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ABSTRACT 

Most o f  t h e  geophysical data i n  t h e  p u b l i c  
domain, acqui red i n  e x p l o r a t i o n  f o r  h igh  tempera- 
t u r e  geothermal systems i n  t h e  Northern Elasin and 
Range Province, have been reviewed. S u f f i c i e n t  
data a re  a v a i l a b l e  t o  compare 14 methods a t  13 
s i t e s ,  b u t  o n l y  110 e n t r i e s  occur i n  t h e  14 by 13 
m a t r i x  whereas 182 e n t r i e s  would have been 
optimum. Only f o u r  o f  t h e  s i t e s  s tud ied  are  
be l ieved t o  be capable o f  product ion o f  c m m e r c i a l  
e l e c t r i c i t y  w h i l e  t h r e e  others probably w i l l  be 
placed i n  t h i s  ca tegory  i n  t h e  next  few years. 
For  th ree  a d d i t i o n a l  systems be l ieved t o  be 
capable of c m m e r c i a l  production, i n s u f f i c i e n t  
geophysical data a r e  a v a i l a b l e ,  i n  t h e  p u b l i c  
domain, t o  permi t  review. 

On a r a t i n g  s c a l e  o f  1 equals good through 4 
equals poor, no geophysical method has a mean 
rank ing o f  1. F i v e  methods rank about 2, s i x  rank 
about 2.5, and t h r e e  rank  about 3, w h i l e  none 
ranks 4. This  rank ing  system i s  sub jec t ive ,  bu t  
u n i f o m l y  app l ied  t o  t h e  quest ion,  "what c o n t r i b u -  
t i o n  has t h e  method made t o  understanding t h e  
r e s e r v o i r  o r  t h e  presumed r e s e r v o i r ,  a t  s i t e  X " .  
The averages o f  t h e  eva lua t ions  a t  each s i t e  are 
t h e  rank ings g iven above. No combination o f  any 
f o u r  methods has been successful a t  more than one 
s i t e  where "successfu l "  means a rank ing o f  1 o r  
2. The most use fu l  o f  t h e  methods, j u d g i n g  by 
t h e i r  average r a n k i  ngs a r e  heat f l o w  microear th-  
quakes, g r a v i t y ,  r e s i s t i v i t y ,  and se l f -poten-  
t i a l .  The l e a s t  e f f e c t i v e  methods a r e  e a r t h  
noise, r e f l e c t i o n  seismology, magnetics, magneto- 
t e l l  u r i c s  and t e l l  u r i cs .  The rad iomet r ic  and 
induced p o l a r i z a t i o n  methods were excluded from 
t h e  comparative s tudy  due t o  a p a u c i t y  o f  data. 
The CSAMT method has been inc luded w i t h  CSEM f o r  
purposes o f  t h i s  comparat ive study. 

Twenty-three appl i c a t i o n s  o f  geophysical 
techniques were judged t o  be good, 29 were judged 
t o  be f a i r ,  48 were judged t o  be quest ionable,  
w h i l e  10 were judged t o  be poor. Only 52 o f  110 
e n t r i e s  i n  t h e  14 b y  13 m a t r i x  were judged t o  be 
f a i r  o r  good; i.e. 53 percent o f  t h e  geophysical 
appl i c a t i o n s  gave quest i onabl e o r  poor r e s u l  t s . 
O f  t h e  58 a p p l i c a t i o n s  where quest ionable o r  poor 
r a t i n g s  were assigned, 41 a p p l i c a t i o n s  were judged 
t o  be s imple f a i l u r e  of t h e  geophysical method t o  
so lve  t h e  problem a t  hand. However, 17 of t h e  

a p p l i c a t i o n s  could have been b e t t e r  i f  improved 
techno1 ogy o r  i n t e r p r e t a t i o n  were ava i lab le ;  some 
poor technology was a p p l i e d  i n  t h e  middle o f  t h e  
1970-80 decade. 

Overa l l ,  t h i s  rev iew prov ides a somewhat 
d iscouraging p i c t u r e .  Th is  may be due i n  par t  t o  
inadequate subsurface c o n t r o l  and t o  inadequate 
survey design, execut ion and i n t e r p r e t a t i o n  as a 
r e s u l t  o f  l a c k  o f  experience. I would tend t o  use 
heat f low, microearthquakes, g r a v i t y ,  r e s i s t i v i t y  
( o r  CSAMT), and s e l f - p o t e n t i a l  methods a t  a l l  
prospects. Once these data were i n t e r p r e t e d  and 
cor re la ted ,  I would then dec ide whether o r  not  
a d d i t i o n a l  geophysical survey i  ng was requ i red  
and/or j u s t i f i e d .  A1 1 geophysical surveys should 
be designed and executed o n l y  a f t e r  t h e  geology 
has been mapped c a r e f u l l y ,  an i n t e g r a t e d  i n t e r -  
p r e t a t i o n  has been made o f  any and a l l  o t h e r  
a v a i l a b l e  e a r t h  science data, and one or  more 
s p e c i f i c  quest ions have been f o ~ u l a t e d  f o r  t h e  
survey t o  answer. The surveys should be designed 
w i t h  one o r  more conceptual geo log ica l  models i n  
mind and t h e  d e n s i t y  and ex ten t  o f  t h e  geophysical 
coverage should be designed t o  prov ide adequate 
cover  o f  t h e  area d i c t a t e d  by such conceptual 
geol o g i  c model s . 

~ i t h i n  t h i s  manuscript,  I have discussed t h e  
advantages and l i m i t a t i o n s  o f  a l l  o f  t h e  geophys- 
i c a l  methods considered; such a d iscuss ion i s  
e s s e n t i a l  t o  t h e i r  evaluat ion.  Examples o f  over- 
l a p p i n g  geophysical da ta  se ts  a re  g iven f o r  t h r e e  
igneous-re la ted geothemal  systems and f o r  two 
systems w i thout  obvious igneous r e l a t i o n s h i p s .  No 
systematic d i f f e r e n c e  i n  t h e  past a p p l i c a t i o n  t o  
geophysical expl o r a t i o n  f o r  igneous-re1 a ted  
systems versus those w i t h  no obvious igneous 
re1 a t i o n s h i  ps i s  evident. 

.1.0 OBJECTIVES 

Heat i s  t h e  essence o f  a geothermal resource, 
and i t s  r o l e  i n  t h e  development o f  such resources, 
t h e  theme o f  t h i s  symposium, i s  fundamental . How- 
ever, t h i s  leads t o  t h e  ques t ion  o f  how much sur -  
face  man i fes ta t ion  o f  heat i s  necessary t o  d e f i n e  
a geothermal prospect worthy of exp lo ra t ion .  
C l  e a r l y ,  heat fl ow speci a1 i s t s  a t  t h i s  conference 
w i l l  attempt t o  address t h i s  ques t ion  d i r e c t l y .  I 
have been asked t o  address i t  i n d i r e c t l y  and t o  
concentrate on t h e  o t h e r  geophysical methods used 
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i n  geothermal e x p l o r a t i o n  and t o  p rov ide  a "common 
th read"  among geophysical r e s u l t s  f o r  prospect-  
s i zed  areas o f  10 t o  1000 square mi les .  

The o b j e c t i v e  o f  t h i s  paper, accord ing ly ,  i s  
t o  focus on a comparative study o f  t h e  problems 
and successes encountered w i t h  t h e  g r a v i t y ,  mag- 
n e t i c ,  passive seismic, a c t i v e  seismic,  s e l f -  
p o t e n t i a l ,  r e s i s t i v i t y ,  passive electromagnet ic,  
and a c t i v e  electromagnet ic methods. Such a com- 
p a r a t i v e  study would be incomplete i f  I f a i l e d  t o  
draw conc lus ions  as t o  the  cos t -e f fec t i veness  and 
p re fe r red  r o l e  of each o f  t h e  methods l i s t e d  
above. A t  t h e  r i s k  o f  c r i t i c i s m  from spec ia l  
i n t e r e s t  groups, I s h a l l  draw such conclusions. 
The ex ten t  t o  which I am ab le  t o  j u s t i f y  my con- 
c l u s i o n s  must be judged by t h e  i n d i v i d u a l  reader  
i n  r e l a t i o n  t o  h i s  own experience. Wi th  t h e  
passing of t ime  and f u r t h e r  d r i l l i n g ,  my conc lu -  
s ions  undoubtedly w i l l  be modif ied.  A t  l e a s t ,  
however, I s h a l l  have provided a datum t o  which 
f u r t h e r  analyses may be referenced. 

For  t h e  purposes of t h i s  paper, I use 
Edmiston's (1982) d e f i n i t i o n  o f  t h e  Nor thern  Basin 
and Range Province (F ig .  1 ) .  The number and eva l -  
u a t i o n  of geothermal prospects i n  F i g u r e  1 
d i f f e r s ,  however, from t h a t  g iven  by Edrniston 
(1982). It i s  my i n t e n t  t o  convey an overview o f  
t h e  c o n t r i b u t i o n s  made by each geophysical method 
t o  understanding the  geothermal r e s e r v o i r  o f  most 
of t h e  prospects o f  F igu re  1, independent o f  
whether t h e  prospect may now be c l a s s i f i e d  as a 
d iscovery  o r  otherwise. I n  t h i s  process, I s h a l l  
use examples o f  geophysical data frorn on l y  a few 
of t h e  prospects. Th is  penn i ts  t h e  paper t o  be 
reasonably concise and y e t  ill u s t r a t i v e .  The zone 
of enhanced extension, shown i n  F igu re  1, i s  my 
own i n t e r p r e t a t i o n ,  

2.0 DISTRIBUTION OF KNOWN H I G H  TEMPERATURE 
RESOURCES 

As noted by Edmiston (1982), "The no r the rn  
Basin and Range Geologic Province o f  t h e  western 
U.S.A. has been w ide ly  recognized as a h i g h l y  
p rospec t ive  area f o r  high-temperature geothermal 
rese rvo i r s .  Yet, on l y  s i x  apparent d i scove r ies  
r e s u l t e d  from t h e  d r i l l i n g  o f  53 geothermal 
w i l d c a t  we l l s  i n  t h i s  area from 1974 th rough 
1981, Th is  r e l a t i v e l y  lower success r a t e  can be 
p a r t l y  a t t r i b u t e d  t o  t h e  d i f f i c u l t y  o f  developing 
accurate geo log ica l  and geophysical models i n  t h i s  
area p r i o r  t o  d r i l l i n g .  However, i t  may a l so  
i n d i c a t e  t h a t  la rge ,  high-temperature geothermal 
rese rvo i r s  may be l e s s  common i n  t h i s  area than 
thought previously."  Mansure and Brown (1982) 
support Edmi s ton ' s  observa t ions  by fo recas t i ng  
(F igure  2 )  t h a t  t h e  r a t e  o f  d r i l l i n g  o f  geothermal 
w e l l s  through t h e  year  2000, w i l l  be about the  
same f o r  nor thern  Nevada as fo r  Roosevelt Hot 
Springs o r  Va l l es  Caldera. I f  t h i s  fo recas t  i s  
c o r r e c t ,  then t h e  e l e c t r i c  power generated by 
geothermal energy i n  no r the rn  Nevada w i l l  indeed 
be modest, i.e. o f  t h e  o rde r  o f  500 MWe. One 
might conclude, from t h e  works o f  Edmiston (1982), 
Mansure and Brown (1982), and Benoi t  and B u t l e r  
(1983), t h a t  f o r  t h e  whole o f  t h e  no r the rn  Basin 
and Range Province t h e r e  w i l l  be e l e c t r i c a l  pro- 
duc t ion ,  by t h e  year  2000, on l y  a t  Beowawe, Coso, 
Desert Peak, D i x i e  Val l ey ,  Humbol d t  House, Roose- 
v e l t  Hot Spr ings and Steamboat Springs. Soda Lake 
and Long Va l l ey  should poss ib l y  be added t o  t h i s  
l i s t .  A l l  o f  these p o t e n t i a l  resources l i e  i n  the  
eas tern  and western margins o f  t h e  no r the rn  Basin 
and Range Province as F igu re  1 shows; these are 
reg ions  of enhanced c r u s t a l  extension. O f  course, 
moderate- t o  1 ow-temperature geothermal resources 
a re  much more widespread. 

F igu re  1. Map showing the  l o c a t i o n  o f  geothermal d i scove r ies  and unsuccessful  geothermal w i l d c a t  
w e l l s  i n  the  nor thern  Basin and Range Province ( a f t e r  Edmiston, 1982). 
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Figure  2. Forecast  o f  geothermal e l e c t r i c  power 
c a p a c i t y  ( a f t e r  Mansure and Brown, 
1982). 

I s  t h i s  d i s t r i b u t i o n  o f  known, h i g h  
temperature resources due t o  t h e  geologic  
environment c rea ted  by enhanced c r u s t a l  extension, 
o r  i s  i t  because, i n  p a r t ,  t h a t  we have n o t  
devel oped geophysical techniques capable of 
d e t e c t i n g  and d e l i n e a t i n g  h igh  temperature 
resources when these resources are  hidden? One 
would c e r t a i n l y  have expected more than one 
e x p l o i t a b l e  h i g h  temperature resource along t h e  
eastern margin o f  t h e  Basin and Range, i f  h i g h  
heat f low,  t h i n  c r u s t ,  and Quaternary volcanism 
are t h e  key i n d i c a t o r s  o f  pritne prospect ing 
ground. 

3,O G E O P H Y S I C A ~  METHODS FOR ~EOT~ERMAL 
EXPLORATION 

I n  t h e  Nor thern  Basin and Range Province, t h e  
bas ic  t a r g e t  f o r  geophysical surveys i n  most cases 
i s  a f r a c t u r e  and f a u l t  system f i l l e d  w i t h  thermal 
f l u i d s .  The r e s e r v o i r  i t s e l f  may be r e l a t i v e l y  
near sur face as i n  p a r t s  o f  Roosevelt Hot Springs, 
o r  i t  may be 5,000 t o  10,000 fee t  deep as a t  
Beowawe o r  Deser t  Peak. Many geophysical tech- 
niques are  o n l y  capable o f  d e l i n e a t i n g  t h e  t o p  o f  
t h e  plumbing system and t h i s  may o r  may not  con- 
t r i b u t e  t o  understandi ng t h e  r e s e r v o i r  (C.M. S w i f t  
Jr., pers. com,). With t h i s  thought i n  mind, l e t  
us t u r n  t o  t h e  geo log ic  f e a t u r e  o r  f e a t u r e s  each 
method i s  u s u a l l y  d i r e c t e d  toward, as l i s t e d  i n  
Table 1. A b r i e f  d iscuss ion  o f  each t a r g e t ,  i n  
r e l a t i o n  t o  t h e  a p p r o p r i a t e  method, f o l l o w s .  

Ear th noise i s  associated w i t h  hot  spr ing  
a c t i v i t y ,  f l u i d  c i r c u l a t i o n ,  and f l u i d  phase 
changes i n  geothermal systems, i.e. a c t i v e  
hydrothermal processes, and can be a d i r e c t  
i n d i c a t o r  o f  t h e  presence o f  a g e o t h e ~ a l  sys- 
tem. This  no ise,  and no ise  generated i n  o t h e r  
ways, may a l s o  be used t o  map t h e  t h r e e  dimen- 
s i o n a l  d i s t r i b u t i o n  o f  v e l o c i t y  and a t t e n u a t i o n  
( I y e r  and Hitchcock, 1975; L i a w  and McEvi l ly ,  
1979; L i a w  and Suyenaga, 1982). 

microearthquakes 

Microearthquakes are  associated w i t h  a c t i v e  
f a u l t i n g .  They can occur  more o r  l e s s  cont in -  
uously, b u t  more f r e q u e n t l y  they a r e  episodic. 
Hypocenter l o c a t i o n s  g ive  i n f o r m a t i o n  on reg ions  
where f a u l t s  a re  a c t i v e  and can he lp  determine 
s t r i k e  and dip. Fau l t -p lane s o l u t i o n s  can y i e l d  
i n f o r m a t i o n  on d i r e c t i o n  o f  movement. The three-  
dimensional d i s t r i b u t i o n  o f  seismic wave attenua- 
t i o n  may be mapped, By measuring bo th  compres- 
s i o n a l  and shear wave v e l o c i t i e s ,  Poisson 's  r a t i o  
can be computed; i t  i s  expected t o  be low over a 
vapor-dominated system and h igh  over a f ractured,  
1 fquid-domi nated system. The source parameters 
seismic moment, s t r e s s  drop, f a u l t  s l i p ,  and 
source r a d i u s  may be estimated, b u t  t h e i r  value in  
r e s e r v o i r  d e f i n i t i o n  and d e l i n e a t i o n  i s  unknown a t  
present ivi nimum hypocentral depth o f  microearth- 
quakes i s  use fu l  i n  es t imat ing  t h e  thermal regime 
surroundi ng geothermal reservo i  r s  (Ward, I?. W .  e t  
al. ,  1979, Majer and McEv i l l y ,  1979). 

te Zeseisms 

I f  a s u f f i c i e n t l y  d i s t a n t  earthquake i s  
observed w i t h  a c l o s e l y  spaced a r r a y  o f  se is -  
mographs, changes i n  P-wave t r a v e l - t i m e  from 
s t a t i o n  t o  s t a t i o n  can be taken t o  be due t o  
v e l o c i t y  v a r i a t i o n s  near t h e  array.  Trave l - t ime 
r e s i d u a l s  a re  computed as t h e  observed a r r i v a l  
t i m e  minus t h a t  c a l c u l a t e d  f o r  a standard earth. 
A magma chamber beneath t h e  geothennal system 
would g ive  r i s e  t o  low P-wave v e l o c i t i e s  and hence 
t o  l a t e  observed t r a v e l  t imes ( I y e r  e t  al., 1979; 
Reasenberg e t  a1 . , 1980; Robinson and I y e r ,  1981). 

refraction m d  ref Zeetion 

The se ismic r e f r a c t i o n  and r e f l e c t i o n  methods 
can be used t o  map t h e  depth t o  t h e  water tab le,  
s t r a t i g r a p h y  , f a u l t  i ng , i n t  r u s i  ons , and geol og i  c 
s t r u c t u r e  i n  general.  They may a l s o  y i e l d  t h e  
subsurface d i s t r i b u t i o n  o f  seismic P-wave and S- 
wave v e l o c i t i e s ,  a t tenuat ions  and Poisson 's  r a t i o .  
Detec t ion  o f  a c h a r a c t e r i s t i c  a t t e n u a t i o n  o r  a 
" b r i g h t "  spot ,  as found over r e s e r v o i r s  i n  pet ro-  
leum exp lo ra t ion ,  would be a use fu l  f e a t u r e  (Ward, 
R.W. e t  al., 1979; Applegate e t  al., 1981), but 
t h i s  has n o t  been repor ted  c l e a r l y  f o r  any pros- 
pect  i n  t h e  nor thern  Basin and Range province. 

gravity 

Dens i ty  cont ras ts  among rock u n i t s  permi t  
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G E O P H Y S I C A L  TARGETS IN GEOTHERMAL EXPLORATION 

METHOD T A R G E T S  

S E  ISMlC 
E A R T H  N O I S E  
MICRO E A R  THQUA K ES A c t i v e  f a u l t i n g ,  f l u i d  f i l l e d  f r a c t u r i n g .  
TEL E S E I S M S  Deep magma c h a m b e r .  
R E F R A C  110 N 
R E F L E C T I O N  

A c t i v e  h y d r o t h e r m a l  processes, d i s t r i b u t i o m  o f  v e l o c i t y  and a t t e n u a t i o n ,  

S t r u c t u r e ,  d i s t i  but ion  o f  v e l o c i t y  a n d  a t t e n u a t i o n .  
S t r u c t u r e ,  d i s t i b u t i o n  o f  v e l o c i t y  and a t t e n u a t i o n .  

