
Lawrence Berkeley National Laboratory
Recent Work

Title
CASE STUDY DATA BASE COMPANION REPORT 3 TO SIMULATION OF GEOTHERMAL 
SUBSIDENCE (LBL-10571)

Permalink
https://escholarship.org/uc/item/2c48n0sp

Authors
Miller, II
Dershowitz, W.
Jones, K.
et al.

Publication Date
1980-03-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2c48n0sp
https://escholarship.org/uc/item/2c48n0sp#author
https://escholarship.org
http://www.cdlib.org/


- A  LBL-10839 
--,A GSRMP-9 

Case Study Data Base 
Companion Report 3 to 

mulation of Geothermal Subsidence 
(LBL-10571) 

I. Miller, W. Dershowitz, K. Jones, 
L. Myer, K. Roman, and M. Schauer 

Golder Associates, Inc. 

Subsidenre -- I 

management 
Pragram 

Earth Sciences Division 

University of California 
Lawrence Berkeley Laboratory FlSTRjBUTlOM OF THIS DOCUMENT 18 UNLIMITED 

Prepared for the US. Department of Energy under Contract W-7405-ENG-48 



DISCLAIMER 
 

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



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



Prepared 

CASE STUDY DATA BASE 

COMPANION REPORT 3 

TO 

SIMULATION OF GEOTHERMAL SUBSIDENCE 
(LBL 10571) 

PREPARED FOR LAWRENCE BERKELEY LABORATORY 

J b y  GOLDER ASSOCIATES 

UNDER SUBCONTRACT 3730302 
. - 

78304D 

D/3 

by:  I .  
L .  

Miller, W. D e r s h o w i t z ,  K .  Jones,  
Myer, K .  R o m a n ,  and M .  Schauer 

March 1980 



ii 

T h i s  r e p o r t  is t h e  t h i r d  i n  a series of three companion 
r e p o r t s  p r e s e n t i n g  t h e  r e s u l t s  of an i n v e s t i g a t i o n  i n t o  t h e  u s e  

of mathematical models f o r  p r e d i c t i n g  s u b s i d e n c e  c a u s e d  by geo- 

t h e r m a l  e x t r a c t i o n .  The  s i m u l a t i o n  of r e s u l t s  of t h e  i n v e s t i -  

g a t i o n  are summarized i n  t h e  r e p o r t ,  " S i m u l a t i o n  of Geo the rma l  

S u b s i d e n c e "  (LBL 10571).  The t i t l e s  of t h e  other companion 

r e p o r t s  are l i s t e d  below.  

1 
2 

T i t l e  

P h y s i c a l  P r o c e s s e s  of Compaction LBL-10838 
D e t a i l e d  R e p o r t  on T e s t e d  Models LBL-10837 

An a d d i t i o n a l  r e p o r t  on  t h e  s u b j e c t  of r e s e r v o i r  models w a s  

g e n e r a t e d  as p a r t  of t h i s  p r o j e c t .  The  r e p o r t  was produced  i n  

1979 by D r .  George F. P i n d e r  unde r  s u b c o n t r a c t  t o  Golder  Asso- 
c i a t e s  and is t i t l e d  " S t a t e - o f - t h e - A r t  Review of Geothermal R e s -  

e r v o i r  Model ing" ( R e p o r t  LBL 9093).  
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T h i s  repor t  p r e s e n t s  t h e  data b a s e  d e v e l o p e d  f o r  s e l e c t i o n  
and  e v a l u a t i o n  of g e o t h e r m a l  s u b s i d e n c e  case s t u d i e s .  Data from 
t h i s  da ta  b a s e  was used  i n  case s t u d i e s  of W a i r a k e i ,  The G e y s e r s ,  

and  A u s t i n  Bayou P r o s p e c t  and are p r e s e n t e d  i n  t h e  r epor t ,  "Simu- 

l a t i o n  of Geo the rma l  S u b s i d e n c e "  ( R e p o r t  LBL 10571). 
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1.0 INTRODUCTION 

The d a t a  b a s e  p r e s e n t e d  i n  t h i s  r e p o r t  is a p r e l i m i n a r y  
v e r s i o n  o n l y .  Not a l l  of the i n f o r m a t i o n  i n c l u d e d  i n  t h i s  data  

b a s e  was used  i n  t h e  Case S t u d i e s .  Also, some a d d i t i o n a l  d a t a  

u s e d  i n  t h e  C a s e  S t u d i e s  is n o t  i n c l u d e d  i n  t h i s  data  base. Some 
d a t a  i n c o n s i s t e n c i e s  may a l so  e x i s t  between i n f o r m a t i o n  from d i f -  
f e r e n t  s o u r c e s  i n c l u d e d  i n  t h i s  d a t a  base. The d a t a  b a s e  s h o u l d  
b e  c o n s i d e r e d  a g e n e r a l  s o u r c e  of  i n f o r m a t i o n  c h a r a c t e r i z i n g  t h e  
sites rather t h a n  a d e f i n i t i v e  s o u r c e .  D e f i n i t i v e  i n f o r m a t i o n  

c a n  be found  by r e f e r r i n g  t o  s o u r c e s  c i t e d  h e r e  and i n  "Simula- 
t i o n  of  Geo the rma l  S u b s i d e n c e "  (Miller e t  a l .  1 9 8 0 a ) .  



2 



3 

2.0 WA IRAKE I 

2 .1  SYSTEM DEFINITION 

2 .1 .1  G e o l o g i c  S e t t i n g  

The Wai rake i  g e o t h e r m a l  f i e l d  is l o c a t e d  on t h e  Nor th  I s l a n d  

of N e w  Zea land  j u s t  n o r t h  of Lake Taupo ( F i g u r e  2-1) i n  t h e  Taupo 
v o l c a n i c  zone o f  t h e  i s l a n d ' s  c e n t r a l  v o l c a n i c  d i s t r i c t .  T h e  

r e g i o n  is s t r u c t u r a l l y  c h a r a c t e r i z e d  by a hor s t - and-g raben  s t r u c -  
t u r e  formed by n o r t h w e s t -  and n o r t h e a s t - t r e n d i n g  f a u l t s  of  normal  

d i s p l a c e m e n t .  The s t r a t i g r a p h i c  s e q u e n c e  c o n s i s t s  of r h y o l i t i c  
i g n i m b r i t e s ,  t u f f s ,  and t u f f a c e o u s  s e d i m e n t s  w i t h  r h y o l i t i c  i n -  

t r u s i o n s .  Table 2-1 p r e s e n t s  a summary of t h e  s t r a t i g r a p h y .  

I n  t h e  g e o t h e r m a l  f i e l d  t h e  Ohakur i  Fo rma t ion  h a s  been 
e n c o u n t e r e d  i n  o n l y  one  h o l e ,  though i t  is presumed t o  e x t e n d  

b e n e a t h  t h e  e n t i r e  r e s e r v o i r .  The g e o t h e r m a l  a q u i f e r  is located 
i n  t h e  Waiora F o r m a t i o n ,  which c o n s i s t s  of p y r o c l a s t i c  r o c k s ,  

t u f f a c e o u s  s a n d s t o n e s ,  s i l t  s a n d s t o n e s ,  g r e y  s i l t s t o n e ,  ignim- 
b r i t e s ,  and interbedded i n t r u s i v e s .  T h e  i n t r u s i v e s ,  wh ich  have 

b e e n  e n c o u n t e r e d  i n  t h e  w e s t e r n  and s o u t h w e s t e r n  r e g i o n s  of t h e  

f i e l d ,  c o n s i s t  o f  t h e  Waiora V a l l e y  a n d e s i t e  and t h e  Karapi t i  

r h y o l i t e .  Above t h e  Waiora is t h e  r e l a t i v e l y  impermeable  Huka 
Mudstone. F i g u r e s  2-2 and 2-3 i l l u s t r a t e  t h e  v a r i a t i o n  i n  t h i c k -  

n e s s  of  these u n i t s  o v e r  t h e  g e o t h e r m a l  f i e l d .  B e l o w  t h e  Waiora 
are t h e  Wai rake i  i g n i m b r i t e s ,  a l so  c o n s i d e r e d  an  impermeable 

f o r m a t i o n .  F i g u r e  2-4 i l l u s t r a t e s  i n  cross s e c t i o n  t h e  s t r u c -  
t u r a l  r e l a t i o n  of  t h e  Waiora Forma t ion  t o  t h e  o t h e r  u n i t s  i n  t h e  

v i c i n i t y  of  t h e  main b o r e  f i e l d .  
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FIGURE 2-1 LOCATION O F  WAIRAKEI GEOTHERMAL F I E L D  
A f t e r  P r i t c h e t t  e t  a l .  1978 
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TABLE 2-1 
GEOLOGIC STRUCTURE OF W A I R A K E I  

NAME L I THOLOGY THICKNESS (FEET) 

Taupo Pumice Pumice a l l u v i u m ,  U s u a l l y  less  t h a n  
A 1  1 uv i umm windblown pumice a s h  100 

--------------- UNCONFOR~lITY------------------------------------ 

W a i r a k e i  
Breccia 

Huka F a l l s  
Format i o n  
(Former ly  Hu la )  

Waiora 
Format ion  

Most ly  v i t r i c  l a p i l l i  Max i mum pres e r ved 
t u f f  , w i t h  c h a l a z o i d i t e  550 
t u f f  and t u f f a c e o u s  
s a n d s  t o n e  

T u f f a c e o u s  mudstone and 200 t o  1000 
s a n d s t o n e  w i t h  i n t e r -  
bedded v i t r i c  t u f f ,  
c o n g l o m e r a t e ,  and 
d i a t o m i t e  

Most ly  pumice b r e c c i a  
and s a n d s t o n e  w i t h  
minor  i n t e r b e d d e d  silt- 
s t o n e  and r h y o l i t e  
b r e c c i a .  I n g n i m b r i t e  a t  
b a s e  and top.  Lower p a r t  
i n c l u d e s  t h e  Waiora 
V a l l e y  A n d e s i t e ,  a b u r i e d  
v o l c a n i c  f l o w  up to  600 
feet  t h i c k  

1500 t o  3000 
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POWER 

Contours in meters 
( I m = 3.28 f t  P 

Scale , feet  - 

FIGURE 2-2 
VARIATION IN THICKNESS 

OF HUKA FALLS FORMATION, WAIRAKEI 
After Mercer and Faust 1979 
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I I 

Scale. feet r 
FIGURE 2-3 

VARIATION IN THICKNESS 
OF WAIORA FORMATION, WAIRAKEI 

After Mercer and Faust 1979 
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SHOWING WAIORA FORMATION AND FAULTS 
A f t e r  P r i t c h e t t  e t  a l .  1978 
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Major f a u l t s ,  wh ich  h e a v i l y  i n f l u e n c e  t h e  h y d r o l o g y  o f  t h e  
p r o d u c t i o n  r e g i o n  o f  t h e  g e o t h e r m a l  f i e l d ,  are shown i n  F i g u r e  

2-5. The m o s t  p r o d u c t i v e  w e l l s ,  t h e  h i g h e s t  m e a s u r e d  permeabi l -  

i t i e s ,  a n d  t h e  h i g h e s t  f l u i d  temperatures are a s s o c i a t e d  w i t h  

f a u l t s  a n d  f r a c t u r e s .  D r i l l i n g  r e s u l t s  seem t o  i n d i c a t e  t h a t  t h e  

Waiora a q u i f e r  is f e d  f r o m  be low t h r o u g h  f r a c t u r e s  a s s o c i a t e d  

w i t h  t h e  W a i r a k e i ,  Kaiapo, a n d  u p p e r  Waiora f a u l t s  ( G r i m s r u d  e t  
a l .  1978). 

2 .1 .2  H y d r o l o g i c  B o u n d a r i e s  

An i n d i c a t i o n  of t h e  b o u n d a r i e s  of t h e  r e s e r v o i r  may be 

g i v e n  by  t h e  r e s u l t s  o f  a r e s i s t i v i t y  s u r v e y  shown i n  F i g u r e  2-1 ,  

i n  w h i c h  t h e  c o n t o u r s  o f  10 ohm t o  20 ohm are as sumed  t o  be t h e  

a n o m a l y  b o u n d a r y .  Also shown on F i g u r e  2-1 are s e v e r a l  o f  t h e  

p e r i p h e r a l  wel l s  w i t h  p e r t i n e n t  temperature  and  p r e s s u r e  d a t a .  

The cooler t empera tu res  a n d  smaller p r e s s u r e  d r o p s  i n  w e l l s  33 

a n d  36 i n  t h e  east  a n d  w e l l  224  i n  t h e  w e s t  i n d i c a t e  t h e y  may be 

o u t s i d e  t h e  f i e l d .  

