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BOREHOLE GEOPHYSICS I N  GEOTHERMAL WELLS--PROBLEMS AND PROGRESS 

W. S c o t t  Keys 
U. S .  Geolog ica l  Survey 

Denver, Colorado 80225 

Surface geophysical  techniques a r e  r e a d i l y  adaptab le  t o  e x p l o r a t i o n  f o r  
and e v a l u a t i o n  o f  geothermal r e s e r v o i r s  because e x i s t i n g  equipment and 
i n t e r p r e t i v e  models can be used. I n  c o n t r a s t ,  t h e  a p p l i c a t i o n  o f  boreho le  
geophysics f o r  these same purposes r e q u i r e s  t h e  development o f  equipment t o  
ope ra te  dependably i n  the  ve ry  h o s t i l e  environment o f  some geothermal w e l l s .  
A f t e r  equipment has been developed and t e s t e d ,  i t s  response must be 
c a l i b r a t e d  w i t h  respec t  t o  r e q u i r e d  parameters such as l i t h o l o g y  and 
p o r o s i t y .  T h i s  i s  d i f f i c u l t  i n  geo log i c  environments where t h e r e  i s  
p r a c t i c a l l y  no exper ience i n  w e l l - l o g  i n t e r p r e t a t i o n .  The d e s i r e d  f i n a l  
p roduc ts  a r e  r e l i a b l e  da ta  t o  gu ide  e x p l o r a t i o n  f o r  geothermal systems, 
and t o  a i d  i n  r e s e r v o i r  e v a l u a t i o n ,  modeling, and development, i n  t h e  ways 
i n  which w e l l  logs a r e  r o u t i n e l y  used i n  the  pe t ro leum i n d u s t r y .  Researchers 
i n  geothermal e x p l o r a t i o n  a r e  s t i l l  some years f rom a c h i e v i n g  t h e  l e v e l  o f  
a p p l i c a t i o n  a l ready  a t t a i n e d  i n  pe t ro leum e x p l o r a t i o n  and development. T h i s  
d e f i c i e n c y  i s  r e c e i v i n g  some a t t e n t i o n  f rom t h e  U . S .  Energy Research and 
Development Agency (ERDA) and t h e  U.S .  Geo log ica l  Survey. The two agencies 
cosponsored a workshop on Geophysical Measurements i n  Geothermal Wel ls i n  
September 1975 (Baker, Baker, and Hughen, 1975). Sandia L a b o r a t o r i e s  had 
prev ious ly 'summar ized t h e  s t a t e - o f - t h e - a r t  i n  a r e p o r t  on "Well-Logging 
Technology and Geothermal A p p l i c a t i o n s "  (Baker, Campbell, and Hughen, 1975) .  
For seve ra l  years t h e  U.S. Geo log ica l  Survey has had a research program t o  
develop l ogg ing  i n s t r u m e n t a t i o n  and l o g - i n t e r p r e t a t i o n  techniques f o r  
geothermal a p p l i c a t i o n s .  Th is  summary descr ibes  some o f  t h e  r e s u l t s  o f  
t h a t  research  e f f o r t .  

The research p r o j e c t  on boreho le  geophysics i n  t h e  U.S. Geo log ica l  
Survey has severa l  h igh- tempera ture  l ogg ing  systems under development and 
t e s t .  The f o l l o w i n g  probes r a t e d  a t  25OoC and 10,000 P S I  (6.896 x 107N/m2) 
a r e  be ing  used f o r  exper imenta l  geothermal w e l l  l ogg ing :  temperature, 
f l u i d  c o n d u c t i v i t y ,  c a l i p e r ,  n a t u r a l  gamma, s p e c t r a l  gamma, non-compensated 
gamma-gamma, non-compensated neut ron ,  16 inch  and 64 i nch  normal r e s i s t i v i t y ,  
spontaneous p o t e n t i a l ,  s i n g l e - p o i n t  r e s i s t a n c e ,  and a c o u s t i c  t e l e v i e w e r .  
Upgrading f o r  h igh- tempera ture  o p e r a t i o n  i s  planned f o r  seve ra l  o t h e r  
l ogg ing  probes which now opera te  t o  approx imate ly  1 5 O o C  ( C e l s i u s ) ;  these 
i n c l u d e  a c o u s t i c  v e l o c i t y ,  focused r e s i s t i v i t y ,  i n d u c t i o n ,  compensated 
gamma-gamma and f lowmeter probes, and a water sampler. Many o f  these probes 
a r e  o f  s t a i n l e s s  s t e e l ;  development o f  probes t h a t  a r e  more r e s i s t a n t  t o  
long exposure t o  t h e  h i g h l y  c o r r o s i v e  f l u i d s  found i n  some geothermal w e l l s  
has n o t  y e t  been s t a r t e d .  

