  2, 
July, 1978, p. 263-266. 

Hayashida, T. and Ezima, Y., 1970. Development o f  Otake geothermal 
f i e l d :  Geoth ermi c s, Special Issue Z, p. 208-220. 

Healy, J.J. e t  al. ,  1968. The Denver earthquakes: Science, 191, 
p.  1230-1236. 

Helgeson, H.C., 1968. Geologic and thermodynamic c h a r a c t e r i s t i c s  o f  t h e  
Sal t on  Sea geothermal system: American Journal o f  Science, 
Vo le  2669 p. 129-166. 

H i l l ,  J.H. and Oho, C.H., Jr., 1977. Sampling and cha rac te r i za t i on  o f  
suspended s o l i d s  i n  b r i n e  from Magmamax #1 Well: Second Workshop on 
Sampling and Analys is  o f  Geothermal E f f luen ts ,  Las Vegas, Nevada, 
February 15-17, 1977, UCRL-79007, CONF-770227--1. 

H in r ichs ,  T., 1984. Personal connumication, May 1, 1984. 

Horne, R.N., 1982a. Geothermal r e i n j e c t i o n  experience i n  Japan: Journal 
o f  Petroleum Technology, March, 1982, SPE 9925. 

Horne, R.N., 1982b. E f f e c t s  o f  water i n j e c t i o n  i n t o  f rac tu red  geothermal 
reservo i rs :  a summary o f  experience, worldwide: Stanford 
Geothermal Program, Stanford Un ivers i ty ,  C a l i f o r n i a  and Uni ted 
States Department o f  Energy, Report No. SGP-TR-57. 

Howard, J. e t  al., 1978. Geothermal resource and r e s e r v o i r  
i nves t i ga t i ons  o f  U.S. Bureau o f  Reclamation leaseholds a t  East 
Mesa, Imper ia l  Val ley, C a l i f o r n i a :  Lawrence Berkeley Laboratory, 
U n i v e r s i t y  o f  Ca l i f o rn ia ,  Berkeley, Ca l i f o rn ia ,  LBL-7094. 

Hu l l ,  L.C., 1982. Changes i n  f l u i ' d  chemistry dur ing  i n j e c t i o n ,  R a f t  
R iver  KGRA: Geothermal Resources Council B u l l e t i n ,  Ap r i l ,  1982. 

133 



Hu l l ,  L.C., and P.A. Skiba, 1981. Discussion o f  f a c t o r s  in f luenced by 
open-system i n j e c t i o n  network: I n t e r o f f i c e  Correspondece t o  R.R. 
St iger ,  Sept. 15, 1981, LCH-15-81-PAS-14-81, EGBG Idaho. (I 

Jorda, R.M., 1980. A performance eva lua t ion  o f  Magma Power Company's 
r e i n j e c t i o n  we l l  46-7 a t  t h e  East Mesa KGRA, C a l i f o r n i a :  Uni ted 
States Department o f  Energy, D i v i s i o n  o f  Geothermal Energy, 
SAND79-7127. 

Kennedy, K.S., 1980. Environment o f  depos i t ion  o f  t h e  upper th ree  
hundred meters o f  sediments o f  t he  R a f t  River  KGRA: EG&G, 
PG-G-80-026 , 1. 

Koga, A. 1970. Geochemistry o f  t h e  waters discharged from d r i l l h o l e s  i n  
t h e  Otake, and Hatchobaru areas: Geothermics (Special Issue 2) 
p a r t  2, p. 1422. 

Kubota, K. and Aosaki, K., 1976. Re in jec t i on  o f  geothermal ho t  water a t  
t h e  Otake geothermal f i e 1  d: P r o c e e d i w  Second Uni ted Nations 
Symposium on t h e  Development and Use o f  Geothermal Resources, San 
Francisco, C a l i f o r n i a ,  1975, UN2, Vol. 2, p. 1379-1383. 

Layton, D., ed., 1980. An assessment o f  geothermal development i n  t h e  
Imper ia l  Val ley o f  C a l i f o r n i a :  Lawrence Livermore Laboratory, 
U n i v e r s i t y  o f  C a l i f o r n i a ,  Livermore, Ca l i f o rn ia ,  DOE/EV-0092, 
V O l .  I. 

4 

Loel tz ,  0. J. e t  a1 . , 1975. Geohydrologic reconnai ssance o f  t h e  Imperi a1 
Valley, C a l i f o r n i a :  Uni ted States Geological Survey Profess ional  
Paper 486-K. 

