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T h e  R o o s e v e lt  H o t S p r in g s  th e rm a l a re a  is a  n e w ly  

d is c o v e re d  g e o th e rm a l p o w e r  p ro s p e c t in U ta h . S e v e n  

p ro d u c tio n  w e lls  h a v e  b e e n  d r il le d  w ith  a  m a x im u m  

p e r  w e ll flow  c a p a b il i ty  a v e ra g in g  4 .5  x  10 5 k g  o f  

c o m b in e d  v a p o r  a n d  liq u id  p e r  h o u r  a t a sh u t- in  

b o tto m  h o le  te m p e ra tu re  n e a r  2 6 0 ° C .

T h e  th e rm a l a re a  is lo c a te d  o n  th e  w e s te rn  m a rg in  

o f  th e  M in e ra l M o u n ta in s ,  w h ic h  c o n s is t  d o m in a n tly  

o f  a T e r t i a r y  g ra n it ic  p lu to n  32  k m  lo n g  b y  8 k m  w id e . 

R h y o li t ic  tu f f s ,  f lo w s , an d  d o m e s  c o v e r  a b o u t 25  k m 2 

o f  th e  c re s t a n d  w e s t s id e  o f  th e  M in e ra l M o u n ta in s  

w ith in  5 k m  o f  th e  th e rm a l a re a .  T h e  rh y o li t ic  vo l- 

c a n is m  o c c u r re d  b e tw e e n  0 .8  a n d  0 .5  m .y .  a g o  an d  

c o n s ti tu te s  a m a jo r  P le is to c e n e  th e rm a l e v e n t b e ­

l ie v e d  to  be  s ig n if ic a n t to  th e  e v a lu a t io n  o f  th e  R o o s e ­

v e lt H o t S p r in g s  th e rm a l a re a .  T h e rm a l  w a te rs  o f  

th e  (n o w ) d ry  s p r in g ,  a  s e e p , a n d  th e  d e e p  r e s e rv o ir  

a re  d ilu te  ( io n ic  s tre n g th  0 . 1  to  0 .2 ) s o d iu m  c h lo r id e  

b r in e s .

S p r in g  d e p o s its  c o n s is t  o f  s i l ic e o u s  s in te r  a n d  m in o r  

s u lfu r .  A llu v iu m  is c e m e n te d  b y  s in te r  an d  a lte re d  in 

v a ry in g  d e g re e s  by  h o t,  a c id -s u l fa te  w a te r  to  o p a l and  

a lu n ite  a t th e  s u r fa c e ,  g ra d in g  s u c c e s s iv e ly  to  a lu -  

n ite -k a o l in i te ,  a lu n i te -k a o l in i te -m o n tm o r i l lo n i te ,  and  
m u s c o v i te -p y r i te  w ith in  6 0  m  o f  th e  s u r fa c e . O b ­

s e rv e d  a lte ra tio n  a n d  w a te r  c h e m is try  a re  c o n s is te n t  

w ith  a  m o d e l in w h ic h  h o t a q u e o u s  s o lu tio n s  c o n ­

ta in in g  H 2S an d  s u lfa te  c o n v e c t iv e ly  r ise  a lo n g  m a jo r  

f ra c tu re s .  H y d ro g e n  su lfid e  o x id iz e s  to  s u lfa te  n e a r  

th e  s u rfa c e  d e c re a s in g  th e  p H  an d  c a u s e s  a lu n ite  to 

fo rm . O p a l p re c ip ita te s  as  th e  s o lu tio n s  c o o l. 

K a o lin ite ,  m u s c o v i te ,  an d  K -fe ld s p a r  a re  fo rm e d  in 

s e q u e n c e ,  a s  th e  th e rm a l w a te r  p e rc o la te s  d o w n w a rd  

a n d  h y d ro g e n  ion  a n d  s u lfa te  a re  c o n s u m e d .

M a jo r  s w a rm s  o f  e a r th q u a k e s  o c c u r  30  k m  to  the

e a s t-n o r th e a s t  n e a r  C o v e  F o r t ,  U ta h , b u t o n ly  m in o r  

e a r th q u a k e  a c t iv ity  o c c u r s  n e a r  th e  R o o s e v e lt  H o t 

S p r in g s  th e rm a l a re a . D e la y e d  P -w a v e  t ra v e lt im e s  

g e n e ra te d  fro m  th e  C o v e  F o r t m ic ro e a r th q u a k e s ,  an d  

o b s e rv e d  w e st o f  th e  n o r th e rn  M in e ra l  M o u n ta in s ,  a re  

s u g g e s tiv e  o f  a lo w  v e lo c ity  z o n e  b e n e a th  th e  M in e ra l 

M o u n ta in s ;  th e  v e r tic a l  a n d  la te ra l re s o lu tio n  o f  the  

d a ta  is in a d e q u a te  to  d e lin e a te  th e  z o n e .  G ra v ity  

an d  m a g n e tic  s u rv e y s  a re  u s e fu l in  d e te rm in in g  th e  

s tru c tu re  an d  d e p th  o f  v a lle y  fill o f  th e  a re a  o f  th e  

n o r th e rn  M in e ra l M o u n ta in s ,  b u t n e i th e r  o n e  h as  

d e te c te d  an  ig n e o u s  in tru s iv e  s o u rc e  o f  h e a t .  T h e rm a l 

g ra d ie n t  m e a s u re m e n ts  th a t ra n g e  u p  to  9 6 0 ° C /k m  

in 3 0  to  6 0  m  d e e p  h o le s  o u tl in e  a 6  b y  12 k m  th e rm a l 

f ie ld . H e a t flow  a n d  re s is t iv ity  d a ta  b o th  o u tl in e  

a n o m a lo u s  z o n e s  a lo n g  a  s y s te m  o f  fa u lts  th a t c o n ­

tro ls  th e  n e a r - s u r fa c e  flu id  flo w . T h e  s o u rc e  o f  h e a t 

is in te rp re te d  to  be  th e  c o n v e c tiv e  c irc u la tio n  o f  

th e rm a l w a te r .  T h e  lo w e re d  re s is t iv ity  is d u e  to  th e  

ho t b r in e  an d  th e  a s s o c ia te d  h y d ro th e rm a l  a lte ra t io n . 

M a g n e to te llu r ic  d a ta  a re  h ig h ly  a n o m a lo u s  o v e r  th e  

fie ld  bu t m e a n s  fo r  th e ir  q u a n ti ta t iv e  in te rp re ta tio n  

a re  u n a v a i la b le  a t p re s e n t;  th e  a n o m a lo u s  d a ta  c o u ld  

a s r e a d ily  be  in te rp re te d  a s  d u e  to  s u rfa c e  c o n d u c to rs  

a s d e e p  c o n d u c to rs  w h ic h  o n e  m ig h t lik e  to  a s s o c ia te  

w ith  a s o u rc e  o f  h e a t .
A n y  c u rre n t m o d e l o f  th e  s u b s u r fa c e  is h ig h ly  s p e c ­

u la tiv e  b u t c an  be  e x p e c te d  to  im p ro v e  o n c e  e x is t in g  

se is m ic  re f r a c tio n  and  m a g n e to te l lu r ic  d a ta  a re  fu lly  

in te rp re te d . T h e n  m u ltip le -d a ta -s e t  m o d e l in g ,  c o m ­

b in e d  w ith  s u b s u r fa c e  c o n tro l  fro m  e x is t in g  w e lls ,  

s h o u ld  re s u lt in a re a s o n a b le  m o d e l o f  th e  g e o th e rm a l 

s y s te m . T h is  m o d e lin g  w ill be  a id e d  a ls o  by  h y d ro ­

lo g ic ,  is o to p ic ,  s t ru c tu ra l ,  and  a d d it io n a l  P -w a v e  

d e la y  s tu d ie s  c u r re n tly  in p ro g re s s .
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B a s e d  u p o n  th is  c a s e  h is to ry , a n  e x p lo ra tio n  s e ­

q u e n c e  a p p ro p r ia te  to  th e  e a s te rn  B a s in  a n d  R a n g e  

p ro v in c e  s h o u ld  c o n s is t  o f  p h a s e  0 , a  d ig e s t  an d  

s y n th e s is  o f  a v a i la b le  d a ta ;  p h a se  I , a  re g io n a l a i r ­

p h o to  a c c u m u la t io n  a n d  a n a ly s is ;  p h a se  2 , r e g io n a l 
g e o lo g ic  m a p p in g ,  re g io n a l ra d io m e tr ic  d a tin g  o f  a ll 

in tru s iv e  a n d  e x tru s iv e  ro c k s ,  r e g io n a l is o to p ic  an d  

c h e m ic a l  a n a ly s is  o f  w a te r s ,  re g io n a l a e ro m a g n e t ic  

a n d  g ra v ity  s u rv e y s ,  a n d  re g io n a l c o lle c tio n  o f  

th e rm a l g ra d ie n ts  in  a v a i la b le  h o le s ;  p h a s e  3 , h e a t

flow  m e a s u re m e n ts  in  s tra te g ic a lly  lo c a te d  h o le s ; 

p h a se  4 ,  d ip o le -d ip o le  re s is t iv ity  s u rv e y s ;  p h a se  5 , 

p e tro lo g ic a l ,  m in e ra lo g ic a l ,  a n d  g e o c h e m ic a l s tu d ie s  

o n  c u tt in g s  a n d  c o re s  fro m  h e a t f lo w  d r il l  h o le s ; 

p h a s e  6 , m o d e l te s t d r i l l in g  a c c o m p a n ie d  b y  p e t r o ­

lo g ic a l ,  c h e m ic a l ,  a n d  is o to p ic  a n a ly s e s  o f  c u tt in g s  

a n d  c o re s  p lu s  c h e m ic a l  a n d  is o to p ic  a n a ly s e s  o f  

flu id s ; p h a s e  7 ,  d e ta ile d  s e is m ic  re f r a c t io n  a n d  r e ­

f le c tio n  s u rv e y s ;  a n d  p h a s e  8 , 'm o d e l in g  a n d  s y n th e s is  

o f  a ll  a v a i la b le  d a ta .

INTRODUCTION

T h is  p a p e r  p re s e n ts  a  s u m m a ry  o f  p ro g re s s  to  e a r ly  

1978  o f  re s e a rc h  o n  th e  g e o lo g y ,  g e o c h e m is try ,  a n d  

g e o p h y s ic s  o f  th e  R o o s e v e l t  H o t S p r in g s  th e rm a l  a re a ,  

lo c a te d  19 k m  n o r th e a s t  o f  M ilfo rd ,  U ta h  (F ig u re  1). 

T h e  m o d u le s  u s e d  in  th e  in v e s t ig a tio n  o f  th e  a re a  a re  

l is te d  in  T a b le  1. D e ta i le d  re p o r ts ,  in c lu d in g  p r e ­

l im in a ry  n u m e r ic a l  m o d e l in g  a n d  in te rp re ta t io n  fo r  
e a c h  m o d u le ,  a re  e i th e r  c o m p le te d  o r  a re  in  p re p a ra ­

t io n . T h o s e  c o m p le te d  in c lu d e  W a rd  a n d  C re b s , 

1 9 7 5 ; C re b s  a n d  C o o k ,  1 9 7 6 ; D e d o lp h  a n d  P a rry ,  

1 9 7 6 ; G e o tro n ic s  C o r p . ,  1 9 7 6 ; N a s h ,  1 9 7 6 ; O ls o n  a n d  

S m ith ,  1 9 7 6 ; P a rry  e t  a l ,  1 9 7 6 ; W a rd  a n d  S il l ,  

1 9 7 6 a ; 1 9 7 6 b ; B ro w n , 1 9 7 7 ; B ru m b a u g h  a n d  C o o k , 

1 9 7 7 ; B ry a n t a n d  P a r r y ,  1 9 7 7 ; E v a n s ,  1 9 7 7 ; M ic r o ­

G e o p h y s ic s  In c . ,  1 9 7 7 ; S il l  a n d  B o d e l l ,  1 9 7 7 ; 

S m i th ,  1 9 7 7 ; W a r d ,  1 9 7 7 ; C a r te r  a n d  C o o k ,  1 978 ; 

E v a n s  a n d  N a s h ,  1 978 ; S il l  a n d  W a r d ,  1 9 7 8 ; an d  
W a n n a m a k e r ,  19 7 8 . T h e  r e a d e r  is re fe r r e d  to  th e se  

v o lu m in o u s  re p o r ts  fo r  s u b s ta n tia tio n  o f  n e c e s s a r i ly  

te rs e  s ta te m e n ts  m a d e  in  th is  s u m m a ry  p a p e r ;  a ll 

r e p o r ts  a re  a v a i la b le  fro m  th e  D e p a r tm e n t  o f  G e o lo g y  
a n d  G e o p h y s ic s ,  U n iv e rs ity  o f  U ta h .

D is c h a rg e  f ro m  th e  R o o s e v e l t  H o t S p r in g s  (F ig u re  

2 )  w a s  38  1 / m i n  a t 8 8 ° C  in  1 9 0 8 , 4  l / m i n  a t 

8 5 ° C  in  1 9 5 0 , a n d  “ s m a l l”  a t 5 5 ° C  in 1 9 5 7 . In  

1966  th e  s p r in g  w a s  d ry  (M u n d o r f f ,  1 9 7 0 ). A  sm a ll 

s e e p  w ith  a  te m p e ra tu re  o f  2 5 ° C  e x is ts  n e a rb y  to d a y . 

C o n c e r te d  in d u s tr ia l  g e o th e rm a l  e x p lo ra t io n  b e g a n  

in  1 9 7 2 . T h e rm a l  g ra d ie n t  h o le s  w e re  d r i l le d  b e ­

g in n in g  in  19 7 3  a n d  d e e p e r  e x p lo ra t io n  te s t  d r i l l in g , 

b e g u n  in  1 9 7 5 , re s u lte d  in  th e  d is c o v e ry  o f  a  p o ­

te n tia lly  c o m m e rc ia l  th e rm a l  r e s e r v o ir  by  P h il l ip s  

P e tro le u m  C o . T h e  a re a  is c u r re n t ly  b e in g  e x p lo re d  

fo r  c o m m e rc ia l  p o w e r  p r o d u c t io n ,  a n d  th re e  c o m ­

p a n ie s  h a v e  d r i l le d  s e v e n  p ro d u c tio n  w e lls  a n d  fo u r  

n o n p ro d u c t iv e  w e lls .  F lo w  te s ts  in d ic a te  p o te n tia l  

p ro d u c t io n  o f  f lu id s  o f  a b o u t 4 .5  x  1 0 5 k g / h r  p e r  

w e ll a t s h u t- in  b o tto m  h o le  te m p e ra tu re s  n e a r  2 6 0 ° C .

W e  b e g a n  o u r  r e s e a rc h  in  th e  a re a  in J u n e  1975 .

T h e  p u rp o s e s  o f  o u r  r e s e a rc h  a re  (a )  d e v e lo p m e n t  o f  

a c o m p le te  c a s e  s tu d y  o f  th e  a r e a ,  (b )  d e lin e a tio n  o f  

th e  r e s e r v o ir  a n d  its  s o u rc e  o f  h e a t ,  ( c )  d e v e lo p m e n t  

a n d / o r  a s s e s s m e n t o f  te c h n o lo g ie s  s u ite d  to  e x p lo ra ­

tio n  fo r  g e o th e rm a l  fie ld s  ty p ic a l  o f  th e  e a s te rn  B a s in  

a n d  R a n g e  p ro v in c e ,  a n d  (d )  d e v e lo p m e n t  o f  e x p lo ra ­

tio n  p ro c e d u re s  s u ite d  to  d e te c t io n  a n d  d e l in e a t io n  o f  

s im ila r  g e o th e rm a l  f ie ld s  in th e  e a s te rn  B a s in  a n d  

R a n g e  p ro v in c e . In  th is  m a n u s c r ip t  w e  d e s c r ib e  o u r  

e f fo r ts ,  to  d a te ,  u n d e r  o b je c t iv e s  (a ) ,  ( b ) ,  a n d  (d ) .  

S p e c if ic  d o c u m e n ts  d e s c r ib in g  o u r  e f fo r ts  u n d e r  

o b je c t iv e  (c ) w ill a p p e a r  e ls e w h e re .