The logg ing  probes l i s t e d  above a r e  operated on two research  t r u c k s  
t h a t  u t i  1 i z e  h igh- tempera ture  (250°C) armored cab le ;  6,000 f e e t  ( f t )  
(1829 meters (m) o f  four -conductor  and 16,000 f t  (4877 m) o f  seven-conductor 
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cab le .  Both t r u c k s  a r e  capable o f  reco rd ing  da ta  f rom we1 
i n  analog and d i g i t a l  forms. D i q i t a l  da ta  can be recorded 

s s imultaneous 
on computer- - - 

compat ib le  7- o r  9 - t r a c k  magnetic tape ,o r  punched o r  p r i n t e d  on paper tape. 
Data a r e  u s u a l l y  recorded a t  0.5 f t  (0.15 m) i n t e r v a l s ,  and o u t p u t  f rom as 
many as seven sensors can be recorded s imu l taneous ly  a long w i t h  depth  
i n fo rma t ion  t o  t h e  neares t  0.01 f t  (0.003 m). We a l s o  have magnet ic-  
tape systems f o r  reco rd ing  gamma spec t ra  and t h e  f u l l  a c o u s t i c  wave form 
d i g i t a l l y .  A l l  these d i g i t a l  da ta  a r e  then en tered  w i t h o u t  m o d i f i c a t i o n  
i n t o  the  Survey 's  computer i n  Denver f o r  q u a n t i t a t i v e  a n a l y s i s .  

Two general  approaches a r e  used t o  develop geophysical  l o g g i n g  probes 
capable o f  o p e r a t i n g  a t  h i g h  temperatures.  The s imp les t  method i s  t o  
i s o l a t e  a l l  t h e  e l e c t r o n i c  components and sensors from t h e  boreho le  
environment by means o f  a s t a i n l e s s  s t e e l  dewar f l a s k  i n s i d e  a h igh -p ressu re  
housing. Hea t -s ink  m a t e r i a l  t h a t  changes s t a t e  below the maximum o p e r a t i n g  
temperature o f  t h e  components i s  i nco rpo ra ted  i n  t h e  f l a s k .  These t o o l s  
a r e  u s u a l l y  designed f o r  10 hours o f  o p e r a t i o n  a t  25OoC. 
t o  t h i s  approach, which we use f o r  severa l  h i g h  temperature probes, i s  t he  
b u i l d - u p  o f  heat f rom power d i s s i p a t i o n  i n  t h e  e l e c t r o n i c s .  I n t e r n a l  heat ,  
which cannot escape from t h e  f l a s k ,  may cause d r i f t  i n  o u t p u t  s i g n a l .  

The major drawback 

A second approach i s  t o  rep lace  a l l  e l e c t r o n i c s ,  mechanical components, 
and m a t e r i a l s  f o r  o p e r a t i o n  a t  25OoC.  For most l ogg ing  probes t h i s  i s  n o t  
p o s s i b l e  because many o f  the necessary h igh- tempera ture  components and 
m a t e r i a l s  do n o t  e x i s t .  The Energy Research and Development Agency i s  
f und ing  a number o f  development e f f o r t s  i n  p r i v a t e  i n d u s t r y  t o  c o r r e c t  t h i s  
d e f i c i e n c y .  I n  t h e  meantime development o f  a dependable h igh- tempera ture  
a c o u s t i c  t e l e v i e w e r ,  so impor tan t  t o  t h e  geothermal i n d u s t r y ,  has been an 
expensive and time-consuming p r o j e c t .  Our approach f o r  t he  t e l e v i e w e r  has 
been a combina t ion  o f  t he  two techniques descr ibed above. A l l  e l e c t r o n i c s  
a r e  i n s t a l l e d  i n  a dewar f l a s k  w i t h  heat s i n k - m a t e r i a l  and t h e  motor-  
magnetometer-transducer s e c t i o n  i s  designed f o r  o p e r a t i o n  i n  h i g h  temperature 
f l u i d s .  The s t a t u s  and a p p l i c a t i o n  o f  t h i s  one-o f -a -k ind  probe w i l l  be 
descr ibed l a t e r .  