G R A V I T Y  S t r u c t u r e ,  a l t e r a t i o n ,  d e n s i f i c a t i o n ,  i n t r u s i o n s ,  d i s t r i b u t i o n  o f  d e n s i t y  

M A G N E T I C S  S t r u c t u r e ,  h y d r o t h e r m a l  a l t e r a t i o n ,  i n t r u s i v e s ,  e r t r u s i v e s .  

E L E C T R I C A L  
R E S I S T I V I T Y  F a u l t i n g ,  b r i n e s ,  h y d r o t h e r m a l  a l t e r a t i o n .  
I N D U C E D  P O L A R I Z A T I O N  H y d r o t h e r m a l  a l  t e r a t i o n .  
C S E M  E S C A L A R  A M T  F a u l t i n g ,  b r i n e s ,  h y d r o t h e r m a l  a l t e r a t i o n .  
M T / A M T  S t r u c t u r e ,  deep  r e s e r v o i r ,  magma c h a m b e r  7, p a r t i a l  m e l t  i n  deep c r u s t  

or upper  mo n t I e.  
S E L F  P O T E N T I A L  F l u i d  a n d  h e a t  f l o w .  
T E  L L U R I C S  Foul  t i n g  , b r i n e s ,  h y d r o t h e r m a l  a l  t e r a  t i o n .  

R A  DIOM€ T R I G  A l t e r a t i o n ,  2 2 6 R a d o n ,  222Radium. 

H E A T  F L O W  R e s e r v o i r  t e m p e r a t u r e .  

use o f  t h e  g r a v i t y  method t o  map in t rus ions ,  a s t r a t i g r a p h i c  u n i t  t h a t  con ta ins  thermal b r i nes  
f a u l t i n g ,  deep v a l l e y  fill , and geo log ic  s t r u c t u r e  and/or a l t e r a t i o n .  By v i r t u e  of r e s i s t i v i t y  
i n  general.  A Subsurface d i s t r i b u t i o n  of c o n t r a s t s  among rock un i t s ,  each o f  these methods 
d e n s i t i e s  can be obtained i n  t h e  i n t e r p r e t a t i o n  can map f a u l t s ,  s t ra t i g raphy ,  i n t r u s i o n s ,  and 
process. Dens i f i ca t i on  of porous sediments g ives  geo log ic  s t r u c t u r e  i n  general ,  independent of t h e  
r i s e  t o  g r a v i t y  h ighs  Over Some geothermal systems presence o f  b r i n e  o r  a l t e r a t i o n  (Hoover e t  a l . ,  
( Isherwood and Mabey, 1978) 1978; Ward, S.H. and S i l l ,  1982). 

magnetics induced po Zarization 

Magnetic s u s c e p t i b i l i t y  c o n t r a s t s  i n  t h e  
subsurface permit  use o f  t h e  aeromagnetic and 
ground magnetic methods t o  map t h e  d i s t r i b u t i o n  o f  
magnetite.’ I n  some instances, t h i s  d i s t r i b u t i o n  
may be r e l a t e d  t o  rock  type, and hence rock u n i t s  
can be mapped. Th is  can be usefu l  i n  s t r u c t u r a l  
s tud ies .  I n  some convec t ive  hydrothermal systems, 
a l t e r a t i o n  w i l l  l ead  t o  d e s t r u c t i o n  o f  magnet i te 
and hence t h e  magnetic method can be used t o  map 
zones o f  a c t i v e  hydrothermal a l t e r a t i o n .  It can 
a l s o  used t o  determine t h e  depth t o  t h e  Cur ie  
i sotherm ( I sherwood and Mabey, 1978) 
r e s i s t i v i t y ,  eontro 2 led source e Zectromagnetics 
(CSE‘II), control led sotirce uudiornaynetctd 2 Zurics 
CCS&&”, t e  2 Zurics and sca3ar, zidicfreyuency 
mitgmtote l Ztrrics 

These e l e c t r i c a l  methods a re  capable o f  
de l  i n e a t i n g  low r e s i s t i v i t y  associated w i t h  b r i ne -  
sa tura ted  and hydrothema1 l y  a l t e r e d  rocks i n  
geothermal systems. Usual ly,  t h e  b r i n e  and 
a l t e r a t i o n  occur predominantly along f a u l t s ,  so 
these methods may map f a u l t s  c o n t r o l l i n g  a 
f rac tu red  rese rvo i r .  A l t e r n a t i v e l y ,  t h e y  may map 

The induced p o l a r i z a t i o n  method i s  
t h e o r e t i c a l l y  capable o f  mapping the  d i s t r i b u t i o n  
o f  p y r i t e  and c lays ,  a l t e r a t i o n ,  products i n  
convec t ive  hydrothermal systems (Zohdy e t  a1 , 
1973; Risk,  1975a; Chu e t  al. ,  1983). 

MI”/AMT 

The tenso r  magnetotel l  u r i c /aud io f requency  
magneto te l l  u r i c  method i s  u s u a l l y  t oo  expensive t o  
be used f o r  mapping t h e  r e s i s t i v i t y  d i s t r i b u t i o n  
i n  t h e  sha l low pa r t s  o f  a geothermal system. 
Hence, i t  i s  more l o g i c a l l y  used t o  map reg iona l  
s t r u c t u r e ,  t o  map t h e  deeper p a r t s  o f  convec t ive  
hydrothermal systems, t o  at tempt t o  map magma 
chambers, and t o  de tec t  and de l i nea te  zones o f  
p a r t i a l  me l t  i n  t h e  deep c r u s t  and upper mant le 
(Ward, S.H. and Wannamaker, 1983). 

se Zf-potentia2 

Sel f -po ten t  i a1 anomal i es over convect i ve 
hydrothermal systems a r i s e  from e l e c t r o k i n e t i c  and 
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t h e ~ o e l e c t r i c  e f fec ts .  Accordingly, t h e  s e l f -  
p o t e n t i a l  method can g i v e  i n f o r m a t i o n  on f l u i d  
f l o w  and on t h e  d i s t r i b u t i o n  o f  heat sources i n  
t h e  subsurface. T h i s  measurement can be made i n  
t h e  s t a t i c  s t a t e  o r  dynamical ly  when an i n j e c t i o n  
experiment i s  under way (Anderson and Johnson, 
1976; Corwin and Hoover, 1979; S i l l ,  1982a,b,c; 
S i l l ,  1983a,b). 

radiometric 

Gamma-ray spect rometry  may be used t o  map t h e  

area l  d i s t r i b u t i o n s  of 40K, 238U, and 232Th0 The 
g ~ m a - r a y  peaks used a r e  a t  1*46  NeV f o r  40K, 1.76 

MeV (‘ I4Bi) f o r  238U, and 2.62 MeV (‘08T1) f o r  
232Th. I f  226Rn o r  222Ra are present i n  a 
geothermal system, they  w i l l  be detected i n  %he 

‘ I4Bi  peak, s ince  they  a l s o  a r e  daughter products  
of 238U decay (Ward, S.H., 1981). “An examination 

o f  ho t -spr ing  waters  i n  Nevada i n d i c a t e s  t h e  

presence of [226Rn and 222Ra], i n  vary ing  
abundances, i n  s p r i n g  systems where CaC03 i s  t h e  

predominant m a t e r i a l  be ing deposited. Systems 
where s i l i c a  predominates are  r e l a t i v e l y  low i n  
r a d i  oac t  i v i  ty“ ( Wol 1 enburg, 1975) The use o f  
alpha-cup d e t e c t o r s  f o r  radon emanating from 

geothermal systems has been repor ted  b y  Wollenburg 
(1975) and Nie lson (1978). 

heat fSov  

~easurement  o f  thermal g rad ien ts  i n  holes 
d r i l l e d  t o  100 m p r o v i d e  shal low temperature data 
which may be d i r e c t  evidence o f  a major source o f  
heat  a t  depth. However, f l a t t e n i n g  o r  reversa l  o f  
thermal gradients  f r e q u e n t l y  occurs so t h a t  t h e  
da ta  from shal low ho les  may be misleading. For  
t h i s  reason, temperature grad ien t  ho les o f  1000 m 
o r  g r e a t e r  a re  f r e q u e n t l y  employed (Blackwel l ,  
t h i s  volume) . 
4.0 THE PRINCIPAL PROBLEMS WITH GEOPHYSICAL 

M€THODS I N  G€OT~ERMAL APPLICATIONS 

The f o l  1 owi ng d i  scussi on covers t h e  p r i  n c i  pa l  
problems encountered i n  app ly ing  geophysical 
methods i n  geothermal exp lo ra t ion .  To f a c i l i t a t e  
understanding t h e  problems, t h e  elementary basi s 
f o r  each method i s  descr ibed where considered 
necessary. The amount of space devoted t o  each 
method l a r g e l y  r e f l e c t s  the  au thor ’s  experience. 
For example, someone who has been d i r e c t l y  
i nvol  ved i n  appl y i  ng r e f  1 e c t  i on se i  smol ogy i n 
g e o t h e ~ a l  e x p l o r a t i o n  would undoubtedly expand 
upon t h e  sec t ion  I have w r i t t e n .  However, i t  i s  
expected t h a t  most o f  t h e  s i g n i f i c a n t  problems 
encountered i n  app ly ing  geophysical methods are  a t  
l e a s t  mentioned here. 

earth noise 

The v e l o c i t y  V, f requency f ,  wavelength A, 
and wavenumber k, o f  se i  smic waves a r e  re1 a ted  
through t h e  equations 

v = f x  = 2 n f  
E *  

It has been demonstrated by severa l  workers (e.g. 
Liaw and Suyenaga, 1982) t h a t  h y d r o t h e ~ a l  
processes deep i n  t h e  r e s e r v o i r  r a d i a t e  se ismic 
body waves i n  t h e  frequency band 1 t o  100 Hz. 
Contours o f  no ise power on t h e  sur face  should 
de l  i neate these reservo i r -assoc ia ted  sources o f  
noise, i.e. t h e  no ise  r a d i a t i n g  from a deep 
r e s e r v o i r  ought t o  be ev ident  as body waves o f  
h i g h  phase v e l o c i t y  (L iaw and McEv i l l y ,  1979). 

Noise i n  t h e  1 t o  100 Hz band a l s o  ar ises  i n  
nearby sources such as freeway t r a f f i c ,  t r a i n s ,  
r i v e r s ,  canals, w a t e r f a l l s ,  p i p e l i n e s ,  wind, 
c a t t l e ,  i n t e r f e r i n g  seismic wavetrains, e tc .  
There i s  a l s o  a d i s t a n t  source of no ise  o f  unknown 
o r i g i n .  Thus, t h e r e  i s  always an ambient n o i s e  
background upon which any seismic r a d i a t i o n  due t o  
hydrothermal processes i s  superimposed, T h i s  
ambient no ise  e x h i b i t s  a d i u r n a l  v a r i a t i o n ,  be ing  
lowest  i n  t h e  e a r l y  morning hours. It may be, i n  
p a r t ,  r e l a t e d  t o  t h e  d i u r n a l  s o l a r  heat ing  cyc le .  

It i s  wel l  known t h a t  seismic no ise  
ampl i tudes a r e  u s u a l l y  h i g h e r  over a l luv ium and 
s o f t  sedimentary bas ins than over  hard rock. 
( I y e r  and Hitchcock, 1975). Thus, noise power 
anomalies may mere ly  r e f l e c t  a l o c a l  increase i n  
sediment cover. The noise i n  v a l l e y  a l luv ium i s  
dominantly of high-wavenumber, i .e. low v e l o c i t y  , 
(L iaw and McEv i l l y ,  1979) and i s  propagated as 
fundamental -mode Ray1 e igh  waves w i t h  t h e  a1 1 u v i  urn 
serv ing  as a waveguide. 

An array o f  geophones spaced on 100 m 
centers ,  as canmonly used i n  ground noise s t u d i e s  
i n  t h e  past, would g i v e  spur ious r e s u l t s  because 
s p a t i a l  a l i a s i n g  f o l d s  high-wavenumber noise i n t o  
1 ow-wavenumber no i  se. The s p a t i  a1 a1 i a s i  ng 
r e s u l t s  i n  t h e  appearance of no ise of er roneously  
h i g h  v e l o c i t y ,  such noise being i n t e r p r e t e d  as 
body waves, whereas i n  r e a l i t y  t h e y  are  sur face  
waves o f  low v e l o c i t y .  From equat ion ( l ) ,  one can 
see t h a t  a l i a s i n g  o f  k i m p l i e s  a l i a s i n g  o f  V. 

I f  a geophone array i s  s u f f i c i e n t l y  dense 
t h a t  wavenumber a l i a s i n g  i s  avoided, then t h e  
fundamental mode Rayle igh waves can be used t o  
o b t a i n  t h e  three-dimensional d i s t r i b u t i o n s  o f  
v e l  o c i  t y  and at tenuat ion.  These d i  s t r i  but ions may 
be used w i t h  t h e  h o r i z o n t a l  component o f  t h e  
v e c t o r  wavenumber, v i a  ray t r a c i n g ,  t o  l o c a t e  a 
source r e g i o n  o f  r a d i a t i n g  mic rose i  sms (Liaw and 
McEvi 1 ly, 1979) . Random d i r e c t  ions o f  propagation 
( i  .e. randan vec tor  wavenumbers) a re  
c h a r a c t e r i s t i c  o f  low ve o c i t y  waves ( I y e r  and 
H i  tchcock, 1975). 

Liaw and Suyenaga (1982) detected h igh-  
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v e l o c i t y  body waves a t  Beowawe, b u t  d i d  not de tec t  
any body waves a t  Roosevelt Hot Springs. Liaw and 
McEv i l l y  (1979) f a i l e d  t o  f i n d  any body waves a t  
Grass Val ley.  Thus, even when f u l l  f - k  ana lys i s  
i s  performed, h i g h - v e l o c i t y  body waves may no t  be 
de tec ted  because they  a r e  no t  generated i n  a l l  
geothermal systems. 

microearthquake (ME'&) 

Microearthquakes, those having magnitudes 
between -2 and +3, f r e q u e n t l y  a re  c l o s e l y  r e l a t e d  
s p a t i a l  l y  t o  major geothermal systems. Accurate 
l o c a t i o n s  o f  these earthquakes can prov ide  da ta  on 
t h e  l o c a t i o n s  o f  a c t i v e  f a u l t s  t h a t  may channel 
hot water toward t h e  sur face  (Ward, P.L. e t  al, ,  
1969; Lange and Westphal, 1969; Ward, P.L. and 
Bjornsson 1971; Ward, P.L., 1972; Hamil ton and 
Muff1 er,  1972). 

From the  a r r i v a l  t imes o f  P and S waves a t  8 
t o  12 geophones, spaced several  k i lometers  apart ,  
t h e  source l o c a t i o n ,  i.e. hypocenter o f  a seismic 
event, i s  ca lcu la ted .  The locus  o f  many 
hypocenters may def ine  a f a u l t  zone. Using f i r s t  
mot ion p o l a r i t i e s ,  a f a u l t - p l a n e  s o l u t i o n  may 
i n d i c a t e  the  type  o f  mot ion  along t h e  f a u l t ,  L e .  
d i  p -s l  i p vs. s t r i  ke-sl  i p, e tc .  

P- and S-wave v e l o c i t i e s  a re  r e t r i e v a b l e  from 
microearthquake data. Majer and McEvil l y  (1979) 
r e p o r t  l o c a l l y  h igh  P-wave v e l o c i t i e s  i n  the  
produc t ion  zone a t  The Geysers as detennined from 
r e f r a c t i o n  surveys. Gupta e t  a l .  (1982) used 
microearthquake data t o  o b t a i n  reg iona l  P- and S- 
wave v e l o c i t i e s  f o r  The Geysers. Usual ly,  
d e t a i l  ed v e l o c i t y  models, obtained from r e f r a c t  i o n  
surveys, a re  used t o  con t ro l  t h e  hypocenter 
de terminat ions  o f  t h e  microearthquakes. 

Measurement o f  e i t h e r  t h e  absorp t ion  
c o e f f i c i e n t  o r  a d i f f e r e n t i a l  a t tenua t ion  number 
c a l l e d  t h e  "Q" may reveal  t h e  presence of 
excep t iona l l y  l o s s y  m a t e r i a l s  i n  a r e s e r v o i r  due 
t o  f l u i d - f i l l e d  f rac tu res ,  o r  i t  may reveal  t he  
presence o f  1 ow-1 oss mater i  a1 s due t o  steam-f il l e d  
f r a c t u r e s  o r  t o  s i 1  i ca -  o r  ca rbona te - f i l  l e d  
f rac tu res .  Majer and McEv i l l y  (1979) found a 
shal low, h igh  Q i n  t h e  produc t ion  zone a t  The 
Geysers from r e f r a c t i o n  and microearthquake 
surveys wh i l e  they  found a deeper, lower Q from 
t h e  r e f r a c t i o n  survey. Majer (1978) repor ted  t h a t  
a r e f r a c t i o n  survey y i e l d e d  h igh  Q a t  Leach Hot 
Spr ing due t o  s i l i c a  d e n s i f i c a t i o n  o f  sediments. 
Gertson and Smith (1979) found h igh  Q over  the  
geothermal system a t  Roosevel t Hot Spr i  ngs, us ing  
r e f r a c t i o n  data. 

The r a t i o ,  K, o f  P-wave t o  S-wave v e l o c i t y  
may be est imated us ing  a Wadati diagram i n  which 
S-P a r r i v a l  t imes a re  p l o t t e d  versus the  P-wave 
a r r i v a l  t ime a t  many d i f f e r e n t  s t a t i o n s  f o r  a 
s i n g l e  event. From such a p l o t ,  a value f o r  
Po isson 's  r a t i o  may be found. Nur and Simmons 
(1969) observed, experimental l y ,  t h a t  f l u i d  
s a t u r a t i o n  i n  rocks leads t o  h i g h  values o f  
Po isson 's  r a t i o  ( 0  0.25) wh i l e  d ry  rocks e x h i b i t  
low values o f  Poisson's r a t i o  ( a <  0.20) . Thus 

de terminat ion  o f  Poisson's r a t i o  i n  ME() surveys 
can conce ivab ly  r e s u l t  i n  de termin ing  whether a 

eothermal r e s e r v o i r  i s  vapor o r  water dominated 9 Combs and Rots te in ,  1975; Majer, 1978; Majer and 
McEvil ly ,  1979; Gupta e t  a1 . , 1982) , 

Table 2 l i s t s  values o f  Poisson's r a t i o  f o r  
several  geothermal systems. A t  Ba l tazor ,  

GEOTHERMAL SYSTEM 

Baltazor 

cos0 

Grass Valley 

McCoy 

Roosevelt Hot Springs 

The Geysers 

Tuscarora 

TABLE 2 

POISSON'S RATIO 

AUTHOR 

Senturion Sciences 

Combs and Rotstein 

Beyer et al. 

Lange 

Ward 

Majer 
Gupta et al. 

Nicholl and Lange 

POISSON'S RATIO 

0.22 ? 