GEOLOGY AND GEOCHEMISTRY 

Introduction

T h e  R o o s e v e l t  H o t S p r in g s  th e rm a l  a re a  is s i tu a te d  

n e a r  th e  e a s te rn  m a rg in  o f  th e  B a s in  a n d  R a n g e  

p ro v in c e  in  a n  a re a  w h e re  ig n e o u s  a c t iv ity  h a s  

o c c u r re d  re p e a te d ly  d u r in g  th e  p a s t 3 0  m .y .  L a te  

C e n o z o ic  v o lc a n is m  is c o m m o n  a lo n g  th e  e d g e  o f  th e  

B a s in  a n d  R a n g e  p h y s io g ra p h ic  p ro v in c e  in  U ta h ,  an d  

th e  R o o s e v e l t  H o t S p r in g s  th e rm a l  a r e a  is o n e  o f  fo u r  

K n o w n  G e o th e rm a l R e s o u rc e  A re a s  (K G R A s )  th e re  

(F ig u re  1). T h e  ro c k  ty p e s  a s s o c ia te d  w ith  th e se  

K G R A s  a re  h ig h  s i l ic a  rh y o li te  a n d  b a s a lt  o r  b a sa lt ic  

a n d e s ite ,  th e  b im o d a l a s s o c ia t io n  c h a r a c te r is t ic  o f  th e  

p ro v in c e  in th e  la te  C e n o z o ic .

T h e  R o o s e v e l t  H o t  S p r in g s  th e rm a l  a re a  is lo c a te d  

o n  th e  w e s te rn  m a rg in  o f  th e  M in e r a l  M o u n ta in s  

w h ic h  in c lu d e  th e  T e r t ia ry  g ra n it ic  M in e r a l  M o u n ­

ta in s  p lu to n , s c h is ts ,  ,an d  g n e is s e s  o f  in d e te rm in a te  

a g e , C re ta c e o u s  a n d  P a le o z o ic  s e d im e n ta ry  ro c k s , 

T e r t ia ry  v o lc a n ic  ro c k s , a n d  Q u a te r n a r y  rh y o li te  

f lo w s , d o m e s  a n d  a sh  d e p o s its  (F ig u re  2 ) .  T h e  g ra n it ic

--------------------------------------------------- :----►
Fig. 1. D is tr ib u tio n  o f  la te  T e r t ia ry  a n d  Q u a te rn a ry  
v o lc a n ic  ro c k s  in  w e s t- c e n tra l  U ta h . A g e s  in m illio n s  
o f  y e a r s .  Q b  =  Q u a te rn a ry  b a s a lt ,  Q r  =  Q u a te rn a ry  
rh y o li te ,  T b  =  T e r t ia ry  b a s a l t ,  T r  =  T e r t ia r y  rh y o li te .
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T a b le  1. Geosc ienti fic  m e th o d s  used  a t Roosevelt  Hot  S p r in g s  t h e rm a l  a r e a .

G eology G eochem istry G eophysics

Photogeology 
Low sun-ang le, black &  w hite 
High sun-angle, stereo  co lo r photography 
O rientation  su rvey , m ultispeciral infrared

M apping and analysis 
o f  surficial 
alteration

G ravity  survey

Reconnaissance m apping A nalysis o f  subsurface alteration Precise leveling and gravity

V olcanic stratigraphy 
and m apping
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---------------------------------------------------------------------------------------------------------------------►
Fig. 2. Generalized geologic map of the northern Mineral Mountains, Utah. Quaternary rhyolites are stippled.
I, Bailey Ridge; 2, Wildhorse Canyon; 3. Corral Canyon; 4. Ranch Canyon; 5, Opal Mound; 6, Bearskin 
Mountains; 7, Little Bearskin Mountain; 8, North Twin Flat Mountain; 9, South Twin Flat Mountain.
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p lu to n  is th e  la rg e s t  in U ta h  (a p p ro x im a te ly  2 5 0  k m 2) 

a n d  is n o  o ld e r  th a n  3 5  m .y .  (L ip m a n  e t a l ,  1 9 7 7 ).

K -A r  d a te s  o f  1 4 .0  m .y .  (A rm s tr o n g ,  1 9 7 0 ) an d  

9 .4  m .y .  (P a r k ,  1 9 7 1 ) s u g g e s t  th e  p lu to n  is the  

y o u n g e s t  in  U ta h . A d d itio n a l d a te s  o f  1 2 .6 , 1 1 .8 , 

1 0 .7 ,  1 0 .5 , a n d  1 0 .0  m . y . ,  w h ic h  w e  h a v e  o b ta in e d , 

in d ic a te  th e  K -A r  a g e  o f  th e  p lu to n  d e c r e a s e s  s y s ­

te m a tic a l ly  f ro m  n o r th  to  s o u th . T h e  d o m in a n t  u n it 

o f  th e  p lu to n  is a  l ig h t c o lo re d  m e d iu m  to  v e ry  c o a rse  

g ra in e d  g ra n i te ,  r ic h  in a lk a li  f e ld s p a r  a n d  p o o r  in 

fc r r o m a g n e s ia n  m in e ra ls .  In  th e  n o r th e rn  p o r tio n  o f  

th e  a r e a ,  a  h o rn b le n d e  b io tite  g ra n o d io r i te  p r e ­
d o m in a te s .  B o th  ty p e s  a re  g ra d a t io n a l  to  a  d a rk e r ,  

fin e  to  m e d iu m  g ra in e d  g ra n i t ic  u n it .  T h e  p lu to n  is 

c u t b y  m a fic  a n d  a p litic  d ik e s ,  a n d  p o rp h y r it ic  

rh y o li te .

C re ta c e o u s ,  T r ia s s ic ,  a n d  P e rm ia n  s e d im e n ta ry  

ro c k s  a re  e x p o s e d  o n  th e  s o u th  f la n k  o f  th e  p lu to n , 

a n d  C a m b r ia n  s e d im e n ta ry  ro c k s  a re  in fa u l t  c o n ta c t  
to  th e  n o r th .  A m p h ib o l i tc - f a c ie s  s c h is t  a n d  g n e is s  

a re  e x p o s e d  a lo n g  th e  w e s te rn  m a rg in  o f  th e  p lu to n . 

A lth o u g h  a  P r e c a m b r ia n  a g e  h a s  b e e n  a s s ig n e d  to  

th e m  in th e  p a s t ,  a  K -A r  d a te  o f  1 0 .5  m .y .  in d ic a te s  

th a t  th e y  c o u ld  h a v e  b e e n  fo r m e d  c o n te m p o ra n e o u s ly  

w ith  th e  m a in  b o d y  o f  th e  p lu to n ,  o r  th a t  th e  K -A r  

a g e  fo r  th e  g n e is s  a n d  s c h is t  w a s  re s e t  a t  1 0 .5  m .y .

Ward et al • ' 

V o lcan ism
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T h e  M in e ra l  M o u n ta in s  a re a  h a s  b e e n  th e  s ite  o f  

r e p e a te d  v o lc a n is m . M id -T e r t ia ry  v o lc a n ic  a c t iv ity  

o c c u r re d  a b o u t 2 0  m .y .  a g o ,  a n d  c a l c - a lk a l ic  la v a s  

a re  e x p o s e d  o n  th e  s o u th  f la n k  o f  th e  M in e r a l  M o u n ­

ta in s  a n d  in  th e  B la c k  M o u n ta in s  w h ic h  a re  a b o u t 

4 0  k m  s o u th  o f  R o o s e v e l t  H o t S p r in g s ,  a d ja c e n t  to 

th e  T h e rm o  K G R A  (F ig u re  1). N e a r  th e  T h e rm o  

K G R A , rh y o li te  d a te d  a t 9 .7  m .y .  w as  e ru p te d ,  a n d  

to  th e  n o r th ,  o n  th e  w e s te rn  f la n k  o f  th e  M in e ra l  

M o u n ta in s ,  8 .0  m .y .  o ld  rh y o l i te  th a t o v e r l ie s  g ra n it ic  

a l lu v iu m  d e r iv e d  f ro m  th e  M in e ra l  M o u n ta in  p lu to n  

is e x p o s e d  in C o r ra l  C a n y o n .  B a s a lt  d a te d  a t 7 .6  m .y .  

o c c u r s  o n  th e  s o u th e rn  f la n k  o f  th e  M in e ra l  M o u n ­

ta in s ,  n e a r  th e  M in e r s v il le  r e s e r v o ir  (F ig u re  1) a n d  

rh y o li te  d a te d  a t 2 .3  m .y .  o c c u rs  2 5  k m  n o r th  o f  th e  

R o o s e v e lt  H o t S p r in g s  (L ip m a n  e t  a l ,  1 9 7 7 ) .

T h e  y o u n g e s t  e p is o d e  o f  v o lc a n is m  b e g a n  a b o u t 

0 . 8  m .y .  a g o  w ith  th e  e ru p tio n  o f  tw o  rh y o li te  flo w s  

fro m  v e n ts  lo c a te d  a b o u t 4  k m  e a s t  o f  th e  p re s e n t 

n e a r - s u r fa c e  th e rm a l a c t iv i ty .  T h e s e  f lo w s , a lo n g  

B a i le y  R id g e  a n d  W ild h o rs e  C a n y o n ,  a re  a b o u t 3 k m  
in le n g th  a n d  8 0  m  th ic k . T h e  b a se s  o f  th e  flo w s  c o n ­

s is t o f  b la c k  f lo w - la y e re d  o b s id ia n ,  w h e ra s  th e  in ­

te r io r  is g ra y  d e v itr if ie d  rh y o l i te .  S o m e  o b s id ia n  is

T a b le  2. C h em ica l a n a ly se s  o f re p re s e n ta tiv e  rh y o li te s .

W eight %
Bailey Ridge  flow 

74-3A

N. Twin  Flat 
Mountain  dome 

75-20

Corral  Canyon 
rhyolite 
75-30

S i 0 2 76.52 76.45 70.13
T i 0 2 0.12 0.08 0 .32
A l2 0 3 12.29 12.79 14.14
F e 20 3 0.31 0 .30 0.68
FeO 0.46 0 .29 1.25
M nO 0.05 0.10 0 .02
M gO 0.08 0 .12 0.58
CaO ' 0 .64 0 .40 2.02
Na20 3.80 4 .39 3.44
k 2o 5.24 4.73 4.58
p 2o s 0 .02 0 .06 0.12
h 2o + 0 .1 2  . 0 .10 2.07
h 2o - 0 .06 —  ■ 0.24
F ■ . 0 . 1 6 0 .44 0.09
Sum 99.87 , 100.25 99.68
Less O  =  F 0.07 0.19 0 .04
Total 99 .80 100.06 - 99 .64

ppm
Ba 130 :• 750
Ce 60 40 70
La - 45 35 45
Rb 195 340 120
Sr , 35 — 270
7.x ■ ■ 100 90 110
Nb 25 35 —

M ajo r  element-analyses  by wel chemical techniques, trace elements  by X-ray fluorescence.  Analyst,  S. H.  Evans , Jr.
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e x p o s e d  in th e  u p p e r  p o r tio n  o f  th e  f lo w . T h e  to p  

c o n s is ts  o f  p e r l i t ic  p u m ic e  ru b b le .  T h e  rh y o li te  is 

a lm o s t e n t i re ly  g la s s  c o n ta in in g  le ss  th a n  1 p e rc e n t 

p h e n o c ry s ts  o f  a lk a li  fe ld s p a r ,  b io t i te , a n d  F e -T i 

o x id e s .  T h e s e  flo w s  h a v e  re v e rs e d  m a g n e tic  

p o la r i t ie s .

S u b s e q u e n t a c t iv ity  f ro m  a b o u t  0 .6  to  0 .5  m .y .  

a g o  p ro d u c e d  a t le a s t te n  rh y o li te  d o m e s  a n d  sm a ll 

f lo w s  o f  rh y o li te  d is t r ib u te d  o v e r  15 k m  a lo n g  th e  

c re s t  a n d  w e s te rn  fla n k  o f  th e  M in e ra l  M o u n ta in s .  

T h e  d o m e s  ra n g e  f ro m  a b o u t 0 .3  to  1 k m  in  d ia m e te r  

a n d  a re  u p  to  2 5 0  m  h ig h . T h e y  c h a ra c te r is t ic a l ly  

h a v e  a  b a sa l v itro p h y re  5 to  10 m  th ic k  w h ic h  g ra d e s  

u p w a rd  in to  a g ra y  d e v itr if ie d  rh y o li te  c o n ta in in g  

a b u n d a n t  l i th o p h y s a l  c a v i t ie s .  O n  m a n y  o f  th e  d o m e s  

o r ig in a l  f ro th y  p e rlite  c a r a p a c e  is s till p r e s e n t .  T h e  

d o m e s  e x h ib i t  s te e p ly  d ip p in g  f lo w  la y e r in g  a n d  

ra m p  s tru c tu re s  w h ic h  a re  n o t p re s e n t in  th e  m o re  

flu id  e a r l ie r  la v a  flo w s . T h e  fo rm a tio n  o f  d o m e s  w as 

p re c e d e d  by  p y ro c la s t ic  e ru p tio n s  w h ic h  p ro d u c e d  

a ir - f a l l  a n d  a sh - f lo w  tu ffs  w h ic h  a re  b e s t e x p o s e d  in 

R a n c h  C a n y o n . T h e  d o m e - fo r m in g  rh y o li te s  c o n ta in  

u p  to  1 0  p e rc e n t  p h c n o c ry s ts  o f  p la g io c la s e  an d  

a lk a li  fe ld s p a r ,  q u a r tz ,  b io ti te ,  F e -T i o x id e s ,  s p h e n c . 

z i rc o n ,  a p a t i te ,  a n d  a l la n i te .  T o p a z  o c c u r s  in  lith o -  

p h y s a e  in  c ry s ta l l in e  rh y o l i te .  T h e  a sh  d e p o s i t s  an d  

d o m e s  h a v e  n o rm a l m a g n e tic  p o la r i t ie s .

Q u a te r n a r y  b a s a lt  w a s  e ru p te d  f ro m  tw o  v e n ts  o n  

th e  n o r th e a s t  f la n k  o f  th e  M in e ra l  M o u n ta in s ,  a n d  

f lo w s  f ro m  th e  e x te n s iv e  C o v e  F o r t b a s a l t ic -a n d e s i te  
fie ld  lap  a g a in s t  th e  M in e r a l  M o u n ta in s  o n  th e  e a s t.

R e p re s e n ta t iv e  c h e m ic a l  a n a ly s e s  in d ic a te  th a t  th e  

Q u a te r n a r y  flo w s  a n d  d o m e s  a re  h ig h  s i l ic a  rh y o li te s  

(7 6 .5  p e rc e n t )  a n d  c o n ta in  o v e r  9  p e rc e n t to ta l a lk a lie s  

(T a b le  2 ) .  T h e re  a re  c h e m ic a l  d if f e r e n c e s  b e tw e e n  

th e  tw o  m a g m a  ty p e s :  th e  e a r l ie r  c ry s ta l -p o o r  f lo w s  

c o n ta in  re la t iv e ly  m o re  p o ta s s iu m , t i ta n iu m , iro n , 

c a lc iu m , b a r iu m , a n d  s tro n t iu m , w h e re a s  th e  

c ry s ta l - r ic h  d o m a l rh y o l i te s  c o n ta in  re la tiv e ly  m o re  

m a g n e s iu m , m a n g a n e s e ,  s o d iu m , f lu o r in e ,  n io b iu m , 

a n d  ru b id iu m . T h e  T e r t ia ry  rh y o li te  c o n ta in s  le ss  

s i l ic a  a n d  m o re  c a lc iu m , a n d  is s tro n g ly  e n r ic h e d  in 

s tro n tiu m  a n d  b a r iu m  c o m p a re d  to  b o th  v a r ie tie s  o f  

Q u a te r n a r y  la v a s .  O n e  s t r ik in g  fe a tu re  o f  th e  Q u a ­

te rn a ry  la v a s  is th e  la rg e  c o m p o s i t io n a l  r a n g e  o f  f e ld ­

sp a rs  p re c ip ita te d  f ro m  l iq u id s  o f  s im ila r  c o m p o s i t io n .  