T e s t i n g  o f  probes developed f o r  geothermal logging has a l s o  been a 
problem. Components and sec t i ons  can be t e s t e d  i n  l a b o r a t o r y  ovens, b u t  
u n t i l  r e c e n t l y  t h e r e  has been no high-temperature,  h igh-pressure ,  wet 
chamber a v a i l a b l e  f o r  t e s t i n g  assembled probes. Even t h i s  k i n d  o f  a t e s t  
does n o t  f u l l y  s i m u l a t e  l ogg ing  environments. There i s  no s u b s t i t u t e  f o r  
a c t u a l l y  l ogg ing  a h o t  w e l l .  We a r e  a t tempt ing  t o  combine i n - h o l e  t e s t i n g  
w i t h  development o f  c a l i b r a t i o n  da ta  and l o g - i n t e r p r e t a t i o n  techniques f o r  
t he  probes l i s t e d  above. Some o f  ou r  h igh- tempera ture  probes a r e  dependable 
and s t a b l e  and o t h e r s  a r e  n o t ,  which i s  s i m i l a r  t o  the  exper ience users 
have had w i t h  commercial ly a v a i l a b l e  h igh- tempera ture  l ogg ing  s e r v i c e s .  

in -Ho le  Gamma Spectrometry 

The n a t u r a l  gamma l o g  p rov ides  no i n f o r m a t i o n  on t h e  r e l a t i v e  
concen t ra t i ons  o f  uranium, thor ium, and potassium which c o n t r i b u t e  t o  the  
t o t a l  gamma r a d i a t i o n  e m i t t e d  by a l l  rocks.  I n -ho le  gamma spec t romet ry  
does p r o v i d e  da ta  on t h e  r e l a t i v e  concen t ra t i ons  o f  these n a t u r a l l y  
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o c c u r r i n g  rad io i so topes  and has severa l  p o t e n t i a l  a p p l i c a t i o n s  t o  s t u d i e s  
o f  geothermal r e s e r v o i r s .  T h i s  l o g  p rov ides  more d i a g n o s t i c  i n f o r m a t i o n  
on l i t h o l o g y  than can be ob ta ined  from t h e  gross r a d i a t i o n  recorded as a 
n a t u r a l  gamma log,  and t h e  concen t ra t i ons  o f  t h e  radio-elements a r e  r e l a t e d  
t o  sources o f  rad iogen ic  heat i n  rocks.  

Several geothermal i n v e s t i g a t o r s  i n  Los Alamos r e p o r t  t h a t  t he  gamma 
s p e c t r a l  l o g  i s  one o f  t h e  most u s e f u l  l ogs  run i n  t h e  c r y s t a l l i n e  
basement rocks pene t ra ted  by t h e i r  deep w e l l s  (West and Laugh l i n ,  1976). 
The s p e c t r a l  logs prov ided unique da ta  f o r  t h e  " d e n t i f i c a t i o n  o f  such 
rock types as h o r n b l e n d e - b i o t i t e  s c h i s t s  and l e u c o c r a t i c  monzogranite, 
and f o r  c o r r e l a t i o n  between holes.  The presence o f  h i g h  c o n c e n t r a t i o n s  
o f  rad ium-equ iva len t  uranium i n  f r a c t u r e  zones i s  evidence o f  t h e  m o b i l i t y  
o f  uranium and a i d s  i n  the  l o c a t i o n  o f  f r a c t u r e  zones t h a t  f o r m e r l y  had 
a r e l a t i v e l y  h i g h  i n t r i n s i c  p e r m e a b i l i t y .  The s p e c t r a l  l o g  may t h e r e f o r e  
p r o v i d e  i n f o r m a t i o n  r e l a t e d  t o  t h e  source o f  radon gas repo r ted  t o  be 
abundant i n  some geothermal waters and which migh t  c o n s t i t u t e  an environmental  
problem i n  t h e  development o f  geothermal energy. 