A s  shown i n  F i g u r e  2 - G ,  s t eep  p r e s s u r e  g r a d i e n t s  t h a t  h a v e  

been e s t a b l i s h e d  i n  t h e  east  and  west f u r t h e r  i n d i c a t e  t h e  pres- 
e n c e  of a l o w - p e r m e a b i l i t y  b o u n d a r y  ( B o l t o n  1970). However , no 
g e o l o g i c a l  f e a t u r e  h a s  b e e n  f o u n d  t o  a c c o u n t  for t h i s  b o u n d a r y  

( G r i n d l e y  1 9 6 5 ) .  I n  t h e  n o r t h  and  s o u t h ,  h o w e v e r ,  no b o u n d a r i e s  
h a v e  b e e n  i n d i c a t e d  by t h e  b e h a v i o r  o f  wel ls .  

Wells d e s i g n a t e d  as T H 1 ,  TH2, e t c . ,  i n  F i g u r e  2-1 are  pa r t  

of t h e  T a u h a r a  g e o t h e r m a l  f i e l d  a n d  were d r i l l e d  i n  t h e  l a t e r  

1960 ' s .  Though T a u h a r a  w a s  o n c e  t h o u g h t  t o  be a separate f i e l d ,  

i t  is now f e l t  t h a t  t h e  drawdown f r o m  W a i r a k e i  i n f l u e n c e s  t h e s e  

wel ls  ( P r i t c h e t t  et  a l .  1978) .  
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2.1.3 Defo rma t ion  B o u n d a r i e s  

A s  n o t e d ,  t h e  Wai rake i  f i e l d  is q u i t e  h e a v i l y  f a u l t e d ,  b u t  

t h e r e  is no i n d i c a t i o n  t h a t  t h e  f a u l t i n g  c o n s t i t u t e s  a deforma- 

t i o n  boundary .  The p r e v a l e n t  f r a c t u r i n g  undoub ted ly  a f f e c t s  

d e f o r m a t i o n s ,  b u t  t h e  e f f e c t  must be a c c o u n t e d  f o r  i n  t h e  o v e r a l l  

mass b e h a v i o r  of t h e  s y s t e m  and n o t  as a boundary c o n d i t i o n .  

A s  i l l u s t r a t e d  by t h e  cross s e c t i o n  shown i n  F i g u r e  2-4, t h e  

v a r i o u s  s t r a t i g r a p h i c  u n i t s  d i f f e r  c o n s i d e r a b l y  i n  t h i c k n e s s  o v e r  

t h e  e x t e n t  of  t h e  g e o t h e r m a l  f i e l d .  Because  t h e  u n i t s  v a r y  i n  
c o m p r e s s i b i l i t y ,  t h i s  v a r i a t i o n  i n  t h i c k n e s s  would t e n d  t o  c a u s e  
more s u r f a c e  s u b s i d e n c e  o v e r  t h e  t h i c k e s t  a c c u m u l a t i o n s  of  t h e  

m o s t  c o m p r e s s i b l e  l a y e r s .  

2.1.4 I n i t i a l  C o n d i t i o n s  

I t  is b e l i e v e d  t h a t  t h e  r e s e r v o i r  was o r i g i n a l l y  f i l l e d  w i t h  

water t o  t h e  b a s e  of  t h e  Huka F a l l s  Fo rma t ion .  From measurements  

made a t  t h e  b e g i n n i n g  o f  e x p l o i t a t i o n ,  t h e  i n i t i a l  t e m p e r a t u r e s  
and  p r e s s u r e s  are assumed t o  be 25OOC t o  26OOC and 574 p s i g  (8.27 

x 104 p s f )  a t  sea l e v e l  datum. A p p a r e n t l y ,  t h e  change  i n  

p r e s s u r e  w i t h  d e p t h  is e s s e n t i a l l y  h y d r o s t a t i c  ( P r i t c h e t t  et a l .  
1878). 

A s  w i l l  be  d i s c u s s e d ,  t e m p e r a t u r e  d a t a  f rom Wai rake i  are 
p o o r ,  b u t  i t  a p p e a r s  t h a t  i n i t i a l  r e s e r v o i r  t e m p e r a t u r e s  v a r i e d  

somewhat w i t h  d e p t h .  Data p r e s e n t e d  by P r i t c h e t t  e t  a l .  i n d i c a t e  

t h a t  i n i t i a l  t e m p e r a t u r e s  i n  t h e  uppe r  par t  of t h e  r e s e r v o i r  may 

have  been between 10°C and 4OoC lower t h a n  i n  t h e  d e e p  p a r t s .  
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2.2 RESERVOIR DEVELOPMENT 

S i g n i f i c a n t  p r o d u c t i o n  began i n  1953. D e t a i l e d  r e c o r d s  of 

i n d i v i d u a l  b o r e  mass and h e a t  p r o d u c t i o n  have  been compi l ed  by 

P r i t c h e t t  e t  a l .  (1978). The i n d i v i d u a l  w e l l  r e c o r d s  do n o t  

account  f o r  a l l  d i s c h a r g e  from t h e  Wai rake i  f i e l d .  D r i l l i n g  

m i s h a p s ,  f o r  example,  r e s u l t e d  i n  t h r e e  cases of u n c o n t r o l l e d  

d i s c h a r g e .  However, estimates by P r i t c h e t t  et  a l .  (1978) o f  t h e  

q u a n t i t y  of  u n c o n t r o l l e d  d i s c h a r g e  are less t h a n  0.5 p e r c e n t  of 

t h e  t o t a l  f i e l d  d i s c h a r g e .  

The i n f l u e n c e  of  f a u l t i n g  on f i e l d  p r o d u c t i o n  is c l e a r l y  

s e e n ;  40 p e r c e n t  of t h e  t o t a l  f i e l d  p r o d u c t i o n  ( i n  1965) was f rom 

w e l l s  d r i l l e d  a l o n g  t h e  Waiora F a u l t .  Most of t h e  HP w e l l s  (210  

t o  220 p s i  [ 3 . 0 2  x 104 t o  3.17 x l o 4  p s f ]  we l l -head  p r e s -  

s u r e s )  are a s s o c i a t e d  w i t h  f a u l t s  i n  t h e  w e s t e r n  p o r t i o n  of t h e  

p r o d u c t i o n  area ( F i g u r e  2-5) .  Wells n o t  l o c a t e d  on f a u l t s  i n  t h i s  

area are u s u a l l y  IP w e l l s  ( 7 5  t o  85 p s i   OS x 104 t o  1 .22  x 
1 0 4  p s f ]  we l l -head  p r e s s u r e ) .  East of t h e  Waiora F a u l t ,  be- 

t w e e n  h o l e s  51 and  4 5 ,  is an area u s e f u l  o n l y  fo r  I P  p r o d u c t i o n .  

N o  major f a u l t s  are found i n  t h i s  area. E a s t  of h o l e  45 is a 
s m a l l  area of h i g h e r  t e m p e r a t u r e s  and g r e a t e r  p e r m e a b i l i t y  where 

bo th  I P  and  H P  w e l l s  have  been d r i l l e d .  

P r o d u c t i o n  w e l l s  i n  t h e  Waiora r a n g e  i n  d e p t h  from 450 t o  
4000 f e e t ,  t hough  G r i n d l e y  (1965)  n o t e s  t h a t  most h o l e s  are less  
t h a n  3000 f e e t  deep .  I n  a d d i t i o n ,  f i s s u r e d  z o n e s  f o r  p r o d u c t i o n  

a re  conmonly below a 1600-foot  d e p t h .  When d r i l l i n g  t o  i n t e r s e c t  

a known f a u l t ,  c a s i n g  is set as close as p o s s i b l e  t o  t h e  s u s -  
p e c t e d  i n t e r s e c t i o n  d e p t h .  I n  areas away from t h e  major f a u l t s ,  

h o l e s  are commonly c a s e d  t o  1600 f e e t  b e f o r e  d r i l l i n g  t o  d e p t h  is 

c o n t i n u e d .  
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A s  noted above, the Tauhara field is considered to be hydro- 
logically connected to the Wairakei field. Production from 
Tauhara, of which 95 percent is from well T H 1 ,  has amounted to 
only 0.5 percent of the total for the Wairakei/Tauhara system. 

2.3 RESERVOIR RESPONSE 

A substantial amount of bore-by-bore pressure data from 1953 

to 1977 has been compiled by Pritchett et al. (1978) .  The pres- 
sures are recorded for two reference levels 500 and 900 feet . 

below sea level. Only two datum levels are used because shut-in 
pressures are essentially hydrostatic. In addition, Bolton 
(1970) n o t e d  t h a t  p r e s s u r e  changes in outer bores responded very 
quickly to field discharge. This indicated that at any given 
time the pressure fall over the entire field was almost uniform. 
There is, however, some areal dependence of pressure reductions; 
the eastern part of the production area has experienced about 90 

psi (1.30 x lo4 psf) greater pressure decrease than the 
western part (Figure 2-5). 

Prior to about 1962, most pressure measurements were made 
indirectly based on temperature profiles and water levels in the 
bores. The accuracy of these early measurements has been esti- 
mated as - +20 psi (2.88 x l o 3  psf), while the accuracy of later 
direct measurements has been estimated a t  - +10 psi (1.44 x l o 3  

psf) (Pritchett et al. 1978) .  

Pritchett et al. (1978) have also compiled and presented in 
graphic and tabular form a considerable amount of temperature 
data. Those authors suggest, however, that those data be used 
"with great caution." Reasons f o r  lack of confidence in availa- 
ble data include geothermograph errors, data recorded in cased 
holes, possible convective currents in the borehole, and frequent 
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i n s u f f i c i e n t  i n t e r v a l s  b e t w e e n  d r i l l i n g  and  t e m p e r a t u r e  
m e a s u r e m e n t s .  

Poor data  p r e v e n t  a c c u r a t e  q u a n t i t a t i v e  d e s c r i p t i o n  o f  temp- 

e r a t u r e  c h a n g e .  B o 1  t o n  (1970) p r e s e n t e d  data  w h i c h  i n d i c a t e d  

t h a t  l i t t l e  t e m p e r a t u r e  decrease h a s  o c , c u r r e d  i n  t h e  d e e p e r  p a r t s  
o f  t h e  r e s e r v o i r  (deeper t h a n  1200 f e e t .  below sea l e v e l ) .  I n  t h e  

u p p e r  par t s  o f  t h e  r e s e r v o i r ,  d a t a  f rom P r i t c h e t t  e t  a l .  (1978) 

i n d i c a t e  t e m p e r a t u r e  decreases r a n g i n g  f r o m  5 ° C  t o  2 0 ° C .  Reduc- 

t i o n  i n  r e s e r v o i r  p r e s s u r e  h a s  l e d  t o  t h e  a c c u m u l a t i o n  o f  f l a s h e d  
steam i n  t h e  u p p e r  r e g i o n s  o f  t h e  s y s t e m .  

2 .4  SUBSIDENCE 

I n i t i a l  s u r f a c e  s u b s i d e n c e  m e a s u r e m e n t s  were made i n  1 9 5 6 ,  

b a s e d  on b e n c h m a r k s  placed i n  1950. Data on b o t h  v e r t i c a l  and  
h o r i z o n t a l  movements  h a v e  been  a c c u m u l a t e d  arid p r e s e n t e d  by 

P r i t c h e t t  e t  a l .  (1978).  Most l e v e l i n g  h a s  been  s e c o n d  o r d e r ,  
w i t h  p e r i o d i c  c h e c k s  on t h e  precise n e t w o r k .  The  maximum s u b s i -  

d e n c e  by 1974 w a s  a b o u t  15.4 f e e t .  

T h e  s u b s i d e n c e  p a t t e r n  of W a i r a k e i  e x h i b i t s  two p e c u l i a r i -  

t i e s :  t h e  area of maximum s u b s i d e n c e  o c c u r s  east  o f  t h e  major 

p r o d u c t i o n  area ( F i g u r e  2 - 7 ) ,  a n d  the rate  of s u b s i d e n c e  o f  some 
b e n c h m a r k s  h a s  i n c r e a s e d  i n  r e c e n t  y e a r s  w h i l e  t h e  p r e s s u r e  de- 

c l i n e  ra te  h a s  decreased. A s  y e t ,  these p e c u l i a r i t i e s  h a v e  n o t  
b e e n  d e f i n i t e l y  e x p l a i n e d .  Bo th  the Iluka F a l l s  a n d  the Waiora 
f o r m a t i o n s  t h i c k e n  i n  t h e  e a s t e r n  par t  o f  the p r o d u c t i o n  area.  
T h i s  i n c r e a s e  i n  t h i c k n e s s  i n  e i ther  o n e  or both  f o r m a t i o n s  may 

h a v e  l e d  t o  t h e  i n c r e a s e  i n  s u b s i d e n c e  i n  t h e  eas t .  The non- 
l i n e a r  r e l a t i o n  between r e s e r v o i r  pressure d r o p  and  s u b s i d e n c e  

c o u l d  be e x p l a i n e d  by a s s u m i n g  the Huka Falls F o r m a t i o n  t o  be 

o v e r - c o n s o l i d a t e d .  However ,  t h e  o r i g i n  of t h e  maximum pas t  
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Subsidence contours in meters 
( I meter = 3.28 feet )  

1500 500 0 1000 2000 3000 Feet 

FIGURE 2-7 
SUBSIDENCE ANOMALY AT WAIRAKEI GEOTHERMAL F I E L D ,  1964-1974 

A f t e r  S t i l l w e l l  e t  a l .  1975 
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c o n s o l i d a t i o n  p r e s s u r e  ( g r e a t e r  t h a n  t h e  p r e s e n t  o v e r b u r d e n  
p r e s s u r e s )  is  n o t  c lear .  G r i n d l e y  (1965) n o t e s  t h a t  t h e  uppe r  
boundary  of  t h e  Huka F a l l s  is an a u t h e n t i c  t i m e  h o r i z o n  w i t h  t h e  

W a i r a k e i  b r e c c i a  l a i d  confo rmab ly  on top.  I n  a d d i t i o n ,  F l i n t  
(1971)  n o t e s  t h a t  t h e  Nor th  I s l a n d  of  N e w  Zea land  h a s  e x p e r i e n c e d  

almost no g l a c i a t i o n .  The re  is no a v a i l a b l e  e v i d e n c e  from which 

i n f e r e n c e s  a b o u t  p r e v i o u s  r e s e r v o i r  p r e s s u r e s  c o u l d  be drawn. 