Mabey, D.R. e t  al., 1978, Reconnaissance geophysical s tud ies  o f  t h e  
geothermal system i n  southern R a f t  R ive r  Valley, Idaho: Geophysics, (I 
Vola 43, NO. 7, p. 1470-1484. 

Mathias, K.E., 1976. The Mesa Geothermal F i e l d  - a p re l im inary  
eva lua t ion  o f  f i v e  geothermal we1 Is: Proceedinas, Second Uni ted 
Nat ions Symposium on t h e  Development and Use o f  Geothermal 
Resources, San Francisco, C a l i f o r n i a ,  1975, UN2, Vol. 2, 
p. 1741-1747. 

McEdwards, D.G. and Benson, S.M.8 1978. Resul ts  o f  two i n j e c t i o n  t e s t s  
a t  t h e  East Mesa KGRA: Proceedinas, Second I n v i t a t i o n a l  Well- 
Tes t i  ng Symposi um, October 25-27, 1978, Berkeley, Cal i f o r n i  a, 

Michels, D.E., 1983. Disposal o f  f lashed b r i n e  dosed w i t h  CaC03 sca le  
i n h i b i t o r :  What happens when t h e  i n h i b i t o r  i s  exhausted?: 
Proceedinas o f  t h e  Un i ted  States Department o f  Energy Geothermal 
Program Review 11, October 11-13, 1983, Washington D.C., 

LBL-8883 , p 34-40 

CONF-83 1077. 

(i 

134 



JD 

P 

P 

9 

Morris, W., and H i l l ,  J. ,  eds., 1980. An assessment o f  geothermal 
devel opment i n  t h e  Imperi a1 Va l  1 ey o f  Cal i f o r n i  a: Lawrence 
Livermore Laboratory, Un ive rs i t y  o f  Ca l i f o rn ia ,  Livermore, 
Ca l i f o rn ia ,  DOE/EV-0092, Vol. 11. 

Morse, J.G. 1978. A case study o f  a Sal ton Sea geothermal b r i n e  
d i  sposal we1 1 : Proceedings, Second I n v i t a t i o n a l  We1 1 Test ing 
Symposium, Lawrence Berkeley Laboratory, Berkeley, Cal i f o r n i a ,  
October 25-27, 1978, UCRL-81572, CONF-7810170--2. 

Morse, J.G. and Stone, R., 1979. Eva lua t ion  o f  r e s e r v o i r  p roper t i es  i n  
a p o r t i o n  o f  t h e  Sal ton Sea Geothermal F ie ld :  Lawrence Livermore 
Laboratory, U n i v e r s i t y  o f  Ca l i f o rn ia ,  Livermore, Ca l i f o rn ia ,  UCRL- 
52756. 

Muf f le r ,  L.J.P.8 and White, D.E., 1969. Ac t i ve  metamorphism o f  Upper 
Cenozoic sediments i n  t h e  Sal ton Sea Geothermal F i e l d  and t h e  Salton 
Trough, Southeastern, C a l i f o r n i a :  Geological Society  o f  America, 
B u l l e t i n  80. 

Nakamura, S., Nakahara, T., and Iga, H., 1976. Geothermal r i g h t s  and 
problems o f  l e g i s l a t i o n  i n  Japan: Proceedinas , Second Symposium on 
t h e  Development and Use o f  Geothermal Resources, San Francisco, 
C a l i f o r n i a ,  1975, UN2, Vol. 2, p. 2421-249. 

Narasimhan, T.N., McEdwards, D.G.8 and Witherspoon, P.A., 1977. Results 
of r e s e r v o i r  eva lua t ion  tes ts ,  1976 East Mesa Geothermal F ie ld ,  
C a l i f o r n i a :  Lawrence Berkeley Laboratory, U n i v e r s i t y  o f  Ca l i f o rn ia ,  
Berkeley, Cal i f o r n i a ,  LBL-6369. 

Nathenson, M. e t  al., 1982, Chemical and l i g h t - s t a b l e  isotope 
c h a r a c t e r i s t i c s  o f  water from t h e  R a f t  River  geothermal area and 
environments, Cassia County, Idaho; Box E lder  County, Utah: 
Geothermics, Vol. 11, No. 4, p. 215-237. 

Ohtake, M., 1974. Seismic a c t i v i t y  induced by water i n j e c t i o n  a t  
Matsushiro, Japan: Journal o f  Phys ica l  Earth, 22, p. 163-176. 

Owen, L.B. e t  al., 1978. P r e d i c t i n g  t h e  r a t e  by which suspended s o l i d s  
p lug  geothermal i n j e c t i o n  wel ls :  Lawrence Livermore Laboratory, 
Un ive rs i t y  o f  Ca l i f o rn ia ,  Livermore, Ca l i f o rn ia ,  UCRL-80529, 
CONF-771243--1. 