Continuous s p e c t r a l  logs a r e  a v a i l a b l e  from one commercial s e r v i c e  
company and we developed and a r e  now t e s t i n g  a h igh- tempera ture  s p e c t r a l  
l ogg ing  probe. We have developed t h e  c a p a b i l i t y  o f  t r a n s m i t t i n g  t h e  
s p e c t r a l  da ta  through 16,000 f t  (4877 m) o f  logg ing  cable and o f  d i g i t i z i n g  
the  spec t ra  i n  t h e  l o g g i n g  t r u c k s .  P r o j e c t  personnel a l s o  wro te  computer 
programs f o r  energy s h i f t i n g  and s t r i p p i n g  o f  complex gamma spec t ra  
(Eggers, 1976). By means o f  these techniques, q u a n t i t a t i v e  analyses f o r  
r a d i o i s o t o p e s  can be made w i t h  equipment t h a t  i s  p r o p e r l y  c a l i b r a t e d  f o r  
t h e  boreho le  environment. C a l i b r a t i o n  i s  now done by u t i l i z i n g  
l a b o r a t o r y  analyses o f  core.  

Acous t i c  Te lev iewer  

The a c o u s t i c  t e l e v i e w e r  p rov ides  t h e  most r e l i a b l e  and accu ra te  da ta  
on t h e  l o c a t i o n  and o r i e n t a t i o n  o f  f r a c t u r e s  and o t h e r  types of  secondary 
p o r o s i t y .  The probe employs an a c o u s t i c  t ransducer  which i s  r o t a t e d  a t  
t h r e e  r e v o l u t i o n s  pe r  second. Each r o t a t i o n  o f  t h e  t ransducer  i s  
d i s p l a y e d  as a sweep on an o s c i l l o s c o p e  a t  t h e  su r face ,  and t h e  sweeps 
a r e  t r i g g e r e d  on magnet ic n o r t h  by a magnetometer i n  t h e  probe. The 
i n t e n s i t y  o f  t h e  scope t r a c e  i s  a f u n c t i o n  o f  t he  amp l i t ude  o f  t h e  
a c o u s t i c  s i g n a l  r e f l e c t e d  from t h e  w a l l  o f  t he  borehole.  A camera i s  
used t o  reco rd  t h e  successive sweeps, which a r e  combined t o  produce a 
p i c t u r e  o f  t h e  boreho le  w a l l  as i f  i t  had been s p l i t  a long t h e  n o r t h  
s i d e  and opened o u t  i n t o  t h e  p lane o f  t h e  p i c t u r e .  The s t r i k e  and d i p  
o f  f r a c t u r e s  and o t h e r  p l a n a r  f e a t u r e s  can be c a l c u l a t e d  from t h e  
t e l e v i e w e r  l o g  and a c a l i p e r  l o g  (Zemanek, 1969). The a c o u s t i c  t e l e v i e w e r  
l o g  can r e s o l v e  f e a t u r e s  as smal l  as 1 . 5  mm, and i t  can be used i n  ho les  
f i l l e d  w i t h  d r i l l i n g  mud, water ,  o r  o i l .  Our t e l e v i e w e r  systems a l s o  
have a v a i l a b l e  o r i e n t e d  a c o u s t i c  c a l i p e r  ou tpu ts  t h a t  produce f o u r  very  
h i g h  r e s o l u t i o n  t races  a t  Nor th ,  East,  South and West. These data,  
combined w i t h  t h e  t e l e v i e w e r  l o g ,  p r o v i d e  a three-dimensional  model o f  
f r a c t u r e s  and o t h e r  openings. 
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Whi le  t e l e v i e w e r  probes were developed 8 years ago and have been used 
by severa l  s e r v i c e  companies, t h e  o n l y  h igh- tempera ture  t e l e v i e w e r  probe 
b u i l t  t o  da te  i s  be ing  developed under c o n t r a c t  f o r ,  and t e s t e d  by, t he  
U.S. Geo log ica l  Survey. I t has been used exper imen ta l l y  t o  l o g  geothermal 
w e l l s  a t  M a r y s v i l l e ,  Mont.; R a f t  R ive r ,  Idaho; Long Va l l ey ,  C a l i f .  and 
Los Alamos, New Mexico. Al though i t  has operated a t  temperatures as h i g h  as 
2OO0C f o r  many hours i t  i s  s t i l l  n o t  dependable, and a l l  component and 
m a t e r i a l  problems have no t  y e t  been solved. Desp i te  these problems we a r e  
encouraged by progress  t o  d a t e  and l o o k  f o r  f u r t h e r  improvement o f  t h e  
sys tern. 