2 .5  PHYSICAL-MECHANICAL PARAMETERS 

2 .5 .1  P e r m e a b i l i t v .  Po ros i tv  

A s  n o t e d  a b o v e ,  m o s t  HP w e l l s  are s i t e d  to  i n t e r s e c t  f a u l t s  

o r  f i s s u r e s .  For  s u c h  w e l l s ,  G r i n d l e y  (1965) found  p e r m e a b i l i -  
t i e s  o f  1 d a r c y  or more. P r o d u c i n g  w e l l s  n o t  l o c a t e d  on f a u l t s  

are g e n e r a l l y  I P  w e l l s ,  and p e r m e a b i l i t i e s  d e t e r m i n e d  from tests 
i n  s u c h  w e l l s  r a n g e  f rom 0.005 t o  0.03 d a r c i e s  (5.3 x 10-14  t o  
3 .2  x 10-13ft2) .  G r i n d l e y  b e l i e v e s  t h e s e  I P  w e l l s  are d rawing  
upon a q u i f e r  s t o r a g e ,  whereas  t h e  HP w e l l s  on f a u l t s  have  t a p p e d  

a q u i f e r  f e e d  z o n e s .  Some wells have  been e s s e n t i a l l y  nonproduc- 
t i v e .  G r i n d l e y  found p e r m e a b i l i t i e s  of less t h a n  0.001 d a r c y  

(1.06 x 10 f t  ) f rom tests i n  t h e s e  wells. -14 2 

Hendr i ckson  (1976) r e p o r t e d  t h e  r e s u l t s  o f  a s u i t e  of lab- 

o r a t o r y  tests done  on t h e  Wai rake i  core. P e r m e a b i l i t i e s  o f  o n l y  
50 x 10 d a r c i e s  and 0.3 x 10 d a r c i e s  ( 5 . 3  x and 3.1 x 
1 0  -18ft2) were measurea  on pieces of i n t a c t  r o c k  from t h e  Waiora 
and  Huka F a l l s  f o r m a t i o n s ,  r e s p e c t i v e l y .  E f f e c t i v e  porosi t ies  o f  
a b o u t  40 p e r c e n t  were measured .  

Numer ica l  s i m u l a t i o n s  of t h e  Wai rake i  r e s e r v o i r  have  been 

pe r fo rmed  by Mercer e t  a l .  (1975) ,  P r i t c h e t t  et  a l .  (1978), and 
Mercer and  F a u s t  ( 1 9 7 9 ) .  For  t h e  Waiora, assumed p o r o s i t i e s  of  



0.20 t o  0 .25  i n  t h e s e  s t u d i e s  were from 50 p e r c e n t  t o  62  p e r c e n t  

of  t h o s e  r e p o r t e d  by Hendr i ckson  ( 1 0 7 6 ) .  P e r m e a b i l i t i e s  assumed 

f o r  t h e  w e s t e r n  p r o d u c t i o n  area of t h e  Waiora Format ion  were 
g r e a t e r  by a f a c t o r  of  a b o u t  2000. 

A p e r m e a b i l i t y  of  100 md ( m i l l i d a r c y s )  (1.06 x 1 0  -12 f t 2 )  

u s e d  by P r i t c h e t t  e t  a l .  (1978)  i n  t h e  w e s t e r n  r e g i o n  of t h e  

p r o d u c t i o n  area was 10 t i m e s  t h a t  used  i n  t h e  eastern r e g i o n .  

T h i s  p e r m e a b i l i t y  v a r i a t i o n  c o r r e s p o n d s  w i t h  t h e  t r e n d s  i n  per- 
meab i l i t i e s  f rom w e l l  tests r e p o r t e d  by G r i n d l e y  ( 1 9 6 5 ) .  

P r i t c h e t t  e t  a l .  a l so  i n c l u d e d  a h i g h  p e r m e a b i l i t y  zone a t  t h e  

b a s e  of t h e  Waiora t o  c o r r e s p o n d  w i t h  o b s e r v a t i o n s  of Bo l ton  
(1970)  and  G r i n d l e y  and Browne ( 1 9 7 5 ) .  

I n  t h e  Wai rake i  model of Mercer and F a u s t  (1979)  h o r i z o n t a l  

p e r m e a b i l i t i e s  v a r i e d  f rom 120  t o  300 md (1.27 x t o  3.19 x 
10-12 f t 2 )  i n  pa r t s  of  t h e  p r o d u c t i o n  area t o  0.6 md (6.37 x 

f t 2 )  i n  p e r i p h e r a l  zones. 

f t 2 ) .  

I n  t h e  Huka F a l l s  F o r m a t i o n ,  

P r i t c h e t t  e t  a l .  (1978)  used  a p e r m e a b i l i t y  of 10 md (1.06 x 

I n  t h e  model of Mercer and F a u s t  (1979)  t h e  Huka 

F a l l s '  v e r t i c a l  p e r m e a b i l i t y  v a r i e d  from 2 md (2.12 x 1 0  -I4 f t 2 )  

i n  p a r t  of t h e  p r o d u c t i o n  r e g i o n  t o  0.01 t o  0.05 md (1.06 x 
2 t o  5.31 x f t  ) i n  p e r i p h e r a l  areas. 

2.5.2 Defo rma t ion  and Thermal  P a r a m e t e r s  

The r e s u l t s  r e p o r t e d  by  Hendr i ckson  (1976)  i n d i c a t e d  t h a t  

t h e  Huka F a l l s  Format ion  is 10  times more compressible t h a n  t h e  

Waiora Forma t ion .  I n  T a b l e  2-2 t h e s e  e x p e r i m e n t a l  r e s u l t s  are 
compared w i t h  t h e  v a l u e s  of  material c o n s t a n t s  used  i n  t h r e e  

models  of  t h e  f l u i d - f l o w  reg ime  of Wai rake i .  



TABLE 2-2 
DEFORhlATION AND 'IWGMAL PARAMETERS AT WAIRAKEI 

BULK TfEmALI SPECIFIC BULK T€.IERMAL SPM: I FIC 
REFEXENCE MODULUS FOISSON ' S cT>M>UCTIVITY HEAT hDDUL,US WtSSON'S 03M>UCTIVITY HEAT 

K BARS RATIO w/woc CAL/G°C K BARS RATIO W/M°C C&/GO C 

Hendrickson* 
(rmasured 
va lues)  

Pritchett 
et  al. 1978 

Mercer 
et al. 1975 

Mercer & 
Faust 1079 

1.9 .17 
E€f e c t i v e  
pressure  
30 bars 
(satur- 
ated) 

.1** - 

1.28 .175 .20 .18 1.56 ,177 
Ef fec t ive  (saturated) 
pressure 
35 to 100 
bars 

1.55 .209 - - 1.98-2 15 183- 
.209 P 

c(3 

- - 34 .O*** - 2.17 .220 

2.18 - 20<0 - 21.8 .212 

* 
** 
*** Confined m d u l u s  

Also rrentioned Linear Coeff ic ien t  of Thermal Expansion 8.2 x 106/C 
Confined mdu lus  determined from value of specific s to rage  
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THE GEYSERS 

3.1 SYSTEM DEFINITION 

3.1.1 Geolozic S e t t i n g  

The G e y s e r s  g e o t h e r m a l  area is l o c a t e d  i n  t h e  Coast Ranges 

o f  n o r t h e r n  C a l i f o r n i a  ( F i g u r e  3-1) .  S t r u c t u r a l l y ,  The G e y s e r s  

area is c h a r a c t e r i z e d  by a series of g e n e r a l l y  n o r t h w e s t -  

t r e n d i n g  f a u l t  b l o c k s  and t h r u s t  p l a t e s .  The c o m p l e x i t y  of t h e  

s t r u c t u r e ,  however ,  h a s  a l l o w e d  o n l y  a p a r t i a l  u n d e r s t a n d i n g  of 

t h e  s i t e  geo logy .  Four major g e o l o g i c  u n i t s  are r e c o g n i z e d :  
F r a n c i s c a n  a s s e m b l a g e ,  O p h i o l i t e ,  t h e  G r e a t  V a l l e y  s e q u e n c e ,  and 

t h e  Clear Lake v o l c a n i c s .  These u n i t s  are d e s c r i b e d  i n  T a b l e  

3-1. The r e s e r v o i r  rock is e n t i r e l y  F r a n c i s c a n  graywacke;  

r e s e r v o i r  o v e r b u r d e n  g e n e r a l l y  i n c l u d e s  s o i l s ,  l a n d s l i d e s ,  and 

F r a n c i s c a n  u n i t s  b u t  l o c a l l y  may i n c l u d e  r o c k s  of t h e  r e m a i n i n g  

u n i t s .  

3.1.2 I l v d r o l o g i c  B o u n d a r i e s  

The G e y s e r s  is t h o u g h t  t o  be p a r t  of an e x t e n s i v e  vapor-  

dominat,ed r e g i o n .  E s t i m a t e s  of t h e  area of  t h i s  r e g i o n  r a n g e  

f rom 200 km (2 .2  x l o 9  f t 2 )  (Coff et  a l .  1977)  t o  100 km ( 1 . 1  

x l o 9  f t  2, (Reed and Campbel l  1 9 7 5 ) .  

r e s e r v e s  as of  1977 is  a b o u t  50 km 

area c o n t a i n i n g  t h e  v a s t  m a j o r i t y  of p r o d u c i n g  w e l l s  ( o r  wells 
c a p a b l e  of p r o d u c t i o n )  i s  r o u g h l y  25 t o  30 km (2 .7  x 10 t o  3 .2  

The area of proven  

( 5 . 4  x 10 f t  3, b u t  t h e  

x 1 0 8  f t 2 ) .  

F i g u r e  3-1 shows t h e  b o u n d a r i e s  of t h e  vapor-dominated 

r e g i o n  as p o s t u l a t e d  by Goff et  a l .  ( 1 9 7 7 ) .  The C o l l a y o n a i  

F a u l t  Zone may be t h e  n o r t h e a s t  boundary ,  b e c a u s e  no steam 
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F I G U R E  3-1 LOCATION O F  T H E  GEYSERS GEOTHERMAL F I E L D  
A f t e r  G o f f  e t  a l .  1977 



TABLE 3-1 
GEOLOGIC UNITS OF THE GEYSERS AREA 

NAME DESCRIPTION 

Clear Lake  V o l c a n i c  C l i f f - f o r m i n g  flows ( t o  7 5 0 0 - f t  t h i c k n e s s )  

Great V a l l e y  S e q u e n c e  Wel l -bedded  s a n d s t o n e  , s h a l e ,  s i l t s t o n e s ,  
m u d s t o n e s .  Some c a r b o n a t e s ,  l e n s e s  o f  
c o n g l o m e r a t e s  

O p h i o l i t e  I g n e o u s  r o c k s :  basa l t ic  p i l l o w  l a v a s  , 
breccias,  q u a r t z  d i a b a s e ,  d i o r i t e  g a b b r o ,  
d i a b a s e ,  p y r o x e n i t e ,  s e r p e n t i n i t e  

F r a n c i s c a n  Assemblage  (Upper) g raywacke  s a n d s t o n e ,  s h a l e ,  m i n o r  
g r e e n s t o n e ,  l i m e s t o n e ,  c h e r t ,  c o n g l o m e r a t e  

( M i d d l e )  Metagraywacke  s a n d s t o n e  , m i n o r  
m e t a g r e e n s t o n e ,  metachert 

(Lower)  S c a t t e r e d  s a n d s t o n e s ,  m e l a n g e :  
s h e a r e d  s h a l e  p l u s  m e t a g r a y w a c k e ,  c h e r t ,  
g r e e n s t o n e  , s e r p e n t i n e ,  and  c a r b o n a t e s  

S o u r c e :  G r i m s r u d  et  a l .  1978 
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c o n d e n s a t e  s p r i n g s  or water d e r i v e d  f rom s u c h  s p r i n g s  are found 
n o r t h e a s t  of t h e  f a u l t .  The M e r c u r y v i l l e  F a u l t  zone may act  as 

t h e  s o u t h e a s t  boundary  b e c a u s e  i t  forms a boundary  of  hydro-  
t h e r m a l  a l t e r a t i o n .  A n o r t h w e s t  boundary  is i n d i c a t e d  by 
chemical c h a n g e s  i n  t h e  g roundwate r .  The p o s i t i o n  of  t h e  s o u t h -  
east  boundary  is unknown. H y d r o l o g i c  character is t ics  of t h e  
boundary  f a u l t s  have  n o t  been s p e c i f i c a l l y  i n v e s t i g a t e d .  The 

a s s o c i a t i o n  of numerous h o t  s p r i n g s  and f u m a r o l e s  w i t h  v a r i o u s  
f a u l t  z o n e s  a t  The G e y s e r s  (McLaughlin and S t a n l e y  1975 ;  Goff et 
a l .  1977) i n d i c a t e s  t h a t  f a u l t s  act  as c o n d u i t s  f o r  v e r t i c a l  
f low.  On t h e  o ther  hand ,  Ramey (1970)  and  White et a l .  (1971) 
i n d i c a t e  t h a t  t h e  n a t u r a l  r e c h a r g e  to  t h e  vapor-dominated  s y s t e m  

must  be minimal  f o r  t h e  s y s t e m  t o  e x i s t  i n  i ts p r e s e n t  form. 
T h i s  i n  t u r n  i n d i c a t e s  t h a t  t h e  bounding  f a u l t  z o n e s  i n h i b i t  f l o w  

f rom t h e  s u r r o u n d i n g  r o c k  mass. 