T h is  is b e s t il lu s tra te d  b y  F ig u re  3 w h ic h  s h o w s  b u lk  

ro c k  a n d  g la s s  c o m p o s i t io n s  to g e th e r  w ith  all th e  

fe ld s p a r  d e te rm in a tio n s  fo r  b o th  T e r t ia r y  a n d  Q u a r te r -  

n a ry  rh y o li te s .  I f  th e  T e r t ia ry  rh y o li te  d a ta  a re  d e le te d  

(c ro s s e s ) ,  th e  fe ld s p a r  c o m p o s i t io n a l  ra n g e  is n o t as 
e x te n s iv e ,  b u t is  n e v e r th e le s s  c o n s id e ra b le .  F o r  th e  
la v a s  s tu d ie d  h e re ,  it is  e v id e n t  th a t sm a ll d if f e r e n c e s

in m a g m a  c o m p o s i t io n ,  a n d  p e rh a p s  te m p e ra tu re ,  c a n  

p ro d u c e  s u b s ta n tia l  c o m p o s i t io n a l  d if f e r e n c e s  in 

fe ld s p a r .

P r e -e ru p tio n  m a g m a  te m p e ra tu re s  h a v e  b e e n  d e te r ­

m in e d  u s in g  b o th  th e  iro n - t i ta n iu m  o x id e  a n d  th e  tw o - 

fe ld s p a r  th e rm o m e te rs .  T e m p e ra tu re s  ra n g e  fro m  a 

h ig h  o f  7 8 5 ° C  in th e  f lo w s  to  a  lo w  o f  6 5 0 ° C  in  th e  

d o m e s .  T h e s e  te m p e ra tu re s  s u g g e s t  th a t  th e  m a g m a s  

c o n ta in e d  s u b s ta n tia l  w a te r  a n d  f lu o r in e .  W a te r  
fu g a c i t ie s  c a lc u la te d  fo r  th e  f lo w s  a n d  d o m e s  a re  

3 .0  k b  a n d  0 .4  k b ,  r e s p e c t iv e ly  (N a s h  a n d  E v a n s ,

1 9 7 7 ).

T h e  c h e m ic a l  a n d  m in e ra lo g ic a l  d a ta  in d ic a te  th a t 

th e  d o m e - fo r m in g  m a g m a  m a y  h a v e  b e e n  d e r iv e d  

fro m  th e  e a r l ie r  m a g m a  (w h ic h  g a v e  r ise  to  th e  flo w s) 

b y  th e  f r a c t io n a t io n  o f  f e ld s p a r .  T h e  e v id e n c e  d o e s  
n o t p re c lu d e  th e  s e p a ra te  g e n e ra t io n  o f  e a c h  m a g m a  

b a tc h ,  o r  a l te rn a t iv e ly ,  d e r iv a t io n  o f  o n e  f ro m  th e  

o th e r  by  c h e m ic a l g ra d ie n ts  as  p o s tu la te d  fo r  th e  L o n g  
V a lle y , C a l i fo rn ia  m a g m a  s y s te m  (H ild r e th ,  1 9 7 7 ). 

T h e  s tr ik in g  c h e m ic a l  s im ila r i ty  o f  a ll th e  d o m e s  

s tro n g ly  s u g g e s ts  th a t  th e y  w e re  d e r iv e d  f ro m  th e  
s a m e  m a g m a  b a tc h  b e tw e e n  0 .6  an d  0 .5  m .y .

S p rin g  deposits and a lte ra tio n

H o t s p r in g  d e p o s its  c o n s is t  o f  s i l ic e o u s  s in te r  a n d  

m in o r  s u lfu r .  T h in  h o r iz o n ta l ly  b e d d e d ,  d e n s e ,  v a r i ­

c o lo re d  o p a l in e  s in te r  p ro d u c e d  a s  a  re s u lt  o f  p r im a ry  

d e p o s it io n  o f  s i l ic a  o n  b ro a d  s p r in g  a p ro n s  o c c u r s  in 

th e  O p a l M o u n d  a re a  (F ig u re  2 ) ,  w h e re  la m in a te d ,  

k n o b b y ,  a n d  c o llo fo rm  o p a l a ls o  o c c u r .  L a m in a tio n s  

d ip  s te e p ly  to  v e r tic a lly  w ith in  o ld  s p r in g  v e n ts  e x ­

p o s e d  a lo n g  th e  O p a l M o u n d  fa u lt.  V e ry  p o ro u s , 
c e l lu la r  o p a l in e  s in te r  o c c u r s  in  m in o r  a m o u n ts  o n  th e  

O p a l M o u n d  a n d  n o r th  o f  H o t S p r in g s  W 'ash. S in te r -  

c e m e n te d  a llu v iu m  s u r ro u n d s  th e  s p r in g  v e n ts  a n d  

c o n s ti tu te s  a  tr a n s it io n  b e tw e e n  a l te re d  a l lu v iu m  a n d  

s p r in g  d e p o s its .

C o a r s e ly  c ry s ta l l in e  g ra n ite  g ra d in g  to  q u a r tz  m o n - 

z o n ite  o f  T e r t ia r y  a g e ,  a n d  a llu v iu m  h a v e  b e e n  h y d ro ­

th e rm a lly  a lte re d  in th e  R o o s e v e lt  H o t S p r in g s  
th e rm a l  a r e a  (F ig u re  2 ) . T h e  a llu v iu m  c o n s is ts  o f  

m in e ra l  a n d  ro c k  f r a g m e n ts  d e r iv e d  f ro m  g ra n ite  

an d  v o lc a n ic  ro c k s  o f  th e  M in e ra l  R a n g e  w h ic h  

h a v e  b e e n  c e m e n te d  by  o p a l a n d  c h a lc e d o n y .  F e ld ­

sp a rs  h a v e  b e e n  a lte re d  b y  a c id -s u l fa te  w a te r  to  

a lu n i te ,  o p a l ,  a n d  h e m a tite .  N a tiv e  s u lfu r  o c c u r s  as 

v e ry  f in e  to  c o a r s e  e u h e d r a l  to  a n h e d ra l  in te rg ra n u la r  

c ry s ta ls .  M ic r o -c ry s ta l l in e  s u lfu r  is in te rg ro w n  w ith  

a lu n i te .  C u b ic  p s e u d o m o r p h s  o f  h e m a tite  a f te r  p y rite  

a re  a ls o  p re s e n t.

A lte re d  ro c k s  h a v e  b e e n  s a m p le d  in th re e  s h a llo w  

d rill h o le s .  A lte re d  an d  c e m e n te d  a l lu v iu m  o v e r lie s
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Depth (meters)

45 6 0

F i g . 4 .  A b u n d a n c e  o f  m a jo r  a l te ra t io n  m in e ra ls  in D D H  7 6 -1 ,  in  w e ig h t p e rc e n t .

F i g . 3 . B u lk  ro c k  ( s o l id  s y m b o ls )  a n d  g la s s  (o p e n  
s y m b o ls )  n o rm a tiv e  c o m p o s i t io n s  p lo t te d  in  th e  s y s ­
te m  a lb i te -o r th o c la s e - q u a r tz .  S q u a re s  a re  Q u a te rn a ry  
rh y o l i te ,  t r ia n g le s  a re  T e r t ia ry  rh y o l i te  o f  C o rra l  
C a n y o n .  T h e  c u rv e d  lin e  re p re s e n ts  th e  q u a r tz -a lk a l i  
f e ld s p a r  b o u n d a ry  a t  5 0 0  b a r  w a te r  p re s s u re .  F e ld s p a r  
c o m p o s i t io n s  in v o lc a n ic  ro c k s  a re  sh o w n  in th e  lo w e r  
tr ia n g le .  P h e n o c ry s ts  a re  s o lid  c i r c le s ,  g ro u n d m a s s  
a re  o p e n  c i r c le s ,  a n d  c ro s s e s  re p re s e n t  fe ld s p a r s  f ro m  
T e r t ia ry  rh y o li te  f ro m  C o rra l  C a n y o n .  C o e x is tin g  
fe ld s p a r s  f ro m  rh y o li te  d o m e s  a re  s h o w n  b y  t ie  lin e s . 
R o c k  a n d  m in e ra l  a n a ly t ic a l  d a ta  a re  ta b u la te d  by  
E v a n s  a n d  N a sh  (1 9 7 8 ) .

a l te re d  q u a r tz  m o n z o n ite .  V e ry  f in e -g ra in e d  a lu n ite  

a n d  o p a l  re p la c e  a ll b u t  q u a r tz  g ra in s  in  a l lu v iu m  fro m  

th e  g ra n i te .  O p a l fills  a n d  lin e s  f r a c tu re s  a n d  in te r -  

g ra n u la r  p o re  s p a c e s .  O p a l- r ic h  z o n e s  c o n ta in  tra c e s  

o f  re a lg a r  a n d  u p  to  5 p e rc e n t  n a tiv e  s u lfu r .  K a o lin ite  

firs t a p p e a rs  a t 9 to  18 m , m o n tm o r i l lo n i te  a t 2 0  to  

3 5  m , a n d  K -m ic a  a t 6  to  32  m . J a r o s i te  o c c a s io n a lly  

f il ls  in te rg r a n u la r  p o re  s p a c e s  a n d  f r a c tu re s  a lo n g  

w ith  tra c e s  o f  b a r i te .  P y r ite  w ith  m a rc a s i te  o v e r ­

g ro w th s  a re  p re s e n t b e lo w  th e  w a te r  ta b le  a t a b o u t 

3 2  m . A lte re d  a n d  b re c c ia te d  g n e is s  c o n ta in s  v a ry in g  

p ro p o r tio n s  o f  b le a c h e d ,  s e r ic i t iz e d  b io t i te ,  K - 

f e ld s p a r ,  p la g io c la s e ,  p y r i te ,  m a rc a s i te ,  k a o l in i te ,  

K -m ic a ,  a n d  m o n tm o r i l lo n i te .  H y d ro th e rm a l  K - 

f e ld s p a r  p a r t ia l ly  r e p la c e s  a  fe w  p la g io c la s e  c ry s ta ls  

a n d  fills  f ra c tu re s .

V e rm ic u l i te ,  m u s c o v i te ,  c la y ,  a n d  c a lc i te  re p la c e  

b io ti te  in  a l te re d  q u a r tz  m o n z o n ite  (F ig u re  4 ) in
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T a b le  3. C hem ica l*  a n d  m o d a l  ana lyses  o f  rocks  f r o m  th e  Roosevelt  H o t  Sp r in g s  t h e r m a l  a r e a .

R3 DDH 76-1, 4 .6  m DDH 76-1, 47 .3  m
sinier sinier cemented DDH 76-1,  22.9 m weakly

Sample  no. R9 cemented acid sulfate argillized quartz propyl itized
descript ion sinier alluvium altered alluvium monzonite quartz monzonite

SiO , 91.8 85.9 55.1 76.0 65.6
A12 0  ,i 2.6 4.7 17.9 13.9 17.1
T i0 2 0.00 0.08 0.36 0.58 0.71
F e 20 3+ 0.82 1.0 0.98 0.44 3.
M gO 0.10 0 .29 0.37 0.37 0.86
CaO 0.1 1 0.45 0.34 0.33 1.7
N a , 0 0.10 1.2 n.d. n.d. 4.0
K . ,0 0 .09 1.6 3.9 3.8 6.4
L . O . I . i 3.48 3 .40 6.60 4.20 0.88
S 0 3 0 .15 0.07 14.2 0.51
S 0.15
S =  0 0.08

Total 99 .3 98 7 99.8 100.1 100.5

Modal  composi tion  in w-eight percent
Quartz 94 74 54 48 16
Plagioclase 2 12 3 37

An ,0
K-fe ldspar . 1 10 23 29
Biotite .7 5
M uscovite 5 10
Alunite .5 2 41 0.6
Kaolinite 16
Vermicul ite 2 2
Chlori te 1
Pyrite 0.4
Sphene 3
Rutile .4 0.5 0.7
Hematite .1 .7

* X R F analysis  us inn the method of Nornsh and Hutton (1969).
1 Total iron as Fe , O:,.
i L o s s  on ignition less S 0 3.

T a b le  4. Selected Roosevelt  Hot Sp r in g s  w a te r  ana ly ses  in m g  p e r  li te r.

Sample  1 Sample  2 Sample 3 Sample  4

Na 1840 1800 2072 2500
Ca 122 107 31 22
K 274 280 403 488
S iO , 173 107 639 313
M b . 25 24 .26 0
c f 3210 3200 3532 4240
SO., 120 70 48 73
H C O , 298 300 25 156
Al 1.86 , .04
Fe ■ .016
Total dissolved solids 6063 5888 6752 7792
Tempera ture 25°C 28°C 92°C 55°C
pH 6.5 . 6.43 5.0 7 .9
Na-K-Ca Tempera tu re 241 °C ' :.39°C, 274°C 283°C
S i 0 2 Tempera ture 170°C 140°C 283°C 213°C

Sample ( I ) ,  Roosevelt Seep.  University of Utah, June.  197 .S. Sample (2). Roosevelt Seep,  Phillips Petroleum Co.,  
August.  1975. Sample  (3). Therm al  Power Co. well 7 2 - 16. Univ. of Utah. J a n . . 1977. Surface leakage. Sample  (4). Roose­
velt Hot Spr ings, Sept. . 1957. U .S .G .S . .  M undorff  ( 1970).
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F ig .  5 . A c tiv ity  d ia g ra m  o f  th e  s y s te m  K 2 0 - A l2 0 3 -S i0 2 -S 0 3 - H 2 0  a t 1 0 0 °C  a n d  q u a r tz  s a tu ra t io n  s h o w in g  o n e  
c a lc u la te d  re a c t io n  p a th  fo r  m ic ro c l in e  a n d  R o o s e v e l t  th e rm a l  w a te r .

D D H  7 6 -1 . F e ld s p a r s  a re  re p la c e d  b y  c la y ,  m u s ­

c o v i te ,  c a lc i te ,  o p a l ,  a n d  c h a lc e d o n y .  V e in le ts  o f  

p y r i te ,  g re e n  m u s c o v i te ,  o p a l ,  a n d  c h a lc e d o n y  a re  

c o m m o n . T h in  v e in le ts  o f  K - fe ld s p a r -q u a r tz  in te r ­

g ro w th s  a re  p re s e n t f ro m  4 9  to  6  i m . C h e m ic a l  a n d  

m o d a l a n a ly s e s  o f  a l te re d  ro c k s  a re  sh o w n  in 

T a b le  3 ,  a n d  a b u n d a n c e s  o f  a l te ra t io n  m in e ra ls  in o n e  

s h a llo w  c o re  h o le  (7 6 -1 )  a re  s h o w n  in  F ig u re  4 .

H y d ro th e rm a l  a l te ra t io n  is c lo s e ly  a s s o c ia te d  w ith  

f r a c tu re s  in  th e  M in e ra l  M o u n ta in s  p lu to n  to  a  d e p th  

o f  2 k m  in  T h e rm a l P o w e r  C o . w e ll U ta h  S ta te  1 4 -2  

(F ig u re  2 ) .  C la y  m in e ra ls  m o n tm o r i l lo n i te  a n d  m ix e d  

la y e r  c la y s ,  c o m m o n ly  fo u n d  o n ly  n e a r  th e  s u rfa c e  

n e a r  th e  O p a l M o u n d  f a u l t ,  o c c u r  to  a  d e p th  o f  

5 0 0  m  in  w e ll 1 4 -2  w ith  K -m ic a ,  K - fe ld s p a r ,  p y r ite ,  

c a lc i te ,  a n d  l im o n ite .  T h e  d e e p e r  a l te ra t io n  a s s e m ­

b la g e  f ro m  5 0 0  m  to  2 k m  c o n s is ts  o f  K -m ic a ,  c h lo r i te ,  
c a lc i te ,  K - fe ld s p a r ,  a n d  p y r ite .