The p o t e n t i a l  s i g n i f i c a n c e  o f  a probe t h a t  revea ls  i n d i v i d u a l  openings 
i n  the  boreho le  w a l l  i s  i l l u s t r a t e d  by a statement by g e o l o g i s t s  f o r  a 
major company i n v o l v e d  i n  the  development o f  one impor tan t  geothermal 
r e s e r v o i r ,  t h a t  t h e  o r i e n t a t i o n  o f  f r a c t u r e s  would be the  most impor tan t  
da ta  t h a t  c o u l d  be ob ta ined  from geophysical  logs.  T h i s  statement i s  
based on t h e  hypothes is  t h a t  f r a c t u r e s  o f  one o r i e n t a t i o n  a r e  more l i k e l y  
t o  produce steam than those o f  another ,  and t h a t  i n f o r m a t i o n  on t h e  
d i s t r i b u t i o n  and o r i e n t a t i o n  o f  f r a c t u r e s  as a f u n c t i o n  o f  depth  would 
a l l o w  w e l l s  t o  be d r i l l e d  d i r e c t i o n a l l y  a t  t he  best  ang le  t o  i n t e r s e c t  
t he  produc ing  f r a c t u r e s .  

Na tu ra l  f r a c t u r e s  a r e  very  abundant i n  most o f  t he  geothermal w e l l s  
we have logged; some o f  these w e l l s  a t t a i n  depths as g r e a t  as 10,000 f t  
(3048 m). F r a c t u r e  s e t s  have been observed w i t h  favored o r i e n t a t i o n s  
t h a t  may be c o n s i s t e n t  over severa l  thousand f e e t  o f  ho le .  Log A i n  
F ig .  1 i s  a s e c t i o n  o f  t e l e v i e w e r  l o g  made w i t h  t h e  h i g h  temperature probe 
i n  a w e l l  i n  Long V a l l e y ,  C a l i f .  Several f r a c t u r e  se ts  w i t h  d i f f e r e n t  
o r i e n t a t i o n s  a r e  c l e a r l y  shown. Considerable d i f f e r e n c e  i n  the  c h a r a c t e r  
o f  f r a c t u r e s  has been noted i n  such logs,  and the  da ta  be ing  c o l l e c t e d  w i l l  
make p o s s i b l e  a s tudy  o f  t he  r e l a t i o n s h i p  o f  water c o n t r i b u t i o n  t o  the 
o r i e n t a t i o n  and cha rac te r  o f  t he  f r a c t u r e s .  We have a l s o  used t h e  
t e l e v i e w e r  t o  l o g  a w e l l  be fo re  and a f t e r  h y d r a u l i c  f r a c t u r i n g  as an 
e s s e n t i a l  p a r t  o f  s t a t e - o f - s t r e s s  s t u d i e s  i n  C a l i f o r n i a  and i n  Colorado. 
F rac tu res  induced a r t i f i c i a l l y  as p a r t  o f  t h e  Los Alamos S c i e n t i f i c  
L a b o r a t o r y ' s  ho t -d ry - rock  program w e r e  observed d u r i n g  logg ing  i n  a deep 
w e l l  i n  New Mexico. Log B i n  F i g .  1 was made i n  t h i s  w e l l  and shows a 
s e c t i o n  o f  a h y d r a u l i c a l l y  induced f r a c t u r e  system, which i s  apparen t l y  
bo th  v e r t i c a l  and branching. I f  h y d r a u l i c  f r a c t u r i n g  becomes an impor tan t  
procedure f o r  t h e  s t i m u l a t i o n  o f  geothermal w e l l s  t h e  t e l e v i e w e r  w i l l  be 
needed t o  p r o v i d e  i n f o r m a t i o n  on the  f r a c t u r e s  produced. Study o f  
subsidence caused by t h e  w i thdrawal  o f  geothermal f l u i d s  i s  another  
p o t e n t i a l  a p p l i c a t i o n  of t h e  t e l e v i e w e r ;  t h i s  may prove t o  be one o f  t h e  
bes t  ways o f  e s t i m a t i n g  t h e  amount o f  compaction i n  sediments pene t ra ted  
by w e l l s .  I t  has h i g h  r e s o l u t i o n  and can t h e r e f o r e  be used t o  measure t h e  
sho r ten ing  o f  each l e n g t h  o f  cas ing  caused by compaction. Th is  can be 
done by l o c a t i n g  very  a c c u r a t e l y  c o l l a r s ,  p e r f o r a t i o n s ,  o r  o t h e r  
i r r e g u l a r i t i e s  i n  cas ing.  
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Computer I n t e r p r e t a t i o n  o f  Logs 