I n  a d d i t i o n  t o  t h e  s y s t e m  b o u n d a r i e s  d i s c u s s e d  a b o v e ,  
Lipman e t  a l .  (1977) p r o p o s e d  t h e  e x i s t e n c e  of  a h y d r o l o g i c  
boundary  w i t h i n  t h e  p r o d u c t i o n  area of t h e  f i e l d .  T h i s  boundary 
h a s  been  e v i d e n c e d  by t h e  deve lopment  of t w o  i n d e p e n d e n t  pres- 

s u r e  s i n k s  r e s u l t i n g  from p r o d u c t i o n .  F i g u r e  3-2 shows t h e s e  
pressure  s i n k s  and i n d i c a t e s  t h e  p o s i t i o n  of t h e  boundary  be- 

tween them. 

The v e r t i c a l  e x t e n t  of t h e  r e s e r v o i r  is n o t  w e l l  d e f i n e d .  
D r i l l i n g  i n d i c a t e s  t h a t  a s h a l l o w ,  less e x t e n s i v e  steam reser- 

v o i r  of  lower t e m p e r a t u r e  and p r e s s u r e  e x i s t s  above  t h e  main 
r e s e r v o i r .  I n  some areas this upper  r e s e r v o i r  is a p p a r e n t l y  
separated f rom t h e  lower r e s e r v o i r  by an  impermeable l a y e r , ,  
whereas i n  o ther  areas some communicat ion a p p a r e n t l y  e x i s t s .  
F i g u r e  3-3 is a cross s e c t i o n  i l l u s t r a t i n g  t h e  p o s s i b l e  r e l a t i o n -  
s h i p  of t h e  t w o  r e s e r v o i r s .  The e l e v a t i o n  of t h e  base of  t h e  

main r e s e r v o i r  h a s  n o t  been d e t e r m i n e d ;  t h e  d e e p e s t  steam e n t r y  
(as of 1977) is  a t  a d e p t h  of 10,040 fee t  (Lipman e t  a l .  1 9 7 7 ) .  
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Steam pressure isobaric contours in psi a t  mean 
sea level datum. 

0 3ooc) 

SCALE. FEET 

F I G U R E  3-2 P R E S S U R E  CONTOUR OF T H E  G E Y S E R S  GEOTHERMAL FIELD 
A f t e r  L i p m a n  e t  a l .  1977 
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The position of the reservoir top has been estimated from data 
by Lipman et al. (see Figure 3-3) and from drill data from 23 
bores. Wells are left uncased in the steam production inter- 
vals; thus, the beginning of the open hole can be assumed to 
roughly correspond to the reservoir top. This information 
indicates the top of the reservoir is near sea level. At least 
three theories have been proposed to describe the nature of the 
upper boundary: (1) impermeable Franciscan rocks, (2) permeable 
but chemically sealed Franciscan rocks, or (3) a high, meteorite 
water table (Grimsrud et al. 1978). 

3.1.3 Factors Affecting Deformation Behavior 

Faults, representing persistent planes of shear strength 
lower than surrounding rock, influence deformation behavior of a 
rock mass. At The Geysers, the pervasiveness of faulting proba- 
bly reduces the significance of any particular fault plane, and 
the rock mass consequently deforms as a homogeneous medium. 
Faulting and fracturing still affect the bulk deformation prop- 
erties of this medium, but it is not necessary to consider 
effects of each fault plane. 

Different rock types have different deformational charac- 
teristics and thus also affect the deformation behavior of the 
system. At The Geysers the predominant reservoir rock is 
Franciscan greywacke (Grimsrud et al. 1978), but the rock mass 
overlying the reservoir consists of greywacke with a mixture of 
other types, including volcanics and serpentine. Because of the 
complex geology, the extent, relative position, and thickness of 
these various rock types are unknown. 
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3.1.4 I n i t i a l  C o n d i t i o n s  

The i n i t i a l  p r e s s u r e  and t e m p e r a t u r e  of w e l l s  d r i l l e d  i n  

t h e  main r e s e r v o i r  is 514 p s i  (7 .40  x l o 4  p s f )  and  240°C,  

r e s p e c t i v e l y ,  a t  sea l e v e l  datum. I n c r e a s e d  p r e s s u r e  w i t h  d e p t h  

seems t o  be  l i m i t e d  t o  t h e  i n c r e a s e  due t o  t h e  a d d i t i o n a l  we igh t  

o f  t h e  steam column. 

The G e y s e r s  is c o n s i d e r e d  to  be vapor-dominated ;  t h u s ,  t h e  

v a p o r  is t h e  p r e s s u r e - d e t e r m i n i n g  phase .  I t  is a p p a r e n t  t h a t  

t h e  r e s e r v o i r  u s e d  t o  c o n t a i n  water t h a t  h a s  s ince  b o i l e d  o f f  t o  

p r o d u c e  t h e  steam. The most p o p u l a r  c o n c e p t  a t  p r e s e n t  is t h a t  

a d e e p  water t a b l e  s t i l l  e x i s t s  below t h e  r e a c h  of p r e s e n t  wel ls  

and  c o n t i n u e s  t o  d r o p  due  t o  steam p r o d u c t i o n .  

3 .2  RESERVOIR DEVELOPMENT 

P r o d u c t i o n  h i s t o r y  of The G e y s e r s  d a t e s  t o  t h e  e a r l y  1 9 2 0 ' s ,  

when s e v e r a l  h o l e s  up t o  500 f e e t  d e e p  were d r i l l e d .  S t a t i c  

p r e s s u r e s  i n  t h e s e  wel ls  r anged  from 67.5 t o  291 p s i  (9 .72  x 
103 t o  4 .19  x l o 4  p s f ) .  N o  f u r t h e r  d r i l l i n g  t o o k  place 
u n t i l  1955, when development  began which l e d  t o  e x p l o i t a t i o n  f o r  

power g e n e r a t i o n .  P r i o r  t o  1968 t h e  s h a l l o w  r e s e r v o i r  was t h e  

s o u r c e  of steam f o r  power p r o d u c t i o n .  By t h e  e a r l y  1 9 7 0 ' s  m o s t  
p r o d u c t i o n  was f rom t h e  nore e x t e n s i v e  d e e p  reservoi r ,  w i t h  most 
w e l l  d e p t h s  f rom 2500 f e e t  t o  5000 f e e t .  

D e t a i l e d  steam p r o d u c t i o n  r e c o r d s  are n o t  a v a i l a b l e  b e c a u s e  

t h i s  i n f o r m a t i o n  is c o n s i d e r e d  p r o p r i e t a r y  by t h e  owners .  I f  

o n e  knows t h e  power g e n e r a t e d  and t h e  amount of  steam r e q u i r e d  

p e r  k i l o w a t t  hour  g e n e r a t e d ,  however ,  estimates of  steam u s e d  

f o r  power g e n e r a t i o n  c a n  be made. However, s i g n i f i c a n t  y u a n t i -  

t i e s  of  steam are l o s t  i n  ways s u c h  as c o n t i n u o u s  v e n t i n g  of  

w e l l s  and b l o w o u t s  (Gr imsrud  e t  a l .  1 9 7 8 ) .  Weres e t  a l .  (1977)  



28 

e s t i m a t e d  t o t a l  man-caused steam p r o d u c t i o n  f o r  t h e  y e a r s  1960 
t o  1977. For  e a r l y  p r o d u c t i o n  y e a r s ,  t h e s e  estimates are as 

much as 70 p e r c e n t  g r e a t e r  t h a n  t h e  estimates based  on power 

g e n e r a t i o n ,  b u t  t h e  d i f f e r e n c e  d e c r e a s e s  i n  l a t e r  y e a r s .  T h i s  

t r e n d  p r o b a b l y  r e f l e c t s  t h e  f a c t  t h a t  i n  t h e  e a r l y  1 9 7 0 ' s  more 
w e l l s  were d r i l l e d  t h a n  were produced  f o r  power,  w h i l e  i n  l a t e r  
y e a r s  f ewer  wells were i d l e .  

R e i n j e c t i o n  of steam c o n d e n s a t e  was begun i n  1969. Koenig 
e t  a l .  (1975)  n o t e d  t h a t  c o n d e n s a t e  r e i n j e c t i o n  q u a n t i t i e s  were 
a b o u t  20 p e r c e n t  of  p r o d u c t i o n .  Chas t een  (1976)  r e p o r t e d  t h a t  

5 .54  x 108 f t 3  had been r e i n j e c t e d  between 1969 and 1975. 

The d e p t h  of  t h e  r e i n j e c t i o n  w e l l s  r a n g e s  f rom 2364 f e e t  t o  
1 3 , 4 5 0  f e e t ;  i n j e c t i o n  d e p t h s  are g e n e r a l l y  g r e a t e r  t h a n  nea rby  

p r o d u c i n g  w e l l s .  

3.3 RESERVOIR RESPONSE 

The a v a i l a b l e  d a t a  on t h e  r e s p o n s e  of  t h e  r e s e r v o i r  t o  
steam w i t h d r a w a l  are summarized on f i g u r e s  3-2 and 3-4. F i g u r e  

3-2 is an  i s o b a r i c  map of t h e  p r e s s u r e  d r o p  i n  t h e  p r o d u c t i o n  

area. F i g u r e  3-4 shows t h e  growth of  t h e  500-ps i  (7 .2  x l o4  
p s f )  i s o b a r  o v e r  t i m e .  

I n  c o n s t r u c t i n g  t h e s e  f i g u r e s ,  it is assumed t h a t  t h e  

i n i t i a l  p r e s s u r e  i n  t h e  r e s e r v o i r  is 514 p s i  (7 .40  x 104  

p s f ) - - a  p ressure  which is much less t h a n  h y d r o s t a t i c .  A s  d i s -  

c u s s e d  p r e v i o u s l y ,  t h e  r e s e r v o i r  may have been f i l l e d  w i t h  

l i q u i d  p r i o r  t o  e x p l o i t a t i o n .  I n  t h i s  case,  t h e  t o t a l  p r e s s u r e  

d r o p  would be s u b s t a n t i a l l y  g r e a t e r  t h a n  t h a t  shown i n  F i g u r e  

3-2. I t  is n o t  known when t h e  r e s e r v o i r  became vapor-dominated ;  

f o r  t h e  p u r p o s e s  of  t h i s  s t u d y ,  it is assumed t h a t  t h e  i n i t i a l  
p r e s su re  was 514 p s i  (7 .40  x l o 4  p s f ) .  
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FIGURE 3-4 GROWTH OF THE 500-PSIA PRESSURE SINK 
WITH TIME SEA LEVEL DATU’.!, 
TIIE GEYSERS GEOTHERMAL FIELD 
After L ipman  e t  a l .  1977 
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3 .4  SUBSIDENCE 

I n  1 9 7 4 ,  a 1 5 0 - g r a v i t y - s t a t i o n  ne twork  was e s t a b l i s h e d  i n  

The G e y s e r s  area t o  a t t a i n  d a t a  f o r  e v a l u a t i o n  of r e s e r v o i r  
c h a n g e s  accompanying s u b s i d e n c e .  Vert ical  s u r f a c e  s u b s i d e n c e  

measurements  fo r  a p o r t i o n  of the p r o d u c t i o n  area assuming 1973 

a s  a b a s e  y e a r  are summarized i n  F i g u r e  3-5. Maximum movements 

o f  0 .45  f e e t  have  been o b s e r v e d  i n  t h e  v i c i n i t y  of power p l a n t s  
1 t h r o u g h  8 .  