A n o m a lo u s  c o n c e n tr a t io n s  o f  m e rc u ry ,  a r s e n ic ,  

a n d  le a d  a re  a s s o c ia te d  w ith  th e  a lte re d  ro c k s .  M e r ­

c u ry  a n o m a lie s  a s  h ig h  a s  3 p p m  a re  lo c a l iz e d  o v e r  

f a u l ts  in  s u r fa c e  ro c k s .  M a x im u m  a rs e n ic  in  s u r fa c e  

ro c k s  is 2 0 0 0  p p m  n e a r  th e  o p a l m o u n d ,  a n d  4 3 0  p p m  

in  a l te re d  ro c k s  in  d ril l  h o le s .  M a x im u m  ie a d  c o n ­

te n t  o f  a l te re d  ro c k s  is 4 0 0  p p m  in a lte re d  a llu v iu m  

in  o n e  d r i l l  h o le .
C o m p u ta t io n a l  m e th o d s  o f  H e lg e s o n  (1 9 6 8 )  w e re

u s e d  in  a s im p lif ie d  th e rm o d y n a m ic  m o d e l o f  th e  

a l te r a t io n ,  in  w h ic h  s ta r t in g  m a te r ia ls  c o n s is t  o f  

m ic ro c lin e  a n d  a  s o lu tio n  s im ila r  to  th e  R o o s e v e l t  

H o t S p r in g s  r e s e r v o ir  w a te r .  T h e rm o d y n a m ic  d a ta  
u s e d  a re  th o s e  o f  H e lg e s o n  (1 9 6 9 )  a n d  H e m le y  e t a l 

(1 9 6 9 ) .  In  th e  m o d e l ,  th e  d o m in a n t  re a c t io n  p ro c e s s  

is a n  e x c h a n g e  o f  p o ta s s iu m  f ro m  m ic ro c l in e  fo r  

h y d ro g e n  f ro m  s o lu tio n  (F ig u re  5 ) .  T h e  q u a n t i ty  o f  

m ic ro c l in e  c o n s u m e d  p e r  k i lo g r a m  o f  s o lu tio n  is a 

fu n c t io n  o f  te m p e ra tu re  a n d  s o lu t io n  p H . A lte ra t io n  

z o n in g  is a  fu n c tio n  o f  th e rm a l  a n d  p H  g ra d ie n ts .
A  p la u s ib le  h y p o th e s is  th a t  h a s  b e e n  d e v e lo p e d  fo r  

th e  S te a m b o a t S p r in g s ,  N e v a d a  th e rm a l  s y s te m  

(S c h o e n  e t  a l ,  1 9 7 4 ) is a ls o  a p p l ic a b le  fo r  th e  d e v e lo p ­

m e n t o f  th e  s u r fa c e  a n d  n e a r - s u r fa c e  a l te ra t io n  a t th e  

R o o s e v e l t  H o t S p r in g s  th e rm a l  a r e a .  H o t a q u e o u s  

s o lu tio n s  in e q u i l ib r iu m  w ith  K - fe ld s p a r ,  c h lo r i te ,  

m u s c o v ite  a n d  q u a r tz ,  c o n ta in in g  H 2 S a n d  s u lfa te  

c o n v e c t iv e ly  r is e  a lo n g  m a jo r  f r a c tu re s .  A t th e  s u r ­

fa c e ,  H 2 S o x id iz e s  to  s u lfa te  d e c r e a s in g  p H  a n d  

c a u s in g  a lu n ite  to  fo rm . C o o lin g  c a u s e s  o p a l  to  

p re c ip i ta te .  L o w  p H ,  h ig h  s u lf a te ,  s u r fa c e  w a te r  flo w s  

a w a y  fro m  th e  f r a c tu re  a n d  p e rc o la te s  d o w n w a r d .  A s  

a lu n ite  c o n t in u e s  to  fo r m , h y d ro g e n  io n  a n d  s u lfa te  

a re  c o n s u m e d  a n d  k a o l in i te  p re c ip i ta te s  a s  s h o w n  in 

F ig u re  5 . S ta b i l i ty  f ie ld s  fo r  m u s c o v i te  a n d  K - fe ld s p a r  

a re  e n c o u n te r e d  d o w n w a rd .
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C h e m ic a l  a n a ly s e s  o f  s u rfa c e  a n d  d e e p  th e rm a l 

w a te rs  a re  s u m m a r iz e d  in T a b le  4 .  W h ile  th e re  is 

s o m e  v a r ia b i l i ty ,  th e  a n a ly s e s  in d ic a te  th a t  th e  th e rm a l 

w a te rs  a re  re la tiv e ly  d ilu te  ( io n ic  s tre n g th  =  . I to  . 2 ) 

s o d iu m -c h lo r id e  b r in e s .  S u lfa te  c o n c e n tr a t io n s  v a ry  

b e tw e e n  4 8  a n d  12 0  m g / 1 a n d  to ta l  d is s o lv e d  s o lid s  

a re  a p p ro x im a te ly  7 0 0 0  m g /’ 1. C h e m ic a l  d if f e r e n c e s  

e x is t  b e tw e e n  s u r fa c e  a n d  d e e p  th e rm a l  flu id , c o n ­

s is tin g  p r in c ip a l ly  o f  h ig h e r  M g + + , C a + + , a n d  S O 4 

a n d  lo w e r  N a , K , a n d  S i 0 2 in s u rfa c e  re la tiv e  to  d e ep  

w a te r s .  T h e s e  d if f e r e n c e s  p re s u m a b ly  re f le c t  p r o ­

g re s s iv e  le a c h in g  o f  M g  a n d  C a  by  a s c e n d in g  th e rm a l 

f lu id s ,  o x id a t io n  o f  H 2 S o r  a d m ix tu re  o f  o x id iz e d ,  

S 0 4= r ic h ,  s u r fa c e  w a te r s ,  a n d  f la s h in g  a n d  c o o lin g  

w ith  s u b s e q u e n t  p re c ip i ta t io n  o f  o p a l .  T h e  R o o s e v e lt  

H o t S p r in g s  th e rm a l f lu id s  a re  h o t-w a te r  d o m in a te d ,  

in  th e  te rm in o lo g y  o f  W h ite  (1 9 7 0 ) .  T h u s ,  th e  R o o s e ­

v e lt H o t S p r in g s  g e o th e rm a l  f lu id s  a re  c h e m ic a lly  

s im ila r  to  N e w  Z e a la n d  g e o th e rm a l f lu id s .

W h ite  ( 1 9 5 7 )  d e s c r ib e d  w a te r s  th a t a re  v a r io u s ly  

e n r ic h e d  w ith  s o d iu m  c h lo r id e ,  H + , s u lf a te ,  an d  
b io c a rb o n a te .  W ith in  W h i te ’s d e f in it io n s ,  R o o s e v e lt  

H o t S p r in g s  w a te r  c o u ld  be  d e f in e d  a s  a  s o d iu m  

c h lo r id e  w a te r  g ra d in g  in to  an  a c id  s u lfa te  w a te r .  

T h e  s u lfa te  m e a s u re m e n ts  o f  4 8 - 1 2 0  m g / 1 (a t 

R o o s e v e l t  H o t S p r in g s )  a re  lo w e r  th a n  th o s e  a t N o rris  

B a s in ,  Y e l lo w s to n e  P a rk  (4 5 4  p p m ) ,  o r  F ry in g  P an  

L a k e ,  N e w  Z e a la n d  (2 6 2  p p m )  w h ic h  h a v e  b e e n  d e ­

f in e d  a s  a c id - s u l f a te ,  c h lo r id e  w a te r s .  B o th  N a  a n d  

C l c o n te n ts  o f  w a te r s  f ro m  R o o s e v e l t  H o t S p r in g s  a re  
c o n s id e ra b ly  h ig h e r  th a n  fo r  s o d iu m  c h lo r id e  w a te rs  

d e s c r ib e d  by  W h ite  (S te a m b o a t  S p r in g s .  W a s h o e  

C o u n ty .  N e v a d a ; M o rg a n  S p r in g , T e h a m a  C o u n ty ,  

C a l i fo rn ia ;  N o r r is  B a s in , Y e llo w s to n e  P a rk , 

W y o m in g ; W e ll  4  W’a ir a k e i ,  N e w  Z e a la n d ) .

A p p lic a t io n  o f  th e  N a -K -C a  a n d  S i 0 2 th e rm o m e te rs  

(F o u rn ie r  a n d  T r u e s d e l l ,  1 9 7 4 ) to  th e  s e e p  a n d  the  

d e e p  g e o th e rm a l  flu id  in d ic a te s  d e e p  w a te r  te m p e ra ­

tu re s  o f  2 4 1 °  a n d  2 8 6 ° C ,  r e s p e c t iv e ly ,  w h ic h  ag re e  

w e ll w ith  d e e p  d o w n -h o le  m e a s u re m e n ts .  T h e  
N a -K -C a  w a ll- ro c k  e q u i l ib ra t io n  te m p e ra tu re  o n  th e  

R o o s e v e l t  s e e p  s a m p le  is  o n e  o f  th e  h ig h e s t  c a lc u la te d  

s u b s u r f a c e  te m p e ra tu re s  in  U ta h . T h is  h ig h  te m p e ra ­

tu re  a n d  th e  p re s e n c e  o f  e x te n s iv e  s u r fa c e  o p a l d e ­

p o s i ts  f irs t s u g g e s te d  a  v ia b le  g e o th e rm a l  re s o u rc e  

a t R o o s e v e l t  H o t S p r in g s .

GEOPHYSICS

N u m e ro u s  g e o p h y s ic a l  te c h n iq u e s  u s e d  a t th e  

R o o s e v e l t  H o t  S p r in g s  th e rm a l  a re a  h a v e  a id e d  

u n d e r s ta n d in g  o f  th e  c o n v e c t iv e  h y d ro th e rm a l  s y s ­

te m , b u t no  o n e  m e th o d  h a s  b e e n  c a p a b le  o f  p r o ­

Water chemistry v id in g  u n e q u iv o c a l ta rg e ts  fo r  d r i l l in g ,  n o r  h a s  th e  

c o lle c tio n  o f  m e th o d s  u n e q u iv o c a l ly  lo c a te d  th e  

s o u rc e  o f  h e a t . N e v e r th e le s s ,  w h e n  c o m b in e d  w ith  

g e o lo g ic  a n d  g e o c h e m ic a l d a ta ,  th e  su m  o f  th e  g e o ­

p h y s ic a l  d a ta  s e ts  m a te r ia l ly  a s s is ts  in l im it in g  th e  

d r i l l in g  ta rg e t .  M ic r o e a r th q u a k e s  a n d  g ra v ity  a n d  

m a g n e tic  s u rv e y s  h a v e  b e e n  u s e d  to  d e fin e  th e  

r e g io n a l s e tt in g  a n d  th e  fa u lt in g ; re s is t iv i ty ,  e le c t r o ­
m a g n e tic  a n d  h e a t f lo w  s u rv e y s  haV e b e e n  u s e d  to  

lo c a liz e  th e  c o n v e c t iv e  h y d ro th e rm a l  s y s te m ; 

w h ile  m a g n e to te l lu r ic ,  g r a v i ty ,  m a g n e t ic ,  a n d  r e ­

f ra c tio n  s e is m ic  s u rv e y s ,  a n d  P-w a v e  d e la y  t im e s  

h a v e  b e e n  u s e d  in a t te m p ts  to  lo c a te  th e  s o u rc e  o f  

h e a t .  M u lt ip le  d a ta  se t m o d e l in g ,  n o w  in p ro g r e s s ,  is 

e x p e c te d  to  c o n tr ib u te  s ig n if ic a n tly  to  th e  o b je c tiv e s  
o f  th is  re s e a rc h .

M ic ro e a rth q u a ke s

R e g io n a l s e is m ic i ty  h a s  s h o w n  th a t  th e  R o o s e v e l t  

H o t S p r in g s  a n d  C o v e  F o r t a re a s  a re  lo c a te d  w h e re  

th e  n o r th - t re n d in g  in te rm o u n ta in  s e is m ic  b e l t  (S m ith  

a n d  S b a r ,  1 974 ) in te rs e c ts  th e  P io c h e -B e a v e r - T u s h a r  

m in e ra l  tr e n d  (S to k e s ,  1 9 6 8 ). T h is  la t te r  tre n d  is a 

s ig n if ic a n t te c to n ic  fe a tu re  b e c a u s e  it c ro s s -c u ts  th e  

n o r th - t re n d in g  L a te  C e n o z o ic  h o rs ts  a n d  g ra b e n s  o f  

th e  e a s te rn  G re a t  B a s in . I t is s e is m ic a l ly  a c t iv e  

(E a to n ,  1 9 7 8 ) a n d  m a y  re f le c t  a  h ig h ly  f r a c tu re d  

c ru s t  th a t  c o u ld  fa c il i ta te  m a g m a  m ig ra tio n  in to  th e  

u p p e r  c ru s t  a n d  th u s  e n h a n c e  th e  g e o th e rm a l  p o te n t ia l .

In  1974  a n d  1 9 7 5 , e a r th q u a k e  m o n ito r in g  o f  b o th  

th e  R o o s e v e l t  H o t S p r in g s  a n d  C o v e  F o r t a re a s  w as  

c o n d u c te d  a s  a  m e a n s  o f  e x a m in in g  th e  r e la tio n s h ip s  

b e tw e e n  s e is m ic ity  a n d  th e  k n o w n  g e o th e rm a l  fe a ­

tu re s  (O ls o n  a n d  S m ith ,  1 9 7 6 ). T h e  s u rv e y s  u s e d  u p  

to  12 p o r ta b le ,  h ig h -g a in  s e is m o g ra p h s  (s e e  F ig u re  6  

fo r  s ta t io n  lo c a tio n s ) .  In  4 9  d a y s  o f  m o n ito r in g ,  163 

e a r th q u a k e s  o f  m a g n itu d e  — 0 . 5 < A / ; < 2 . 8  w e re  

lo c a te d .  N u m e ro u s  sm a ll e a r th q u a k e s  s c a t te re d  a b o u t 

an  a re a  6  k m  n o r th  o f  C o v e  F o r t  w e re  n o t lo c a ta b le  

b e c a u s e  th e y  w e re  n o t  re c o rd e d  at a  s u f f ic ie n t  n u m b e r  

o f  s ta t io n s .  T h e  s e is m ic  a c t iv ity  w a s  c h a r a c te r iz e d  

b y  s h a l lo w - fo c u s  e a r th q u a k e s ,  m o s t less th a n  1 0  k m  

d e e p . T h e  e a r th q u a k e s  w e re  g ro u p e d  in th re e  a re a s : 
( 1 ) a  n o r th - s o u th  t re n d  o f  m o d e ra te  a c t iv ity  o n  the  

w e s t s id e  o f  M ilfo rd  V a lle y ; (2 )  a  t re n d  o f  m in o r  

a c t iv ity  a lo n g  th e  w e s t s id e  o f  th e  M in e r a l  M o u n ta in s ,  

in c lu d in g  th e  R o o s e v e l t  H o t S p r in g s  th e rm a l  a re a ;  a n d  

(3 )  an  a re a  o f  n u m e ro u s  s w a rm - l ik e  e a r th q u a k e  s e ­

q u e n c e s  a ro u n d  th e  C o v e  F o r t a re a .  T h e s e  e a r th ­

q u a k e  d a ta  s u g g e s t  th a t th e  R o o s e v e l t  H o t S p r in g s  

th e rm a l a re a  is  o n ly  s lig h tly  a c t iv e  a n d  a t  a  m u c h  

lo w e r  le v e l th a n  th e  e a r th q u a k e  z o n e s  6 0  k m  e a s t  n e a r  

R ic h f ie ld  a n d  M a r y s v a le ,  U ta h .
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Fig. 6 . E p ic e n te r  m a p  o f  th e  R o o s e v e l t  H o t S p r in g s - C o v e  F o r t ,  U ta h  a re a  fro m  e a r th q u a k e  s u rv e y s  in 1974 a n d  
1975 . F a u lt p la n e  s o lu tio n s  a re  lo w e r -h e m is p h e re ,  e q u a l - a re a  s te r e o g r a p h ic  n e ts . D a rk  a re a s  a re  q u a d ra n ts  o f  
c o m p re s s io n ;  lig h t a re a s  a re  q u a d ra n ts  o f  d i la ta t io n .  A rro w s  in d ic a te  d ir e c t io n s  o f  m in im u m  c o m p re s s iv e  s tre s s  
(T -a x e s ) .

P -w a v e  t r a v e l t im e s ,  a s  m e a s u re d  a c ro s s  th re e  s t a ­

t io n s  o n  th e  w e st f lan k  o f  th e  M in e ra l  M o u n ta in s  

(F ig u re  6 ) f ro m  e a r th q u a k e s  3 0  k m  a w a y  n e a r  C o v e  

F o r t ,  s h o w e d  s lig h t p o s it iv e  d e la y s  ( la te r  a r r iv a ls )  o f  

u p  to  0 .2  s e c .  T h e s e  d e la y s  c o u ld  h a v e  b e e n  p ro d u c e d  

fro m  la te ra l v e lo c ity  v a r ia tio n s  o r  n e a r - s u r fa c e  lo w - 

v e lo c ity  m a te r ia l  w h ic h  w e re  n o t d e f in e d . A l te r ­

n a t iv e ly ,  th e y  c o u ld  h a v e  b e e n  p ro d u c e d  b y  an  u p p e r  

c ru s ta l  lo w -v e lo c ity  la y e r  b e n e a th  th e  M in e ra l M o u n ­

ta in s .  T h e  re s o lu tio n  w a s  n o t su ff ic ie n t to  d e l in e a te  

th e  la y e r . .