0.16 Steam 
0.25 to 0.30 No Anomalies 

0.15 Dry or Siliceous 
Volcanic Fill 

>0.35 Saturated Alluvium 

0.25 ? 
0.15 to 0.24 Prod. Zone 

0.13 to 0.16 Prod. Zone 

to 0.35 Saturated Allvuvium 

Sentur ion Sciences, Inc. (1977) repor ted  a 
Poisson's r a t i o  o f  0.22. Combs and Ro ts te in  
(1975) repor ted  a Poisson's r a t i o  o f  0.16 f o r  
Coso, a system dominated by vapor, a t  l e a s t  i n  i t s  
shal lower par ts .  I n  Grass Val 1 ey, Poisson's 
r a t i o s  o f  0.25 t o  0.30 were found over t h e  e n t i r e  
reg ion  w i t h  no apparent anomalies (Beyer e t  a l . ,  
1976). Lange (1980) presented a p lan  map a t  McCoy 
showing contours o f  Poisson's r a t i o s  rang ing  from 
0.15 over t h e  c e n t r a l  vo l can ic  f i l l  area, 
i n d i c a t i n g  d r y  o r  s i l i c e o u s  competent ma te r ia l ,  t o  
g rea te r  than 0.35 over  sa tura ted  a l luv ium.  P-wave 
advances accompanied t h e  h ighe r  values o f  
Poisson's r a t i o  wh i l e  P-wave de lays  accompanied 
t h e  lower  values of Poisson's r a t i o  a t  McCoy. 

I have analyzed microearthquake swarm data 
apparent ly  r e l a t e d  t o  an east-west f a u l t  a t  
Roosevelt Hot Springs and found a Po isson 's  r a t i o  
o f  0.25, For  t h e  few events d i r e c t l y  beneath t h e  
geothermal rese rvo i r ,  a Po isson 's  r a t i o  o f  0.24 
was found. Majer and M c E v i l l y  (1979) found 
Poisson's r a t i o s  ranging from 0.15 t o  0.24 over 
t h e  produc t ion  zone a t  The Geysers, w i t h  h igher  
values ou ts ide  o f  it. The low Poisson's r a t i o  i n  
p a r t  corresponds t o  a decrease i n  P-wave 
v e l o c i t y .  Gupta e t  a l .  (1982), i n  a more 
extensive study a t  The Geysers, noted Poisson's 
r a t i o s  o f  0.13 t o  0.16 over t h e  produc t ion  zone 
and values 0.25 and h ighe r  ou ts ide  o f  it. N icho l l  
and Lange (1981) repor ted  Po isson 's  r a t i o s  as h igh  
as 0.35 due t o  saturated, f rac tu red ,  bas in  f i l l  a t  
Tuscarora. While low values o f  Poisson's r a t i o  
seem t o  be associated w i t h  vapor-dominated systems 
a t  Cos0 and The Geysers, low va lues  a t  McCoy would 
appear t o  be due t o  s i l i f i c a t i o n .  A l ack  o f  an 
anomaly i n  Poisson's r a t i o  a t  Roosevelt Hot 
Springs i n d i c a t e s  t h a t  t h i s  parameter may no t  
always c o n t r i b u t e  use fu l  i n fo rma t ion  about t h e  
rese rvo i r .  
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Amp1 i t u d e  c a l  i b r a t i o n  o f  t h e  microearthquake 
record ing  system i s  essent i  a1 f o r  ineani n g f u l  
microearthquake surveys. I f  microearthquake d a t a  
a re  recorded on magnetic tape,  then ampl i tude 
spec t ra  a r e  r e a d i l y  obtained, from which t h e  
source parameters s e i  smic mom~nt , s t r e s s  drop, 
f a u l t  s l i p ,  and source r a d i u s  may be est imated 
(Majer and M ~ € v ~ l l y ,  1979). The usefu lness o f  
these parameters i n reservo i  r assessment r e q u i  r e s  
extens ive study. 

F o r  any o f  t h e  above analyses o f  
microearthquake data, a good model of t h e  
subsurface v e l o c i t y  d i s t r i b u t i o n  i s  requi red.  
Lack o f  good v e l o c i t y  c o n t r o l  i s  a p r i n c i p a l  
problem i n  a n a l y s i s  o f  MEQ data. Some geothermal 
systems, such as Roosevelt Hot Springs, have a 
g e n e r a l l y  low, e p i s o d i c  l e v e l  o f  occurrence o f  
r i~ icroear thquakes*  Swarms o f  earthquakes occur, 
bu t  i n  t h e  i n t e r v a l s  between them, i n s u f f i c i e n t  
a c t i v i t y  may prec lude any o f  t h e  foregoing 
analyses, Indeed, one can record  pass ive se ismic 
data f o r  a two- o r  three-week per iod  o r  l o n g e r  and 
come t o  t h e  conc lus ion  t h a t  t h e  geothermal system 
i s  unimportant s i n c e  i t  i s  no t  s e i s m i c a l l y  a c t i v e ,  

In some geothermal systems, a f a u l t - p l a n e  
s o l u t i o n  may n o t  be meaningful because t h e  
microearthquakes occur  not  on a s i n g l e  f a u l t ,  bu t  
on severa l  i n t e r s e c t i n g  f a u l t s .  Caut ion must be 
exerc ised i n  accept ing f a u l t  p lane s o l u t i o n s  i n  
such cases. Fur ther ,  t h e  a c t i v e  f a u l t ( s )  migh t  
n o t  be r e l a t e d  t o  t h e  f a u l t ' z o n e ( s )  serv ing  as t h e  
reservo i  r. 

teleseisms 

Steeples and Xyer (1976a,b) found r e l a t i v e  P- 
wave delays o f  0,3 sec a t  s t a t i o n s  i n  t h e  west 
c e n t r a l  p a r t  o f  t h e  Long V a l l e y  caldera. 
Reasenberg e t  a1 . ( 1980) recorded r e l a t i v e  P-wave 
delays o f  0.2 sec a t  Coso, I y e r  e t  a l ,  (1979) 
found r e l a t i v e  P-wave delays as l a r g e  as 0.9 sec 
a t  The Geysers, Robinson and I y e r  (1981) repor ted  
r e l a t i v e  P-wave delays up t o  0.3 sec a t  Roosevelt 
Hot Springs, Lange (1980) deduced P-wave delays 
as l a r g e  as  0.25 sec a t  McCoy. Berkman and Lange 
( 1980) recorded re1 a t i v e  P-wave del  ays and 
advances a t  Tuscarora; t h e  delays were a t t r i b u t e d  
i n  p a r t  t o  a l l u v i u m  and i n  p a r t  t o  zones o f  
h y d r o t h e ~ a l  a l t e r a t i o n ,  wh i le  t h e  advances were 
a t t r i b u t e d  t o  s i 1  i c i f i c a t i o n  along f r a c t u r e  zones, 

While one can speculate t h a t  r e l a t i v e  P-wave 
delays are  caused by p a r t i a l  me l ts  o r  ~ a g ~ a s ,  as 
may be t h e  case a t  Coso, Long Va l ley ,  and The 
Geysers, they  can a l s o  be caused by a l luv ium,  
a l t e r a t i o n ,  composi t ional  d i f f e r e n c e s ,  l a t e r a l  
v a r i a t i o n s  i n  ~ e ~ p e r a t u r ~  o r  l o c a l l y  f r a c t u r e d  
rock ( I y e r  and Stewart ,  1977). Wechsler and Smith 
(1979) suggest t h a t  t h e  P-wave delays found by 
Robinson and I y e r  (1981) a t  Roosevelt Hot Springs 
may w e l l  be due t o  f l u i d - f i l l e d  f r a c t u r e s  o r  t o  a 
c ~ p o s i t i o n a l  change. Thus, t e l e s e i  smic P-wave 
de l  ay s t u d i e s  w i  11 n o t  a1 ways produce conc lus ive  
r e s u l t  s a  

refraction seismology 

The se ismic r e f r a c t i o n  m e t ~ o d  has been used 
main ly  as a geophysical reconnaissance method f o r  
mapping v e l o c i t y  d i s t r i b u t i o n s  and, hence, f a u l t s ,  
f r a c t u r e  zones, s t r a t i g r a p h y ,  and i n t r u s i o n s  
(Wi l l iams e t  al. ,  1975; H i l l ,  1976; Combs and 
Jarzabek , 1977; Majer, 1978; Ackerman, 1979; 
Gertson and Smith, 1979) . The se ismic r e f r a c t i o n  
method does n o t  g i v e  r e s o l u t i o n  o f  s t r u c t u r e  as 
w e l l  as does t h e  seismic r e f l e c t i o n  method. 
Sentiment today c a l l  s fo r  per fonn i  ng se i  smic 
r e f r a c t i o n  a t  t h e  same t ime as se ismic r e f l e c t i o n ,  
w i t h  l i t t l e  added cost .  Some at tempts have been 
made t o  map v e l o c i t y  and ampl i tude a t t e n u a t i o n  
anomalies, o f  b o t h  P- and S-waves, c o i n c i d i n g  with 
a geothermal system (Go lds te in  e t  at., f978b). 
Beyer e t  a l ,  (1976), Combs and Jarzabek (1977), 
Majer  (1978), and Gertson and Smith (1979) found 
anomalous v e l o c i t i e s  and ampli tudes o f  re f ra$ed  
waves passing through t h e  r e s e r v o i r  region. The 
l i m i t e d  r e s u l t s  a t  hand are  n o t  easy t o  ~ x p ~ a i ~  
and are  c o n t r a d i c t o r y ' '  ~ G o ~ d s t e i n  e t  al., 
1978b). On t h e  o t h e r  hand, t h e  p o t e n t i a l  
c o n t r i b ~ t i o n  t o  t h e  understanding and mapping o f  
t h e  r e s e r v o i r  seems la rge .  

The seismic r e f l e c t i o n  method prov ides b e t t e r  
r e s o l u t i o n  o f  h o r i z o n t a l  o r  shallow-dip pin^ 
layered s t r u c t u r e s  than any o t h e r  method and, 
hence, i s  i n v a l u a b ~ e  i n  mapping s t r a t i g r a p h i c  
geot h e m a l  reservo i  r s  o f  t h e  Imper i  a1 Val 1 ey 
type. However, where t h e  s t r u c t u r e  becomes h i g h l y  
f a u l t e d  o r  fo lded,  ~ ~ f f r a c t i o n  o f  seismic waves 
occurs a t  sharp corners  and makes t h e  task o f  
i n t e r p r e t i  ng s t r u c t u r e  d i f f i c u l t  . 

"Conventional [ r e f l e c t i o n  J seismic surveys 
appear t o  g i v e  good d e f i n i t i o n  o f  Basin and Range 
border  f a u l t i n g  and depths t o  t h e  base o f  a l l u v i a l  
f i l l  a t  Roosevelt Hot Springs, UT, Soda Lake, NV, 
San Emidio, NV and Grass Val ley,  NV". "One 
se ismic l i n e  which crosses t h e  Minera l  ~ o u n t a i n ~  
a t  Roosevelt Hot Spr ings shows l i t t l e  obvious 
1 i t h o l o g i c  o r  s t r u c t u r a l  i n f o ~ a t i o n  w i t h i n  t h e  
range i t s e l f ,  o r  w i t h i n  t h e  r e s e r v o i r ,  b u t  
s u b s t a n t i a l  s t r u c t u r a l  i n f o r m a t i o n  a1 ong the range 
f r o n t .  A t  Beowawe, ex tens ive  and v a r i e d  d i g i t a l  
processing was i n e f f e c t i v e  i n  e l i m i n a t i n g  t h e  
r i n g i n g  due t o  a canplex near-sur face i n t e r c a l a t e d  
v o l c a n i c ~ s e d i m e n t  sect ion.  Majer (1978) found 
r e f l e c t i o n  data ext remely use fu l  i n  d e l i n e a t i n g  
s t r u c t u r e  i n  Grass Va l ley ,  NV" ( ~ ~ r d  S.H,, e t  al,, 
1981). A t  Soda Lake, " i n  1977, Chevron obta ined 
modern, 1200% CDP seismic r e f l e c t i o n  coverage (12 
l i n e  mi les,  48 channel, explosion). The se ismic 
da ta  y i e l d e d  a complex NE-SW t r e n d i n g  graben f rom 
t h e  shore of Soda Lake passing south o f  Upsal 
Hogback. The r e f l e c t o r s  d i p  t o  t h e  southwest, 
c o n s i s t e n t  w i t h  a small  bas in  over  t h e  g r a v i t y  
low, The maximum depths of r e l i a b l e  seismic da ta  
a r e  governed by a t h i n  b a s a l t  u n i t  and vary f rom 
2,4O0-4,000 ft" ( S w i  ft , 1979) 

Zoback (1983) has n i c e l y  demonstrated t h e  use 
o f  seismic r e f l e c t i o n  data i n  mapping t h e  s t y l e  o f  
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i n i t i a l  f a u l t i n g ,  i n f i l l  and subsequent slumping 
and f a u l t i n g  i n  some basins i n  t h e  province. 

It i s  c l e a r  from t h e  above remarks t h a t  high- 
r e s o l u t i o n  r e f l e c t i o n  seismology i s  capable o f  
mapping f a u l t s ,  f rac tu res ,  and s t r a t i g r a p h y  i n  t h e  
v i c i n i t y  o f  a geothermal system. I n  t h e  Northern 
Bas in  and Range province, i t  w i l l  be use fu l  i n  
mapping range f r o n t  f a u l t s  and sedimentary 
s t ra t i g raphy .  However, r e f l  e c t i o n  seismology w i  11 
seldom be o f  value i n  o u t l i n i n g  r e s e r v o i r s  
developed i n  vo lcan ic ,  metamorphic, o r  igneous 
rocks. It may become almost useless when a 
vo l can ic  cover o r  an i nte rca l  ated vol  can ic  cover 
i s  present as a t  Beowawe. The expense o f  modern 
m u l t i f o l d  h igh  r e s o l u t i o n  seismic surveys has 
de te r red  t h e i r  use i n  geothermal exp lo ra t ion .  

gravity 

Grav i t y  surveys a re  used i n  geothermal 
e x p l o r a t i o n  as a r e l a t i v e l y  inexpensive means o f  
ob ta in ing  s t r u c t u r e  and th ickness  o f  a1 1 uvium. 
" I n  t h e  Basin and Range Province, l a r g e  g r a v i t y  
lows a re  associated w i t h  t h e  low-densi ty bas in  
f i l l .  The g r a v i t y  anomalies a re  used t o  es t ima te  
t h e  th ickness  o f  t h e  bas in  f i l l  and t h e  gross 
s t r u c t u r e  o f  t h e  basin,  i n c l u d i n g  t h e  l o c a t i o n  o f  
t h e  major normal f a u l t s  t h a t  a re  impor tan t  i n  
understanding a geothermal system. Geothermal - 
r e l a t e d  anomalies i n  t h e  basins a re  most commonly 
res idua l  g r a v i t y  h ighs  t h a t  a re  i n t e r p r e t e d  t o  
r e f l  ec t  d e n s i f i c a t i o n  o f  porous sediments, 
s t r u c t u r a l  h ighs, o r  anomalous geometry o f  f a u l t  
zones'' ( Isherwood and Mabey, 1978). Grav i t y  lows 
a re  somet iines found over s i  1 iceous magma bod ies  
(Isherwood, 1976). A t  o the r  t imes, g r a v i t y  h ighs  
a re  expected due t o  r h y o l i t e  domes and 
hydrothermal a1 t e r a t i o n  (Hochstein and Hunt, 1970; 
Macdonald and Mu f f l e r ,  1972). Go lds te in  and 
Paulsson (1979), Berkman and Lange (1980), and 
Edquist  (1981) found g r a v i t y  p a r t i c u l a r l y  use fu l  
i n  mapping range- f ron t  normal f a u l t s  i n  t h e  Basin 
and Range province. 

I n  t h e  above, as i n  a l l  o ther  geophysical 
app l i ca t i ons ,  t h e  g r a v i t y  method i s  hampered by 
ambigui ty i n  i n t e r p r e t a t i o n .  This ambigui ty can 
be reduced by us ing  d r i l l  hole, seismic 
r e f r a c t i o n ,  o r  seismic r e f l e c t i o n  da ta  f o r  
c o n t r o l .  I f  these add i t i ona l  data a re  no t  
ava i  1 ab1 e , then 1 a t e r a l  and v e r t i c a l  reso l  u t i  on o f  
geol og i ca l  f ea tu res  can be q u i t e  uncertain.  

magnetics 

Magnetic surveys, e i t h e r  a i  rborne o r  ground, 
have been conducted a t  many geothermal 
prospects. The i r  use can be e i t h e r  f o r  s t r u c t u r a l  
mapping o r  f o r  mapping o f  changes i n  t h e  
magnet1 z a t i o n  o f  rocks caused by hydrothermal 
f l u i d s .  Magnetic anomalies i n  New Zealand 
geothermal f i e l d s  have been i n t e r p r e t e d  as being 
due t o  a conversion o f  magnet i te t o  p y r i t e  (S tud t ,  
1964). Such an e f f e c t  would, o f  course, remain i n  
e x t i n c t  hydrothermal systems. 

"Opinion has been d i v ided  on the  usefulness 
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o f  magnetic surveys i n  geothermal exp lo ra t i on  
(Cheng , 1970; Banwell , 1970). The magnet i zat i o n  
a t  d i f f e r e n t  rock u n i t s  may be q u i t e  var iab le ,  
espec ia l l y  i n  vo lcan ic  areas" (Palmason, 1975) 
''We examine t h e  data from broad magnetic surveys 
as p a r t  o f  t h e  e f f o r t  t o  determine t h e  reg iona l  
s e t t i n g  ----. Some geothermal anomalies appear t o  
r e l a t e  t o  reg iona l  magnetic l ineaments and zones 
suggest ive o f  s t r u c t u r e  w i t h i n  t h e  basement. 
Regional magnetic data can a l so  be used t o  
es t imate  t h e  depth t o  t h e  Cur ie  isotherm by 
ana lys i s  o f  t h e  s p a t i a l  wavelengths o f  t h e  f i e l d "  
( Isherwood and Mabey, 1978). 

My own ana lys i s  i n d i c a t e s  t h a t  magnetics have 
seldom been o f  ma jor  importance i n  assessing a 
geothermal r e s e r v o i r  i n  t h e  Northern Basin and 
Range province. An ou ts tand ing  except ion  appears 
t o  occur a t  Coso, where a magnetic l ow  caused by 
d e s t r u c t i o n  o f  magnet i te from hydrothermal 
a l t e r a t i o n  draws a t t e n t i o n ,  when c o r r e l a t e d  w i t h  
o the r  methods, t o  t h e  hear t  o f  t h e  rese rvo i r .  A 
s i m i l a r  magnetic low occurs over a p a r t  o f  t h e  hot 
spr ing  area a t  Long Va l l ey  ( P l o u f f  and Isherwood, 
1980), and i s  i n t e r p r e t e d  by Kane e t  a1 . (1976) as 
due t o  magnet i te des t ruc t i on .  A t  t h e  Cove Fo r t -  
Sulphurdale KGRA, aeromagnetic data were impor tan t  
f o r  an e n t i  r e l y  d i f f e r e n t  reason; s t r u c t u r a l  
c o n t r o l s  on t h e  p o t e n t i a l  r e s e r v o i r  cou ld  be 
deduced r a t h e r  inexpens ive ly  from aeromagnetic 
data. 

res i s t iv i ty  

Geothermal rese rvo i r s  f r e q u e n t l y  e x h i b i t  1 ow 
r e s i s t i v i t i e s  due t o  h i g h  temperature, enhanced 
po ros i t y ,  s a l i n 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 ,  and 
a l t e r a t i o n  o f  fe ldspars  and o the r  s i l i c a t e  
m ine ra l s  t o  c l a y  minerals.  