Four types o f  logs respond t o  changes i n  p o r o s i t y  i n  a l i t h o l o g y -  
dependent manner: t he  neut ron ,  a c o u s t i c  v e l o c i t y ,  gamma-gamma, and 
r e s i s t i v i t y  logs.  R e s i s t i v i t y  logs,  however, a l s o  depend on t h e  c o n d u c t i v i t y  
o f  t h e  i n t e r s t i t i a l  f l u i d .  A t y p i c a l  pe t ro leum-or ien ted  techn ique i s  t o  
c r o s s p l o t  two of  t h e  t h r e e  l i tho logy-dependent  p o r o s i t y  l ogs .  I f  t h e  rock 
t ype  i s  l imestone,  sandstone or do lomi te ,  o r  a m i x t u r e  o f  any two o f  these, 
t he  c r o s s - p l o t s  may i n d i c a t e  l i t h o l o g y  and p r o v i d e  es t imates  o f  p o r o s i t y  
values c o r r e c t e d  f o r  l i t h o l o g i c  o r  m a t r i x  e f f e c t s .  We a r e  a t t e m p t i n g  t o  
use t h i s  techn ique t o  i n t e r p r e t  geophysical  logs o f  t he  w e l l s  i n  t h e  R a f t  
R ive r  Basin, Idaho. 

F i g .  2 i s  a computer-generated p l o t  o f  d e n s i t y  f rom a commercial 
gamma-gamma l o g  and o f  p o r o s i t y  f rom a commercial neut ron  log,  assuming a 
sandstone m a t r i x .  The p l o t  i s  f o r  t he  depth  i n t e r v a l  5400 t o  5900 f t  
(1646 to1798  m) i n  t h e  Idaho Na t iona l  Eng ineer ing  L a b o r a t o r y ' s  w e l l  
RRGE-2. I t  i s  apparent from t h e  p l o t  t h a t  two d i s t i n c t  l i t h o l o g i e s  o r  
p o r o s i t i e s  a r e  p resen t .  Near ly  a l l  t h e  p o i n t s  c l u s t e r e d  around 13% 
apparent p o r o s i t y  and a b u l k  d e n s i t y  o f  3.0 g/cc correspond t o  t h e  
depth  i n t e r v a l  f rom 5690 t o  5760 f t  (1734 t o  1756 m ) .  The c u t - o f f  a t  
3.0 g/cc i s  due t o  s e t t i n g  o f  t he  s c a l e  f o r  t he  gamma-gamma l o g  a t  
va lue  s u i t a b l e  f o r  a t y p i c a l  o i l - f i e l d  environment. A more e f f e c t i v e  
s c a l e  would have accommodated t h e  h ighe r  d e n s i t i e s  encountered i n  t h e  
igneous and metamorphic rocks.  Th is  demonstrates t h e  importance o f  
hav ing  a l o g  a n a l y s t  a t  t h e  s i t e  who i s  f a m i l i a r  w i t h  t h e  geothermal 
environment. Data from c u t t i n g s  and core  i n d i c a t e  t h a t  t h e  i n t e r v a l  
from 5690 and 5760 f t  (1734 t o  1756 m) i s  b i o t i t e  s c h i s t .  B i o t i t e  has 
a b u l k  d e n s i t y  o f  2.8 t o  3 . 4  g/cc.  