Measurements  of h o r i z o n t a l  movement have been made o v e r  t h e  

same time period. Lofgren  (1978) reported h o r i z o n t a l  deforma- 
t i o n  rates r a n g i n g  from 0.05 f e e t  per y e a r  i n  areas of h e a v i e s t  
f l u i d  wi thd rawa l  t o  0 .013  f e e t  per y e a r  i n  p e r i p h e r a l  areas. 

3.5 PHYSICAL-MECHANICAL PARAMETERS 

Very l i t t l e  d a t a  are a v a i l a b l e  on t h e  n e c e s s a r y  model i n p u t  

p a r a m e t e r s  d e s c r i b i n g  t h e  p h y s i c a l - m e c h a n i c a l  c h a r a c t e r i s t i c s  of 
t h e  r e s e r v o i r .  Chas t een  (1976) r e p o r t e d  t h e  p e r m e a b i l i t y  t h i c k -  
n e s s  p r o d u c t  r anged  from 6 darcy-m (2.09 x 1 0  -lo f t 3 )  t o  0.45 

darcy-m (1 .57  x 1 0  -11 f t 3 ) .  
f rom The G e y s e r s  are p r e s e n t e d  by Ramey (1975)  and  Ramey and 

G r i n g a r t e n  (1975).  Computed p e r m e a b i l i t y  t h i c k n e s s  p r o d u c t s  
( p e r m e a b i l i t y  t o  s t e a m )  b a s e d  on t h e s e  d a t a  r anged  from 4 

S e v e r a l  examples  of well-test data 

-10 3 darcy-m t o  18 darcy-m (1 .34  x 10 -lo t o  6 .27  x 10 f t  ) .  

W i l l i a m s  et  a l .  (1978) reported a p o r o s i t y  for  The  G e y s e r s  of 

0 .05 t o  0 .1 .  

V a l u e s  f o r  f o r m a t i o n  c o m p r e s s i b i l i t y  d e t e r m i n e d  from i n  
s i t u  tests were n o t  a v a i l a b l e .  I n i t i a l  i n p u t  p a r a m e t e r s  f o r  

c o m p r e s s i b i l i t y  and r o c k  mass modul i  were chosen  based  on v a l u e s  
reported i n  B i r c h  (1966) and  Wuerker (1963) f o r  i n t a c t  spec imens  

of  s e r p e n t i n i t e  and a v a r i e t y  of s a n d s t o n e s .  



I 31 

0 

1 0  

FIGURE 3-5 
SUBSIDENCE PROFILE O F  THE GEYSERS GEOTHERMAL FIELD 

AT CROSS SECTION A-A OF FIGURE 3-2 
After  L o f g r e n  1978 
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4.0 CHOCOLATE BAYOU: AUSTIN BAYOU PROSPECT 

4 . 1  SYSTEM DEFINITION 

C h o c o l a t e  Bayou is an o i l  and g a s  f i e l d  i n  Brazoria Coun ty ,  

Texas .  A u s t i n  Bayou P r o s p e c t  is a g e o t h e r m a l  e x p l o r a t i o n  s i t e  
a b o u t  5 miles  s o u t h w e s t  of  t h e  C h o c o l a t e  Bayou f i e l d  ( F i g u r e  

4-1) .  These  s i tes  s h a r e  e s s e n t i a l l y  t h e  same geohydro logy  and 

t h u s  are d i s c u s s e d  i n  t h e  same sec t ion  of t h i s  r epor t .  Both. 

s i t e s  are p a r t  of  t h e  Brazoria F a i r w a y ,  a 10-mile-wide,  20-mile-  

l o n g  s t r i p  of  l a n d  i d e n t i f i e d  as an area of p o t e n t i a l  g e o t h e r m a l  

deve lopmen t .  

The geo logy  of  t h e  Brazoria F a i r w a y ,  as w e l l  as much of t h e  

Gul f  coast i n  g e n e r a l ,  is c h a r a c t e r i z e d  by t h i c k  s e q u e n c e s  of 

i n t e r b e d d e d  d e l t a i c  s h a l e s  and s a n d s t o n e s .  A complex s y s t e m  of 

growth  f a u l t s  d i v i d e  t h e  s e d i m e n t s  i n t o  b l o c k s  and wedges.  

A l s o  c h a r a c t e r i s t i c  of  t h e  r e g i o n  are a b n o r m a l l y  h i g h  f l u i d  

p r e s s u r e s  a t  d e p t h .  These pressures  p r o b a b l y  r e s u l t e d  from a 
number of mechanisms,  i n c l u d i n g  r a p i d  s e d i m e n t  d e p o s i t i o n  and 
f a u l t  e n t r a p m e n t  (Bruce  1973) .  A s  s e d i m e n t s  were d e p o s i t e d ,  

water l o s s  from u n d e r l y i n g  Sed imen t s  d i s s i p a t e d  e x c e s s  pore 

p r e s s u r e s .  I n  t h e  s h a l e s ,  however ,  t h e  r a t e  of  d i s s i p a t i o n  

l a g g e d  b e h i n d  t h e  r a t e  of d e p o s i t i o n  and l e d  t o  abnormal  pore 

p r e s s u r e s  i n  t h e  s h a l e s .  I n  t h e  a b s e n c e  of f a u l t i n g ,  s a n d s t o n e  
p e r m e a b i l i t y  would have been g r e a t  enough t o  p r e v e n t  abnormal  

p r e s s u r e  deve lopment  i n  t h e  s a n d s t o n e s .  R e l a t i v e  f a u l t  movement, 

however ,  b r o u g h t  l o w - p e r m e a b i l i t y  s h a l e s  i n t o  contac t  w i t h  t h e  

s a n d s  and p r e v e n t e d  communicat ion between t h e  s a n d s t o n e s  and t h e  

lower-pressure s e d i m e n t s .  
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FIGURE 4-1 LOCATION O F  CHOCOLATE BAYOU AND 
AUSTIN BAYOU GEOTHERMAL PROSPECT 
A f t e r  B e b o u t  e t  a l .  1978 
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Marker beds h a v e  allowed good s t a t i g r a p h i c  c o r r e l a t i o n  

t h r o u g h o u t  t h e  F a i r w a y .  I n  t h e  F r i o  F o r m a t i o n ,  these m a r k e r s  

h a v e  b e e n  d e s i g n a t e d  by T o ,  T i ,  e t c . ,  w i t h  T o  d e s i g n a t i n g  
t h e  t o p  o f  t h e  F r i o .  The T 5  t o  T 6  u n i t s  ( f r o m  a b o u t  13,500 t o  

16,500 f e e t  i n  d e p t h )  h a v e  been  selected as p o t e n t i a l  g e o t h e r m a l  
r e s e r v o i r s  b e c a u s e  o f  i n c r e a s e d  s e c t i o n  t h i c k n e s s  and  s a n d s t o n e  

p e r c e n t a g e  below t h e  T 5  m a r k e r .  W i t h i n  t h e  T 5  t o  T 6  i n t e r v a l  are 
s e v e r a l  d e p o s i t i o n a l  s h a l e - s a n d s t o n e  s e q u e n c e s .  The base o f  e a c h  

s e q u e n c e  is marked by a n  a p p a r e n t l y  " p u r e "  sha l e  which  g r a d e s  
upward  i n t o  more c o a r s e - g r a i n e d  s e d i m e n t s .  C o n s e q u e n t l y ,  o n l y  

800 t o  900 f e e t  o f  the 3 0 0 0 - f o o t  r e s e r v o i r  i n t e r v a l  is s a n d s t o n e .  
Due t o  t h e  n a t u r e  o f  t h e  d e p o s i t i o n a l  e n v i r o n m e n t ,  Bebou t  e t  

a l .  (1978) f e e l  t h a t  t h e  e x t e n t  a l o n g  s t r i k e  o f  a n y  s a n d s t o n e  
u n i t  would n o t  be more t h a n  2 m i l e s .  

The s e d i m e n t a r y  s e q u e n c e  a b o v e  t h e  F r i o  c o n s i s t s  of  t h e  

O l i g o c e n e - M i o c e n e  Anahuac S h a l e  u p  t o  a b o u t  a d e p t h  of  7000 f e e t ,  
Miocene  a n d  P l i o c e n e  s a n d s t o n e s  a n d  s h a l e s  t o  a b o u t  2500 f e e t ,  
a n d  P l i o c e n e  a n d  H o l o c e n e  s a n d  a n d  c l a y  b e d s  t o  t h e  s u r f a c e .  

4.1.1 Hydrologic Boundaries 

F i g u r e  4-1 i l l u s t r a t e s  t h e  f a u l t  p a t t e r n  t h r o u g h o u t  t h e  
Brazoria F a i r w a y  as i t  would be f o u n d  a t  t h e  e l e v a t i o n  o f  t h e  T 5  

m a r k e r  bed. I t  s h o u l d  be n o t e d  t h a t  t h e  g r o w t h  f a u l t s  i n  g e n e r a l  
do n o t  e x t e n d  t o  t h e  s u r f a c e .  G u s t a v s o n  a n d  Krei t ler  ( 1 9 7 6 )  n o t e  
t h a t  t h e  f a u l t s  f o u n d  i n  t h e  Chocolate Bayou f i e l d  ac t  as com- 
p l e t e  or p a r t i a l  h y d r o l o g i c  barr iers .  ( I t  seems r e a s o n a b l e  t o  
b e l i e v e  t h e y  ac t  as barriers t h r o u g h o u t  t h e  r e g i o n . )  A s  s e e n  i n  
F i g u r e  4-1 ,  t h e  F a i r w a y  is bounded on t h e  n o r t h w e s t  and  s o u t h e a s t  
by major g r o w t h  f a u l t  n e t w o r k s .  Those  on  t h e  s o u t h e a s t  do  n o t  
e x t e n d  a b o v e  t h e  T5 c o r r e l a t i o n  u n i t  ( B e b o u t  et  a l .  1 9 7 8 ) .  
A u s t i n  Bayou P r o s p e c t  is i n  a s y n c l i n e ,  t h e  a x i s  of w h i c h  e x t e n d s  
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r o u g h l y  from Chocolate Bayou t h r o u g h  t h e  t e s t  area and between 
Danbury D o m e  and Hosk ins  Mound. Though t h e  s y n c l i n a l  area is 
bordered by f a u l t s ,  there appear t o  be few,  i f  a n y ,  major f a u l t s  
w i t h i n  t h e  s y n c l i n e .  

H y d r o l o g i c  barr iers  have a l so  r e s u l t e d  from t h e  d e p o s i t i o n a l  
process. A s  a r e s u l t  of t h e  d e l t a i c  d e p o s i t i o n a l  e n v i r o n m e n t ,  
t h e  s e d i m e n t a r y  s t r u c t u r e  is perhaps best  d e f i n e d  as numerous 
s a n d  l e n s e s  i n  an  o v e r a l l  shale mass. T h i s  is i l l u s t r a t e d  i n  
F i g u r e  4-2,  which is a generalized cross s e c t i o n  t h r o u g h  t h e  T 4  

and T 5  c o r r e l a t i o n  u n i t s  i n  S o u t h  Texas .  Low-permeabi l i ty  shale 
would i n h i b i t  f l u i d  f l o w  b e t w e e n  s a n d s t o n e  l e n s e s .  E x t e n s i v e  

d r i l l i n g  has  d e f i n e d  t h e  d i s t r i b u t i o n  of sand  and sha le  i n  t h e  
Chocolate Bayou f i e l d ,  b u t  there  h a s  been l i t t l e  d r i l l i n g  i n  t h e  

A u s t i n  Bayou P r o s p e c t  Area ;  c o n s e q u e n t l y ,  n o t  much is known of 

t h e  d e t a i l e d  s a n d s t o n e / s h a l e  d i s t r i b u t i o n .  

4 .1 .2  F a c t o r s  A f f e c t i n g  Defo rma t ion  

Two fac tors  a f f e c t i n g  d e f o r m a t i o n  due  t o  f l u i d  w i t h d r a w a l  

are rock t y p e  ( i n c l u d i n g  d i s t r i b u t i o n  and t h i c k n e s s )  and  f a u l t -  
i n g .  The e n t i r e  s e c t i o n  c o n s i s t s  of s a n d s  and c l a y s  i n  v a r i o u s  
degrees of i n d u r a t i o n .  A s  d i s c u s s e d  a b o v e ,  d e t a i l s  of t h e  d i s -  

t r i b u t i o n  of s a n d s t o n e  and shales i n  t h e  A u s t i n  Bayou Prospect 

are n o t  known ( r e s u l t s  of t h e  d r i l l i n g  c u r r e n t l y  b e i n g  conduc ted  
a t  A u s t i n  Bayou were n o t  a v a i l a b l e  a t  t h e  t i m e  of t h i s  s t u d y ) ,  
b u t  o v e r a l l  p e r c e n t a g e s  of sand  and sha le  can  be estimated f r o m  
r e g i o n a l  c o n s i d e r a t i o n s .  From data  p r e s e n t e d  by Bebout e t  a l .  