5 -w a v e  d e la y s  c o u ld  n o t b e  c a lc u la te d .  H o w e v e r ,  

q u a l i ta t iv e  e s t im a te s  o f  5 -w a v e  a t te n u a t io n  a t a  s ta t io n  

s o u th  o f  R o o s e v e lt  H o t S p r in g s ,  f ro m  th e  C o v e  F o rt 

e a r th q u a k e  s o u rc e s ,  s u g g e s t  a  lo w - Q  t r a n s m is s io n  

p a th . T h u s ,  th e  ra y p a th s  th a t p ro p a g a te  b e n e a th  th e  

M in e ra l  M o u n ta in s  s h o w e d  b o th  a lo w -v e lo c i ty  e f fe c t 

an d  s h e a r  w a v e  a t te n u a tio n  p o s s ib ly  in d ic a tiv e  o f  

p a r tia l m e lt in g  o r  o f  m a jo r  in te n s e  f r a c tu r in g  o f  th e  

in te r s e c te d  c ru s ta l  ro c k s  b e n e a th  th e  s o u th e rn  p a rt o f  

th e  M in e ra l  M o u n ta in s .

F a u l t - p la n e  s o lu tio n s  (F ig u re  6 ) fo r  th e  C o v e  F o rt
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F i g . 7 . T e r r a in -c o r re c te d  B o u g u e r  g ra v i ty  a n o m a ly  m a p  o f  th e  R o o s e v e lt  H o t S p r in g s  th e rm a l a re a .  C o n to u r  
in te rv a l =  2 m g a l.  W e ll d e s ig n a t io n s :  s o lid  c i r c le ,  p ro d u c tiv e  w e ll;  p la in  o p e n  c irc le ,  n o n p ro d u c t iv e  w e ll;  
o p e n  c i r c le ,  w ith  c ro s s e s ,  th e rm a l g ra d ie n t  w e ll .  L e t te r  d e s ig n a t io n s  a re  d e s c r ib e d  in  te x t.
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e a r th q u a k e s  d e m o n s t ra te  o b l iq u e  n o rm a l fa u lt in g  w ith  

w e s t to  w e s t-n o r th w e s t  d ire c tio n s  o f  th e  m in im u m  

c o m p re s s iv e  s tre s s . T h is  s tre s s  d ire c tio n  is c o n s is te n t 

w ith  g e n e ra l  e a s t-w e s t  e x te n s io n  o f  th e  e a s te rn  G re a t 

B a s in . S u c h  e a s t-w e s t  e x te n s io n  c o u ld  h a v e  a l lo w e d  

d e v e lo p m e n t  o f  c o n d u its  th ro u g h  w h ic h  th e rm a l flu id s  

h a v e  tra v e le d  u p w a rd  to  re a c h  th e  R o o s e v e l t  H o t 

S p r in g s  th e rm a l  a re a .

T h e  n a tu re  o f  e a r th q u a k e  o c c u r re n c e  a t C o v e  F o r t 

w a s  u n u s u a lly  e p is o d ic  a n d  d e m o n s t r a te d  s w a rm -ty p e  

c h a r a c te r is t ic s .  A  m a x im u m  lik e l ih o o d  e s t im a te  o f  

£ -v a lu e s  a t C o v e  F o r t  w as  0 .8 4  ± 0 . 1 6 ,  b u t v a lu e s  

a s  la rg e  as 1 .2 7  ± 0 . 1 8  w e re  c a lc u la te d  fo r  th e  in te n s e  

s w a rm  a c t iv ity  a t D o g  V a lle y . E a r th q u a k e s  th a t  o c c u r  

in  v o lc a n ic  a n d  o c e a n - s p re a d in g  s e tt in g s  u s u a lly  

h a v e  b -  v a lu e s  o f  1 .0  o r  g re a te r .  T h u s  th e  a rg u m e n t  

fo r  a  v o lc a n ic  re la t io n s h ip  o f  th e  C o v e  F o r t s e is m ic ity  

c a n  be m a d e . H o w e v e r ,  th e  d e g re e  o f  c o m p le x  f a u l t ­

in g  a t th e  in te r s e c tio n  o f  tw o  te c to n ic  t re n d s  a rg u e s  

f o r  a  lo c a lly  c o m p le x  s tre s s  fie ld  th a t c o u ld  p ro d u c e  

s w a rm - ty p e  e a r th q u a k e s  a n d  u n u s u a lly  h ig h  fc -v a lu es.

S ta tis t ic a l  m o d e lin g  o f  th e  C o v e  F o r t  e a r th q u a k e  

s w a rm s  s h o w e d  a  s y m m e tr ic a l  d is t r ib u tio n  o f  p ro b ­

a b il is t ic  e s t im a te s  o f  e n e r g y  le v e ls .  It a ls o  s h o w e d  

th e  g e n e ra l  in c re a s e  in  th e  p ro b a b i l i ty  o f  e a r th q u a k e  

o c c u r re n c e  v e rs u s  e n e rg y .  T h e s e  r e s u lts  a re  s im ila r  

to  th o s e  o f  a p u b l is h e d  o c e a n ic  e a r th q u a k e  sw 'arm  

(S y k e s ,  1 9 7 0 ). T h is  d o e s  n o t im p ly  a  c a u s a l  re la t io n ­

sh ip , b u t th e  s ta t is t ic a l  m o d e lin g  a n d  th e  c lo s e  s p a tia l 

a s s o c ia t io n  o f  th e  C o v e  F o r t-D o g  V a lle y  e a r th q u a k e  

s w a rm s  w ith  th e  n e a rb y  Q u a te r n a r y  b a s a lts  s u g g e s ts  

th a t  th e  p o te n tia l e x is ts  fo r  a  g e o th e rm a l s o u rc e  r e ­

la te d  to  H o lo c e n e  v o lc a n is m .

G ra v ity  and m agnetic  surveys

F ig u re  7 s h o w s  th e  te r r a in - c o r re c te d  B o u g u e r  

g ra v i ty  a n o m a ly  m a p  b a s e d  o n  a b o u t 7 0 0  s ta t io n s  

o c c u p ie d  d u r in g  1974  th ro u g h  1 9 7 6 . T h e  g e n e r a l ly  

n o r th w a rd - tre n d in g  g ra v ity  c o n to u r s ,  w ith  p ro ­

n o u n c e d  g ra d ie n ts  o v e r  th e  a l lu v iu m  a d ja c e n t  to  th e  

w e s te rn  m a rg in  o f  th e  M in e ra l  M o u n ta in s ,  in d ic a te  

th a t  th e  m o u n ta in s  a re  b o u n d e d  o n  th e  w e s t b y  b a s in  

a n d  r a n g e  fa u lts ;  th e se  fa u lts  fo rm  th e  e a s te rn  m a rg in  

o f  th e  M ilfo rd  V a lle y  g ra b e n ,  w h ic h  is re f le c te d  in 

th e  g ra v ity  lo w  a lo n g  th e  w e s te rn  p a rt o f  th e  m a p . 

T w o  n o r th w a rd - tr e n d in g ,  e lo n g a te  g ra v ity  h ig h s , 

w h ic h  a re  r ig h t - la te ra l ly  o f f s e t  a b o u t 2  k m  in  th e  

in te rv e n in g  a re a  o f  a  la rg e  g ra v ity  s a d d le  in th e  R a n c h  

C a n y o n  a re a  (A  o f  F ig u re  7 ) ,  e x te n d  th ro u g h o u t  th e  

c e n t ra l  p a r t  o f  F ig u re  7 .  T h e  n o r th e rn  g ra v ity  h ig h  

o v e r l ie s  p r in c ip a lly  th e  w e s te rn  m a rg in  o f  th e  M in e ra l 

M o u n ta in s  w h e re  g ra n it ic  ro c k s  a re  e x p o s e d ;  a n d  th e  

e lo n g a te  g ra v ity  s p u r  e x te n d in g  s o u th w a rd  f ro m  th e

s o u th e rn  p e a k  o f  th e  h ig h  (B  in F ig u re  7 )  c o r re s p o n d s  

in  a  s tr ik in g  m a n n e r ,  b o th  in tre n d  a n d  a re a l e x te n t ,  

w ith  th e  p ro n o u n c e d  h e a t  f lo w  a n o m a ly  (F ig u re  14) 

re la te d  to  th e  k n o w n  g e o th e rm a l  r e s e r v o i r  (C re b s  

a n d  C o o k ,  1 9 7 6 ; C a r te r  a n d  C o o k ,  1 9 7 8 ). W h e r e  th e  

H o t S p r in g s  fa u lt  ( s h o w n  in F ig u r e s  2  a n d  7 )  in te r ­

se c ts  th e  s p u r ,  th e  re g u la r i ty  o f  th e  c o n to u r s  is s ig n if i­

c a n t ly  d is ru p te d .  T h e  s o u th e rn  g ra v ity  h ig h ,  w h ic h  

e x te n d s  o f f  th e  m a p  to  th e  s o u th ,  o v e r l ie s  th e  s o u th e rn  

p a rt o f  th e  M in e ra l  M o u n ta in s  w h e re  u n d a te d  m e ta -  

m o rp h ic  a n d  P a le o z o ic  s e d im e n ta ry  ro c k s  o c c u r  

( T h a n g s u p h a r iic h , 1 9 7 6 ). A b o u t 2 k m  n o r th  o f  th e  

M il la rd -B e a v e r  c o u n ty  l in e ,  a  fa u l t  z o n e  (h e re in  

d e s ig n a te d  th e  “ c o u n ty  l in e  f a u l t” ) o c c u r s  (C  o f  

F ig u re  7 ; a lso  sh o w n  o n  F ig u re  2 ) w h e re  th e  M in e ra l  

M o u n ta in s  p lu to n  te rm in a te s  a g a in s t  P a le o z o ic  ro c k s ,  

a n d  th e  n o r th e rn  g ra v ity  h ig h  is s e p a ra te d  in to  tw o  

s e p a ra te  g ra v ity  h ig h s  w h ic h  a re  r ig h t - la te r a l ly  o f f s e t  

a b o u t 2  k m  in  th e  in te rv e n in g  a re a  o f  a g ra v ity  

s a d d le .  In  th e  s o u th e rn  p a r t  o f  th e  g ra v ity  m a p  is a 
p ro n o u n c e d  n o r th - n o r th e a s tw a rd - t r e n d in g  e lo n g a te  

g ra v ity  f e a tu re ,  a b o u t 8  k m  in  le n g th  a n d  c o n s is t in g  o f  

tw o  g ra v ity  lo w s  (D  a n d  E  o f  F ig u re  7 ) .  T h is  g ra v ity  

fe a tu re  c o r re s p o n d s  w ith  a  s e r ie s  o f  rh y o l i te  d o m e s ,  

in c lu d in g  B e a rs k in  an d  L itt le  B e a rs k in  M o u n ta in s ,  

a n d  N o rth  a n d  S o u th  T w in  F la t M o u n ta in s ,  an d  

p o s s ib ly  in d ic a te s  a  lo w -d c n s ity  c o n t in u o u s  in tru s iv e  

b o d y  a t s h a llo w  d e p th  ( 2  k m ) b e n e a th  th e  rh y o li te  

d o m e s  (C re b s  a n d  C o o k ,  1 9 7 6 ; C a r te r  a n d  C o o k ,

1 9 7 8 ).

F ig u re  8  s h o w s  a  to ta l m a g n e t ic  in te n s ity  r e s id u a l 

a n o m a ly  m a p . T h e  b ro a d  n o r th w a rd - tr e n d in g  m a g ­

n e tic  h ig h , o f  a b o u t 2 5 0  g a m m a s  o f  a v e r a g e  to ta l 

r e l ie f ,  th a t e x te n d s  th ro u g h o u t  th e  c e n t ra l  p a rt o f  th e  

m a p , c o r re s p o n d s  w ith  th e  M in e r a l  M o u n ta in s  

g ra n it ic  p lu to n . T h e  sm a ll m a g n e tic  h ig h s  c o r re s p o n d  

w ith  lo c a l  a re a s  o f  in c re a s e d  m a g n e tic  s u s c e p tib il i ty  

o f  b o th  th e  g ra n i t ic - ty p e  ro c k s  w 'ith in  th e  p lu to n  a n d  

th e  m e ta m o rp h ic  ro c k s  th a t  a re  fo u n d  b o th  e x p o s e d  

a n d  in  d r i l l  h o le s  p r in c ip a lly  a lo n g  th e  w e s te rn  m a rg in  

o f  th e  r a n g e  s o u th  o f  th e  H o t  S p r in g s  fa u l t .  In th e  

s o u th -c e n t ra l  p a rt o f  th e  m a p ,  th e  s t r ik in g  c o n s t r ic ­

tio n  o f  th e  m a g n e tic  h ig h  a n o m a ly  c o r r e s p o n d s  w ith  

( I )  a  s im ila r  c o n s tr ic t io n  o f  th e  e x p o s e d  p lu to n  as a  

c o n s e q u e n c e  o f  th e  p re v io u s ly  m e n tio n e d  v o lc a n ic  

d o m e s  w h ic h  in tru d e  th e  p lu to n  in th is  a r e a ,  (2 ) a 

p o s tu la te d  e a s t-w e s t  s t ru c tu ra l  l in e a m e n t  in th is  a r e a ,  

a n d  (3 )  th e  s o u th e rn  e n d  o f  th e  p ro n o u n c e d  h e a t 

f lo w  a n o m a ly  (F ig u re  1 4 ). N e a r  th e  n o r th e rn  e d g e  o f  

th e  m a p  (F  o f  F ig u re  8 ) , th e  s tr ik in g  e a s t-w e s t  l in e a r  

t re n d  o f  th e  m a g n e tic  c o n to u r s ,  w ith  a  la rg e  g ra d ie n t ,  

c o r re s p o n d s  w ith  th e  n o r th e rn  m a rg in  o f  th e  M in e ra l  

M o u n ta in s  p lu to n  a n d  th e  c o u n ty  lin e  fa u l t  ( s h o w n
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F ig .  8 . T o ta l  a e r o m a g n e t ic  in te n s ity  r e s id u a l a n o m a ly  m a p  o f  th e  R o o s e v e l t  H o t S p r in g s  th e rm a l a re a .  C o n to u r  
in te rv a l  =  5 0  g a m m a s .  D a ta  w e re  o b ta in e d  a lo n g  e a s t-w e s t  lin e s  a t l / 4 - m i l e  (4 0 2 -m )  s p a c in g ,  d ra p e  flo w n  at 
an  e le v a t io n  o f  I0 0 0  ft (3 0 5  m ) a b o v e  g ro u n d .  In te rn a tio n a l G e o p h y s ic a l  R e f e r e n c e  F ie ld  ( I G R F ) ,  u p d a te d  to  
1 9 7 5 , is re m o v e d  f ro m  d a ta .  L e t te r  d e s ig n a t io n s  a re  d e s c r ib e d  in te x t.
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SCALE IN Km

F i g . 9 . In te rp re ta tiv e  tw o -d im e n s io n a l  m o d e l fo r  g ra v ity  p ro f ile  a lo n g  lin e  2 .2 N  (se e  F ig u re  7 )  o f  th e  R o o se v e lt  
H o t S p r in g s  th e rm a l a re a .  A s s u m e d  d e n s ity  c o n tra s t  is 0 .5  g / c m 3 .

in  F ig u re  2 ) . T h e  w e s tw a rd  c o n t in u a t io n  o f  th e  l in e a ­

m e n t a c ro ss  M ilfo rd  V a lle y  in d ic a te s  th a t th e  h ig h  

m a g n e tic  s u s c e p tib il i ty  m a te r ia l  (p ro b a b ly  g ra n it ic )  

m a y  e x te n d  u n d e r  th e  a llu v iu m  o f  M ilfo rd  V a lle y . 

T h e  m a g n e tic  a n d  g ra v ity  d a ta  (B ru m b a u g h  a n d  C o o k ,

I9 7 7 )  in d ic a te  th a t th is  p e rv a s iv e  e a s t-w e s t  s tru c tu ra l  

l in e a m e n t e x te n d s  e a s tw a rd  to  th e  C o v e  F o r t a re a  

(F ig u re  6 ) and  b e y o n d .