The c l u s t e r  o f  p o i n t s  a t  a b u l k  d e n s i t y  o f  approx imate ly  2.6 g/cc 
and an apparent p o r o s i t y  o f  2 percent  represents  q u a r t z  monzonite, which 
i s  found above and below t h e  b i o t i t e  s c h i s t .  I f  t h e  sandstone, l imestone,  
and do lomi te  l i n e s  were added t o  the p l o t  i n  F i g .  2 t h e  q u a r t z  monzoni te 
would f a l l  between 0 and 5 percent  on t h e  l i n e  rep resen t ing  sandstone 
p o r o s i t y .  Th i s  r e l a t i o n s h i p  i s  q u i t e  reasonable because the  m i n e r a l s  in 
q u a r t z  monzoni te have g r a i n  d e n s i t i e s  t h a t  average near 2.65 g/cc,  a 
va lue  commonly assumed f o r  sandstone. The c r o s s p l o t  p o i n t s  f o r  b i o t i t e  
s c h i s t  do n o t  f a l l  near any o f  t h e  l i t h o l o g i c  types on a v a i l a b l e  c ross-  
p l o t s .  Th i s  i l l u s t r a t e s  t h e  need f o r  development o f  c a l i b r a t i o n  da ta  and 
i n t e r p r e t i v e  techniques f o r  t h e  rock  types found i n  geothermal areas 
b u t  n o t  found i n  petroleum-producing areas. 

P r o j e c t  personnel have developed computer techniques t o  compute 
l i t h o l o g y - c o r r e c t e d  p o r o s i t y ,  m a t r i x  d e n s i t y ,  m a t r i x  v e l o c i t y ,  a c o u s t i c  
p o r o s i t y ,  secondary p o r o s i t y ,  apparent water r e s i s t i v i t y ,  m inera logy ,  
thermal c o n d u c t i v i t y ,  and heat f l o w  i n  a l imestone-do lomi te  s e c t i o n  i n  
Texas (Merkel, MacCary and Chicko, 1976). F i g u r e  3 shows some o f  these 
curves generated by t h e  computer. L i t h o l o g y  was so lved as a f u n c t i o n  o f  
t h e  t h r e e  p o r o s i t y  logs (neutron, gamma-gamma, and a c o u s t i c  v e l o c i t y )  
by means o f  a l i n e a r  programming a l g o r i t h m .  

-71-  



>- 
I- cn 
z
 

W
 
0
 

I 
Z

 
0
 

e
 
3
 

w
 

Z
 

N
 

W
 

c3 

-
 

a
 

,
O

O
C

'
 

'
I

"
.

"
'

 

t
 

t- -
 

m
 
0
 

a: 0 
a
 Z
 
0
 

a: I- 3
 

W
 

z
 

-72- 



0
 

N
 

ca k
 

aJ C 
aJ I 

m
 

-73- 



A thermal c o n d u c t i v i t y  l o g  was generated i n  t h e  computer us ing  t h e  
r e s u l t s  o f  t he  minera logy  program and a geometr ic mean equat ion  t h a t  
has been found t o  represent  most e f f e c t i v e l y  t h e  r e l a t i o n s h i p s  between 
minera logy  and thermal c o n d u c t i v i t y  (Sass and o the rs ,  1971); Merkel ,  
1975). A tempera ture-grad ien t  log  was generated u s i n g  t h e  temperature 
l o g  and a d e l t a - Z  o f  10 f t .  The produc t  o f  thermal c o n d u c t i v i t y  and 
thermal g r a d i e n t  produced a hea t - f l ow  log .  

Conclusions 

The a p p l i c a t i o n  o f  boreho le  geophysics t o  the  development o f  geothermal 
energy i s  s t i l l  i n  i t s  i n fancy  bu t  equipment problems a r e  being so lved 
and progress i s  be ing  made toward q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  t he  logs 
i n  environments where p rev ious  exper ience does n o t  e x i s t .  These e f f o r t s  

w i l l  be f u r t h e r e d  by t h e  a v a i l a b i l i t y  o f  core,  core  analyses, and t e s t  
i n f o r m a t i o n  f rom v a r i o u s  geothermal environments and by i n c r e a s i n g  t ime 
a v a i l a b l e  f o r  l ogg ing  those w e l l s  where o t h e r  da ta  a r e  a v a i l a b l e .  
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