(1978) , t h e  f o l l o w i n g  estimates were made: 
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NW 
FRlO SAND DISTRIBUTION 

FIGURE 4-2 
CROSS SECTION OF AUSTIN BAYOU PROSPECT 

SHOWING STRATIGRAPHY 
A f t e r  Bebout e t  a l .  1978 
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Format i o n  

F r i o  ( r e s e r v o i r  i n t e r v a l )  
F r i o  ( above  and below r e s e r v o i r )  
Anahuac s h a l e  
M i o c e n e / P l i o c e n e  s a n d s t o n e s  

and s h a l e s  

P e r c e n t a g e  T h i c k n e s s  
Of S a n d s t o n e  

40 
10 
10 
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F a u l t i n g  may d e f i n i t e l y  a f f e c t ;  d e f o r m a t i o n  i n  A u s t i n  Bayou. 

A c t i n g  as h y d r o l o g i c  barr iers ,  f l u i d  p r e s s u r e s  may d r o p  on one 
s i d e  of t h e  f a u l t  b u t  n o t  on t h e  o t h e r .  D i f f e r e n t i a l  f l u i d  p r e s -  
s u r e  d r o p s  would l e a d  t o  d i f f e r e n t i a l  compact ion  and p o s s i b l y  
f a u l t  a c t i v a t i o n .  Gus tavson  and K r e i t l e r  (1976) have  documented 
f a u l t  movement related t o  f l u i d  w i t h d r a w a l  f rom s h a l l o w e r  s e d i -  
men t s  i n  t h e  Gul f  Coast r e g i o n .  D i f f e r e n t i a l  s u b s i d e n c e ,  t hough  
n o t  accompanied by f a u l t  movement, has a l so  been o b s e r v e d  i n  t h e  
C h o c o l a t e  Bayou as a r e s u l t  of o i l  and g a s  p r o d u c t i o n  (Gus tavson  
and  Kre i t le r  1976). 

4.1.3 I n i t i a l  C o n d i t i o n s  

I n i t i a l  t e m p e r a t u r e s  are q u i t e  c o n s i s t e n t  o v e r  t h e  r e g i o n  of 

i n t e r e s t .  F i g u r e  4-3 shows t h e  t h e r m a l  g r a d i e n t  t o  be i n  t h e  
r a n g e  of  1.8'F t o  2'F (l.O°C t o  1 . l " C )  p e r  100  f e e t .  

F i r s t  o c c u r r e n c e  of abnormal  p r e s s u r e s  ( i . e . ,  f l u i d  g r a d i e n t  

i n  e x c e s s  of  66.96 p s f / f t  = 0.465 p s i / f t )  is v a r i a b l e  between 
f a u l t  b l o c k s  b u t  g e n e r a l l y  is below 1 0 , 0 0 0  f e e t  i n  d e p t h  ( F i g u r e  
4-4) .  I n  C h o c o l a t e  Bayou t h e  g e o p r e s s u r e d  zone  b e g i n s  a t  d e p t h s  
g r e a t e r  t h a n  1 2 , 0 0 0  f ee t .  With in  t h i s  zone g r a d i e n t s  of  122 
p s f / f t  (0.85 p s i / f t )  are found (Myers 1 9 6 8 ) .  

I. 
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4.2 RESERVOIR DEVELOPMENT 

The p r o d u c i n g  zone  of t h e  C h o c o l a t e  Bayou f i e l d  r a n g e s  i n  
d e p t h  f rom a b o u t  8600 f e e t  t o  more t h a n  13,000 f e e t .  The re  are 
more t h a n  20 d i f f e r e n t  pay s a n d s  s e p a r a t e d  by s h a l e  s e c t i o n s  of 

v a r i o u s  t h i c k n e s s e s  (Gr imsrud  et  a l .  1 9 7 8 ) .  R e s e r v o i r  s a n d s  

below about 1 0 , 0 0 0  f e e t  p roduce  ma in ly  g a s .  

O i l  was d i s c o v e r e d  a t  C h o c o l a t e  Bayou i n  1941. P r o d u c t i o n  

o f  o i l  peaked  i n  t h e  1950 ' s ,  b u t  p r o d u c t i o n  of g a s  peaked i n  t h e  

mid 1 9 6 0 ' s .  C u r r e n t  t o t a l  p r o d u c t i o n  of h y d r o c a r b o n s  is less 
t h a n  0.5 x 106  b a r r e l s  p e r  y e a r .  O i l ,  g a s  ( p l u s  c o n d e n s a t e ) ,  

and  b r i n e  are p roduced  i n  t h e  f i e l d .  Very d e t a i l e d ,  wel l -by-wel l  

p r o d u c t i o n  h i s t o r i e s  are a v a i l a b l e  a t  t h e  Texas  R a i l r o a d  Commis-  
s i o n .  These  d a t a  i n c l u d e  w e l l  l o c a t i o n ,  d e p t h ,  c o m p l e t i o n  i n t e r -  

v a l ,  and month ly  p r o d u c t i o n  of o i l  a n d / o r  g a s .  The d a t a ,  how- 

e v e r ,  have  n o t  y e t  been compi l ed  i n t o  an e a s i l y  workab le  form. 

The R a i l r o a d  Commiss ion  d o e s  n o t  k e e p  r e c o r d s  of b r i n e  p r o d u c t i o n  

and  a v a i l a b l e  d a t a  r e l a t i n g  t o  t h i s  are  n o t  d e t a i l e d .  B r i n e  h a s  

a l s o  been  r e i n j e c t e d  i n t o  t h e  C h o c o l a t e  Bayou f i e l d  b u t ,  a g a i n ,  

d e t a i l s  as t o  wel l -by-wel l  i n j e c t i o n  ra tes  are n o t  a v a i l a b l e .  

4 .3  RESERVOIR RESPONSE 

P r e s s u r e  and t e m p e r a t u r e  h i s t o r i e s  f o r  f i v e  w e l l s  are pro-  

v i d e d  by Bebout et  al. ( 1 9 7 8 ) .  T h i s  is t h e  e x t e n t  of t h e  r e a d i l y  

a c c e s s i b l e  i n f o r m a t i o n  a b o u t  r e s e r v o i r  t e m p e r a t u r e  and p r e s s u r e  

change  d a t a  a t  C h o c o l a t e  Bayou.  P resumab ly ,  more s u c h  d a t a  would 

b e  a v a i l a b l e  e i t h e r  a t  o i l  companies  or t h e  Texas  R a i l r o a d  

Commission. 
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4.4  SUBSIDENCE 

S u b s i d e n c e  d a t a  f o r  C h o c o l a t e  Bayou is l i m i t e d  t o  i n f o r -  

ma t ion  f rom a s u r v e y  l i n e  t h a t  e x t e n d s  from Ange l ton  t o  Algoa and 

crosses t h e  w e s t e r n  r e g i o n  of t h e  f i e l d .  T h i s  l i n e  h a s  been s u r -  
veyed t o  f i r s t - o r d e r  p r e c i s i o n  w i t h  a 1943 s u r v e y  t a k e n  as b a s e .  

Along t h i s  l i n e ,  t h e  maximum s u b s i d e n c e  of 1.8 f e e t  h a s  o c c u r r e d  

o v e r  t h e  C h o c o l a t e  Bayou f i e l d  ( F i g u r e  4-5) .  S u b s i d e n c e  a t  Choc- 

o l a t e  Bayou is c o m p l i c a t e d  by r e g i o n a l  g roundwate r  withdrawal . .  

Groundwater  w i t h d r a w a l  h a s  l e d  t o  s i g n i f i c a n t  s u b s i d e n c e  i n  t h e  

Houston-Galveston area and h a s  p r o b a b l y  c o n t r i b u t e d  t o  t h e  s u b s i -  

dence  a t  C h o c o l a t e  Bayou. The riiagnitude of t h i s  c o n t r i b u t i o n  is 
n o t  d e f i n i t e l y  known. I t s  p r e d i c t i o n  c o u l d  c o n s t i t u t e  an e n t i r e  

s t u d y  i n  i t s e l f .  

I t  is f e l t  t h a t  t h e r e  is s i g n i f i c a n t  p o t e n t i a l  f o r  s u b s i -  

dence  a t  t h e  A u s t i n  Bayou P r o s p e c t  due  t o  w i t h d r a w a l  of geo- 

t h e r m a l  f l u i d s  t h a t  e x i s t  a t  abnorma l ly  h i g h  p r e s s u r e s .  The 

a b n o r m a l l y  h i g h  pore-water p r e s s u r e s  have  l e d  t o  a b n o r m a l l y  h i g h  

p o r o s i t i e s  of  t h e  s h a l e  i n t e r b e d s .  Upon d e p r e s s u r i z a t i o n  of t h e  

r e s e r v o i r ,  t h i s  p o r o s i t y  would d e c r e a s e  i n  a c c o r d a n c e  w i t h  in -  

c r e a s e d  e f f e c t i v e  stress and l e a d  t o  compact ion  of t h e  r e s e r v o i r  

and p o s s i b l e  s u r f a c e  s u b s i d e n c e .  

4 . 5  PHYSICAL-MECHANICAL PROPERTIES 

4 .5 .1  P e r m e a b i l i t y ,  P o r o s i t y  

V a l u e s  of p e r m e a b i l i t y  fo r  t h e  g e o p r e s s u r e d  s a n d s  i n  t h e  

Brazoria Fa i rway were d i s c u s s e d  by Bebout e t  a l .  ( 1 9 7 8 ) .  These  

a u t h o r s  r e p o r t e d  core p e r m e a b i l i t i e s  up t o  t h o u s a n d s  of m i l l i -  
d a r c i e s  f o r  s a n d s  i n  C h o c o l a t e  Bayou. P e r m e a b i l i t y  ( a n d  poros- 

i t y )  d e c r e a s e s  t o  t h e  s o u t h w e s t  of C h o c o l a t e  Bayou. T h u s ,  
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Bebout et al. (1978) estimated that 30 percent of the sandstone 
in the T5 to T6 section would have core permeabilities of 20 to 
60 md (2.1 to 6.4 x 10-13 ft2). Bebout et al. (1978) also 
reported permeabilities of geopressured gas reservoirs in Choco- 
late Bayou measured from the well tests that ranged from 2 md to 

-13 2 10 md (2.1~ to 1.1 x 10 ft ) .  These authors felt that 
the producing zones of the Austin Bayou prospect would be more 
permeable than the gas sands of Chocolate Bayou, but they also. 
concluded that permeabilities obtained from unconfined cores 
would substantially overestimate true permeabilities. 

Reservoir studies of a geopressured reservoir in the Texas 
Gulf Coast region have been reported by various authors, in- 
cluding Garg et al. (1977), Papadopoulos (1975), Wilson et al. 
(1975), and Bebout et al. (1978). Assumed values of sandstone 
permeability in these analyses ranged from 20 md to 415 md (2.1 x 
10-13 to 4.4 x 10-12 ft2). Garg et al. (1977) assumed anisotro- 
pic permeability of the sands with the vertical permeability of 2 
md (2.1 x lO-I4 ft2). 

Bebout et al. (1978) estimated that 250 feet of the sand- 
stones in the T5 to T6 interval would have a porosity of 20 
percent. They estimated the remaining sands to have an average 
porosity of 15 percent, varying from 5 percent to 20 percent. A 
porosity of 20 percent was generally assumed in the various geo- 
thermal reservoir studies reviewed. 