The geothermal use o f  t h e  Schlumberyer and 
Wenner a r rays  have been referenced i n  Banwell and 
Macdonal d ( 1965) , Hat her ton  e t  a1 . ( 1966), 
Macdonald and Muff1 e r  (1972) , Meidav and Furgerson 
(1972), Zohdy e t  a1 (1973), Arnorsson e t  a l .  
(1975), Gupta e t  a l .  (1975), S tan ley  e t  a1 
(1976), T r i pp  e t  a1 (1978) and Razo e t  a l .  
( 1980). D i  po le -d i  po le  a r rays  were used i n  surveys 
repor ted  by K l e i n  and Kauahikaua (1975), J i racek  
e t  a1 (1975), McN i t t  (1975), Garcia (1975), Beyer 
(1977), Fox (1978b), Ward, S.H. e t  a l .  (1978), 
Pate1 l a  e t  a1 . (1979, 1980), Baudu e t  a1 . (1980), 
Smith (1980), W i l t  e t  a i .  (1980a,b), Edquist  
( 1981), and Mackel prang ( 1982). The b i  po l  e-di  pol  e 
a r ray  was f i r s t  used i n  geothermal e x p l o r a t i o n  by 
Risk e t  a1 (1970) and subsequently s tud ied  by 
Bibby and Risk (1973), K e l l e r  e t  a l .  (1975), Risk 
(1975a,b), Wi l l iams e t  a l .  (1975), Beyer e t  a l .  
(1975), Stanley e t  a l .  (1976), J i racek  and Smith 
(1976) , and Souto (1978). The b i  pol  e -d i  pol e a r ray  
achieved e a r l y  success over broad areas o f  
r e s i s t i v i t y  lows caused by hydrothermal a l t e r a t i o n  
(Risk e t  al., 1970; Hohmann and J i racek ,  1979), 
b u t  i t  has subsequently f a l l e n  i n t o  d i s f a v o r  
because o f  i t s  f a i l u r e  t o  produce d i s t i n c t i v e  
anomalies over geothermal systems l a c k i n g  a broad 
sur face  man i fes ta t i on  (Dey and Morr ison, 1977; 
Frangos and Ward, 1980). 
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The Schl umberger a r r a y  i s t h e  most convenient 
one f o r  depth sounding, i.e. e s t i m a t i o n  o f  t h e  
th icknesses and r e s i s t i v i t i e s  o f  the  l a y e r s  o f  a 
h o r i z o n t a l  l y  1 ayered ear th .  The d i  pol e-di pol e 
a r ray  i s used f o r  continuous soundi ng-prof  i 1 i ng , 
i.e, de termina t ion  o f  b o t h  l a t e r a l  and v e r t i c a l  
v a r i a t i o n s  i n  r e s i s t i v i t y .  

Several probl  ems a r i  se w i t h  t h e  Schl umberger 
and d i p o l e - d i p o l e  a r r a y s  (Ward and S i1  1, 1982): 

Natura l  e l e c t r i c  f i e l d s  c o n s t i t u t e  no ise f o r  
r e s i s t i v i t y  surveys and these r e s u l t  i n  slower 
p r o d u c t i v i t y ,  h i g h e r  costs ,  data o f  poorer 
q u a l i t y ,  o r  i n  t h e  extreme, no data a t  a l l ,  
Modern data processing reduces b u t  does no t  
e l  i m i  nate t h i s  problem. 

C u l t u r a l  f e a t u r e s  such as fences, power1 i nes , 
and p i  pe l  i nes r e d i s t r i b u t e  c u r r e n t  from t h e  
t r a n s m i t t e r  e l e c t r o d e s  o f  t h e  r e s i s t i v i t y  
array; spur ious  r e s i s t i v i t y  anomalies r e s u l t .  

Strong no ise  vo l tages a r e  present i n  t h e  
v i c i n i t y  o f  powerl ines. While no tch  f i l t e r i n g  
i n  t h e  r e c e i v e r  w i l l  reduce t h i s  noise, i t  
does no t  e l i m i n a t e  it. 

Conductive overburden, general l y  i n  t h e  form 
o f  porous a1 1 u v i  um o r  weathered bedrock, tends 
t o  prevent c u r r e n t  from penet ra t ing  t o  t h e  
bedrock. Hence d e t e c t i o n  o f  bedrock fea tures  
i s  l e s s  c e r t a i n  when overburden i s  present 
than when i t  i s  absent. When t h e  overburden 
i s  o f  i r r e g u l a r  r e s i s t i v i t y ,  t h e  geologic  
no ise produced by t h e  near-sur face fea tures  
may r e a d i l y  obscure t h e  anomaly due t o  t h e  
t a r g e t  i n  t h e  bedrock. O f  course, t h i s  i s  
canmon t o  a1 1 geophysical methods. Anomalies 
due t o  geo log ica l  he terogene i t ies  o f  no 
geothermal s i g n i f i c a n c e  can a1 so obscure, o r  
p a r t l y  obscure, t h e  anomaly due t o  a 
geothermal system. I n  t h e  ~ o r t h e r n  Basin and 
Range prov ince  these u s u a l l y  a r i s e  i n  
Quaternary a l l u v i a l  v a l l e y  f i l l ,  and i n  s a l t  
playas. 

Much geothermal e x p l o r a t i o n  i s  done i n  
mountainous t e r r a i n  where topography can 
produce spur ious  r e s i s t i v i t y  anomalies. I n  a 
recent  study, Fox e t  a l .  (1980) showed t h a t  a 
v a l l e y  can produce a la rge ,  spur ious 
r e s i s t i v i t y  low which cou ld  e a s i l y  be 
m i s i n t e r p r e t e d  as evidence f o r  a b u r i e d  
conductor. S i m i l a r l y ,  they  showed t h a t  a h i l l  
can produce an apparent r e s i s t i v i t y  high. 

I n  genera l ,  topographic e f f e c t s  a re  
impor tan t  where s lope angles a r e  10' o r  more 
f o r  s lope lengths  o f  one d i p o l e  o r  more. The 
s o l u t i o n  t o  t h e  problem i s  t o  i n c l u d e  t h e  
topographic  s u r f a c e  i n  numerical models used 
f o r  i n t e r p r e t a t i o n ,  

The p r a c t i c a l  ~ i ~ i t a t i o n  on t h e  depth o f  
e x p l o r a t i o n  o f  t h e  
1 arge separa t ion  
e lec t rodes  . A 

Schlumberger a r r a y  i s  t h e  
needed between c u r  r e n t  

l a r g e  c u r r e n t  e l e c t r o d e  

separat ion u s u a l l y  means t h a t  l a t e r a l  
r e s i s t i v i t y  v a r i a t i o n s  ou ts ide  t h e  a r r a y  w i l l  
a f f e c t  t h e  measurements, thus render ing 
i n t e r p r e t a t i o n  d i f f i c u l t .  The d i  po le-d i  p o l e  
a r r a y  min imizes t h i s  d i f f i c u l t y ,  b u t  
in t roduces  a new one; a d i p o l e - d i p o l e  a r ray  i s  
s e n s i t i v e  t o  shal low l a t e r a l  r e s i s t i v i t y  
v a r i a t i o n s  beneath t h e  array whereas a 
Schlumberger a r r a y  i s  no t  so s e n s i t i v e  
( Pal mason, 1975) , 

The depth o f  expl o r a t  i o n  o f  r e s i  s t  i v i  ty 
ar rays  i s  d i f f i c u l t  t o  assess, bu t  values i n  
t h e  range 0.5 km t o  1.5 km are  common. 

controlled souree electromagnetic (CSEM) and 
eontro I led souree audiomagnetote lluries (CSMT) 

The t r a n s m i t t e r  f o r  a CSEM method cons is ts  o f  
e i t h e r  a l o o p  o f  w i r e  o r  a grounded bipole, 
E i t h e r  source i s  energ ized by one o r  more 
f requencies i n  t h e  audio frequency range o r  by a 
s tep  current .  One o r  more orthogonal components 
of magnetic and e l e c t r i c  f i e l d s  are recorded by a 
r e c e i v e r  l o c a t e d  a t  a d is tance from t h e  
t r a n s m i t t ~ r .  The r e s i s t i v i t y  o f  t h e  e a r t h  i s  
measured by n o t i n g  t h e  phase and ampl i tude 
r e l a t i o n s h i p  o f  t h e  ' vo l tage i n  t h e  r e c e i v e r  t o  t h e  
c u r r e n t  i n  t h e  t r a n s m i t t e r .  Thi s re1 a t  ionsh i  p i s 
termed t h e  impedance and i s  def ined as 

i n  which b o t h  t h e  vo l tage V and t h e  c u r r e n t  I are 
f u n c t i o n s  o f  t ime. The received vo l tage i s  
s h i f t e d  i n  phase by Q, r e l a t i v e  t o  t h e  cur ren t  i n  
t h e  t r a n s m i t t e r .  

K e l l e r  (1970) reviewed t h e  appl i c a t i o n s  o f  
a c t i v e  and pass ive e lect romagnet ic  methods i n  
geothermal exp lo ra t ion .  His  a r t i c l e  c o n s t i t u t e d  a 
base1 i n e  f o r  re fe rence t o  c o n t r o l  1 ed-source 
e lect romagnet ic  methods (CSEM) i n  geothermal 
environments. Subsequent t o  K e l l e r ' s  review, a 
number o f  a r t i c l e s  have appeared which i l l u s t r a t e  
t h e  success and f a i l u r e  o f  these methods i n  
geothermal exp lo ra t ion .  Inc luded are t h e  a r t i c l e s  
by Lumb and MacDonald (1970), Jackson. and Kel l e r  
(1972), K e l l e r  and Rapol la  (1974), Jacobson and 
P r i t c h a r d  (1975), Morr ison e t  a1 . (1978), T r ipp  e t  
a l .  (1978), Kauahikaua (1981), W i l t  e t  a l .  
( 1 9 8 0 ~  ,d) , W i l t  e t  a1 . (1981a,b), Go1 d s t e i n  e t  a1 
(1982), and Kel  l e r  e t  a1 * (1982). 

The method w i l l  s u f f e r  a l l  o f  t h e  problems 
1 i s t e d  under t h e  r e s i s t i v i t g  sec t ion  above. 

CSAMT i s  a subset o f  CSEM, o r  i s  a subset o f  
AMT i n  which t h e  t r a n s m i t t e r  i s  a grounded 
b ipo le .  It i s  t h e  o n l y  CSEM method t h a t  does n o t  
u t i 1  i z e  a l o o p  source. Two orthogonal, h o r i z o n t a l  
components of e l e c t r i c  and magnetic f i e l d  a r e  
measured (as i n  magnetote l l  u r i c s )  . It o f f e r s  
advantages over  r e s i s t i v i t y  methods i n  t h a t  i t  i s 
f a s t e r  and s u f f e r s  l e s s  from the  e f f e c t s  of 
l a t e r a l  r e s i s t i v i t y  v a r i a t i o n s  when p r o v i d i n g  
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sounding i n fo rma t ion  (Ward, S.H., 1983). The 
met hod i s used f o r  combined soundi ng-prof  i 1 i ng . 
scaZar audiomagnetote Z Zurics (AMT) 

The AMT method u t i l i z e s  na tu ra l  
e lec t romagnet ic  f i e l d s  i n  t h e  10 Hz t o  20 kHz 
band. These na tura l  f i e l d s  a r i s e  i n  atmospheric 
1 i g h t n i  ng d i  scharges worldwide. Hoover e t  a1 . 
(1976) ,  Hoover and Long (1976) ,  Hoover e t  a l .  
(1978) ,  and Long and Kaufman (1980) descr ibed 
reconnaissance AMT surveys. Kel 1 e r  (1970) ,  
Whi te fo rd  (1975) ,  W i l  l iams e t  a1 . (1975) ,  
Isherwood and Mabey (1978), and Jackson and 
O'Donnell  (1980) have a l so  repor ted  on i t s  use i n  
geothermal expl o ra t ion .  

Two orthogonal  magnet i c - f  i e l  d canponents and 
two orthogonal  e l e c t r i c - f i e l d  components a re  
measured and t h e  sca la r  apparent res1 s t i v i  t i e s  a r e  
computed from t h e  formulae 

and 

i n  which t h e  e l e c t r i c  f i e l d  i s  measured i n  mv/km 
and t h e  magnetic f i e l d  i n  gammas; T i s  t h e  pe r iod  
i n  seconds. The apparent r e s i s t i v i t i e s  a re  then 
g i ven  i n  ohm-meters. 

The method s u f f e r s  froin a l l  o f  t h e  problems 
l i s t e d  under r e s i s t i v i t y ,  except na tu ra l  f i e l d  
noise.  It e x h i b i t s  two o the r  problems, however. 
The f i r s t  i s  t h a t  t h e  na tura l  f i e l d s  occas iona l l y  
a r e  t o o  weak t o  ob ta in  useful  in fo rmat ion .  The 
second, and f a r  more important,  i s  t h a t  t h e  s imp le  
formulae o f  equat ions ( 9 )  and (10) a re  t o t a l l y  
inadequate f o r  i n t e r p r e t a t i o n  i n two- and th ree -  
dimensional t e r r a i n s ,  i n  which t h e  tenso r  AMT 
method should be used. However, t h e  sca la r  AMT 
method has proven useful  f o r  reconnaissance 
surveys o f  t h e  type  performed by USGS personnel 
who have fos te red  i t s  use i n  t h i s  country.  Very 
l i t t l e  a p p l i c a t i o n  o f  t h e  method has been made by 
i n d u s t r y  , probably because equipment f o r  t h e  
met hod has no t  been avai 1 ab1 e canrnerci a1 1 y. 

The CSAMT method i s  a subs tan t ia l  improvement 
over sca la r  AMT i n s o f a r  as t h e  d i r e c t i o n  o f  t h e  
induc ing  f i e l d s  can be con t ro l l ed ,  thus  
s i m p l i f y i n g  i n t e r p r e t a t i o n  i n  two- and th ree -  
dimensional environments. The unce r ta in t y  over 
t h e  s t reng th  o f  t h e  f i e l d s  used i n  AMT disappears 
when CSAMT i s  used. 

MT/AMT 

The tenso r  MT/AMT method u i l i z e s  na tu ra l  
e lec t romagnet ic  f i e l d s  i n  t h e  lo-' Hz t o  l o4  Hz 
band. Below about 1 Hz these f i e l d s  a r i s e  i n  
geomagnetic pe r tu rba t i ons  brought about by 

i n t e r a c t i o n  o f  t h e  s o l a r  wind w i t h  t h e  main 
geomagnetic f i e l d .  Above 1 Hz t h e  na tu ra l  f i e l d s  
a r i s e  i n  atmospheric discharges worldwide. Three 
components o f  magnetic f i e l d  and two canponents o f  
e l e c t r i c  f i e l d  a re  measured. Data a c q u i s i t i o n ,  
processing and i n t e r p r e t a t i o n  must be t r e a t e d  i n  
h i g h l y  soph is t i ca ted  ways whose theory i s  beyond 
t h e  scope o f  t h i s  paper. 

Papers desc r ib ing  appl i c a t  i on o f  t h e  tensor  
MT/AMT met hod i n geothermal areas i nc l  ude Hermance 
e t  a l .  (1975) ,  Hermance and Pedersen (1977) ,  
Stanley e t  a l .  (1977) ,  Golds te in  e t  a1 . (1978a) ,  
Morr ison  e t  a1 (1979) ,  Dupis e t  a i .  (1980) ,  
Gamble e t  a l .  (1980) ,  Musmann e t  a l .  (1980) ,  Ngoc 
(1980) ,  Wannamaker e t  a1 . (1980) ,  A i  ken and Ander 
(1981) ,  Berk to ld  (1982) ,  Berk to ld  and Keminerl e 
(1982) ,  Golds te in  e t  a l .  (1982) ,  Hut ton  e t  a l .  
(1982) ,  Mart inez e t  a l .  (1982) ,  Stanley (1982) and 
Nannamaker e t  a1 . (1983). A comprehensive review 
of data a c q u i s i t i o n ,  processing, and 
i n t e r p r e t a t i o n  f o r  t h e  method, p l u s  a f u l l  
d iscuss ion  o f  t h e  problems i t  encounters i n  
geothermal expl o ra t i on ,  has been prepared by Ward, 
S.H. and Wannamaker (1983). I n  the  f o l l o w i n g  I 
seek t o  summarize t h e i r  rev iew o f  these problems. 

1)  Source dimensions 

A l l  o f  t he  fo rmu la t i on  f o r  i n t e r p r e t a t i o n  o f  
MT/AMT data over  one-, two-, o r  three-dimensional 
ear ths  assumes t h a t  t h e  MT f i e l d s  a re  propagated 
as plane waves. Th is  assumption was t h e  source o f  
much cont roversy  i n  the  e a r l y  days o f  MT, bu t  
Madden and Nelson (1964) showed t h a t  t h e  f i e l d  i s  
usu l l y  plane wave a t  f requencies g rea te r  than 
1 0 - j  Hz i n  mid l a t i t u d e s .  

A t  f requencies below 1 Hz, t h e  pcimary concern 
appears t o  be whether o r  no t  t h e  f i e l d s  due t o  
equa to r ia l  and aurora l  e l e c t r o j e t  r i n g  cu r ren ts  i n  
t h e  E- layer o f  t h e  ionosphere can be t r e a t e d  as 
planar.  Hermance and P e l t i e r  (1970) and P e l t i e r  
and Hermance (1971) have s tud ied  the  e f f e c t s  o f  
such r i n g  cur ren ts .  They conclude t h a t  i n  
conduct ive environments, t h e  plane-w ve assumption 
i s  v a l i d  i n  t h e  frequency range lo-' Hz t o  1 Hz. 
However, s i g n i f i c a n t  r r o r s  can occur a t  
f requencies l e s s  than lo-' Hz i n  areas where h igh  
r e s i s t i v i t i e s  a re  encountered i f  measurements are 
made w i t h i n  500 km o f  t h e  p o s i t i o n  v e r t i c a l l y  
beneath t h e  e l e c t r o j e t .  

A t  f requencies above 1 Hz, t h e  p r o x i m i t y  of 
1 i g h t n i  ng d i  scharges becomes important. Bann is te r  
(1969) s tud ied  t h e  f i e l d s  rad ia ted  from a v e r t i c a l  
e l e c t r i c  d i p o l e  over a homogeneous e a r t h  and 
concluded t h a t  t h e  p l  ane-wave assumption i s  Val i d  
f o r  d istances g rea te r  than seven s k i n  depths from 
t h e  source. 

I f  however, t h e  p lane wave assumption i s  not  
Val i d ,  then t h e  e x t r a  f i e l d  components associated 
w i t h  non-planar waves w i l l  be processed so as t o  
produce b ias  i n  MT est imates.  
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2)  Random no ise  

Random no ise  may a r i s e  i n  a) t h e  e lec t rodes  
f o r  E - f i e l d  measurement v i a  chemical 
d i s e q u i l i b r i u m ,  b) movement o f  t h e  E - f i e l d  w i res  
i n  t h e  e a r t h ' s  magnetic f i e l d  when wind a g i t a t e s  
them, c )  movement o f  t h e  H - f i e l d  sensors i n  t h e  
e a r t h ' s  magnetic f i e l d  due t o  wind o r  seismic 
a c t i v i t y ,  d) microphonics i n  t h e  H - f i e l d  sensors 
due t o  any motion, e )  t h e m a l  no ise i n  t h e  E- and 
H - f i e l d  preamp1 i f i e r s ,  f )  q u a n t i z a t i o n  no ise  i n  
A I D  conver ters ,  g) non- l inear  behavior  o f  t h e  
t o t a l  record i  ng system, h )  sporadic depar tu re  frorn 
plane wave propagation, and i )  sporadic c u l t u r a l  
no ise  due t o  power l i n e s ,  telephone l i n e s ,  r a i l  
e l  e c t  ri f i cat ion ,  p i  pe 1 i ne c o r r o s i o n  p r o t e c t i o n  , 
r a d i o  in te r fe rence,  and t h e  power sources i n  t h e  
record ing  ins t rumenta t ion .  The processing system 
must be designed t o  minimize, evaluate, and p lace 
s t a t i s t i c a l  l i m i t s  on e r r o r s  in t roduced i n t o  MT 
t r a n s f e r  f u n c t i o n s  by randan noise. 