O th e r  m a g n e tic  fe a tu re s  w h ic h  c o r re la te  w e ll w ith  

th e  g e o lo g y  a n d /o r  g ra v ity  fe a tu re s  a re : ( 1 ) a m a g n e tic  

low  (G  o f  F ig u re  8 ) w h ic h  p a r tly  o v e r l ie s  th e  p r e ­

v io u s ly  m e n tio n e d  B e a rs k in  a n d  L ittle  B e a rs k in  

v o lc a n ic  d o m e s ; ( 2 ) an  e a s t-w e s t  m a g n e tic  l in e a m e n t 

a lo n g  th e  H o t S p r in g s  F a u lt (H  o f  F ig u re  8 ) w ith  a 

2 -k m  r ig h t - la te r a l  o f f s e t  o f  m a g n e tic  h ig h s  on  o p p o s ite  

s id e s  o f  th e  fau lt n e a r  th e  w e s te rn  m a rg in  o f  th e  

M in e ra l  M o u n ta in s ;  an d  (3 ) a m a g n e tic  lo w  th a t c o r r e ­

s p o n d s  a lm o s t e x a c tly  in a re a l e x te n t w ith  th e  r e ­

v e rs e d  m a g n e tic  p o la r ity  o f  th e  B a i le y  R id g e  

rh y o li te  flow  (I o f  F ig u re  8 ).

F ig u re s  9 a n d  10 s h o w  th e  te r ra in -c o r re c te d  

B o u g u e r  g ra v ity  a n o m a lie s  a n d  in te rp re ta tiv e  g e o ­

lo g ic  c ro s s - s e c t io n s  a lo n g  th e  e a s t-w e s t  lin e  2 .2 N  

a n d  th e  n o r th - s o u th  b a s e l in e ,  r e s p e c tiv e ly  (C re b s  an d

C o o k ,  1 9 7 6 ). B o th  lin e s  c ro s s  th e  a re a  o f  h ig h  h ea t 

flow  (F ig u re  14). F o r  th e se  m o d e ls ,  th e  d e n s ity  c o n ­

tra s t b e tw e e n  th e  b e d ro c k  an d  a l lu v iu m  is a s s u m e d  
to  be  0 .5  g / c m 3 . T h e  g ra v ity  d a ta  o n  lin e  2 .2 N  

(F ig u re  9 ) in d ic a te : ( 1 ) th e  n o r th w a rd - tr e n d in g  O p a l 

M o u n d  h o rs t ,  w h ic h  is b o u n d e d  o n  th e  e a s t  b y  th e  

g e o lo g ic a l ly  m a p p e d  O p a l M o u n d  fa u lt w ith  an  in ­
d ic a te d  v e r tic a l  d is p la c e m e n t  o f  a b o u t 5 0  m ; (2 )  s tep  

fa u lts  in th e  b e d ro c k  b o u n d in g  th e  e a s te rn  m a rg in  

o f  th e  M ilfo rd  V a lle y  g ra b e n ; an d  (3 )  an a llu v iu m  

th ic k n e s s  o f  a b o u t 1 .4  k m  b e n e a th  M ilfo rd  V a lle y  at 

th e  w e s te rn  e n d  o f  th e  p ro f ile .  T h e  g ra v ity  d a ta  on  

th e  b a se lin e  (F ig u re  10) in d ic a te :  (1 )  th e  e a s tw a rd -  

s t r ik in g  H o t S p r in g s  F a u lt ,  d o w n th ro w n  on  th e  s o u th ,  

w ith  a v e rtic a l d is p la c e m e n t  o f  a b o u t 6 5  m ; an d  (2 ) 

a n o th e r  e a s tw a rd -s tr ik in g  fa u lt a t 6 .5 N ,  d o w n th ro w n  

o n  th e  n o r th ,  w ith  a v e r tic a l  d is p la c e m e n t  o f  a b o u t 

6 0  m . T h e s e  tw o  m o d e ls ,  b a s e d  o n  g ra v ity  d a ta ,  

in d ic a te  th a t m a n y  p ro n o u n c e d  f a u lts ,  s tr ik in g  b o th  

n o r th - s o u th  an d  e a s t-w e s t ,  o c c u r  in th e  R o o se v e lt  

H o t S p r in g s  th e rm a l a re a .  A lth o u g h  th e  a re a  ly in g  

e a s t  o f  th e  O p a l M o u n d  fa u lt a n d  w e s t o f  th e  granit< ' 

o u tc ro p  is m o d e le d  a lo n g  lin e  2 .2 N  (F ig u re  9 ) w i i ; 

o n ly  tw o  f a u lts ,  th e  g ra v ity  d a ta  d o  n o t p r e c 1



1532 Ward et al

o -i

-2.5 

- 5. 0 J

COMPUTED GRAVITY

■ RESIDUAL GRAVITY

ROOSEVELT HOT

SCALE IN Km

Fig. 10. In te rp re ta tiv e  tw o -d im e n s io n a l  m o d e l fo r  g ra v ity  p ro f ile  a lo n g  b a s e l in e  (s e e  F ig u re  7 )  o f  th e  R o o s e v e lt  
H o t S p r in g s  th e rm a l a re a .  A s s u m e d  d e n s ity  c o n tra s t  is 0 .5  g / c m 3 .

a d d it io n a l  fa u lt in g  a n d  f r a c tu r in g  in th is  a re a .

In th e  R a n c h  C a n y o n  a re a  (A  in F ig u re  7 ) ,  th e  
la rg e  g ra v ity  s a d d le  a n d  th e  ro u g h ly  c o r re s p o n d in g  

m a g n e tic  s a d d le  a re  p o s s ib le  e x p re s s io n s  o f  a  d e e p ly  

b u r ie d  in tru s iv e  b o d y  o f  low  d e n s ity  a n d  low - 

m a g n e tic  s u s c e p t ib i l i ty .  H o w e v e r ,  th e  g ra v ity  s a d d le  

m a y  b e  c a u s e d  b y  th e  c o m b in e d  e f fe c ts  o f  ( l )  th e  

o v e r la p  o f  th e  g ra v ity  lo w s  a s s o c ia te d  w ith  th e  M ilfo rd  

V a lle y  an d  B e a v e r  V a lle y  g ra b e n s  o n  th e  w e s t and  

e a s t  s id e s ,  r e s p e c t iv e ly ,  o f  th e  M in e ra l  M o u n ta in s ;  

a n d  (2 )  th e  n e a r - s u r fa c e  s i l ic ic  v o lc a n ic s  (C a r te r  

a n d  C o o k ,  I9 7 8 ) .  A t p re s e n t ,  th e re fo re ,  it c a n n o t 

b e  c o n c lu d e d  th a t th e  g ra v ity  a n d  m a g n e tic  s a d d le s  

a re  c a u s e d  b y  a  p a r tia l  m e lt  o f  lo w  d e n s ity  a n d  low - 

m a g n e tic  s u s c e p t ib i l i ty  u n d e r  th e  M in e ra l  M o u n ta in s .

E le c tr ica l m easurements

E le c tr ic a l  s u rv e y s  p e r fo rm e d  in th e  R o o s e v e l t  H o t 

S p r in g s  th e rm a l a re a  in c lu d e  1 0 0 -m , 3 0 0 -m , and

l - k m  d ip o le -d ip o le  r e s is t iv i ty ,  S c h lu m b e rg e r  re s is t iv ­

ity , e le c tr o m a g n e t ic ,  a n d  m a g n e to te l lu r ic  s o u n d in g s . 

T h e  a m o u n t o f  d a ta  so  r e c o rd e d  h a s  p ro v id e d  an  in ­

s ig h t in to  th e  th re e -d im e n s io n a l  g e o e le c tr ic  s e c tio n . 

F o r e x a m p le ,  F ig u re  12 ( a f te r  W a rd  a n d  S il l ,  1 976b)

p o r tr a y s  th e  c o n to u rs  o f  a p p a r e n t  re s is t iv ity  o b s e rv e d  

o v e r  th e  g e o th e rm a l  f ie ld  in f irs t s e p a ra t io n  3 0 0 -m  

d ip o le -d ip o le  re s is t iv ity  s u rv e y in g . It r e p re s e n ts ,  w e  

b e l ie v e ,  th e  d is tr ib u t io n  o f  b r in e -s o a k e d  m o n t­

m o r i l lo n ite  a n d  m ix e d - la y e r  c la y s  in th e  to p  5 0 0  m 

o f  th e  s y s te m ; th is  o p in io n  is b a s e d  o n  th e  a lte ra t io n  

s tu d ie s  d e s c r ib e d  e a r l ie r .  T h e  c la y s  a re  a l te ra tio n  

p ro d u c ts  o f  fe ld s p a r s  a n d  o c c u r  d o m in a n tly  a lo n g  
fa u lts  an d  f r a c tu re s  (F ig u re  11) in th e  T e r t ia r y  g ra n ite  

h o s t ro c k . S u r fa c e  c o n d u c t io n  in th e  k a o l in i te  a n d  

m o n tm o r il lo n ite  s e c o n d a ry  c la y  m in e ra ls  is e s t im a te d  

to  be  th re e  t im e s  as im p o r ta n t as  c o n d u c t io n  v ia  th e  

h ig h  te m p e ra tu re  b r in e  e x is t in g  in th e  f r a c tu re s  

(W a rd  a n d  S il l ,  1 9 7 6 a ).

In s o fa r  as c la y  a lte ra tio n  is m o s t d o m in a n t  a lo n g  

f r a c tu re s ,  it is n o t s u rp r is in g  th a t th e  1 0 0 -m  d ip o le -  

d ip o le  s u rv e y  d e l in e a te d  m o s t o f  th e  m a jo r  f ra c tu re s  

o f  th e  g e o th e rm a l  fie ld . F ig u re  11 d e p ic ts  f ra c tu re s  

in te rp re te d  fro m  a e r ia l p h o to g ra p h y  (P ), o b s e rv e d  

g e o lo g y  (G ) ,  d ip o le -d ip o le  re s is t iv ity  s u rv e y s  (R ) ,  

a n d  a e ro m a g n e t ic  s u rv e y s  (M ) .  T h e  d e n s ity  o f  in ­

fe r re d  f r a c tu re s  o r  fa u lts  is g re a te s t  w h e re  d a ta  d e n s ity  

is g re a te s t  a n d  th a t  o c c u r s  in th e  v ic in ity  o f  th e  O p a l 

M o u n d  fa u lt. T h re e  fra c tu re  s e ts ,  tr e n d in g  n o rth -
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MILLARD CO.

F ig .  I I . L in e a m e n ts ,  in te rp re te d  a s  f r a c tu re s  a n d  f a u lts ,  m a p p e d  by  p h o to s  ( P ) ,  g e o lo g ic  o b s e r v a t io n  ( G ) ,  
re s is tiv ity  s u rv e y  (R ). a n d  a e r o m a g n e t ic  s u rv e y  (M ) o v e r  th e  R o o s e v e lt  H o t S p r in g s  th e rm a l a re a .  P ro d u c in g  
w e lls  s h o w n  by  s o lid  d o ts ,  “ d ry  w e l l s "  by  o p e n  c i r c le s ,  s h a llo w  a lte ra tio n  h o le s  by  c irc le s  w ith  c ro s s e s .
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F i g . 12. C o n to u rs  o f  a p p a r e n t  re s is t iv ity  o b ta in e d  w ith  d ip o le -d ip o le  a r ra y , f irs t s e p a ra t io n ,  o v e r  th e  R o o s e v e l t  
H o t S p r in g s  th e rm a l a re a .  C o n to u rs  a t 10 , 2 0 . 3 0 , 5 0 , 10 0  f l - m  a n d  m u ltip le s  o f  te n  tim e s  th e se  f ig u re s .  P r o ­
d u c t iv e  w e lls  s h o w n  by  s o lid  d o ts ,  “ d ry  w e l ls ”  by  o p e n  c irc le s ,  s h a llo w  a lte ra t io n  h o le s  by  c irc le s  w ith  c ro s s e s .  
T r a v e rs e  lin e s  a rc  s h o w n .
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LATERAL DISTANCE (m eters) 

L IN E  3 . 5  N
F i g . 13. P s e u d o -g e o lo g ic  in te rp re ta tio n  o f  g e o e le c tr ic  s e c tio n  o b ta in e d  fro m  s e v e ra l  e le c tr ic a l  s u rv e y s  a lo n g  

tra v e rs e  3 .5 N  (s e e  F ig u re  12 fo r  c o o rd in a te  lo c a t io n )  o f  th e  R o o s e v e l t  H o t S p r in g s  th e rm a l  a re a .

n o r th e a s t ,  w e s t- n o r th w e s t ,  a n d  n o r th w e s t a re  in 

e v id e n c e .  F u r th e r ,  th e  g ra n i t ic  te r ra in  is h ig h ly  f r a c ­

tu re d  le a d in g  u s  to  e x p la in  th e  h ig h  p e rm e a b il i ty  o f  

th e  r e s e r v o ir  as  f r a c tu re -d o m in a te d .

T h e  n o r th w e s t- s o u th e a s t  a n d  e a s t-w e s t  f r a c tu re s  

p ro b a b ly  p ro v id e  c o n d u its  f o r  m e te o r ic  w a te r  re c h a rg e  

o f  th e  r e s e r v o ir  to  th e  e a s t  o f  th e  O p a l M o u n d  fa u lt 

a n d  p ro b a b ly  p ro v id e  c o n d u its  fo r  w e s tw a rd  le a k a g e  

o f  g e o th e rm a l  b r in e  to  th e  M ilfo rd  V a lle y  (W a rd  a n d  

S il l ,  1 9 7 6 a ) . R e s is t iv it ie s  b e n e a th  th e  firs t 3 0  to  100  m  

o f  a l lu v iu m  in  th e  v a lle y  r a n g e  fro m  2  f l - m  d o w n  to  

0 . 1  f l - m  s u g g e s tin g  b r in e -s a tu ra te d  a llu v iu m  a n d / o r  

s a lin e  L a k e  B o n n e v ille  s e d im e n ts .

T r ip p  e t a l (1 9 7 8 )  s u m m a r iz e  th e  c o n tr ib u t io n s  o f  

th e  S c h lu m b e rg e r  a n d  e le c tr o m a g n e t ic  d a ta  as  

fo llo w s :

O n e - a n d  tw o -d im e n s io n a l  m o d e lin g  o f  th e  

S c h lu m b e rg e r  s o u n d in g s  a t th e  R o o s e v e l t  H o t 

S p r in g s  K G R A  h a v e  in d ic a te d  a  lo w -re s is t iv ity

z o n e  o f  a p p ro x im a te ly  5 f l - m  p a ra l le l in g  th e  

D o m e  fa u lt .  T h e  lo w  re s is t iv ity  o f  th is  z o n e  is 

p ro b a b ly  d u e  to  in te n s e ly  f r a c tu re d  a n d  a lte re d  

w a te r - s a tu r a te d  ro c k . A  z o n e  o f  r e s is t iv i ty  12 f l - m  

e x te n d in g  to  th e  w e s t o f  th e  O p a l  M o u n d  fa u lt  is 

p ro b a b ly  d u e  to  le a k a g e  o f  b r in e  a w a y  f ro m  th e  

g e o th e rm a l  s y s te m  th ro u g h  a l lu v iu m  o r  m o d ­

e ra te ly  a l te re d  ro c k . A  re s is t iv e  b a s e m e n t  u n d e r ­

lie s  th e  c o n d u c t iv e  z o n e s  a n d  is  b e l ie v e d  to  be 

re la tiv e ly  n o n p o ro u s  a n d  u n a l te r e d  ro c k .