N o  measured values of permeability of the abnormally pres- 
sured shales adjacent to the sandstone reservoirs were available. 
However, porosities of about 20 percent have been measured at 
various points along the Gulf Coast (Hottman and Johnson 1965; 
Schmidt 1973; Jones 1975). The Kozeny-Carman equation states 
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t h a t  t h e  p e r m e a b i l i t y  is p r o p o r t i o n a l  t o  n"(1-n) where n is 

p o r o s i t y ,  b u t  M i t c h e l l  (1976)  h a s  i n d i c a t e d  t h a t  t h i s  e q u a t i o n  is 
i n a p p r o p r i a t e  f o r  f i n e - g r a i n e d  s e d i m e n t s ,  p a r t i c u l a r l y  f o r  po ros -  

i t i e s  below 40 p e r c e n t .  L i t t l e  d a t a  are a v a i l a b l e  r e l a t i n g  por- 

o s i t y  and p e r m e a b i l i t y  of s h a l e s  and c l a y s ;  Olsen  (1962)  r e p o r t s  

t h e  p e r m e a b i l i t y  of i l l i t e  w i t h  a p o r o s i t y  of 20 percent  t o  be on 
t h e  o r d e r  of  1 0 - 4 m d  (1 .06  x 1 0 - 1 5 f t  3. 
t i e s  assumed i n  r ev iewed  a n a l y s e s  (Garg e t  a l .  1 9 7 7 ;  Papadopou los  

1975)  r a n g e d  f rom 1 0  t o  1 0  md (1.06 x 1 0  

V a l u e s  of  p e r m e a b i l i -  

-5 -15 -16 t o  1 .06  x 1 0  -4  

f t 2 )  

4 .5 .2  T e m p e r a t u r e ,  P r e s s u r e  E f f e c t s  

Ramey (1975)  p r e s e n t e d -  d a t a  r e l a t i n g  r e d u c t i o n  i n  permea- 
b i l i t y  t o  c h a n g e s  i n  t e m p e r a t u r e  and p r e s s u r e  fo r  Berea 17 

s a n d s t o n e  ( F i g u r e  4-6) .  A t  a r e s e r v o i r  t e r ~ p e r a t u r e  of  300°F 

(150°C) ,  t h e s e  d a t a  i n d i c a t e  t h a t  an increase i n  e f f e c t i v e  con- 

f i n i n g  p r e s s u r e  f rom 260 p s i  (3 .74  x l o 4  p s f )  t o  3810 p s i  

(5 .49  x l o 5  p s f )  would r e s u l t  i n  a d e c r e a s e  of p e r m e a b i l i t y  

o f  a b o u t  50 p e r c e n t .  McLatchie  e t  a l .  (1958)  showed t h a t  change  

i n  p e r m e a b i l i t y  f o r  a g i v e n  p r e s s u r e  change  w a s  g r e a t e r  i n  l o w -  
p e r m e a b i l i t y  t h a n  i n  h i g h - p e r m e a b i l i t y  rocks ( F i g u r e  4 -7 ) .  For 

r o c k s  of  l o w - p e r m e a b i l i t y ,  an increase of 4000 p s i  (5 .76 x l o 5  
p s f )  i n  e f f e c t i v e  c o n f i n i n g  pressure  c o u l d  r e s u l t  i n  a 95- 

p e r c e n t  d e c r e a s e  i n  p e r m e a b i l i t y .  

Changes i n  p o r o s i t y  a l so  o c c u r  as a r e s u l t  of p r e s s u r e  

c h a n g e s .  T h i s  w i l l  be  d i s c u s s e d  i n  S e c t i o n  4.5.3.  

4 .5 .3  C o m p r e s s i b i l i t y  

Unpub l i shed  r e s u l t s  of c o m p r e s s i b i l i t y  tests on s a n d s t o n e  

cores f rom A u s t i n  Bayou ( P l e a s a n t  Bayou w e l l  1) showed a v a l u e  
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f o r  b u l k  c o m p r e s s i b i l i t y  of 0.8 x psi-' (5.55 x 10  -'psf-') 
G v 

under  a n  e f f e c t i v e  c o n f i n i n g  p r e s s u r e  of 7500 p s i  (1 .08  x 10 

p s f ) .  When u n c o n f i n e d ,  t h e  b u l k  c o m p r e s s i b i l i t y  r anged  f rom 2 x 
-1 

1 0 m 6 t o  3 x 1 0 - 6 p s i  (1 .4  x 10-8 t o  2 x 10-8 p s f ) .  

Knutson and Bohar (1962)  r e p o r t e d  pore compress ib i l i t i e s  f o r  

v a r i o u s  L o u i s i a n a  and Texas  s a n d s t o n e s  f o r  a wide r a n g e  of e f f e c -  
t i v e  c o n f i n i n g  pressures .  Using  r e p o r t e d  p o r o s i t i e s  and assuming 

n e g l i g i b l e  r o c k  g r a i n  c o m p r e s s i b i l i t y ,  t h e  p o r e  c o m p r e s s i b i l i t y  
d a t a  were c o n v e r t e d  t o  b u l k  c o m p r e s s i b i l i t y .  Thus ,  f o r  an e f f e c -  

t i v e  c o n f i n i n g  p r e s s u r e  of 1 .3  x 10  p s f ,  t h e  a v e r a g e  v a l u e  of 
reported data  w a s  a b o u t  2 . 1  x 10 -8psf-1. 

e f f e c t i v e  c o n f i n i n g  p r e s s u r e ,  a v a l u e  of 2 .78 x 
s e n t e d  an a v e r a g e  of t h e  p r e s e n t e d  d a t a .  

6 

A t  4.32 x lo5  psf 

psf-' r e p r e -  

A s  a comparison w i t h  p r e v i o u s  Gul f  Coast mode l ing  e f f o r t s ,  
Bebout et a l .  (1978)  r e p o r t e d  an assumed s a n d s t o n e  " m a t r i x "  com- 
p r e s s i b i l i t y  of 8.33 x 10-8 p s f - 1 ,  and Garg e t  a l .  (1978)  used 

5 x 10-8 p s f - 1 .  

N o  measurements  of t h e  c o m p r e s s i b i l i t y  of f i n e - g r a i n e d  s e d i -  

m e n t s  f rom t h e  Gul f  Coast r e g i o n  were a v a i l a b l e  a n d ,  i n  g e n e r a l ,  

v e r y  l i t t l e  i n f o r m a t i o n  was a v a i l a b l e  on t h e  c o m p r e s s i b i l i t y  of 

any  f i n e - g r a i n e d  s e d i m e n t s  a t  t h e  e f f e c t i v e  p r e s s u r e  e x p e c t e d  a t  
A u s t i n  Bayou. C h i l i n g a r i a n  and R i e k e  (1969)  r e p o r t e d  t h e  r e s u l t s  
of one -d imens iona l  (no  l a t e r a l  movement) c o m p r e s s i b i l i t y  tests on 
v a r i o u s  w e t  and d r y  c l a y s .  By assuming e l a s t i c  p r o p e r t i e s  and a 
P o i s s o n ' s  r a t i o  ( V )  o f  0 .2 ,  t h e i r  d a t a  showed a v e r a g e  v a l u e s  of 

b u l k  c o m p r e s s i b i l i t y  a t  9000 p s i  and 3000 p s i  ( 1 . 3  x 106-psf  

t o  4.3 x l o 5  p s f )  e f f e c t i v e  c o n f i n i n g  stress t o  be a b o u t  2 x 
1 0  -5psi-1 and 10  x lom5 psi- '  ( 1 .4  x 
r e s p e c t i v e l y .  

and 6 . 9  x p s f - l )  , 
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Roberts (1969)  r e p o r t e d  d a t a  f rom one -d imens iona l  c o n s o l i d a -  

t i o n  tests of some s h a l e  a t  a p p l i e d  pressure up t o  1.44 x lo6  
p s f .  These  d a t a  y i e l d e d  a compress ion  i n d e x  of a b o u t  0 . 2 2 .  

Again a s suming  e l a s t i c  parameters and a v  of  0 . 2 ,  a v a l u e  of b u l k  

c o m p r e s s i b i l i t y  o f  a b o u t  3 x p s i - l  (2 .08  x 

p s f - l )  is o b t a i n e d .  

Comparing t h i s  w i t h  p u b l i s h e d  mode l ing  e f f o r t s ,  Bebout et  

p s i - l  ( 1 . 3 9  x p s f - l )  and  Garg e t  a l .  (1978)  

a l .  (1078)  r e p o r t e d  a n  assumed s h a l e  c o m p r e s s i b i l i t y  of 2 x 

u s e d  1 x 10-4 p s i - l  (6 .94  x p s f - 1 ) .  

4 .5 .4  P r e s s u r e  Dependence of C o m p r e s s i b i l i t y  

The c o m p r e s s i b i l i t y  of s a n d s t o n e s  is p r e s s u r e - d e p e n d e n t  . 
Teeuw ( 1 9 7 1 )  s u g g e s t e d  t h a t  t h e  v o l u m e t r i c  s t r a i n  ( e )  was r e l a t e d  

t o  t h e  h y d r o s t a t i c  component of e f f e c t i v e  stress (0,) by :  

n e = ao  e 

Van d e r  Knaap (1059)  found t h e  v a l u e  of t h e  exponen t  n f o r  numer- 
o u s  s a n d s t o n e s  t o  be 0.7. The d a t a  p r e s e n t e d  by  K n u t s o n  a n d  

Bohar ( 1 9 6 2 ) ,  however ,  do  n o t  seem t o  conform t o  s u c h  a s i m p l e  

r e l a t i o n .  

For  f i n e - g r a i n e d  s o i l s  under  modera t e  l o a d s ,  i t  is g e n e r a l l y  

acknowledged t h a t  t h e  T e r z a g h i  e - l o g  p- type  r e l a t i o n  a d e q u a t e l y  

d e s c r i b e s  t h e  dependence  of c o m p r e s s i b i l i t y  upon p r e s s u r e  For  

s h a l e s  unde r  h i g h  e f f e c t i v e  stress, however ,  it is n o t  c lear  t h a t  

t h e  same r e l a t i o n s h i p  is v a l i d .  Data p r e s e n t e d  by C h i l i n g a r i a n  

and  Hieke  (1969)  f i t  t h e  f o l l o w i n g  r e l a t i o n  between b u l k  compres- 
s i b i l i t y  (cb) and  e f f e c t i v e  c o n f i n i n g  p r e s s u r e  p:  

-b Cb = a p  
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For  many c l a y s  b % 1. 

I n  l i e u  of e x p e r i m e n t a l  d a t a ,  some knowledge of t h e  volume 

change  b e h a v i o r  of s h a l e s  a t  h i g h  p r e s s u r e s  can  be o b t a i n e d  f rom 

d a t a  on v o i d  r a t i o  ( o r  p o r o s i t y )  c h a n g e s  w i t h  d e p t h .  Knowing t h e  

p r e s s u r e  a t  d e p t h ,  a v o i d  r a t i o  v e r s u s  p r e s s u r e  c u r v e  can  be con-  
s t r u c t e d .  Assuming t h e  s e d i m e n t s  are norma l ly  c o n s o l i d a t e d ,  it 
c a n  b e  a r g u e d  t h a t  s u c h  a c u r v e  would be v e r y  s imi la r  t o  t h a t  

o b t a i n e d  f rom a s t a n d a r d  l a b o r a t o r y  i s o t r o p i c  c o n s o l i d a t i o n  tes t  
( n e g l e c t i n g  d i f f e r e n c e s  i n  t h e  t i m e  f r a m e ) .  Bulk c o m p r e s s i b i l i t y  

is r e l a t e d  t o  t h e  s lope of t h i s  c u r v e  by t h e  r e l a t i o n :  

eo-e 
l + e o  Po-P 

C b = 1 -  

( a s suming  c o m p r e s s i b i l i t y  of  t h e  m i n e r a l  g r a i n s  is n e g l i g i b l e ) .  

Athy (1030)  p l o t t e d  s h a l e  p o r o s i t y  d a t a  o v e r  t h e  d e p t h  range of 0 

t o  1 6 , 0 0 0  f e e t  and found an a p p r o x i m a t e l y  e x p o n e n t i a l  r e l a t i o n -  
s h i p  between p o r o s i t y  and d e p t h  of t h e  form:  

-bx n = n e  
0 

where :  b = c o n s t a n t  

no = a v e r a g e  p o r o s i t y  of s u r f a c e  c l a y s  

x = d e p t h  

n = p o r o s i t y  

Hedberg ( 1 9 3 6 ) ,  however ,  n o t e d  t h a t  i n  t h e  p r e s s u r e  r a n g e  of 
1.15 x 105 t o  8.64 x 105 p s f  ( t o t a l  o v e r b u r d e n  p r e s s u r e )  

t h e  r e l a t i o n  is n e a r l y  l i nea r .  Data p r e s e n t e d  by Schmidt  (1973)  

and  J o n e s  (1975)  f o r  s h a l e s  of t h e  L o u i s i a n a  Gul f  Coast a l so  
showed a l i n e a r  r e l a t i o n s h i p  between p o r o s i t y  arid d e p t h  from 4000 

f e e t  t o  t h e  t o y  of t h e  g e o p r e s s u r e d  zone  ( i n  excess of 10,000 

f e e t ) .  From t h e  s l o p e s  of  t h e s e  c u r v e s ,  v a l u e s  of cb f rom 

2.08 x 10  p s f - 1  t o  2.78 x 10  p s f - 1  were o b t a i n e d .  
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EAST MESA 

5.1 SYSTEM DEFINITION 

T h i s  d i s c u s s i o n  of  E a s t  Mesa is based on a report  done i n  
1976 by TRW and t h u s  r e f l e c t s  o n l y  what  was known u n t i l  t h a t  

d a t e .  We are aware t h a t  f u r t h e r  work h a s  been done a t  E a s t  Mesa 

s i n c e  1976, b u t  r e s u l t s  of t h i s  work were n o t  a v a i l a b l e  a t  t h e  
t i m e  of ou r  r e v i e w .  

E a s t  Mesa g e o t h e r m a l  area l i e s  i n  t h e  eastern par t  of t h e  
C a l i f o r n i a  Imperial  V a l l e y ,  a b o u t  100 miles east  of  San Diego  
( F i g u r e  5-1). D r i l l i n g  of d e e p  e x p l o r a t i o n  wells began i n  a b o u t  
1972; by 1 9 7 6 ,  10 d e e p  wells had been d r i l l e d  i n  t h e  area.  