Owen, L.B. e t  al., 1979. An assessment o f  t h e  i n j e c t a b i l i t y  o f  
condi t ioned b r i n e  produced .by a reac t i on  c l a r i f i c a t i o n - - g r a v i t y  
f i l t r a t i o n  system i n  operat ion a t  t h e  Sa l ton  Sea Geothermal F ie ld ,  
Southern C a l i f o r n i a :  Lawrence Livermore Laboratory, Un ive rs i t y  o f  
Ca l i f o rn ia ,  Livermore, Ca l i f o rn ia ,  UCID-18488. 

135 



Quong, R. e t  al., 1978. Processing of geothermal b r i n e  e f f l u e n t s  f o r  
i n j e c t i o n :  Lawrence Livermore Laboratory, Un ive rs i t y  o f  Ca l i f o rn ia ,  
Livermore, C a l i f o r n i a ,  UCRL-80945, CONF-780708-10. 

Raleigh, D.B., Healy, J.H., and Bredehoeft, J.D., 1975. An experiment i n  
earthquake c o n t r o l  a t  Rangely, Colorado: Science, 191, 
p. 1230-1237. 

Rasmussen, T.L., and J.F. Whitbeck, 1980. R a f t  R iver  5-MW(e) geothermal 
p i 1  o t  p l a n t  p ro jec t :  CONF-800920--8, EGBG. 

Riney, T.D., P r i t c h e t t ,  V.W., and Rice, L.F., 1980. In teg ra ted  model o f  
t h e  shallow and deep hydrothermal systems t o  t h e  East Mesa area, 
Imper ia l  Val ley,  C a l i f o r n i a :  Systems, Science and Software, 
La J o l l a ,  Ca l i f o rn ia ,  Report No. SSS R-80-4362. 

Romagnol I, P. e t  a1 . , 1976. Hydrogeological Charac te r i s t i cs  o f  t h e  
geothermal f i e l  d o f  Ahuachapan, E l  Salvador : Proceedi ngSL Second 
Un i ted  Nations Symposium on t h e  Development and Use o f  Geothermal 
Resources, San Francisco, C a l i f o r n i a ,  1975, UN2, Vol. 1, p. 571- 
574. 

Russell, B.F., 1982, R a f t  R i ve r  w e l l f i e l d  t e s t i n g  and analys is :  
Geothermal Resources Council B u l l  e t i  n, Apr i  1, 1982. 

Sanyal, S., 1978. Environmental c o n t r o l  technologies: l i q u i d  waste 
d isposal  , i n  : I d e n t i f i c a t i o n  o f  Envi ronmental Contro l  Techno1 og i  es 
f o r  Geothermal Development i n  t h e  Imper ia l  Va l ley  o f  C a l i f o r n i a  
(Snoeberger and H i l l ) ,  Lawrence Livermore Laboratory, U n i v e r s i t y  of 
C a l i f o r n i a ,  Livermore, C a l i f o r n i a ,  p. 11-13, UCRL-52548. 

Schroeder, R.C., 1976. Reservoi r  engineer ing r e p o r t  f o r  t h e  Magma-SDGBE 
geothermal experimental s i t e  near the  Sal t o n  Sea, Cal i f o r n i  a: 
Lawrence Livermore Laboratory, U n i v e r s i t y  o f  C a l i f o r n i a ,  Livermore, 
Ca l i f o rn ia ,  UCRL-52094. 

S i l l ,  W.R., 1983a. F i n a l  Report: I n t e r p r e t a t i o n  o f  s e l f - p o t e n t i a l  
measurements dur ing  i n j e c t i o n  t e s t s  a t  R a f t  River, Idaho: Ear .  
Sci. Lab., Univ. o f  Utah Res. I n s t .  DOE/ID/12079-103; ESL-120. 

S i l l ,  W.R., 1983b, F ina l  repor t :  R e s i s t i v i t y  measurements before and 
a f t e r  I n j e c t i o n  Test  5 a t  R a f t  R ive r  KGRA: Ear. Sci. Lab., Univ. 
o f  Utah Res. I n s t .  

Snoeberger, D.F. and H i l l ,  J.H., 1978. I d e n t i f i c a t i o n  o f  environmental 
c o n t r o l  techno1 og i  es f o r  geothermal development i n  t h e  Imperi a1 
Val l e y  o f  C a l i f o r n i a :  Lawrence Livermore Laboratory, Un ive rs i t y  o f  
Ca l i f o rn ia ,  Livermore, Ca l i f o rn ia ,  UCRL-52548. 