A  m a jo r  p ro b le m  in  th e  a p p l ic a t io n  o f  1-D  

m o d e lin g  o f  S c h lu m b e rg e r  d a ta  in  th e  R o o s e v e l t  

H o t S p r in g s  K G R A  is p o o r  r e s o lu t io n  o f  th e

1-D  m o d e l p a ra m e te r s .  T h e  jo in t  in v e rs io n  o f  

S c h lu m b e rg e r  a n d  E M  s o u n d in g  d a ta  g iv e s  a 

le a s t- s q u a re s  1 -D  c o n d u c t iv i ty  m o d e l in  w h ic h  

p a ra m e te r s  a re  m u c h  b e t te r  re s o lv e d  th a n  th e  

m o d e l p a ra m e te r s  e s t im a te d  by  th e  in v e rs io n  o f  

S c h lu m b e rg e r  d a ta  a lo n e .  •
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Fig. 14. H e a t flo w  m a p  o f  th e  R o o s e v e l t  H o t S p r in g s  g e o th e rm a l  a re a .  S o lid  d o ts  a n d  a d ja c e n t n u m b e rs  in d ic a te  
s i te s  a n d  h e a t flo w  v a lu e s  in m W  m - 2 . T h e  o u tc ro p  p a tte rn  o f  th e  10 m .y .- o ld  M in e ra l  M ts . p lu to n  is s h a d e d  
w ith  th e  v e n ts  fo r  th e  y o u n g e r  flo w s  (0 .8  m .y .) ,  a n d  rh y o li te  d o m e s  (0 .5  m .y .)  in d ic a te d  b y  a s te r i s k s .  M a jo r  
fa u lt p a t te rn s  a re  in d ic a te d  by  h e a v y  s o lid  a n d  b ro k e n  lin e s .

1060

8 9 7 0

* 2 7 0 0
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O n e -d im e n s io n a l  m o d e lin g  o f  S c h lu m b e rg e r  

s o u n d in g s  a lo n g  a  tra v e rs e  d o e s  in d ic a te  th e  p re s ­

e n c e  o f  a  2 -D  in h o m o g e n e i ty ,  b u t it g iv e s  n o  h in t 

o f  th e  p o s s ib le  c o m p le x ity  o f  th a t  in h o m o g c n e ity  

e v e n  th o u g h  th e  p a ra m e te r s  o f  th e  m o d e ls  f ittin g  

e a c h  s o u n d in g  h a v e  a c c e p ta b le  s ta n d a rd  d e v ia tio n s  

w h e n  c o n s tr a in e d  by  E M  s o u n d in g  d a ta . S in c e  

th e  m o d e l p a ra m e te r  s ta n d a rd  d e v ia tio n s  a re  

m o d e l d e p e n d e n t ,  g o o d  re s o lu tio n  o f  l - D  m o d e l 

p a ra m e te r s  d o c s  n o t in d ic a te  th a t th e  a s s u m p tio n  

o f  a  l - D  m o d e l is v a lid . O n  th e  o th e r  h a n d , th e  

p o s s ib le  c o m p le x ity  o f  s t ru c tu re  is b ro u g h t o u t by

2 -D  m o d e l in g  o f  th e  s a m e  d a ta ,  b u t s in c e  th e  

n u m b e r  o f  d e g re e s  o f  f r e e d o m  fo r  c o m p le x  2 -D  

m o d e ls  is la rg e , a  th o ro u g h  s tu d y  o f  th e  re s o lu tio n  

o f  s u c h  m o d e ls  is p ro h ib i t iv e ly  c o s tly  a t p re s e n t.

In  th e s e  c ir c u m s ta n c e s ,  w e  m u s t c o n s tr a in  th e

2 -D  m o d e ls  w ith  in d e p e n d e n t g e o lo g ic  o r  g e o ­

p h y s ic a l d a ta  a n d  th e n  a c c e p t th e  s u b s e q u e n t 

b e s t- f it  m o d e l a s  s e m iq u a n ti ta t iv e .
W h e n  w e  c o m b in e  a ll o f  th e  d a ta  fro m  th e  a c t iv e  

e le c tr ic a l  m e th o d s  w e  re a d ily  g e n e ra te  th e  p s e u d o ­

g e o lo g ic  m o d e l o f  F ig u re  13. T h is  f ig u re  is b a se d  o n  

a  s u b je c tiv e  c o m b in a t io n  o f  l - D  in v e rs e  in te rp r e ta ­
tio n s  o f  c o m b in e d  S c h lu m b e rg e r  a n d  E M  s o u n d in g s ,  

an d  2 -D  fo rw a rd  in te rp re ta t io n s  o f  b o th  S c h lu m b e rg e r  

an d  d ip o le -d ip o le  d a ta  u s in g  g e o lo g ic ,  g e o c h e m ic a l ,  
a n d  o th e r  g e o p h y s ic a l  c o n s tr a in ts .  It is o u r  b e s t m o d e l 

to  d e p th s  o f  5 0 0  m  fo r  lin e  3 .5 N  o f  F ig u re  12 , b e ­

y o n d  w h ic h  th e  a c t iv c  c lc c tr ic a l  m e th o d s  to ta lly  lack  

r e s o lu tio n  in th is  e n v iro n m e n t  a s  e s ta b lis h e d  by  

s e n s it iv ity  te s ts  (W a rd  a n d  S il l ,  19 7 6 a).

T h e  a p p a r e n t  r e s is t iv it ie s  f ro m  85  m a g n e to te l lu r ic  

a n d  a u d io -m a g n e to te l lu r ic  ( M T /A M T )  s o u n d in g s  

h a v e  b e e n  in v e r te d  to  1 -D  m o d e l e a r th s  a t e a c h  s o u n d ­

in g  s ite . W e  b e lie v e  th a t th e  r e s u lt in g  m o d e ls  a re  

to ta l ly  u n re a lis t ic  re p re s e n ta t io n s  o f  a s u b s u r fa c e  

d is t r ib u tio n  o f  tru e  re s is t iv it ie s  (W a n n a m a k e r  e t a l,

19 7 8 ). T h e  in te rp re te d  re s is t iv it ie s  o f  le ss  th a n  0 .1  

i i - m  a t d e p th s  o f  2 to  5 k m  a re  v ir tu a lly  im p o s s ib le  

to  o b ta in  u n le s s  g ra p h it ic  h o r iz o n s  o r  m a s s iv e  su lf id e s  

a re  p re s e n t ,  g iv e n  th a t  o u r  e a r l ie r  d is c u s s io n  in d ic a te d  

th a t  c la y  a lte ra tio n  s h o u ld  be  a b s e n t a t th e se  d e p th s .  

In s o fa r  as o u r  c u r re n t  g e o lo g ic  e v id e n c e  p re c lu d e s  

g ra p h ite  o r  s u lf id e s ,  w e  a re  in c lin e d  to  b e lie v e  th a t 

th e  re s is t iv it ie s  in th e  2 to  5 k m  ra n g e  in te rp re te d  

fro m  th e  M T /A M T  d a ta  a rc  a r t if a c ts  o f  th e  in te r ­

p re ta tio n  te c h n iq u e  a n d  c o u ld  re a d ily  a r is e  in c o n ­

d u c tiv e  m a te r ia ls  in th e  to p  0 .5  k m . T h a t  th e  c o n ­

v e n tio n a l m e a n s  o f  id e n tify in g  T E  a n d  T M  m o d e s  is 

in a p p lic a b le  in th is  3 -D  re s is t iv ity  e n v iro n m e n t  a lso  

a r is e s  a s  a  p ro b le m  w ith  th e  M T /A M T  m e th o d . 

T h r e e -d im e n s io n a l  e a r th  m o d e lin g ,  n o w  in p ro g re s s .

m a y  re so lv e- . th e s e  p ro b le m s . I f  n o t, th e n  th e  

M T /A M T  m e th o d  m a y  d e c l in e  in a p p lic a tio n  in 
g e o th e rm a l e x p lo ra t io n .  ■ ' *

H eat flow  m easurements

In  o rd e r  to  e x a m in e  th e  n e a r - s u r fa c e  h y d ro th e rm a l 

re g ifn e  d ir e c t ly ,  w e  h a v e  m e a s u re d  te m p e ra tu re s  in 

4 0  d rill h o le s  v a ry in g  in d e p th  fro m  4 0  to  2 0 0  m . 

T h e rm a l  c o n d u c t iv i ty  m e a s u re m e n ts  w e re  m a d e  on  

d rill c o re s  an d  c u tt in g s  so  th a t a  c o n d u c t iv e  h e a t flux 

c o u ld  be c o m p u te d  fo r  th e  u p p e r  s e c tio n  o f  e a c h  d ril l  

h o le .  A  h e a t flow  m a p  re p re s e n t in g  th is  c o n d u c t iv e  

h e a t lo ss  is sh o w n  in  F ig u re  14.

A s  ty p ic a l  B a s in  an d  R a n g e  h e a t f lo w  v a lu e s  in 

w e s te rn  U ta h  fa ll b e tw e e n  75  a n d  100 m W  m “ 2 (1 .8  

a n d  2 .4  H F U ) ,  th e  100 m W  m ~ 2 c o n to u r  m a y  b e  

c o n s id e re d  as th e  b o u n d a ry  fo r  th e  n e a r - s u r fa c e  g e o ­
th e rm a l s y s te m . W ith in  th is  re g io n , th e  c le a r  c o r r e ­

s p o n d e n c e  b e tw e e n  th e  h e a t f lo w  c o n to u r  s h a p e s  a n d  

th e  p o s it io n  o f  fa u lts  in d ic a te s  th e  s tro n g  s tru c tu ra l  

c o n tro l  o n  th e  s y s te m . V e ry  h ig h  h e a t flo w  e x c e e d in g  

1 W  m ~ 2, a n d  a tta in in g  a m a x im u m  v a lu e  o f  a b o u t 

9  W  m ~ 2 is fo u n d  in a  2 -k m  w id e  b a n d  p a ra lle l  to  an d  

in c lu d in g  th e  O p a l M o u n d  fa u lt .  S e v e n  p ro d u c tio n  

w e lls  h a v e  b e e n  d r i l le d  in th is  re g io n .  T h e  n o r th w e s t 

tre n d  o f  th e  c o n to u rs  n o rth  o f  th e  H o t S p r in g s  fa u lt 
m a y  re s u lt  f ro m  le a k a g e  o r  m a y  in d ic a te  re s e rv o ir  

g e o m e try . T h e  v a r ia b le  a n d  lo w  h e a t f lo w s  in th e  

c e n tra l M in e ra l  M o u n ta in s  a re  lik e ly  a s s o c ia te d  w 'ith 

a  re c h a rg e  re g io n .

T h e  h e a t f lo w  p a tte rn  is th u s  c o n s is te n t  w ith  a 

h y d ro th e rm a l s y s te m  in v o lv in g  a  re g io n  o f  h y d ro lo g ic  

re c h a rg e  in th e  M in e ra l  M o u n ta in s ,  a r e s e r v o ir  a s s o ­
c ia te d  w ith  th e  e a s tw a rd -d ip p in g  O p a l M o u n d  fa u lt 

z o n e  a n d  a  re g io n  o f  le a k a g e  w e s tw a rd  in to  th e  M il­

fo rd  g ra b e n . H o w e v e r ,  th e  p a tte rn  b y  i t s e l f  p ro v id e s  
little  c o n s tr a in t  o n  th e  u lt im a te  h e a t  s o u rc e  fo r  th e  

s y s te m . W e  h a v e  th e re fo re  c o m p u te d  th e  m a g n itu d e  

o f  th e  p re s e n t  h e a t lo s s  by  in te g ra t in g  th e  h e a t flux  

o v e r  th e  a re a s  b o u n d e d  b y  h e a t flow  c o n to u rs  in 

F ig u re  14. T h is  to ta l h e a t lo s s  is 7 0  m e g a w a tt  (M W ). 

A llo w in g  fo r  re a s o n a b le  c o n tr ib u t io n s  fro m  (a )  b a c k ­

g ro u n d  b a s in  a n d  ra n g e  le v e l h e a t f lo w , (b )  lo ca l 
h y d ro lo g ic  r e c h a rg e  a n d  d is c h a r g e ,  a n d  (c )  e x o ­

th e rm ic  c la y  a lte ra tio n  r e a c t io n s ,  th e  re m a in in g  h e a t 

lo s s ,  e s t im a te d  a t 6 0  M W , m u s t b e  s u p p l ie d  by  a 

s o u rc e  a t d e p th . U s in g  a rg u m e n ts  s im ila r  to  th o se  

e m p lo y e d  by L a c h e n b ru c h  e t  a l (1 9 7 6 )  fo r  th e  L o n g  

V a lle y  c a ld e r a ,  w e  e s t im a te  th a t  th is  h e a t c o u ld  be 

s u p p lie d  b y  s tc a d y 's ta te  c o n d u c t io n  f ro m  a  s o u rc e  a t 

a  te m p e ra tu re  n e a r  th e  g ra n ite  s o lid u s  h a y in g  la te ra l 

d im e n s io n s  o f  th e  M in e ra l  M o u n ta in s  p lu to n .,a t  a 

d e p th  o f  7 k m . T h e  d e p th  in c re a se s  if  h y d ro th e rm a l
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L E G E N D

Q«Jl, Sand, Gravel, Boulders 

Clays, Minor Sands 

Qcai | Silica Cemented Alluvium 

Qrf | Rhyolite Flows 

Qb I Basalt Flows

Tg

Qa I 5

Granite to Granodiorite includes 
Granite to Andesite Dikes

Metamophosed rocks, age unknown, 
could include Tertiary Granites Paleozoic and Mesozoic Sediments 
beneath Milford Valley

F i g . 15. G e n e r a l i z e d  e a s t-w e s t  g e o lo g ic  c ro s s -s e c t io n  th ro u g h  R o o s e v e l t  H o t S p r in g s  th e rm a l a re a .

c o n v e c t io n  p la y s  a  s ig n if ic a n t ro le  in tra n s fe r r in g  

h e a t ,  a n d  d e c r e a s e s  i f  th e  la te ra l s iz e  o f  th e  s o u rc e  is 

d im in is h e d .  I f  th e  p re s e n t h e a t lo ss  h a s  b e e n  m a in ­

ta in e d  s in c e  th e  e m p la c e m e n t  o f  th e  rh y o li te  d o m e s  

0 .5  m .y .  a g o , th e  q u a n ti ty  o f  h e a t in v o lv e d  n e c e s s i ­

ta te s  a  re s u p p ly  o f  h e a t ,  p o s s ib ly  f ro m  d e e p e r  m a g - 

m a tic  s o u rc e s .

T h e  h e a t  lo s s  o f  7 0  M W  s h o u ld  n o t be  c o n fu s e d  

w ith  th e  p ro d u c t io n  p o te n tia l  o f  th e  s y s te m , w h ic h  is 

c o n s id e ra b ly  g re a te r .  T h e  s p a tia l  p a tte rn  o f  s u c c e s s fu l  

d r i l l  h o le s ,  to g e th e r  w ith  o u r  s u rv e y s ,  s u g g e s ts  a 

c o n s e rv a t iv e  e s t im a te  o f  1 0  k m 2 fo r  th e  s iz e  o f  a  re g io n  

th a t m a y  be  b ro u g h t in to  p r o d u c t io n .  T h is  a re a  w ill 

s u p p o r t  a b o u t 6 0  p ro d u c t io n  w e lls  (1 w e ll p e r  4 0  

a c re s )  w h ic h  a t 5 M W /w e l l  w ill y ie ld  3 0 0  M W  

e le c tr ic i ty .

CONCLUSIONS

D e l in e a t io n  o f  t h e  r e s e r v o i r  a n d  i t s  s o u r c e  o f  h e a t

F ig u re  15 p o r tr a y s  a  g e n e r a l iz e d  e a s t-w e s t  g e o lo g ic  

c ro s s -s e c t io n  th ro u g h  th e  R o o s e v e l t  H o t S p r in g s  

th e rm a l a re a .  B e n e a th  M ilfo rd  V a lle y ,  g ra v ity  d a ta

s u g g e s t  a b o u t 1400  m  o f  Q u a te r n a r y  a llu v iu m . 

T e r t ia r y  g ra n ite  o r  P a le o z o ic  a n d  M e s o z o ic  s e d i ­

m e n ts  c o u ld  u n d e r lie  th e  a l lu v iu m , a l th o u g h  w e  in ­

d ic a te  in F ig u re  15 th a t m e ta m o rp h ic  ro c k s  a re  th e  

b e d ro c k  o n  th is  c ro s s -s e c t io n .  T h e  a e r o m a g n e t ic  

d a ta  h a v e  n o t r e s o lv e d  b e d ro c k  ty p e  b e c a u s e  o f  th e  

g re a t  d e p th  o f  v a lle y  fill. R e f ra c t io n  s e is m ic  d a ta ,  

n o w  b e in g  p ro c e s s e d  a n d  in te rp r e te d ,  w ill  p ro v id e  

d e p th  c o n tro l o n  th e  g ra v ity  d a ta ,  a n d  a  c o m b in a t io n  

o f  d e n s ity  a n d  v e lo c ity  in fo rm a tio n  m ig h t th e n  p e rm it  

u s to  id e n tify  w h e th e r  T e r t ia r y  g ra n ite  o r  P a le o z o ic  o r  

M e s o z o ic  s e d im e n ts  a re  p re s e n t in th e  s e c tio n  b e ­

n e a th  M ilfo rd  V a lle y .