3)  Systematic n o i s e  

Most of t h e  n o i s e  sources descr ibed i n  2 )  
above are  a1 so capable o f  i n t r o d u c i  ng systemat ic  
no ise  i n t o  est imates o f  t h e  MT t r a n s f e r  
func t ions .  As Stod t  (1983) po in ts  out, t h e  
systemat ic  no ise  must be t r e a t e d  independently o f  
t h e  random n o i s e  i n  any s t a t i s t i c a l  eva lua t ion  of 
no ise  i n  MT data. As a r e s u l t  o f  systemat ic  
noise, biased es t imates  o f  t h e  MT t r a n s f e r  
f u n c t i o n s  r e s u l t .  To at tempt  t o  e l i m i n a t e  t h i s  
problem, t h e  use o f  a remote re fe rence has become 
canmon p r a c t i c e  (Gamble e t  a1 , 1979a,b). 

4)  Geological n o i s e  due t o  overburden 

I n  areas where t h e r e  i s  i r r e g u l a r  conduct ive 
overburden, c u r r e n t  channeling i n t o  a patch o f  
deeper o r  more conduct ive ove.rburden w i  11 produce 
anomalies even t o  t h e  lowest  frequencies, Unless 
these anomalies a r e  i n t e r p r e t e d  v i a  20 o r  30 
modeling, they  can be mistaken f o r  deep-seated 
features.  Wannamaker (1983a) i f  l u s t r a t e s  these 
e f f e c t s .  

5)  Topography 

The e f f e c t  o f  topography on the  r e s u l t s  o f  an 
MT survey may be s i g n i f i c a n t .  Anomalous secondary 
e l e c t r i c  and magnetic f i e l d s  r e s u l t .  Topography 
must be inc luded i n  t h e  numerical modeling used i n  
i n t e r p r e t a t i o n  t o  prevent  topographic e f f e c t s  from 
being i n t e r p r e t e d  as  subsurface e f f e c t s .  

6)  

s k i  n depth, 6 , where 

Depth o f  e x p l o r a t i o n  and d e t e c t a b i l i t y  

Depth o f  e x p l o r a t i o n  i s  o f t e n  s t a t e d  t o  be one 

and t7 = t h e  c o n d u ~ t i v i t y  o f  t h e  ear th ,  u i s  t h e  
angular  frequency o f  t h e  s igna l  under conside- 
r a t i o n ,  w h i l e  C\ i s  magnetic permeabi l i ty ,  Th is  
simp1 i f i c a t i o n  i s  mis leading,  because no isy  data 

o r  sur face e o l o  i c a l  noise can obscure t h e  
responses o f  %eep. t o d i e s .  However, w i t h  care i n  
b o t h  data a c q u i s i t i o n  and i n t e r p r e t a t i o n ,  depths 
o f  e x p l o r a t i o n  w e l l  i n  excess o f  100 km can b e  
achieved f o r  i n f i n i t e  in te r faces .  . 

For  20 o r  30 bodies, depth o f  e x p l o r a t i o n  can 
be  considerably  less.  Newman e t  a l a  (1983) have 
explored t h e  p o s s i b i l i t y  o f  d e t e c t i n g  deep magma 
chambers w i t h  MT. I f the  magma chamber i s  
e l e c t r i c a l l y  connected t o  a h i g h l y  conducting 
l a y e r  below it, t h e  magma chamber probably  w i l l  
n o t  be detected. On t h e  other  hand, if t h e  basal 
half-space i s  r e s i s t i v e  o r  i f  t h e  e a r t h  i s  no t  
layered,  t h e  ~ a g m a  chamber i s  more r e a d i l y  
detected . 

I n  p r i n c i p l e ,  s e l f - p o t e n t i a l  surveys are very 
s imple:  two n o n - ~ l a r i z i n g  e lect rodes,  a length  o f  
wi re ,  and a D.C. vo l tmeter  are a l l  t h e  equipment 
needed t o  per fonn a survey. However, much 
a t t e n t i o n  must be paid t o  d e t a i l s  i f  t h e  des i red 
r e p r o d u c e a b i l i t y  o f  5 mV i s  t o  be achieved. Two 
methods o f  moving t h e  e lec t rodes  along t h e  
t r a v e r s e  l i n e  are  used; t h e y  are  leapfrog and 
lcng wire methods. I n  the former, t h e  back 
e l e c t r o d e  i s  leapf rogged pas t  t h e  forward 
e lec t rode f o r  each move. Only a shor t  wi re  i s  
requi red,  I n  t h e  l o n g  wi re method, t h e  back 
e l e c t r o d e  i s  l e f t  f i x e d  and t h e  forward e lec t rode 
i s  moved f a r t h e r  and f a r t h e r  away. A l o n g  length  
o f  w i r e  i s  then requi red.  

Corwin and Hoover (1979) reviewed t h e  s e l f -  
p o t e n t i a l  ~ e t h o d  i n  geothermal exp lo ra t ion ,  Other 
p e r t i n e n t  re ferences t o  the use o f  t h e  s e l f -  
p o t e n t i a l  method i n  geothermal e x p l o r a t i o n  inc lude 
Zohdy e t  a l .  (1973), Corwin (1975), Anderson and 
Johnson (1976), DeMoul l y  and Corwi n (1980), Hoover 
(1981), S i l l  (1982a,b,c), and S i l l  (1983a,b). 
Noise i n  s e l f - p o t e n t i a l  surveys a r i s e s  i n  t e l l u r i c  
cur ren ts ,  e lec t rode d r i f t ,  topographic e f f e c t s ,  
v a r i a t i o n s  i n  s o i l  moisture, c u l t u r a l  noise, 
v e g e t a t i o n  p o t e n t i a l s ,  and e l e c t r o k i n e t i c  
p o t e n t i a l s  due t o  running sur face  water (Ward, 
S.H. and S i l l ,  1982). The c u l t u r a l  no ise  sources 
i n c l u d e :  r a d i a t e d  f i e l d s  frm power l i n e s ,  
te lephone l i n e s ,  and e l e c t r i f i e d  r a i l s ;  cor ros ion  
p o t e n t i a l s  frm p i p e l i n e s ,  fences, and we l l  
casings; and spurious p o t e n t i a l  s from cor ros ion  
p r o t e c t i o n  systems associated w i t h  p ipe l ines .  The 
f o l  1 owing d i  scussions o f  these problems f o l l  ow 
from Ward, S.H. and S i l l  (1982). 

1 )  T e l l u r i c  c u r r e n t s  

Time-varying vo l tages induced i n  t h e  ear th  by 
t h e  geomagnetic f i e l d ,  o f  frequencies w i t h i n  t h e  
passband of t h e  vo l tmeter ,  may reach several 
hundred m v / k ~  over  r e s i s t i v e  t e r r a i n  ( K e l l e r  and 
Fr ischknecht ,  1966). These t ime-vary i  ng vo l tages 
c o n s t i t u t e  no ise which i n h i b i t s  r e p e a t a b i l i t y  o f  a 
m e a s u r ~ e n t  o f  t h e  s teady-state sel f - p o t e n t i a l  s. 
The magnitude o f  t h i s  no ise i s  p ropor t iona l  t o  t h e  
sepa r a t  i on between t h e  two e l  e c t  rodes and 
accord ing ly  i s  l a r g e s t  f o r  t h e  Zong wire method, 
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I f  t e l l u r i c  no i se  i s  dominant, then t h e  leapfrog 
method i s  p re fe r red .  

2)  E l  ec t rode d r i f t  

A vo l tage  w i l l  be measured across an e lec t rode  
p a i r  if e i t h e r  o r  bo th  o f  t h e  e lec t rodes  a re  no t  
i n equi 1 i b r i  urn. Departure from zero e lec t rode  
p o t e n t i a l  w i l l  occur i f  t h e  e l e c t r o l y t e  i n  t h e  
non-po la r i z ing  e lec t rode  i s  d i l u t e d  o r  
contaminated by groundwater o r  i f  t h e r e  i s  a 
temperature d i f f e r e n t i a l  between t h e  two. These 
e f f e c t s  w i l l  va ry  w i t h  t ime,  mo is tu re  conten t  o f  
t h e  s o i l ,  and ambient temperature. Repeated 
checks o f  d r i f t  must be made p e r i o d i c a l l y  by 
p lac ing  bo th  measuring e lec t rodes  i n  a ba th  o f  
e l e c t r o l y t e  s o l u t i o n  and connect ing them i n  o rde r  
t o  es tab l  i sh equi 1 i b r i  um. Leapfrog surveys 
u s u a l l y  r e s u l t  i n  i r r e g u l a r  e lec t rode  d r i f t  so 
t h a t  long  w i re  surveys are  p re fe r red  where 
e lec t rode  d r i f t  i s  t h e  dominant source o f  noise. 

3 )  Topography 

Topographic re1 i e f  w i  11 d i  s t o r t  s e l f -  
p o t e n t i a l s  and t h i s  e f f e c t  must be taken i n t o  
account i n  i n t e r p r e t a t i o n  o f  f i e l d  data. Another 
topographic e f f e c t  i s  due t o  t h e  movement o f  
shal low groundwater. More negat ive  p o t e n t i a l s  a re  
sometimes c o r r e l a t e d  w i th  an inc rease i n  e l e v a t i o n  
w i t h  observed grad ien ts  as l a r g e  as -6  mv/m 
( Hoover, 1981 ) . 
4)  Var ia t i ons  i n  s o i l  mo is tu re  

As noted by Corwin and Hoover (1979), 
v a r i a t i o n s  i n  s o i l  mo is tu re  o f t e n  g i v e  r i s e  t o  
s e l f - p o t e n t i a l  va r ia t i ons ,  w i t h  t h e  e lec t rode  i n  
t h e  we t te r  s o i l  usua l l y  becoming more pos i t i ve .  
Watering o f  e lec t rodes  t o  improve e l e c t r i c a l  
con tac t  can produce t h e  same e f f e c t ,  b u t  even 
worse, e l e c t r o k i n e t i c  p o t e n t i a l s  a re  generated as 
t h e  water moves through t h e  s o i l .  E lec t rode 
water i  ng s houl d be avoided f o r  s e l  f- potent i a1 
surveys i n  geothermal areas because t h e  geothermal 
anomal i es f requen t l y  are smal 1 , so t h a t  reducing 
no ise  t o  a minimum becomes essent ia l  . 
5)  Cu l tu ra l  no i se  

We have noted above some sources o f  c u l t u r a l  
noise encountered when performing S.P. surveys. 
A l l  o f  them can lead t o  p o t e n t i a l s ,  which vary  
w i t h  t ime, wh i l e  co r ros ion  p o t e n t i a l s  and 
p o t e n t i a l  s from co r ros ion  p r o t e c t i o n  systems 
a d d i t i o n a l l y  w i l l  produce spur ious anomalies. 
Resu l ts  f rom s e l f - p o t e n t i a l  surveys i n  a 
developing o r  developed geothermal f i e l d  w i l l  be 
q u i t e  d i f f e r e n t  from r e s u l t s  obtained be fore  we1 1 
cas i  ngs were i ns ta l  1 ed. 

po in t .  Four readings a re  o f f s e t  about 3 m nor th ,  
south, east,  and west o f  t h e  c e n t r a l  po in t .  The 
f i v e  readings a re  then averaged. 

7) E l e c t r o k i n e t i c  p o t e n t i a l s  f rom moving non- 
t herma 1 water 

P o t e n t i a l s  generated by t h e  f l o w  o f  non- 
thermal sur face  and subsurface water, i .e. 
e l e c t r o k i n e t i c  p o t e n t i a l s ,  c o n s t i t u t e  a no ise  
source i n  geothermal exp lo ra t i on ,  and may be a 
major  cause o f  topographic no i se  (Corwin and 
Hoover, 1979) because o f  water fl owi ng downh i l l  
beneath t h e  surface. 

t e  2 Zurics 

II---- t h e  t e l l u r i c  method i s  ma in ly  s u i t a b l e  
f o r  reconnai ssance o f  hor i zont a1 r e s i  s t  i v i  t y  
va r ia t i ons .  It i s '  based on t h e  assumption t h a t  
t e l l  u r i c  cu r ren ts  f l ow ing  i n  ex tens ive  sheets a re  
af fected by l a t e r a l  v a r i a t i o n s  i n  t h e  r e s i s t i v i t y  
s t ruc tu re ,  which can be caused, f o r  example, by 
v a r i a t i o n s  i n  geo log ica l  s t r u c t u r e  o r  by 
hydrothermal systems. The method requ i res  t h e  
simultaneous measurement o f  t h e  t e l  l u r i c  e l e c t r i c  
f i e l d  a t  two s ta t i ons .  From t h e  r a t i o  o f  t h e  
ampl i tudes o f  t h e  e l e c t r i c  f i e l d  a t  the  two 
s ta t i ons ,  in fe rences  may be drawn about v a r i a t i o n s  
i n t h e  under ly ing  r e s i s t i v i t y  s t ruc tu re .  By 
keeping t h e  base s t a t i o n  f i x e d  and moving a f i e l d  
s t a t i o n  about, one can thus map r e s i s t i v i t y  
v a r i a t i o n s  i n  a q u a l i t a t i v e  way." (Palmason, 
1975) 

The method has been used i n  geothermal 
exp lo ra t i on  by Beyer (1977), Isherwood and Mabey 
(1978), Jackson and O'Donnell (1980), and 
others.  It appears t o  be a convenient method f o r  
reg iona l  surveys i n  o rde r  t o  d e t e c t  areas worthy 
o f  more d e t a i l e d  exp lo ra t i on  by  r e s i s t i v i t y  
methods ( Palmason, 1975) . 

The method s u f f e r s  from a number o f  problems 
which have a l ready  been descr ibed under MT/AMT as 
fo l l ows :  random noise, geo log ica l  no ise  due t o  
overburden, l ack  o f  reso lu t i on ,  and e f f e c t s  o f  
topography. I t s  worst  problem i s  t h a t  i t  i s  a 
semi -quan t i t a t i ve  method a t  best. However, Beyer 
(1977) advocated i t s  use f o r  no r the rn  Nevada 
because of i t s  s i m p l i c i t y ,  low cos t ,  and ease o f  
i n t e r p r e t a t i o n .  

heat f l a w  

I w i l l  no t  dwe l l  on t h e  problems encountered 
w i t h  temperature grad ien t  and heat f l o w  
measurements s ince  t h a t  sub jec t  w i l l  be t r e a t e d  by 
D. D. B lackwel l  i n  t h i s  volume. 

5.0 ILLUSTRATIVE RESULTS 
6 )  Vegeta t ion  p o t e n t i a l s  

Trees, shrubs, and grasses produce p o t e n t i  a1 s 
which a re  commonly o f  o rder  10 mv. A technique 
used t o  reduce t h i s  noise, and no ise  due t o  
vary ing  s o i l  moisture,  i nvo l ves  making f i v e  
measurements i n  a s t a r  about each observa t ion  

Long Valley 

F igu re  3 presents t h e  general i z e d  geology o f  
t h e  Long Va l l ey  caldera,  C a l i f o r n i a  from B a i l e y  e t  
a l .  (1976). I wish t o  draw a t t e n t i o n  t o  t h e  
resurgent  dome dep ic ted  by e a r l y  r h y o l i t e  flows, 
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EXPLANA?lON . 

0 Ool 

Rhyolite domes 

Rhyodocite 

Pmt-resurgent rhyolite 

Bosolt 

Bishorr Tuff 

a €&rhyolite Ilwr, 
domes ond tuff. 

a Rhyolite of Glori Mtn. 

a Undillercnhntcd Tart b 
p r s - k r ~ .  rocks 

0 10 km - 
Figure 3. Genera l ized geo log ic  map o f  tong V a l l e y  

ca ldera ( f rom B a i l e y  e t  a l .  , 1976). 

domes and t u f f ,  and t o  t h e  medial graben 
t r a n s e c t i n g  t h e  resurgent  dome i n  a nor thwest  
d i r e c t i o n .  Heat f l o w  has been measured i n  29 
d r i l l  holes from 50 t o  300 m deep w i t h i n  t h e  
caldera. An a d d i t i o n a l  11 holes outs ide,  bu t  
ad jacent  t o  t h e  ca ldera ,  were d r i l l e d  t o  150 t o  
300 m and heat f low was measured i n  them 
(Lachenbruch e t  a1 , 1976a,b). Temperature a t  10 
m depth f o r  the  d r i l l  ho les w i t h i n  t h e  ca ldera  i s  
contoured i n  F i g u r e  4. An o u t l i n e  o f  t h e  area o f  

119°00' 
I I 

Figure  4. Temperatures a t  10 m depth, Long V a l l e y  
ca ldera  ( f r o m  Lachenbruch e t  a l . ,  
1976a). 
i s  superimposed as a dashed l i n e .  

The area o f  h o t  s p r i n g  a c t i v i t y  

h o t  spr ings i s  inc luded i n  t h e  f igure.  There i s  
an obvious c o r r e l a t i o n  between s h a l l  ow temperature 
measurements and hot spr ing  a c t i v i t y .  Note t h a t  
d r i l l  ho le  CH6 i s  t h e  o n l y  d r i l l  ho le  w i t h i n  t h e  
resurgent  dome; i t  was isothermal  a t  l l l ° C  from 
about 150 m t o  300 m, Ground deformation, 
enhanced s e i s m i c i t y ,  and fumaro l i c  a c t i v i t y  i n  t h e  
l a s t  5 years, and p a r t i c u l a r l y  i n  t h e  l a s t  2 
years, t e s t i f i e s  t o  a modern inc rease i n  tecton ism 
and presumed magmati sm. The enhanced s e i s m i c i t y  
appears t o  l i e  south o f  t h e  resurgent  dome. 
F i g u r e  5 shows earthquakes o c c u r r i n g  i n  t h e  r e g i o n  

Q - Earthquake Epicenters 

0 5 k m  
511 

Figure 5. Mammoth Lakes earthquakes J u l y ,  1981, 
( f rom M i l l e r  e t  a1 . , 1982). 

i n  J u l y ,  1981 ( f rom M i l l e r  e t  al, ,  1982). A 
tongue o f  magma i s  be l ieved t o  have r i s e n  t o  
w i t h i n  2 t o  3 km o f  t h e  sur face  beneath t h e  
ep icenter  o f  t h e  earthquakes shown i n  F igure  5. 
Many more earthquakes than are  shown i n  t h i s  
f i g u r e  have occurred i n  the  l a s t  severa l  years, 
Rya l l  and V e t t e r  (1983) i n d i c a t e  t h a t  such 
earthquakes occur  as f a r  as 7 km n o r t h  f r a n  t h e  
south r i m  o f  t h e  ca ldera  and as much as 15  km 
south o f  it. 