Spencer, S.G., 1979. I n j e c t i o n  a t  R a f t  R iver  - an environmental 
concern?: CONF-790906-20, EGBG. 

(I 

136 



3 

Spencer, S.G. and Callan, D.M., 1980. An ana lys i s  o f  t h e  response o f  
t h e  R a f t  R ive r  moni tor  we l l s  t o  t h e  1979 i n j e c t i o n  tes ts :  EGG-2057. 

Spencer, S.G. and D. Goldman, 1980. Numerical s imu la t i on  o f  t h e  impact 
o f  f l u i d  i n j e c t i o n  a t  t h e  R a f t  River  geothermal area: 
CONF-800920--17, EGBG. 

Swanberg, C.A. 8 1976. The Mesa geothermal anomaly, Imper ia l  Valley, 
C a l i f o r n i a :  a comparison and eva lua t ion  o f  r e s u l t s  obta ined from 
sur face geophysics and deep d r i l l i n g :  Proceedinas, Second Un i ted  
Nations Symposium on the  Development and Use o f  Geothermal 
Resources, San Francisco, Ca l i f o rn ia ,  1975, UN2, Vol. 2, 
p. 1217-1229. 

Thurow8 T.L. and Cahn, L.S., 1982. F i n a l  environmental repor t :  INEL 
geothermal envi ronmental program: EGG-2215, Vol . I. 

Towse, D.F. and Palmerr T.D.8 1976. Summary o f  geology a t  t he  ERDA- 
MAGMA-SDGBE geothermal t e s t  s i t e :  Lawrence Livermore Laboratory8 
U n i v e r s i t y  o f  Ca l i f o rn ia ,  Livermore, Ca l i f o rn ia ,  UCID-17008. 

UURI, 1983, Hydrothermal i n j e c t i o n  research program annual progress 
r e p o r t  FY-1983: Prepared by Univ. o f  Utah Res. I n s t .  Ear .  Sci. 
Lab and EGAG Idaho, Inc., DOE.ID/10117. 

Van de Kamp, P.C.8 1973. Holocene cont inenta l  sedimentation i n  t h e  
Sa l ton  Basin, C a l i f o r n i a  -- a reconnaissance: Geological Society o f  
America, B u l l .  84, p.  827-848. 

Vetter, O.V. and Kandarpa, V., 1982. Scale formations a t  var ious 
l o c a t i o n s  i n  a geothermal operat ion due t o  i n j e c t i o n  o f  imported 
waters: Un i ted  States Department o f  Energy, D i v i s i o n  of Geothermal 
Energy, DOE/ET/27146--T13. 

Whltescarver, O.D.# 1984. Personal communication, May 2, 1984. 

Yamasaki, T., and Hayashi8 M.r 1976. Geologic background o f  Otake and 
other  geothermal areas i n  nor th -cent ra l  Kyushu, southwestern Japan: 
proceedings, Second Uni ted Nations Symposium on t h e  Development and 
Use o f  Geothermal Resourcesp San Francisco, C a l i f o r n i a ,  19758 UN2, 
Vol . 3 , p. 673-684. 

Yamasaki, T.8 Matsumoto8 Y., and Hayashi, M., 1970. The geology and 
hydrothermal a1 t e r a t i o n  o f  Otake geothermal area, Kuju volcano 
groupr Kyushu, Japan: Seotherm ics,  Special Issue 2, Vol. 2, p a r t  1, 
p. 197. 

Yasumichi, H.r 1982. Geothermal energy development i n  Japan8 in :  
Proceedings, S i x th  Annual Geothermal Conference and Workshop, 
Snowbird, Utah, June 28-July 1, 198Zr EPRI-AP-2760. 

137 



Younker, L. 1981. Geothermal i n j e c t i o n  monitoring project:  Lawrence 
Livermore Laboratory, Univers i ty  o f  Ca l i fo rn ia ,  Livermore, 
Ca l i fo rn ia  and Department o f  Energy, Washington, D.C., Report No. 
UCID 19066. 