East  Mesa, as  pa r t  of t h e  S a l t o n  Trough ,  is u n d e r l a i n  by 

t h i c k  d e l t a i c  s e d i m e n t s .  A l t e r n a t i n g  l a y e r s  of s a n d s ,  s i l ts ,  and 
c l a y s  g r a d e  i n t o  s a n d s t o n e ,  s i l t s t o n e ,  and sha le  a t  d e p t h .  A s  of 
1976, t h e  g e o l o g i c  s t r u c t u r e  had n o t  been v e r y  w e l l  d e f i n e d .  
Based on d a t a  a v a i l a b l e  a t  t h a t  t i m e ,  t h e  g e o t h e r m a l  r e s e r v o i r  
w a s  e n v i s i o n e d  as l y i n g  on a southwest-plunging n o s e  t r a n s v e r s e d  

b y  a n o r t h w e s t - s o u t h e a s t  t r e n d i n g  normal  f a u l t  (TRW 1976) (see 
F i g u r e  5-2) .  N o  s t r a t i g r a p h i c  m a r k e r s  have  been d e t e r m i n e d ,  so 
i n t e r - w e l l  c o r r e l a t i o n s  were based  on g e o p h y s i c a l  l o g s .  These  

c o r r e l a t i o n s  were minimal  and s u g g e s t e d  c o n s i d e r a b l e  l a t e r a l  
v a r i a b i l i t y  i n  r o c k  t y p e  and t h i c k n e s s .  Because  of  t h e  minimal  

i n t e r - w e l l  c o r r e l a t i o n ,  d i s t r i b u t i o n  of  s a n d s t o n e  was c h a r a c t e r -  
ized by a r b i t r a r i l y  d i v i d i n g  w e l l s  i n t o  5 0 0 - f o o t  i n t e r v a l s  and 
d e t e r m i n i n g  t h e  s a n d  p e r c e n t a g e  i n  e a c h  i n t e r v a l .  The d i s t r i -  

b u t i o n  of  s a n d s t o n e  was mapped o v e r  t h e  area based on t h e s e  
p e r c e n t a g e  f i g u r e s .  
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FIGURE 5-2 

FAULTS DEFINING EAST MESA GEOTHERMAL PROSPECT 

A f t e r  TRW 1976 
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T h e  e f f e c t i v e  r e s e r v o i r  is assumed t o  be d e f i n e d  by t h e  
1 5 O O C  (300'F) i s o t h e r m  ( F i g u r e  5-1). The  b a s e  h a s  been assumed 
t o  be a t  GOO f e e t  below sea l e v e l ,  though t h e r e  are i n d i c a t i o n s  

t ha t  t h i s  is c o n s e r v a t i v e l y  s h a l l o w  (TRW 1976). The a p p r o x i m a t e  
top  of t h e  r e s e r v o i r  is 2000 f e e t  below sea l e v e l .  W e l l - p r e s s u r e  

t e s t s  have a l s o  i n d i c a t e d  t h e  p r e s e n c e  of h y d r o l o g i c  b o u n d a r i e s  
i n  t h e  r e s e r v o i r .  Maximum r e s e r v o i r  t e m p e r a t u r e  is a b o u t  190°C 

(370OF). 

5 .2  PHYSICAL-MECHANICAL PARAMETERS 

Porosities and h o r i z o n t a l  and v e r t i c a l  pe rmeab i l i t i e s  for 
r e s e r v o i r  s a n d s t o n e  have  been measured from core s a m p l e s  and 

c o r r e l a t e d  t o  g e o p h y s i c a l  l o g s .  I n  a d d i t i o n ,  s e v e r a l  drawdown 
a n d / o r  r e c o v e r y  and i n t e r f e r e n c e  w e l l  tests have  been  pe r fo rmed .  

Data f o r  d e t e r m i n a t i o n  of h y d r o l o g i c  or  m e c h a n i c a l  parameters of 
t h e  s p e c i f i c  s h a l e  u n i t s  i n  t h e  r e s e r v o i r  and above  are n o t  

a v a i l a b l e .  N o  d e f o r m a t i o n  modul i  f o r  any of t h e  rock u n i t s  are 
a v a i l a b l e .  

5.3 SUBSIDENCE POTENTIAL 

The p r e s e n c e  of shale  u n i t s  w i t h i n  t h e  r e s e r v o i r  i n c r e a s e s  

t h e  p o t e n t i a l  f o r  s u b s i d e n c e  a t  E a s t  Mesa. A s  r e s e r v o i r  p r e s -  
s u r e s  d e c r e a s e ,  t h e s e  u n i t s  may e x h i b i t  a d d i t i o n a l  c o n s o l i d a t i o n  

which may be e v i d e n c e d  on t h e  s u r f a c e  as s u b s i d e n c e .  
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HAFT R I V E R  VALLEY 

6.1 SYSTEM DEFINITION 

A g e o t h e r m a l  e x p l o r a t i o n  area is l o c a t e d  i n  t h e  s o u t h e r n  
par t  of  t h e  R a f t  R i v e r  V a l l e y ,  Cassia Coun ty ,  s o u t h - c e n t r a l  I d a h o  

( F i g u r e  6-1). Four  e x p l o r a t i o n  w e l l s  have been d r i l l e d .  

S t r u c t u r a l l y ,  t h e  R a f t  R i v e r  V a l l e y  is a down-dropped 
g r a b e n .  Two of  t h e  f a u l t s  i n  t h e  v a l l e y  ( t h e  B r i d g e  F a u l t  and 

t h e  Narrows S t r u c t u r e )  a re  s i g n i f i c a n t  because t h e  g e o t h e r m a l  
wells were s i t e d  t o  pene t ra te  t h e i r  i n t e r s e c t i o n .  The g e o l o g i c  

u n i t s  c o n s i s t  o f  s e d i m e n t s  and v o l c a n i c  f l o w s .  These  are sum- 
m a r i z e d  on Table 6-1. The lower p a r t  of t h e  S a l t  Lake  group is 

c o n s i d e r e d  t h e  g e o t h e r m a l  a q u i f e r .  Data on r o c k  t y p e  are a v a i l -  
a b l e  from t h e  l o g s  of t h e  g e o t h e r m a l  wel ls  b u t  are i n s u f f i c i e n t  

t o  c l e a r l y  d e f i n e  t h e  geo logy  of  t h e  r e s e r v o i r s  ( F i g u r e  6 -2 ) .  

T h e  e x t e n t  and shape of  t h e  g e o t h e r m a l  r e s e r v o i r  have  n o t  

been c l e a r l y  d e f i n e d .  Estimates are t h a t  i t  h a s  a n  a v e r a g e  
t h i c k n e s s  of 1200 f e e t  w i t h  an  e f f e c t i v e  p e r m e a b l e ,  p r o d u c i n g  

t h i c k n e s s  of 600 fee t  (Grinisrud e t  a l .  1078) .  The area is a b o u t  

5 s q u a r e  m i l e s .  Temperatures i n  three e x p e r i m e n t a l  w e l l s  were 
a b o u t  300°F (15OoC),  and a r t e s i a n  p re s su res  r a n g e d  from 1 4 0  t o  
175 p s i g  (2.02 x l o 4  t o  2.52 x l o 4  p s f ) .  

6 . 2  PHYSICAL-MECHANICAL PARAMETERS 

.IC 

Tests were pe r fo rmed  on core f o r  t h e  tes t  w e l l s  t o  d e t e r m i n e  

d e n s i t i e s ,  p o r o s i t i e s ,  and p e r m e a b i l i t y .  I n  a d d i t i o n ,  some 
s h o r t - t e r m  pump tests were done.  
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F I G U R E  6-1 LOCATION O F  RAFT R I V E R  VALLEY GEOTHERMAL P R O S P E C T  
A f t e r  G r i m s r u d  e t  a l .  1978 



TABLE 6-1 
GEOLOGIC UNITS OF THE RAFT RIVER VALLEY AND THEIR WATER-BEARING PROPERTIES 
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Rock Uni t  
Ouaternarv Sedimen- 
t a r y  d e p o s i t s  

Snake River  b a s a l t  

Raf t  Formation 

S a l t  Lake Group, 

Pre-Ter t ia ry  Rocks 

Phys ica l  C h a r a c t e r i s t i c s  h D i s t r i b u t i o n  
Clay, silt ,  sand ,  g rave l  h bou lde r s  under ly ing  v a l l e y  
f l o o r s  & h i l l s l o p e s ;  i nc ludes  a l luv ium,  a l l u v i a l  f a n s ,  
windblown s i l t  h l a n d s l i d e  d e p o s i t s ;  unconcol ida ted ;  
l o o s e  t o  w e l l  compacted; massive t o  w e l l  bedded 

Ol iv ine  b a s a l t ;  dense t o  v e s i c u l a r ;  f i ne -g ra ined ;  lr- 
r egu la r  6 columnar j o i n t i n g ;  i nc ludes  beds  of c i n d e r s ,  
rubbly  b a s a l t  6 i n t e r f l o w  d e p o s i t s ;  l o c a l l y  in t e r tongued  
wi th  P le i s tocene  6 Holocene d e p o s i t s ;  c r o p s  o u t  a t  
mouth of Raft  River  Val ley  

Pa r , t l y , conso l ida t ed  c l a y ,  s i l t ,  sand, 6 g r a v e l ;  under- 
l i e s  much of Raf t  River  Val ley  f l o o r ;  c rops  ou t  nea r  
mount of r i v e r  

S t r a t i f i e d  sedimentary h vo lcan ic  rock i n c l u d i n g  c l a y ,  
sands tone ,  conglomerate,  a s h ,  and vo lcan ic  f low rocks ;  
exposed mainly a s  b l anke t  on h ighland  a r e a s  

Well-indurated sedimentary rocks ,  metamorphosed sed iments  
6 g r a n i t i c s ;  fo lded  h f a u l t e d ;  c rop  ou t  i n  h i l l s  su r -  
rounding va l l ey  

Water-Bearing P r o p e r t i e s  

Sandy 6 g r a v e l l y  a l luv ium y i e l d s  con- 
s i d e r a b l e  ground water  t o  w e l l s ,  espe- 
c i a l l y  where pumping induces  recharge ;  
windblown s i l t  h l a n d s l i d e  d e p o s i t s  a r e  
no t  impor tan t  a q u i f e r s  b u t  t r ansmi t  pre- 
c i p i t a t i o n  t o  under ly ing  m a t e r i a l  

Formational pe rmeab i l i t y  h igh  because of 
j o i n t i n g  & rubbly c o n t a c t s ;  rock  permea- 
b i l i t y  low; y i e l d s  l a r g e  amounts of un- 
conf ined  water  t o  w e l l s  where i t  l i e s  below 
the  water  t a b l e ;  r e c e i v e s  6 t r a n s m i t s  
recharge  r e a d i l y ;  i n t e r f l o w  sediments  y i e l d  
l i t t l e  o r  no water  

Lacus t r ine  f a c i e s  y i e l d s  sma l l  amount of 
water  t o  domestic w e l l s ;  e l sewhere  is  a 
good a q u i f e r .  

J o i n t s  h f a u l t s  i n  f lows ,  welded t u f f .  
coarse-gra ined  ash  beds ,  sand & grave l  
y i e l d  small t o  moderate amounts of wa te r ;  
nonpermeable a l t e r e d  beds & some f a u l t s  
c o n t r o l  ground water  movement; impor tan t  
a r t e s i a n  a q u i f e r  l o c a l l y  

Genera l ly  very  low pe rmeab i l i t y ;  f r a c t u r e d  
rock y i e l d s  small amounts of w a t e r ;  impor- 
t a n t  c h i e f l y  a s  basement rock  t r a n s m i t t i n g  
water  from catchment a r e a  t o  lowlands .  

Source: Grimsrud e t  a l .  1978 
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F I G U R E  6-2 

GEOLOGIC STRUCTURE O F  RAFT R I V E R  VALLEY GEOTHERMAL P R O S P E C T  

Af te r  G r i m s r u d  e t  a l .  1978 
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6 . 3  SUBSIDENCE POTENTIAL 

S u b s i d e n c e  h a s  o c c u r r e d  i n  t h e  R a f t  R i v e r  V a l l e y ,  b u t  it is 

a t t r i b u t e d  t o  g roundwate r  w i t h d r a w a l  f rom n e a r - s u r f a c e  s e d i m e n t s .  

F rom t h e  g e n e r a l  d e s c r i p t i o n  g i v e n  of t h e  S a l t  Lake  Forma t ion  

r o c k ,  t h e r e  appears t o  be l i t t l e  s h a l e  i n  t h e  r e s e r v o i r  r e g i o n .  

The p r e s e n c e  o f  s h a l e  may increase t h e  p o t e n t i a l  f o r  s u b s i d e n c e ,  

b u t  t h e  a b s e n c e  of s h a l e  d o e s  n o t  g r e c l u d e  t h e  p o s s i b i l i t y  of  

s u b s i d e n c e .  The c o n t r o l l i n g  f a c t o r  is t h e  c o m p r e s s i b i l i t y  of t h e  

r o c k  u n i t .  
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