The resurgent  dome has bulged upward i n  
recent  years ( M i l l e r  e t  a1 . , 1982). Steeples and 
I y e r  (1976af repor ted  a zone o f  s i g n i f i c a n t  

133 



Ward 

te lese ism ic  P-wave delay,  beneath much o f  t h e  
resurgent dome. H i l l  (1976) found evidence f o r  
t h e  r o o f  o f  a magma chamber i n  l a t e  P-wave 
a r r i v a l s  which he i d e n t i f i e d  as r e f l e c t i o n s  from a 
l o w - v e l o c i t y  ho r i zon  a t  a depth o f  7 t o  8 kin. 
Rya l l  and Rya l l  (1981) found P- and S-wave 
a t tenua t ion  which they  a t t r i b u t e d  t o  a magma 
chamber beneath t h e  Long Va l l ey  caldera.  Ryall 
and V e t t e r  (1983) repor ted  on t h e  absence o f  S 
waves a t  s t a t i o n s  n o r t h  of t h e  caldera,  f o r  events 
occu r r i ng  south o f  it; a magma chamber w i t h i n  t h e  
ca ldera  i s  pos tu la ted  t o  account f o r  these 
observat ions;  t h e  pos tu l  ated inagnia chamber rough ly  
co inc ides  w i t h  t h e  area o f  hot  sp r ing  a c t i v i t y  
shown i n  F i g u r e  4. 

F i g u r e  6 ( f r a n  Ba i l ey  e t  al. ,  1976) po r t rays  
a schematic east-west c ross  sec t i on  th rough Long 

0 10 km 
I l " ' l  

SCHEMATIC CROSS-SECTION 

E X  P L A N A T I O N  

ALLUVIUM, GLACIAL DEPOSITS, A N D  

1 HOLOCENE. RHYOLITE- RHYODACITE 

1 LATE BASALTIC ROCKS 

3 RIM RHYODACITES 

0 CALDERA FILL 

TUFFS: FINE DOTTED 
FLOWS: COARSE DOTTED mj EARLY RHYOLITES { 

1\\\\\1 

RHYOLITE OF 

TERTIARY VOLCANIC ROCKS 

DOME FLOWS: FINE LINED 
GLASS M T N .  { TUFFS: COARSE LINED 

mi JURASSIC- CRETACEOUS GRANITIC ROCKS 

Figure  6. Schematic east-west cross sec t i on  
through Long Va l l ey  ca ldera  and i t s  
under l y ing  magma chamber ( f rom Bai l e y  
e t  a l . ,  1976). 

Va l l ey  caldera.  As noted by M u f f l e r  and Wi l l iams 
(1976) and by Sorey e t  a l .  (1978) t h e  preva len t  
USGS v iew has been t h a t  t h e  geothermal r e s e r v o i r  
l i e s  i n  t h e  Glass Mountain r h y o l i t e s  and t h e  
Bishop Tuf f ,  t h e  two e a r l i e s t  vo lcan ics  t o  i n f i l l  
t h e  caldera.  

The ca ldera  f i l l  above the  Bishop T u f f  
c o n s i s t s  o f  a v a r i e t y  o f  r h y o l i t i c  f lows and 
t u f f s ,  r h y o d a c i t i c  f lows, b a s a l t i c  f lows, and i n  
t h e  eas tern  h a l f ,  lake, marsh, and p e r i g l a c i a l  
sediments. These rocks are  considered t o  he 
impermeable except along f a u l t s  and hence do no t  
form p a r t  o f  t h e  r e s e r v o i r  ( M u f f l e r  and Wi l l iams,  
1976). The g r a v i t y  data o f  Kane e t  a1 . (1976) and 
t h e  seismic sec t i on  o f  H i l l  (1976) have been used 
by USGS personnel t o  de f i ne  he volume o f  t h e  
proposed r e s e r v o i r  t o  be 450 km . 4 

R e s i s t i v i t y  and AMT surveys mapped two near- 
su r face  l o w - r e s i s t i v i t y  zones associated w i t h  
hydrothermal l y  a l t e r e d  rocks and/or hot s a l i n e  
water (Hoover e t  a l . ,  1976; Stanley e t  a1 . , 1976). 

Nine geothermal t e s t  we l l s  were d r i l l e d  near 
Casa D iab lo  and one we l l  was d r i l l e d  about 5 km 
f a r t h e r  eas t  by Magma Power Company. One w e l l  was 
d r i l l e d  by Republic Geothermal , Inc. about 4 km 
south o f  Cashbaugh Ranch. Union Geothermal 
d r i l l e d  two we l ls ,  one near a c l a y  p i t  i n  t he  
n o r t h  end o f  L i t t l e  Antelope Va l ley ,  and one near 
Casa D iab lo .  A l l  o f  t h e  above w e l l s  have f a i l e d  
t o  d iscover  a h i g h  temperature geothermal 
rese rvo i r .  None o f  t h e  we l l s  has been s i t e d  near 
t h e  cen te r  o f  t h e  resurgent dome, e s p e c i a l l y  where 
t ransec ted  by the  medial graben. The s e l f -  
p o t e n t i a l  data o f  F igu re  7 draw a t t e n t i o n  t o  t h e  
whole o f  t h e  area o f  t h e  resurgent dome. W.R. 
S i l l  (pers .  corn.)  advises t h a t  c o l d  water i n f l o w  
from t h e  west-northwest and ou t f l ow  i n  t h e  area o f  
t h e  thermal spr ings  cou ld  account f o r  t h e  d i p o l a r  
S.P. pa t te rn .  The c o l d  water i n f l o w  cou ld  r e a d i l y  
mask t h e  cen te r  o f  a deep convect ive hydrothermal 
system poss ib l y  occu r r i ng  beneath t h e  resurgent 
dome. 

0 5 MILES 

0-E T E R S 

119~00' 
I 

F igu re  7. S e l f - p o t e n t i a l  map o f  Long Va l l ey .  
( a f t e r  Anderson and Johnson, 1976). 

The magma chamber, as determined by the  
te lese ism ic  P-wave delays, l i e s  d i r e c t l y  beneath 
t h e  resurgent dome. The cross sec t i on  o f  Ba i l ey  
e t  a l .  (1976), F igu re  6, schemat ica l l y  i l l u s t r a t e s  
a p o t e n t i a l  f a u l t - c o n t r o l l e d  r e s e r v o i r  w i t h i n  and 
below t h e  ca ldera  i n f i l l  and beneath t h e  resurgent  
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dome, The  problem with this notion i s  t h a t  for 
cat deras el sewhere (e.g. Baca) the resurgent dome 
may be a poor exploration target because of lack 
of per~neability (D.L. Nielson, 1983, pers. can.). 

The resistivity and AMT d a t a  draw attention 
to  areas south and east of the resurgent dome, 
while the aeromagnetic d a t a  draw attention t o  a 
smal 1 region of magnetite destruction around Casa 
Diablo. Surface manifestations of hydrothermal 
a c t i v i t y  are a b u n d a n t  in these areas, I have 
downgraded shallow heat f l  ow, magnetics, 
res is t ivi ty ,  and AMT a t  th is  geothermal prospect 
because drilling t o  da t e  has not found a 
comrnerci a1 reservoir where these met hods have 
produced anomal ies. I have up-graded self- 
potential on the speculation t h a t  a commercial 
reservoir may be found in the central pa r t  o f  the 
resurgent dome. Gravity and seismic refraction 
were very useful in delineating the Glass Mountain 
Rhyolites and Bishop Tuff in the floor of the 
caldera and were instrumental in quantifying the 
USGS model of the reservoir, Teleseismic P-wave 
delays, S-wave attenuation, and S-wave delays seem 
quite important and reliable indicators of a magma 
chamber in this setting. Earth noise so far has 
failed to help us delineate a reservoir. The 
earthquake epicenter map of Figure 5 may be 
delineating an east-west fracture zone u p  which a 
tongue of lava i s  believed t o  have recently 
intruded. What bearing this  would have on a 
commerci a1 high-t~perature  reservoir i s  unknown 
a t  present. 

Eva1 uati ng geophysical methods a t  Long Val 1 ey 
i s  a questionable pursuit a t  present because we d o  
not  know where a commercial high-temperature 
reservoir i s  located i f ,  indeed, i t  exists. 
However, the analysis has been made on the 
a s s ~ p t i o n  t h a t  either the Bishop Tuff or the 
deeper parts of the medial graben will prove t o  be 
commercial. Note t h a t  the recent bulging o f  the 
resurgent dome would indicate t h a t  the medial 
graben may now be in extension. 

Figure 8 portrays the general ized geolog! of 
the Cos0 geothermal area (Hulen, 1978). The 
oldest rocks exposed a t  Cos0 are intermediate t o  
mafic metamorphic rocks o f  uncertain age intruded 
by dikes and pods of quartz l a t i t e  porphyry and 
fe l s i te ,  and by a small stock o f  Late Cretaceous 
( ? )  granite. These rocks are locally overlain by 
Late Cenozoic volcanic rocks, which include the 
domes , fl ows, and associated pyroclastic deposits 
of the Cos0 rhyolite dome field." 

"Principal structures in the geothermal area 
are older high-angle faults of uncertain 
displacement trending northwest, west-northwest, 
and east-northeast, and younger high-angle faults 
with a nomial component of displacement trending 
nort h-nort hwest , north-northeast, and 
( subordinately) northeast. Active surface thermal 
phenomena and hydrothermal alteration are 
concentrated a1 ong the younger northerly-trendi ng 
faults, especially where these faults intersect 

igure 8. Generalized geologic map of Cos0 Hot 
Springs KGRA. (af ter  Hulen , 1978). 

older structures. Deep thermal fluid flow a t  Cos0 
will be controlled entirely by structural 
permeability developed in otherwise tight and 
impermeable host rocks .'I 

"Surface alteration a t  Cos0 i s  o f  three. main 
types: (1) clay-opal-alunite alteration, ( 2 )  weak 
argil t i c  alteration, and ( 3 )  stockwork calcite 
veins and veinlets, which are locally associated 
with calcareous sinter. C1 ay-opal-a1 unite and 
weak argi l l ic  alteration are typically developed 
around active thermal emissions. These are almost 
entirely restricted in distribution t o  an east- 
northeast-trending belt roughly one mile in width 
and four miles in length. Calcareous alteration 
i s  much more widely distributed, b u t  i s  confined 
t o  a broad zone of anomalous geophysical response 
i nterpreted as evidence for a concealed geothermal 
reservoi r" (Hul en 1978). 

A low level aeromagnetic map of the area i s  
given in Figure 9 (af ter  Fox, 197th) .  The 
anomalous low which extends southeast from Devil's 
Kitchen and Cos0 Hot Springs i s  attributed, in 
p a r t ,  t o  magnetite destruction by hydrot~ermal 
fluids (Fox 1978a). 

A resistivity low mapped in the vicinity of 
Devil's Kitchen a n d  Cos0 Hot Springs (Figure 10) 
i s  attributed, in part, t o  hydrothermal alteration 
and hot brines in fractures (Fox, 1978b). The 
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-igure 9. Aeromagnetic residual total field 
intensity contour map o f  Coso. (af ter  
Fox, 1978a). 

dipole-dipole array with 300 m dipoles was used. 
Much the same zone o f  low resistivity was mapped 
by AMT earlier. Figure 11 displays the 7.5 Hz AMT 
apparent resistivity map produced by Jackson and 
O’Donnell (1980). A telluric J-value map, also 
produced by these authors, was not nearly as 
effective in depicting the area of interest around 
Devil’s Kitchen and Cos0 Hot Springs. 

No one of the above geophysical techniques by 
i tself  created a confined target for drilling. 
However, when the resistivity and aeromagnetic 
da ta  were combined with shallow heat flow d a t a  and 
a map of the hydrothermal alteration, then a 
target in the general vicinity of Devil’s Kitchen 
was clearly delineated as shown i n  Figure 1 2  (from 
Hulen, 1978). Prior t o  Hulen producing Figure 12, 
dr i l l  hole CGEH-1 was drilled as a dry hole. 
Subsequently, all six wells have been producers. 
T h e  importance of overlapping several d a t a  sets 
prior t o  spotting the f i r s t  well on a geothermal 
prospect i s  vividly illustrated by this example. 

I have not  found t h a t  earth noise, 
teleseisms, gravity, or tellurics have contributed 
much t o  understanding the  reservoir. The earth 
noise d a t a  o f  Figure 13 (after Combs, 1980) could 
be aliased and noise power peaks near Cos0 Hot 
Springs may, in part, be due  t o  Rayleigh waves in 
deep alluvium. The teleseismic evidence of a 0.2 
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Figure 10. Third separation apparent resistivity 
map o f  Cos0 obtained with 300 m dipole- 
dipole survey. (af ter  F o x ,  1978b). 
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Figure 12. General i red a1 terati on and geophysi cal 
map. (af ter  Hulen, 1978). 

8 

sec P-wave delay i s  no t  convincing. The gravity 
d a t a  are relatively featureless in the region 
between Devil's Kitchen and Cos0 Hot Springs. The 
te l lur ic  d a t a  are too much affected by Cos0 Basin 
t o  be of good quality in the region of interest. 
Microearthquakes were highly scattered throughout 
the area as Figure014 illustrates (af ter  Combs and 
Rotstein, 1975). No major faults were deduced 
from the d a t a  by Combs and Rotstein. However, the 
important contribution of inicroearthquakes a t  th i s  
prospect l ies  in calculation o f  a Poisson's Ratio 

Figure 13, Earth noise power expressed in 
decibels, Coso. (af ter  Combs, 1980). 
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Figure 14. Epicenters of 78 microearthquakes 
associated w i t h  the Cos0 geothemal 
area. (from Combs and Rotstein, 1975). 
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o f  0.16, an i n d i c a t o r  o f  a vapor-dominated 
system. Eased on c u r r e n t  knowledge, t h e  sha l l ower  
p a r t s  o f  t h e  r e s e r v o i r  appear t o  be vapor 
dominated (J.A. Whelan, 1983, pers. can.). The 
r e f r a c t i o n  method was usefu l  a t  Cos0 i n  suggesting 
" the  ex i s tence  o f  a l o c a l i z e d  body o f  low velocit ;  
ma te r ia l  a t  depth, poss ib l y  a magma chamber. 
(Combs and Jarzabek, 1977) 

RooseveZt Hot Springs 

F igu re  15 p o r t r a y s  t h e  genera l ized geology a t  
t h e  Roosevelt Hot Springs KGRA ( a f t e r  S i b b e t t  and 
Nielson, 1980). From Ross e t  a l .  (1982) we 
e x t r a c t  t h e  quo ta t  i ons  which f o l l  ow. 

"The geothermal system i s  a high-temperat'ure 
water-dominated resource, and i s  s t r u c t u r a l l y  

\, 

c o n t r o l  1 ed w i  t h  permeabi 1 i t y  1 oca1 i zed by f a u l  t s 
and f r a c t u r e s  c u t t i n g  p l u t o n i c  and metamorphic 
rock s . I' 

"The o l d e s t  u n i t  exposed i n  t h e  area o f  t h e  
geothermal system i s  a banded gneiss which was 
formed from regional  l y  metamorphosed quartzo- 
f e l  dspat h i  c sediments. I' "The rock i s  
composit ional l y  heterogeneous and conta ins t h i c k  
sequences o f  qua r t zo - fe ldspa th i c  rocks. The u n i t  
a l s o  conta ins me taquar t z i t e  and s i l l i m a n i t e  s c h i s t  
l a y e r s  which have been d i f f e r e n t i a t e d  i n  t h e  rnpre 
d e t a i l e d  geologic  study (N ie l son  e t  al. ,  1978). 

"The Mineral Mountains i n t r u s i v e  complex i s  
t h e  l a r g e s t  i n t r u s i v e  body exposed i n  Utah. 
Potassium-Arson d a t i n g  and reg iona l  r e l a t i o n s h i p s  
suggest t h a t  t h e  i n t r u s i v e  sequence i s  middle t o  

LEGEND 

m] alluvium. siliceous sinter rhyolite flows 

granite, quartz monzonite, 6 syenite Ob : basalt n 
E:G.qrhyolite domes. with centers diorite 

[m pyroclastic deposits metosediments 

I m J  rhyolite f lows banded gneiss 

F igu re  15. Geologic map o f  Roosevelt Hot Springs KGRA and v i c i n i t y .  
( a f t e r  S i  b b e t t  and Nie lson,  1980). 
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late Tertiary in age, In the vicinity of the 
geothermal system, the lithologies range from 
diorite and granodiorite through granite and 
syenite in c~nposition, 

"Rhyol i t e  f l  ows , pyrocl ast i cs ,  and domes were 
extruded along the spine of the Mineral Mountains 
800,000 t o  500,000 years ago (Lipman et a1 ., 
1977). The flows and doines are glassy, 
phenocryst-poor rhyol i tes. The pyroclastic rocks 
are represented by air-fall tuff and nonwelded 
ash-fl ow tuffs." 

"Hot spring deposits in the vicinity of the 
geother~al system have been mapped a s  siliceous 
sinter, silica-cemented alluvium, hematite- 
cemented a1 1 uvium, and manganese-cemented 
a1 1 uvi um. The principal areas of hot-spring 
deposition are along the Opal Mound fault gnd a t  
the old Roosevelt Hot Springs. In both of these 
areas, the deposits consist of bo th  opaline and 
chalcedonic sinter." 

The hot spring deposits are depicted in 
Figure 16. A soil survey within the area of 

82 

- OPALMOUND 

4000 Ft. 
A FAULT 

0 

0 1000 M. 
- i 

Figure 16. Hot sprin deposits, Roosevelt Hot 
Springs. !after Bamford e t  a l .  $ 1980). 

Figure 16 revealed anomalous mercury and 
arserii c . Hyd-rothermal alteration i n  the  
geothermal system and the adjacent Mineral 
Mountai ns i s 1 oca1 i zed a1 ong faults and fractures . 

"The hydrothermal a1 teration produced 
assemblages of quartz + chlorite f epidote + 
hematite. Hematite i s  commonly found as 
specularite veinlets and, where genetic 
re1 ati onshi ps can be observed, hematite 
mineralization follows sulfide mineralization," 

"The hydrothermal a1 teration assemblages 
.associated with the present geothermal system are 
crudely zoned with depth. The uppermost 
assemblage, occurring around the hot-spring 
deposits and fumaroles, i s  characterized by 
quartz, a1 unite, kaol i ni t e ,  montinoril 1 oni t e ,  
hematite, and muscovite. Parry et  a l .  (1980) have 
studied the near-surface alteration and suggest 
t h a t  these minerals have formed above the water 
table by downward-percolati ng acid sulfate 
waters. Upward-convect i ng geot hemal brines have 
produced, with increasing depth, alteration 
assembl ages characterized by montmori 11 oni te + 
mixed layer clays + ser ic i te  + quartz + hematite 
a n d  chlorite + ser ic i te  f calcite + pyrite + 
q'uartz + anhydrite (Bal lantyne, 1978). 
Thermo~hemical calculations and petrologic 
observations suggest t h a t  the brines are in 
equilibrium with the alteration assemblages 
produced by the upward-migrati ng fluids (Capuano 
and  Cole, 1982)." 

Figure 1 7  shows the heat flow contours, 
expressed in rnWm'2, over the main prospect area a t  
Roosevelt Hot Springs KGRA,  The southern lobe, u p  
t o  Negro Mag faul t ,  i s  a legitimate expression of 
the geothermal reservoir as i t  i s  currently 
known. The northern lobe, northwest of the 
intersection of the Negro Mag fault and t h e  Opal 
Mound fault, may in part be an expression of 
leakage of hot water northwestward out of the 
reservoir. Wells 82-33 and  24-36 are dry, while 
well 12-35 i s  productive. 