138 

Q 

(I 

(I 


	ABSTRACT
	ACKNOWLEGMENTS
	LIST OF TABLES
	1 INTRODUCTION
	1.1 Statement of the Problem
	1.2 Purpose and Objectives

	2 BACKGROUND
	3.1 Introduction
	3.2 Geology
	3.3 Hydrology
	3.3.1 Surface Water
	3.3.2 Groundwater


	3.3.3 Geothermal Resource
	3.4 Injection
	3.4.1 Injection System
	3.4.2 Monitoring Program
	3.4.3 Injection Testing
	3.4.4 Constraints on Injection

	3.5 Summary
	4 IMPERIAL VALLEY CALIFORNIA
	4.1 Introduction
	4.2 Geology
	4.3 Hydrology
	4.3.1 Surface Water
	4.3.2 Groundwater
	4.3.3 Geothermal Resource

	4.4 Injection
	4.4.1 Injection System



	4.4.2 Monitoring Program
	4.4.3 Injection Testing
	4.4.4 Constraints on Injection
	4.5 Summary
	5 OTAKE GEOTHERMAL AREA JAPAN

	5.1 Introduction
	5.2 Geology
	5.3 Hydrology
	5.3.1 Surface Water
	5.3.2 Groundwater
	5.3.3 Geothermal Resource

	5.4 Injection
	5.4.1 Injection System
	5.4.2 Monitoring Program
	5.4.3 Injection Testing
	5.4.4 Constraints on Injection

	5.5 Summary
	6 AHUACHAPAN GEOTHERMAL FIELD EL SALVADOR
	6.1 Introduction
	6.2 Geology


	6.3 Hydrology
	6.3.1 Surface Water
	6.3.2 Groundwater
	6.3.3 Geothermal Resources
	6.4 Injection
	6.4.1 Injection System
	6.4.2 Monitoring Program
	6.4.3 Injection Testing
	6.4.4 Constraints on Injection

	6.5 Summary
	7 DISCUSSION
	8 CONCLUSIONS
	REFERENCES
	fractured geothermal reservoir l l
	3.1 Location of the Raft River KGRA Idaho
	Valley Idaho
	the Raft River KGRA
	Locations of Raft River wells
	Idaho
	Location of the Imperial Valley California
	and locations of the Salton Sea and East Mesa KGRAs
	California
	Mesa KGRA Imperial Valley California
	Mesa geothermal system Imperial Valley California
	Location of the Otake Geothermal Area Kyushu Japan
	Geothermal Area e
	Japan
	wells at the Otake geothermal field Japan
	wells at the Hatchobaru geothermal field Japan


	RRGE-
	MW-
	EIW-4
	FI w-
	14w-
	DISCLAIMERS.pdf
	SUMMARY
	LISTOFTABLES
	LISTOFFIGURES
	GLOSSARY
	FACILITY DESCRIPTION
	VITRIFICATION CELL
	EQUIPMENT
	UTILITIES MATERIALS AND WASTES

	SITING
	OP ERAT IONS
	MA I N TEN AN C E
	REFERENCES
	High-Level Liquid Waste Vitrification Flowsheet
	Canister Operating Time Cycle

	Zone Classifications
	Liquid Waste
	Personnel Exposure Categories
	NWVF Areas and Associated Functions
	Process Equipment
	Legend for Figures 5 Through
	Essential Material Requirements
	Nuclear Waste Vitrification Faciltiy Waste Generation
	Allocated Facility Staffing Requirements
	Source of High-Level Waste in the Fuel Cycle
	High-Level Liquid Waste Vitrification Flow Diagram
	High-Level ‚daste Vitrification Cell Plan View
	High-Level Waste Vitrification Cell Elevation View
	Calciner Feed Tank
	Calciner
	Melter
	Frit Feeder
	Calciner Condensate Tank
	Decontamination Solution Tank
	Canister Storage Rack
	Cell AirFilters

	Welding and Inspection Stations
	Calciner Condenser


	Calciner Scrubber-Separator
	Off-Gas Demister
	I and Ru Sorber Feed Heaters
	Calciner Feed Tank
	Cal ci ner
	Me1 ter
	Frit Feeder
	Calciner Condensate Tank
	Decontamination Solution Tank
	Canister Storage Rack
	Cell Air Filters
	lrlelding and Inspection Stations
	Calciner Condenser
	Cal ciner Scrubber-Separator
	Off-Gas Demister
	I and Ru Sorber Feed Heaters
	Ruthenium Sorber
	Pre- and HEPA Off-Gas Filters
	Iodine Sorber
	NOx Destructor
	Off -Gas Cool er
	Process Operators
	Radiation Monitors
	Supervisors
	Others
	(P1 ant Forces
	Craft Workers
	P1 anners and Supervisors
	Others
	Process Engineers
	Faci 1 i ty Engineers
	Safety
	Technicians
	Others (Including Analytical )
	Others
	Totals: Nonexempt
	Exempt
	Supervisors