The resistivity contours o f  Figure 18 
correspond with the heat flow high very nicely, 
The resistivity low i s  primarily due t o  surface 
conductivity of clay minerals produced in 
h y d r o t ~ e ~ a l  a~tera t ion  (Ward, S.H. and Si l l ,  
1976). Leakage of brine northwestward o u t  o f  the 
reservoir would appear t o  be saturating valley 
a l luv iu~  leading t o  low resistivities beyond the 
heat flow high. The CSAMT apparent resistivities 
a t  32 Hz, shown in Figure 19, also directly 
correlate with the zone of high heat flow. 
Quantitative two-dimensional modeling o f  the 
resistivity and CSAMT d a t a  has yielded high- 
resolution targets for drilling; such resolution 
i s  not afforded by modeling the heat flow d a t a .  

The self-potential map o f  Figure 20 reveals a 
number of closures, some of which are positive and 
some negative. Quantitative interpretation of the 
self-potential d a t a  has no t  yet been made and i t s  
contribution t o  understanding the reservoir is  not  
known 

139 



Ward 

- 
15'C ISOTHERMAL SURFACE 

(Depth in meters) 

ol# Temperalure ~Cl/deolh(m) 
Gradient hale 

010 Depth IO I5.C (m) 
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(after Wllion and Chapman, 1980) 
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G.otlwmol Well 

THERMAL STUDIES MAP 

ROOSEVELT HOT SPRINGS KGRA 
BEAVER COUNTY, UTAH 

F igure  17. Thermal s tud ies  map, Roosevel t  Hot Spr ings KGRA. ( f rom Ross e t  a l . ,  
1982). 

Very few microearthquakes have been found 
beneath we1 1 s c u r r e n t l y  known t o  be product ive.  
A c t i v i t y  i n  the  reg ion  i s  episodic.  Dur ing one 
epi sode o f  ' increased a c t i v i t y ,  t h e  numerous 
hypocenters o f  F igu re  21 were located; most occur 
a t  a depth o f  about 5 km. They seen t o  d e p i c t  an 
east-west f a u l t  a1 ong B-B' . Whet her  t h e  
hypocenters l i e  on a southward d ipp ing  Negro Mag 
f a u l t ,  o r  whether they a re  associated w i t h  another 
east-west f a u l t  i s  unknown. Research on these 
microearthquakes and t h e i r  s t r u c t u r a l  s i g n i f i c a n c e  
i s  cont inu ing .  The Wadati diagram o f  F igu re  22 

was developed from the  o r i g i n  t imes and S- and P- 
a r r i v a l  t imes. A Poisson's R a t i o  o f  0.25 
resu l  t s. Hypocenters o c c u r r i  ng beneath t h e  
r e s e r v o i r  as c u r r e n t l y  known, wh i l e  few i n  number, 
y i e l d e d  a Po isson 's  Ra t io  o f  0.24. Thus t h e  
Poisson's R a t i o  does no t  r e f l e c t  t h e  f a c t  t h a t  t h e  
r e s e r v o i r  i s  l i q u i d  dominated. It i s  too  e a r l y  t o  
say whether microearthquakes w i l l  c o n t r i b u t e  t o  
knowledge o f  t h e  rese rvo i r ;  t o  t h i s  date they  have 
n o t  . 

Douze and Las ter  (1979) de tec ted  no e a r t h  
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- i g u r e  18. F i r s t  separa t ion  r e s i s t i v i t y  map from 
300 m d i p o l e - d i p o l e  survey, Roosevelt 
Hot Spr ings KGRA. ( a f t e r  Ward and S i l l ,  
1976). 

F igure  19. The CSAMT 32 Hz apparent r e s i s t i v i t y  
map o f  Roosevelt Hot Springs KGRA. 
(from Sandberg and Hohmann, 1982). 

no ise t h a t  c o u l d  be r e l a t e d  t o  t h e  geothermal 
reservo i r .  Robinson and I y e r  (1981) make a modest 
c l a i m  t h a t  t h e r e  i s  t e l e s e i s m i c  evidence f o r  a 
p a r t i a l  me l t  a t  about 15 km depth. Wechsler and 
Smith (1979) c a s t  doubt on t h i s  i n t e r p r e t a t i o n  and 
I am i n c l i n e d  t o  agree w i t h  than. R e f l e c t i o n  and 
r e f r a c t i o n  surveys have y i e l d e d  i n f o r m a t i o n  on 
range f r o n t  f a u l t i n g  and on depth o f  v a l l e y  
a l luv ium, bu t  they have n o t  g iven any use fu l  
i n f o r m a t i o n  on t h e  r e s e r v o i r  (Ross e t  al. ,  1982). 

G r a v i t y  and magnetic methods have a ided i n  

understanding the  s t r u c t u r e  i n  t h e  v i c i n i t y  o f  
Roosevelt Hot Springs, b u t  t h e i r  c o n t r i b u t i o n  t o  
understandi  ng the  r e s e r v o i r  i s  n i l  

The magnetote l l  u r i c  method de tec ted  t h e  
s h a l l  ow r e s i s t i v i t y  s t r u c t u r e  b u t  a t  g rea t  
expense. It a lso  detected a p a r t i a l  m e l t  i n  t h e  
upper mantle. Research i s  cont inu ing  t o  d e l i n e a t e  
t h e  l a t e r a l  extent  o f  t h e  p a r t i a l  m e l t  and t o  
determine whether o r  not  i t  has any s i g n i f i c a n c e  
t o  t h e  occurrence o f  t h e  geothermal r e s e r v o i r .  No 
deep geothermal system and no magma body were 
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Figure  20. The s e l f - p o t e n t i a l  map o f  Roosevelt 
Hot Spr ings KGRA (cour tesy  W. R .  S i l l ) .  

de tec ted  by t h e  MT survey. D e t e c t a b i l i t y  o f  magma 
chambers by MT i s  a ques t ionab le  e n t e r p r i s e  as 
Newman e t  a1 . (1983) have demonstrated. 

Tuscarora 

P i l k i n g t o n  e t  a l .  (1980) and S ibbe t t  (1982) 
have descr ibed t h e  geology o f  t h e  Tuscarora 
geothemial prospect i n  E l  ko County, Nevada. 
F igu re  23 po r t rays  t h e  simp1 i f i e d  representa t ion  
o f  t h e  geolagy o f  t h e  prospect according t o  
S i  bbe t t ,  who states,  "The Tuscarora geothermal 
prospect i s  l oca ted  a t  t h e  n o r t h  end o f  
Independence Val l e y  i n  nor thern  Nevada. Thermal 
s p r i  nys issue from 01 igocene tu f faceous sediments 
near t h e  center  o f  an area o f  h igh  thermal 
gradient.  The spr ings  a re  associated w i t h  a l a r g e  
s i l i c e o u s  s i n t e r  mound and are  c u r r e n t l y  
deposi t i ng s i  1 i c a  and ca lc ium carbonate. Measured 

* 
0 2 3 4 5KM. 

F igu re  21. M i  croearthquakes occu r r i ng  d u r i n g  
swarm, J u l y  1981. ( a f t e r  Zandt e t  a1 . , 
1982). 

F igu re  22. Wadati diagram der i ved  from e a r t h -  
quakes occu r r i ng  a t  Roosevel t  Hot 
Spr ings KGRA du r ing  J u l y ,  1981. 
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Figure  23. Genera l ized geology, Tuscarora. ( f rom S i b b e t t ,  1982). 

f l u i d  temperatures range up t o  95OC,  and chemical 
geothemometers i n d i c a t e  a reservo i  r temperature 
of 2 1 6 O C .  The Independence Va l ley  conta ins 35- t o  
39-m.y.-old t u f f s  and tu f faceous sediments which 
o v e r l i e  Paleozoic c l a s t i c  and vo lcan ic  rocks and 
are  o v e r l a i n  by Miocene lava  and p y r o c l a s t i c  
f lows, The rocks have been deformed by normal 
f a u l t s  t r e n d i n g  nor th -south  and northwest and by 
fo lds  t rend ing  nor th -south  which have been a c t i v e  
i n t h e  P1 e i  stocene . ' I  

The heat f l o w  anotnafy a t  t h e  Tuscarora 
prospect i s  centered on Hot Sulphur Springs as 
F i g u r e  24 i l l u s t r a t e s  ( f rom P i l k i n g t o n  e t  al., 
1980). The nor th -south  f a u l t i n g  i s  ev ident  i n  t h e  
g r a v i t y  map o f  F i g u r e  25 from P i l k i n g t o n  etI,al. ,  
1980). Meidav and Tonani (1975) observed t h a t  
bo th  microearthquake a c t i v i t y  and thermal spr ing  
occurrences are more commonly associated w i t h  t h a t  
s i d e  o f  t h e  bas in  which has t h e  steeper g r a v i t y  
gradient" .  I f  t h i s  i s  an observat ion upon which 
we can r e l y ,  l e t  us t e s t  i t  w i t h  t h e  a v a i l a b l e  
data. From F i g u r e  25 i t  i s  ev ident  t h a t  t h e  east  
s i d e  o f  Independence V a l l e y  has t h e  steepest 
g rad ien t  o f  g r a v i t j .  The range l i n e s  i n  F igures 
23 and 25 permi t  ready c o r r e l a t i o n  o f  t h e  g r a v i t y  

\ . I  I 
\ I - 

0 2 kin 
u 

R. 5 1  E. I R. 5 2  E.  I 

F i g u r e  24. Contours o f  heat  f low a t  Tuscarora 
( i n  HFU). ( f rom P i l k i n g t o n  e t  a l . ,  
1980). 
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Figure 25. Contours o f  Bouguer grav i ty  a t  Tusca- 
rora.  ~ f r ~  Pilkington e t  a l . ,  1980), 

Figure 25. Distribution o f  microearthquakes and 
contours of Poisson's r a t i o ,  (from 
Pilkington e t  a1 . , 1980) 

da t a  w i t h  the geology. The microearthquakes of 
Figure 26, a s   document^ by Pilkington e t  a l .  
(1980), a r e  sca t te red  but c l e a r l y  follow a range 
f ront  f a u l t  suggested by the steep gravi ty  
contours of Figure 25. Contrariwise, Hot Sulphur  
Springs occur well wst of this presumed f a u l t  
1 ine. 

As ~ o n c l u d ~ d  by Sibbett  (1982), 

"The sur face  expression of the Hot Sulphur 
Springs thermal system is cont ro l led  by a f au l t  
zone t r e n d i n g  N20°E. Exposed a rg i l1  i c  a l t e r a t ion  
produced by the thermal system is limited t o  the 
spr ing  area. Quartz-sericite a l t e r a t i o n  which 
predates the present thermal system is  present 
along the f a u l t  zune." 

"The s u b ~ u ~ f a c ~  character o f  the g e u t h e ~ ~ l  
system i s  not known, but the ~ g u p h y ~ j ~ ~ l  and 
geological .data a r e  cons is ten t  w i t h  an 
in t e rp re t a t ion  t h a t  the reservoi r  i s  3 t o  5 km 
s ~ u t ~ e a s t  of the hot springs. In this model , 
meteoric water c i r cu la t e s  down along the range- 
f ron t  f a u l t  system and is heated a t  depth.  The 
thermal waters rise along major f r ac tu res ,  perhaps 
the in te rsec t ion  o f  the NlO*E and N30°W f a u l t  
zones, i n t o  either a solution reservoi r  i n  the 
lower-plate ~ a r b u n a t e ~  o r  a f r a c t u r e  reservoir i n  
the overlying ~ a ~ m ~  Group quar tz i te .  The f r ac tu re  
reservoi r  and feeder ~ h a n n e l w a y ~  may have been 
fumed by brecciation along the t h r u s t  f a u l t  and 
by formation o f  the deep graben. The reservoi r  
cap cons i s t s  of the incompetent and less permeable 
Te r t i a ry  tuffs and tuffaceous sedimentary rocks , 
the base being 1,200 m o r  more below the 
surface. Some of the thermal f l u i d s  migrate up 
majar f rac tures  w i t h i n  the Paleozoic sha le ,  cher t  
and greenstone u n i t  which over1 ies the balmy Group 
quar tz i te .  The f l u i d s  probably move updip t o  the 
n o r t ~ w e s t  al  ong gravel aqui fe rs  either a t  the 'base 
of o r  w i t h i n  the tuffaceous sed imenta~y rQcks, 
ult imately reaching t h e  surface along the f a u l t s  
a t  the hot springs.  Cold water aqui fe rs  in the 
thick qua r t z i t e  gravel overlying the  tuffaceous 
sedimentary rocks apparently mask . the thermal 
anomaly d i r e c t l y  above the reservoir." 

Dr i l l ing  on this prospect has been confined 
t o  the general vicinity o f  the heat f low high 
surroundi ng Hot Sulphur Sprl ngs. I f  Sibbet t '  5 
model is co r rec t ,  and resistivity data 
~ M a ~ k e l p r a n g ~  1982) would tend t o  support i t ,  then 
d r i l l i n g  might recommence along the Lune o f  the 
eas t e rn  range f ront  depicted by the gravi ty  and 
microearthquake data. In this region, the 
c o n t o u r e ~  values of Poisson's Ratio shown i n  
Figure 26 a re  probably not ind ica t ive  o f  the  
cha rac t e r i s t i c s  o f  the reservoi r  b u t  r a the r  o f  the 
f l u i d  saturated a1 l u v i  urn of Independence Val 1 ey 
(Berkman and Lange, 1980), 

Figure 27 depicts the general ired geologic 
map a t  Beowawe (from Sibbet t ,  1983). The Beowawe 
Geysers have f o ~ e d  a 850 m long sinter t e r r ace  a t  
the base o f  the Malpais scarp. 
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Figure  27. General i zed geology , Beowawe. 

"The Beowawe g e o t h e ~ a l  system i n  nor thern  
Nevada i s  a s t r u c t u r a l l y  c o n t r o l l e d ,  water- 
daninated resource w i t h  a measured temperature o f  
212°C (414OF). Surface express ion o f  t h e  system 
cons is t s  o f  a la rge ,  a c t i v e  opa l i ne  s i n t e r  t e r r a c e  
t h a t  i s  present a long a T e r t i a r y  t o  Quaternary 
normal f a u l t  escarpment. The thermal system 
appears t o  be c o n t r o l l e d  by t h e  subsurface 
i n t e r s e c t i o n  o f  t h e  east -nor theast  t rend ing ,  n o r t h  
d ipp ing  Malpais f a u l t  w i t h  a p re -ex i s t i ng  
northwest t rend ing  f a u l t  which d i p s  south and has 
884 m o f  v e r t i c a l  displacement. 

Surface a1 t e r a t i o n  associated w i t h  t h e  
g e o t h e ~ a l  system i s  v e r t i c a l l y  zoned along t h e  
Malpais escarpment w i th ,  from base t o  top:  
hemat i te  s ta ined,  a r g i l l i z e d  rock  along t h e  f a u l t  
t race ;  s i 1  i c i f i c a t i o n  and quar tz  veining; and 
a r g i l l i c ,  ac id  leach zone a t  t h e  top. Subsurface 
a l t e r a t i o n  genera l l y  increases w i t h  depth i n  the  
vo lcan ic  rocks and i s  most i n tense  i n  b a s a l t i c -  
andesi te  l a v a  f lows which are  capped by tu f faceous 
sedimentary rock." (S ibbe t t ,  1983) 

F igu re  28 presents  t h e  contoured heat f l o w  
values, which prov ide  a focus f o r  a t t e n t i o n  t o  t h e  

(from S i  b b e t t  , 1983). 

f l e x u r e  i n  t h e  Malpais F a u l t  near w e l l  85-18. 
Smith (1983) discusses t h e  thermal hydrology and 
heat f l o w  a t  Beowawe, S w i f t  (1979) ou t l i ned  t h e  
area o f  low r e s i s t i v i t y ,  as i n  F igu re  29, and t h i s  
o u t l i n e  passes through t h e  center  o f  t h e  heat f l ow  
high, A d i p o l a r  s e l f - p o t e n t i a l  anomaly, shown i n  
F i g u r e  30, bes t  de l i nea tes  t h e  convec t ive  system 
a t  Beowawe ( S w i f t ,  1979). 

According t o  S w i f t  (1979), g r a v i t y  and 
magnetic data de l i nea te  t h e  Malpais F a u l t  and t h e  
impor t  an t  nor th -  n o r t  hwest s t r u c t u r e s  which may 
c o n t r o l  t h e  r e s e r v o i r  a t  depth. Sei sm i  c 
r e f l e c t i o n  da ta  a re  t o o  noisy,  because of t h e  
in terbedded vo lcan ic  sec t ion ,  t o  provide 
d e f i n i t i v e  s t r u c t u r a l  in fo rmat ion .  I n  contrast ,  
S w i f t  (1979) r e p o r t s  t h a t  t h e  Geysers area a t  
Beowawe appears as an e a r t h  n o i s e  source. 
Magne to te l l u r i c  data seem t o  have y ie lded  on ly  
reg iona l  i n f o ~ a t i o n  a t  Beowawe, based on S w i f t ' s  
remarks. 

6.0 COMPARATIVE CASE ~ I S T O R I € S  

An eva lua t i on  has been made, i n  Table 3, o f  
t h e  c o n t r i b u t i o n  made by each o f  14 geophysical 
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Figure  28. Contours o f  heat  f low a t  Beowawe ( i n  
HFU). (cour tesy  B .  S. S i b b e t t ) .  

R .  4 7 E .  R.  48E. 
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F igu re  29. O u t l i n e  o f  zone 
Beowawe. ( a f t e r  

o f  low r e s i s t i v i t y  a t  
S w i f t ,  1979). 

methods t o  understanding t h e  known o r  pos tu la ted  
r e s e r v o i r  a t  each o f  13 geothermal prospects. 
Each method has been ra ted  from 1 (good) through 4 
(poor ) .  The r a t i n g  i s  sub jec t i ve ,  bu t  a ser ious  
at tempt has been made t o  app ly  the  r a t i n g  
un i fo rm ly  throughout t h e  m a t r i x  o f  Table 3. The 
s u r p r i s i n g  r e s u l t s  o f  t h i s  ana lys i s  are that :  a )  
geophysical met hods a re  uni f o rm ly  i nconsi s ten t  i n 
performance, b) no geophysical method ranks one, 
f i v e  methods rank about two, e i g h t  rank between 
two and one h a l f  and three, w h i l e  none ranks four ,  
c )  no combinat ion o f  any f o u r  methods has been 

F igure  30. Contours o f  s e l  f - p o t e n t i  a1 a t  Beowawe. 
(from DeMoulley and Corwin, 1980). 

:uccessful a t  more than one s i t e  where 
success fu l "  means a rank ing  o f  one o r  two, d) t h e  

most use fu l  o f  t h e  methods, j udg ing  by t h e i r  mean 
rankings, a re  heat f low, microearthquakes, 
g r a v i t y ,  r e s i s t i v i t y ,  and s e l f - p o t e n t i a l ,  e) t he  
l e a s t  e f f e c t i v e  methods a r e  e a r t h  noise,  
magnetics, and inagnetotel l u r i c s .  The CSAMT method 
has been inc luded w i t h  CSEM f o r  purposes o f  t h e  
canpara t ive  study. There a re  23 e n t r i e s  o f  good 
( l ) ,  29 o f  f a i r  (Z ) ,  48 of ques t ionab le  ( 3 ) ,  and 
1C e n t r i e s  o f  poor (4 )  i n  Table 3. Thus 53% o f  
t h e  t ime  t h e  r e s u l t s  o f  geophysical surveys i n  
geothermal e x p l o r a t i o n  a re  e i t h e r  ques t ionab le  o r  
poor . 

Overa l l ,  t h i s  study prov ides  a somewhat 
d iscourag ing  p i c tu re .  I would tend t o  use heat 
f 1 ow , m i  c roea r t  hqua kes , grav i ty , res  i s t  i v i ty  ( o r  
CSAMT), and s e l f - p o t e n t i a l  methods a t  a l l  
prospects.  Once these data were i n t e r p r e t e d  and 
co r re la ted ,  I would then decide whether o r  no t  
a d d i t i o n a l  geophysical surveying was j u s t i f i e d .  
A l l  geophysical surveys should be designed w i t h  
one o r  more conceptual geo log ica l  models i n  mind 
and t h e  dens i t y  and ex ten t  o f  t h e  geophysical 
coverage should be compat ib le w i t h  t h e  range o f  
conceptual geol og ic  model s. 

Clear l y  t h e  reader w i l l  want t o  know why each 
met hod has perfomied poor ly  o r  quest i onab ly  under 
some circumstances. To at tempt t o  s a t i s f y  t h e  
reader ' s  c u r i o s i t y ,  I have prepared Table 4 i n  
which I have ind i ca ted  my assessment o f  why a 
method ra ted  a 3 o r  a 4 i n  Table 3. Six 
ca tegor ies  o f  answers seem t o  be s u f f i c i e n t .  
These are:  
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TABLE 3 CONTRI3UTION TO UNDERSTANDING RESERVOIR 
IGNEOUS R E L A T E D  

METHOO 

EAR TH NOIS€ 

MICROEAPTHOUAYES 

TELESEISMS 

PEFPACTION 

R ECL EC710N 

SRAVI T Y  

MASNE TICS 

P €SI5 T I  VI JY 

CSEM 6 CSAMT 

SCALAR AMT 

M T l A M T  

SE f F POT E N T I A  I 

T E  1 1  URICS 

3 
1 
2 
2 

4 
1 
2 

2 

Y. 

1 
3 

4 1 
3 3  2 
3 
3 
3 3 4  
4 1 2 3  
4 3 3 2  
1 1 2 1  
1 

2 
3 3 
2 3 1  

3 

4 
1 

3 
1 

3 1  
4 

4 2  
3 

3 3  
2 
2 

3 3  3.0 
1 1 1.9 

3 4 2.6 
2 2.4 

2 2  2.5 
3 1 2  1 2 2 . 2  
3 4 3 3 3.0 
3 2 3 2 3 2 . 2  
3 2 2.4 

3 2.5 
3 3 3 3 3.0 
2 3 3 2.1 
2 2.5 

HEAT FLOW 1 3  1 2  1 2  1 2  3 3 1 3  2 1.9 

 COOL^ I 0000 * E X P E C T E D  TO 9E C O U M C R C I A L  IN N E A R  T C R M  
' E X P L C T C D  TO BE C O M M C R C I A L  IN L O N 0  T C R U  2 F A I R  

3 ~ U C S T I O N A R L L  
d POOR 

TABLE 4 REASONS FOR POOR PERFORMANCE OF GEOPHYSICAL METHODS 
IGNEOUS RElATED 

E4PTU NOISE 

MICSOEA RIHOUAYES 

T E L  ESEISMS 

P EFPAETION 

R E F 1  ECTION 

GRAVt TY 

MAGNETICS 

SESIST IV ITY 

CSEM 6 CSAMT 

S C A l A P  A M I  

M T f  AMT 

SELF POT€NTlAl  

I E I L U P I C S  

# € A T  FLOW 

Tr TI N N R TI 

I I R R 
R R R  

N N 
N Tz TI 

N N N N  R 
R N R R  N R  R D R  
R Tf D R R 
R I 1  
R R 

N N 1 1 1  N I R  
TI R R  

R D 
R R R  R 

-1 m 

3T,,2N, 1R 
3 R  

2R, 2 I 
2 N  

lTt , iT2,  1N 
4N, 1 R 

6 R , 2 N ,  1D 

21,iR 
2R 

41,3N,lR 
2 R ,  1 T/ 
LR,iD 

4 R  

3R,1Tt,lD 

Ti - T C C Y N O L O O Y  D ~ F I C I C N T .  U A m  , 8 C C N  IUCROVCD D -  OAT* 8 C T  INCOUCLLTC 

Tz- T C C U N O L O O I  OCTICICNT. U A O  N O T  8 E C N  IUCIOVCD N - NO RCCOONIZAELL OIONATURC O V C I  O C O E R V O I I  
I - INTCRPUCTATION CR0CCDUI)C QULIITIONAELC I) - I C L A T I O N O Y l t  TO RCICRVOIR UNCLRTAIN 
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T1 - technology d e f i c i e n t ,  b u t  has s ince  been 
improved, 

T2 - technology d e f i c i e n t ,  and has not y e t  
been improved, 

I - i n t e r p r e t a t i o n  procedure quest ionable,  
D - data se t  incomplete, 
N 

R 

- no recognizable s ignature  over r e s e r v o i r ,  

- r e l a t i o n s h i p  t o  r e s e r v o i r  uncer ta in .  
a nd 

Table 4 con ta ins  6 T , 1 T2, 12 N, 28 R, 8 I, and 
3 D e n t r i e s .  The l'l , I and D e n t r i e s  t o t a l  17 
(29%), i n d i c a t i n g  t h a i  improvement i n  equipment o r  
i n t e r p r e t a t i o n  has o r  can b e  made. Unfor tunate ly ,  
we can do no th ing  about t h e  poor r a t i n g s  asso- 
c i a t e d  w i t h  t h e  41  e n t r i e s  (71%) r e p o r t i n g  T2, N, 
and  R. 

The f o l l o w i n g  comments f o l l o w  on each method: 

r e s i  s t i  v i  t y  surveys. A1 g o r i  thms f o r  2D model i ng 
o f  r e s i s t i v i t y  data a r e  now used r o u t i n e l y .  
Algor i thms f o r  3D modeling a re  ava i l ab le .  The 
b i p o l e - d i p o l e  method has no t  proven i t s e l f  t o  be  
s a t i s f a c t o r y  f o r  r e s e r v o i r  d e l i n e a t i o n  i n  most 
cases 

CSliM/CSAMT 

These methods have not been s u f f i c i e n t l y  
t es ted  i n  geothermal environments t o  be  c e r t a i n  o f  
t h e i r  f u tu re .  I n t e r p r e t a t i o n  procedures f o r  CSAMT 
a r e  capable o f  encompassing 2-0 and 3-0 e a r t h  
models, a l though t h e r e  has been a re luc tance on 
t h e  p a r t  o f  i n d u s t r y  t o  use them. R e l i a b l e  
computer a lgo r i t hms  t o  permi t  2D modeling o f  CSEM 
data a r e  on ly  now emerging. Algor i thms f o r  313 
modeling a r e  s t i l l  on t h e  drawing boards. 

scaZm AMT 
e m t h  noise 

The technology has improved so t h a t  t h e  
method should perform b e t t e r  when advantage i s  
taken o f  f - k  processing. 

microearthquakes 

Some geothermal rese rvo i r s  do not y i e l d  
s u f f i c i e n t  numbers o f  microearthquakes t o  permi t  
t h e  method t o  be successful 

t e  leseisms 

The method does no t  always produce useful  
r e s u l t s .  

refract ion scismo Zogy 

The method i s  not always a p p l i c a b l e  t o  
r e s e r v o i r  de l i nea t ion .  It should be  used l a t e  i n  
t h e  e x p l o r a t i o n  sequence. 

r e f  Zection seismo Zogy 

Data processing advances i n  r e f l e c t i o n  
seismology may u l t i m a t e l y  permit  us t o  work i n  
vo lcan ic  'env i  ronments and e f f o r t s  should be 
d i r e c t e d  toward t h a t  end. However, t h e  method 
w i l l  not  always be app l i cab le  t o  r e s e r v o i r  
d e l i n e a t i o n  and should be used l a t e  i n  t h e  
exp l  o r a t i o n  sequence. 

gravity and magnetics 

The main use o f  t he  g r a v i t y  and magnetic 
methods w i l l  con t inue t o  be as a i d s  i n  geo log ica l  
mapping o f  s t ruc tu re .  Grav i ty  seems t o  be q u i t e  
use fu l  i n  mapping range f r o n t  f a u l t s  w i t h  which 
some geothermal rese rvo i r s  a r e  associated. The 
magnetic method occasional  l y  w i l l  prove use fu l  i n  
mapping zones o f  magnet i te des t ruc t i on .  

r e s i s t i v i t y  

The technology o f  data a c q u i s i t i o n ,  
processing, and i n t e r p r e t a t i o n  has been much 
improved f o r  Sc h l  urrberger and d i  pol e -d i  pol e 

Scalar AMT doesn ' t  always produce r e s u l t s  
t h a t  a r e  as good as  we p r e f e r  and i t s  use should 
be  r e s t r i c t e d  t o  reconnaissance surveys. 

MT/AMT 

There i s  a tendency t o  use 10 i nve rs ion ,  
on ly ,  i n  i n t e r p r e t a t i o n  o f  MT/AMT data. 
Algor i thms f o r  20 and 3D i n t e r p r e t a t i o n  a r e  
a v a i l a b l e  b u t  i n d u s t r y  seems r e l u c t a n t  t o  use 
them. This i s  t h e  weakest l i n k  i n  a p p l i c a t i o n  of 
t h e  method. Data a c q u i s i t i o n  and processing have 
improved g r e a t l y  i n  recent  years,  t o  the  ex ten t  
t h a t  t h e r e  i s  no excuse f o r  data o f  poor q u a l i t y .  

There i s  a l s o  a tendency by i n d u s t r y  t o  use 
MT/AMT when i t  i s  not warranted. It should b e  
reserved f o r  spec ia l  s i t u a t i o n s ,  u s u a l l y  l a t e  i n  
t h e  exp lo ra t i on  sequence. 

se  If -potentia Z 

The s e l f - p o t e n t i a l  method shows grea t  
promise, i f  t h e  new 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  
schemes work a s  expected. The method doesn ' t  
always produce meaningful s ignatures  over 
geot herma 1 'systems. 

t e  Z Zurics 

Since i t  lacks  a t r u l y  q u a n t i t a t i v e  scheme 
f o r  i n t e r p r e t a t i o n ,  t h e  method should be used o n l y  
i n reconna i ssa nce. 

heat f Zm 

As B lackwel l  (1983) has ind ica ted ,  heat f l o w  
as measured a t  sur face  i s  no t  always a r e l i a b l e  
i n d i c a t o r  o f  a h igh  q u a l i t y  geothermal resource. 
Reference should be made t o  B lackwe l l ' s  paper f o r  
cognizance o f  t h e  advantages and 1 i m i t a t i o n s  of 
heat f l o w  i n  geothermal app l i ca t i ons .  

7 .O CONCLUSIONS 

The performance of 14 d i f f e r e n t  geophysical 
methods used a t  13 h i g h  temperature geothermal 
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s i t e s  i n  t h e  Nor thern  Basin and Range Prov ince has 
been somewhat df sap poi  n t  i ng . Heat f low,  
microearthquakes, g r a v i t y  , r e s i  s t i v i  t y  and s e l f -  
p o t e n t i a l  methods appear t o  be t h e  most 
c o n s i s t e n t l y  u s e f u l ,  a l though none o f  them 
performs up t o  expectat ions a l l  of t h e  t ime. 
Recent improvements i n i n t e r p r e t a t i o n  procedures 
a r e  expected t o  b e n e f i t  t h e  r e s i s t i v i t y  and s e l f -  
p o t e n t i a l  methods. The l e a s t  e f f e c t i v e  methods a t  
t h e  present t i m e  a r e  e a r t h  noise, r e f l e c t i o n  
seismology, magnetics, magneto te l lu r i cs ,  and 
t e l l  u r i c s .  Recent improvements i n  survey des ign 
w i l l  make t h e  e a r t h  no ise method much more 
e f f e c t i v e  fo r  those r e s e r v o i r s  which emit e a r t h  
noise. Accompl ished improvements i n  i n t e r p r e -  
t a t i o n  o f  m a g n e t o t e l l u r i c  data, i f  adopted by 
i ndustry  , w i  11 improve t h a t  method's p e r f o r -  
mance. However, t h e  magnetote l l  u r i c  rnethod ought 
t o  b e  reserved f o r  those spec ia l  prospects t o  
which i t  i s  app l i cab le .  Improvementh i n 
processing r e f l e c t i o n  seismic data i n  vo lcan ic  
covered areas may make t h a t  method more g e n e r a l l y  
a p p l i c a b l e  i n  t h e  l a t e  stages o f  an e x p l o r a t i o n  
sequence. The t e l  ese i  smic met hod, devet oped t o  a 
r e a  sonab l e  degree o f  sophi s t i c a t i o n ,  may 
occas iona l l y  c o n t r i b u t e ,  i n  a broad sense, t o  
understanding t h e  r e s e r v o i r .  The r e f r a c t i o n  
seismic method probably  ought t o  be considered a 
subset o f  combined r e f l e c t i o n - r e f r a c t i o n  surveys 
f o r  optimum r e s o l u t i o n  of subsurface v e l o c i t y  
s t r u c t u r e s .  However, r e f r a c t i o n  seismic surveys 
should be considered a l s o  a s  an ad junc t  t o  
microearthquake surveys s ince they can prov ide  3D 
v e l o c i t y  d i s t r i b u t i o n s  necessary f o r  i n t e r p r e t a -  
t i o n  of microearthquake data. Cont ro l led  source 
e lect romagnet ic  and c o n t r o l l e d  source audiornag- 
n e t o t e l  1 u r i c  met hods requ i  r e  much more exposure i n 
geothermal e x p l o r a t i o n  b e f o r e  t h e y  can be  
eva 1 ua ted  proper ly  . However, t h e  c o n t r o l  1 ed 
source audiofrequency rnagnetotef 1 u r i c  method l o o k s  
very promising, and i t  may rep lace  r e s i s t i v i t y  
survey ing i f  i t s  c o s t - e f f e c t i v e n e s s  can b e  
es tab l i shed as i s  expected. Scalar  AF?T and 
t e l l u r i c s  seem des t ined f o r  use as  inexpensive 
reconnaissance techniques which w i l l  f i n d  
occasional a p p l i c a t i o n .  

There i s  evidence o f  need f o r  improvement i n  
survey design, data a c q u i s i t i o n ,  data processing, 
and data i n t e r p r e t a t i o n  i n  geothermal e x p l o r a t i o n  
i n  t h e  Nor thern Basin and Range Province. Yet t h e  
predominant problems w i t h  a p p l i c a t i o n  o f  
geophysical methods i n  t h i s  environment a r e  
r e l a t e d  t o  fundamental l i m i t a t i o n s  o f  t h e  methods 
as have been descr ibed i n  t h e  t e x t .  

Of t h e  f i v e  case h i s t o r i e s  presented f o r  
comparison i n  t h i s  a r t i c l e ,  we f i n d  t h e  f o l l o w i n g  
r e s u l t s .  

Long VaZ Zey 

While no h i g h  temperature r e s e r v o i r  has been 
def ined,  there  i s  a chance t h a t  u l t i m a t e l y  t h e  
t e l  ese i  smic , microearthquake and se l  f -potent  i a  1 
methods may prove t o  b e  va luab le  i n  d e l i n e a t i n g  a 
pos tu la ted  f r a c t u r e - c o n t r o l  l e d  r e s e r v o i r  beneath 
t h e  medial graben i n  t h e  resurgent  dome. The 

e x i s t e n  e o f  such a r e s e r v o i r  probably  requ i res  
reg ionat  f a u l t i n g  through t h e  resurgent  dome 
f o l l o w i n g  t h e  graben, and subsequent extens ion 
produced by recent  b u l g i n g  o f  t h e  dome, 
Ref rac t ion  seismology and g r a v i t y  have been 
e x c e p t i o n a l l y  useful i n  q u a n t i f y i n g  t h e  p o t e n t i a l  
r e s e r v o i r ,  advocated b y  t h e  USGS, t o  be t h e  Bishop 
T u f f  w i t h i n  t h e  Long Va l ley  ca ldera.  The heat 
f l o w  anomaly a t  t h i s  s i t e  may be  misleading. 

cos0 

The combination o f  r e s i s t i v i t y ,  s c a l a r  APT, 
shal low heat f low,  and a i rborne  magnetic data, 
when added t o  t h e  k n ~ w l e ~ a e  o f  ~ y d r o t h e ~ l  
a l t e r a t i o n  prov ided by c a r e f u l  geo log ica l  mapping, 
have c l e a r l y  defined the  d r i l l i n g  ta rge ts .  
Teleseismic P-wave delays and r e f r a c t i o n  
seismology a r e  methods which have provided 
i n f o r m a t i o n  o f  secondary importance. 

Roosevezt Hot Springs 

The heat  f l o w  p a t t e r n  a t  Roosevelt Hot 
Springs has been fundamental i n  o u t l i n i n g  t h e  
r e s e r v o i r .  However, c a r e f u l  a p p l i c a t i o n  o f  t h e  
r e s i s t i v i t y  and CSAMT techniques has provided the  
d e t a i l  necessary t o  s i t e  wel ls .  S e l f - p o t e n t i a l  
data a t  t h i s  s i t e  have not y e t  been i n t e r p r e t e d  
q u a n t i t a t i v e l y  b u t  u l t i m a t e l y  i t  may prove t o  b e  
useful i n  understanding and d e l i n e a t i n g  t h e  
r e s e r v o i  r. 

!hscmoru 

Microearthquakes and g r a v i t y  draw a t t e n t i  on 
t o  t h e  eas tern  margin o f  Independence Valley, 
w h i l e  heat f l o w  and sur face man i fes ta t ions  draw 
a t t e n t i o n  t o  a r e g i o n  around Hot Sulphur Springs 
about 4 km t o  the  west. ~ r i l l i n g  has been 
concentrated i n  t h e  v i c i n i t y  o f  Hot Sulphur 
Springs whereas our specu la t ion  d i c t a t e s  t h a t  t h e  
r e s e r v o i r  might  he a long t h e  range f r o n t  f a u l t  
bounding the  eastern margin o f  Independence 
Valley. D ipo le -d ipo le  r e s i s t i v i t y  i n t e r p r e t a t i o n s  
would tend t o  conf i rm t h i s  no t ion .  The heat f l o w  
data a t  t h i s  s i t e  may b e  misleading. 

Beowawe 

The s e l f - p o t e n t i a l  method has been t h e  bes t  
c o n f i r m a t i o n  o f  t h e  heat f low anomaly which seems 
t o  be  centered over the shal low r e s e r v o i r .  
~ i p o l e - d i p o l e  r e s i s t i v i t y  has provided s u p ~ r t i n g  
evidence f o r  the  l o c a t i o n  o f  t h e  d r i l l i n g  
t a r g e t .  G r a v i t y  and magnetics have helped t o  
d e f i n e  t h e  Malpais  F a u l t  zone w h i l e  a p p l i c a t i o n  of 
MT/AMT was necessary t o  attempt t o  d e l i n e a t e  t h e  
deep r e s e r v o i  r. 

From t h e  above comments i t  should be  ev ident  
t h a t  t h e r e  i s  no common denominator o f  geophysical 
methods which might  lead  us t o  a b e t t e r  record of 
d i  sc overy a nd de l  i neat i on o f  g e o t h e m  1 
r e s e r v o i r s .  E x p l o r a t i o n  f o r  igneous-re la ted 
geothermal systems i s  no d i f f e r e n t  from those 
geothermal systems o f  no obvious igneous 
r e l a t i o n s h i p .  E x p l o r a t i o n  f o r  geothermal 
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resources o f  any type, those w i t h  sur face  
man i fes ta t ions  o r  those w i thout ,  i s  d i f f i c u l t .  
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