T h e  O p a l M o u n d  fa u lt is th e  w e s te rn  b o u n d a ry  o f  a 

f r a c tu re  z o n e  e s t im a te d  to  be  a t le a s t 0 .5  k m  w id e  fro m  

th e  e le c tr ic a l  d a ta .  H o w e v e r ,  p ro d u c in g  f r a c tu re s  h a v e  

b e e n  in te r s e c te d  a s  m u c h  a s  1 .5  k m  e a s t  o f  th e  O p a l 

M o u n d  fa u lt.  A lth o u g h  th e  d ip  o f  th e  f r a c tu re  z o n e  

is n o t k n o w n , w e  s h o w  it a s  s te e p ly  d ip p in g  to  th e  

e a s t  (F ig u re  15). T h e  tru e  w id th  o f  th e  z o n e  is a lso  

u n k n o w n . R e f ra c t io n  a n d  re f le c tio n  s e is m ic  s u rv e y s  

a re  e x p e c te d  to  b e  th e  b e s t m e th o d s  fo r  re s o lv in g  

th e se  u n k n o w n  fe a tu re s .
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'  T h e  p ro n o u n c e d  g ra v ity  s a d d le  sh o w n  in  F ig u re  7 

a n d  d is c u s s e d  e a r l ie r  re m a in s  u n e x p la in e d  a t p re s e n t.  
O n c e  th e  s e is m ic  re f r a c tio n  d a ta  h a v e  b e e n  u s e d  to  

c o n tro l  th e  g ra v ity  m o d e l o f  F ig u re  9 ,  th e n  th e  e f fe c t  

o f  th e  d e e p  M ilfo rd  V a lle y  fill c a n  be  re m o v e d  a n d  

th e  r e s id u a l g ra v ity  s tu d ie d  to  d e te rm in e  w h e th e r  a  
b u r ie d  lo w -d e n s ity  p lu to n  is a s s o c ia te d  w ith  th e  

s a d d le .  T h e  sm a ll g ra v ity  lo w s  la b e lle d  D  a n d  E  in 

F ig u re  7 a re  m o d e le d  b y  lo w -d e n s ity  m a te r ia l  n o  

d e e p e r  th a n  2 k m ; w e  a re  re lu c ta n t  to  a ttr ib u te  to  

th e se  s m a ll fe a tu re s  a  s ig n if ic a n c e  in te rm s  o f  m o d e rn  

d a y  h e a t f lo w . T h u s ,  u n til w e  h a v e  s e is m ic  re f r a c tio n  

c o n tro l  f o r  th e  g ra v ity  d a ta ,  w e  c a n n o t  in fe r  w ith  an y  

c o n f id e n c e  th e  o c c u r re n c e  o f  a  d e e p ly  b u r ie d  in tru s io n  

o f  lo w  d e n s ity  w h ic h  m ig h t s e rv e  as th e  s o u rc e  o f  

h e a t .  In  F ig u re  15 , w e  h a v e ,  h o w e v e r ,  s k e tc h e d  in  a 

lo c a tio n  fo r  a n  ig n e o u s  h e a t s o u rc e  as a  p o s tu la te  

w h ic h  w ill b e  te s te d  u s in g  th e  c o m b in e d  g ra v ity  an d  

se is m ic  re f r a c tio n  d a ta .  T h e  a e ro m a g n e t ic  d a ta  m ig h t 

th e n  be  in te rp re te d  in  a  m u c h  m o re  q u a n ti ta t iv e  

m a n n e r  th a n  h e re to fo re  p o s s ib le .

T h e  P - w a v e  d e la y  d a ta  p ro v id e  o n ly  a  te n u o u s  

s u g g e s tio n  o f  a  p a r tia l  m e lt .  A d d it io n a l P - w a v e  d e la y  

s tu d ie s ,  c u r re n t ly  u n d e r  w a y , m a y  h e lp  to  re s o lv e  th e  

q u e s tio n  o f  w h e th e r  a  p a r t ia l  m e lt  o r  a n  in te n s e  f r a c ­

tu re  z o n e  o c c u r s  a t  o r  n e a r  th e  lo c a tio n  o f  th e  p o s tu ­

la te d  ig n e o u s  h e a t s o u rc e .

M T /A M T  d a ta ,  i f  in te rp re ta tio n  p ro b le m s  c an  be  

o v e rc o m e , c o u ld  d e te c t  by  low  re s is t iv it ie s  a  p a r tia l 

m e lt  p ro v id e d  it c o n ta in e d  s u b s ta n tia l  w a te r  (L e b e d e v  

a n d  K h ita ro v ,  1 9 6 4 ). A n  in tru s iv e  e q u iv a le n t  o f  th e  

rh y o li te  f lo w s  a n d  d o m e s  w o u ld  b e  s a ti s fa c to ry  in 

th is  s e n s e .  A  b r in e -s a tu ra te d  in te n s e ly  f r a c tu re d  zo n e  

a t s e v e ra l  k i lo m e te rs  d e p th  w o u ld  be d e te c te d  by  th e  

M T /A M T  m e th o d ,  if  its  v o lu m e  w e re  a s  la rg e  as 

in d ic a te d  b y  th e  p o s tu la te d  ig n e o u s  h e a t  s o u rc e .  A  h o t 

d ry  ro e k  w ith  n o  p a r t ia l  m e lt  w o u ld  n o t  b e  d e te c ta b le  

w ith  M T /A M T .  T h e  a b o v e  c o n c lu s io n s  c o n c e rn in g  

M T /A M T  a re  d is c u s s e d  in  d e ta il  b y  W a n n a m a k e r  

e t al (1 9 7 8 ) .

T h e  ig n e o u s  h e a t s o u rc e  c o u ld  be  th e  d e e p e r  p a rt 

o f  th e  T e r t ia ry  g ra n ite  p lu to n . F ra c tu re s  e x te n d in g  to  

d e p th s  o f  s e v e ra l  k i lo m e te rs  in a  10 m .y .  o ld  p lu to n  

m ig h t ta p  a n  u n u s u a lly  s te e p  th e rm a l g ra d ie n t .  T h is  

a n d  o th e r  m o d e ls  o f  th e  g e o th e rm a l  s y s te m  a re  b e in g  

u s e d  in  c o m b in e d  c o n d u c t iv e - c o n v e c t iv e  h e a t flow' 

s tu d ie s ,  b u t n o  r e s u lts  a re  y e t  a v a i la b le .

W e  a re  c o n t in u in g  o u r  m o d e l in g  o f  th e  v a r io u s  

d a ta  se ts  a v a i la b le  to  u s .  L ig h t,  s ta b le  is o to p e s  c an  

p ro v id e  an  e s tim a te  o f  th e  a m o u n t o f  w a te r  in te ra c tin g  

w ith  a  g iv e n  v o lu m e  o f  ro c k  a n d  o n  th e  s o u rc e  o f  th e  

w a te r .  T h is  k n o w le d g e ,  c o m b in e d  w ith  h y d ro lo g ic  

an d  s tru c tu ra l  s tu d ie s ,  m a y  p ro v id e  s o m e  n o tio n  o f

th e  s ize  o f  th e  f r a c tu re  s y s te m . B e t te r  c o n tro l  fo r 

m o d e l in g  g e o p h y s ic a l  d a ta  s e ts  is e x p e c te d  to  r e s u lt .  

F o r  th e  m o m e n t  w e  m u s t  c o n c lu d e  th a t  w e  k n o w  little  

a b o u t th e  d e e p  in te rn a l c h a r a c te r is t ic s  o f  th e  g e o ­

th e rm a l s y s te m .

E x p l o r a t i o n  p r o c e d u r e

A  g re a t  d e a l o f  e f fo r t  h a s  o b v io u s ly  b e e n  e x p e n d e d  

in  an  a tte m p t to  d o c u m e n t  a n d  u n d e r s ta n d  th e  R o o s e ­

v e lt H o t S p r in g s  th e rm a l  a re a .  W h ile  th e  d o c u m e n ta ­

tio n  is p ro c e e d in g  a p a c e ,  th e  u n d e r s ta n d in g  is la g g in g . 

G iv e n  th is  s i tu a tio n , it is  f a ir  to  a sk  h o w  th is  c a s e  

h is to ry  c a n  a id ,  in g e n e r a l ,  th e  s e a rc h  fo r  th is  c la s s  o f  

g e o th e rm a l  f ie ld . W e  s h a ll  a t te m p t  in th e  fo l lo w in g  to  

p ro v id e  s o m e  g u id e lin e s .

P h a s e  0 — O ff ic e  s t u d y  . — A t th e  o u ts e t  o f  a n y  

e x p lo ra t io n  c a m p a ig n ,  o n e  a s s e m b le s ,  s y n th e s iz e s ,  

a n d  d ig e s ts  a ll o f  th e  a v a i la b le  in fo r m a tio n  fo r  an  

a re a  o r  a  p ro s p e c t  (W a rd ,  1 9 7 7 ) .  D a ta  to  b e  s tu d ie d  

in c lu d e  lo c a l a n d  re g io n a l g e o lo g y ,  g e o p h y s ic s ,  g e o ­

c h e m is tr y ,  g e o g ra p h y ,  a n d  h y d ro lo g y .  T h e  p o s s ib il i ty  

o f  e c o n o m ic  v ia b il i ty  o f  th e  p ro s p e c t  o r  a re a  th e n  

e m e rg e s .

P h a s e  1— R e m o te  s e n s i n g . — T h e  a v a i la b le  

p h o to g ra p h ic  im a g e ry  is u s u a lly  in a d e q u a te  fo r  e i th e r  

p ro s p c c t  o r  a r e a  d e l in e a t io n .  A tte m p ts  to  u se  in f r a re d  

im a g e ry  h a v e ,  p e rh a p s  s u r p r is in g ly ,  f a i le d  to  a s s is t  in  

a  s ig n if ic a n t w a y  b e c a u s e  o f  th e  e n o rm o u s  s ig n a l- to -  

n o is e  ra tio  p ro b le m s  a s s o c ia te d  w ith  th e  s u p e r ­
p o s it io n  o f  th e  d iu rn a l c y c le ,  th e  h y d ro lo g ic a l  

r e g im e ,  th e  to p o g ra p h ic  e f f e c ts ,  a n d  o th e r  e n v i r o n ­

m e n ta l  fa c to rs .  H e n c e ,  lo w  s u n -a n g le  p h o to g ra p h y  

a n d  v e r tic a l i l lu m in a t io n  c o lo r  p h o to g ra p h y  h a v e  b e e n  

u s e d  ro u tin e ly  w h ile  in f r a re d  te c h n iq u e s  w e re  te s te d  

o n ly  s u p e r f ic ia lly .  W e  re c o m m e n d  lo w  s u n  a n g le  

b la c k -a n d -w h ite  p h o to g ra p h y ,  w h ic h  h a s  b e e n  th e  

m o s t u s e fu l to  u s .

P h a s e  2 — R e c o n n a i s s a n c e  f ie ld  a c t i v i t i e s . — R e ­
c o n n a is s a n c e  fie ld  e x p lo ra t io n  fo l lo w s  a s s e m b ly  
a n d  a n a ly s e s  o f  a v a i la b le  d a ta  s e ts  a n d  im a g e ry .  B a s e d  

u p o n  o u r  e x p e r ie n c e s ,  w e  r e c o m m e n d  r e g io n a l  g e o ­

lo g ic  m a p p in g  to  e s ta b lis h  th e  v a l id i ty  o f  th e  p re v io u s  

s tu d ie s  a n d  to  se t a  f r a m e w o rk  fo r  th e  s u b s e q u e n t  

p o r tio n s  o f  th e  e x p lo ra t io n  s e q u e n c e .  In  th e  e a s te rn  

b a s in  a n d  ra n g e  p h y s io g ra p h ic  p ro v in c e ,  th e  o c c u r ­

re n c e  o f  re la t iv e ly  y o u n g  rh y o li te s  (<1.0 m .y .)  a n d /  

o r  o f  re la t iv e ly  y o u n g  g ra n i t ic  p lu to n s  ( < 1 . 0  m .y .)  

a p p e a rs  to  be  e s s e n t ia l  to  th e  o c c u r re n c e  o f  h ig h  

te m p e ra tu re  ( > 2 0 0 ° C )  g e o th e rm a l  re s o u rc e s .  G e o ­
th e rm a l re s o u rc e s  o f  lo w e r  te m p e ra tu re  s e e m  to  in ­

v o lv e  c irc u la t io n  o f  m e te o r ic  w a te r  to  2 to  5 k m  

d e p th s  in  n o r m a l  g e o th e rm a l  g r a d ie n ts .  H e n c e ,  

ra d io m e tr ic  d a tin g  o f  a ll e x tru s iv e  a n d  in tr u s iv e  a c id ic
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rocks is essential to assessment of geothermal re­
sources of a region. Basalt flows of less than 10,000 
yr. might also leave fingerprints on the current heat 
flow patterns requiring dating of them.

In this same phase Na-K-Ca, Si02. and isotopic 
gcothcrmometry of water as potential indicators of 
subsurface temperatures ought to he considered; the 
former two geothermometers are diagnostic of a 
high-tcmperature geothermal resource in the Roose­
velt Hot Springs thermal area.

Regional acromagnetic and gravity surveys at the 
Roosevelt Hot Springs thermal area have proved 
useful in locating faults, in identifying rock units, 
and in estimating depth of valley fill. These inex­
pensive methods, therefore, aid in our understand­
ing the general structure of the area under study. 
Whether they can be diagnostic of the presence of 
geothermal resources in the eastern Basin and Range 
province has yet to be established.

Regional collection of thermal gradients in avail­
able water wells, mining exploration drill holes, and 
oil and gas wells can hardly be disputed as a major 
exploration tool; it is inexpensive and directly 
indicative of the resource sought— heat.

Phase 3— Heat flow measurements in strategi­
cally located drill holes.—The fundamental property 
to be observed in exploration for geothermal re­
sources is heat flow. How best to observe heat flow 
is a question of the most profound significance, sincc 
hot thermal waters convect upwards, hot intrusions 
drive this mechanism but also produce conductive 
heat flow outwards, and cool meteoric waters com­
monly obscure both effects from surfacc observation. 
Nevertheless, it seems to us that the heat flow pattern 
at the Roosevelt Hot Springs thermal area is basically 
diagnostic of a high-tcmperature geothermal resource. 
Unfortunately, the drilling target is not delineated 
since three nonproductive wells, as well as seven 
productive wells, all occur within the area of ex­
ceptionally high heat flow.

Phase 4— Electrical methods.— We observe 
from Figures 11. 12, and 13 that electrical resistivity 
surveys define the fracture system of the Roosevelt 
Hot Springs thermal area very well, especially when 
guided by geology, photogeology, and aeromag- 
netics. While not shown here, we are aware that 
bipole-dipole surveys are not effective in delineating 
the fault system. We have found dipolc-dipole sur­
veys. augmented by Schlumberger and shallow 
electromagnetic surveys, to be the most effective in 
this area.

Phase 5— Petrological, mineralogical and geo­
chemical studies on cuttings and cores from heat 
flow drill holes.— Only by detailed petrological, 
mineralogical, and geochemical studies of cuttings 
and cores, plus chemical studies on brines, have we 
been able to establish that the shallow low resistivities 
over the geothermal reservoir arise primarily as a 
result of clay alteration and, to a lesser extent, to the 
presence of a 7000 ppm TDS brine. For this reason 
alone, petrological, mineralogical, and geochemical 
studies on cuttings and cores obtained in holes 
drilled for heat flow measurements arc essential. Of 
possibly greater importance, they provide an indicator 
of past and present temperature-pressure regimes to 
which the reservoir has been subject. The importance 
of such studies has been illustrated in the body of 
this paper.

Phase 6— Model test drilling.— Arguments can 
be raised in favor of drilling deep test wells at this 
juncture in the exploration sequence. The cost of a 
2000-m well, if productive, would be about 
$800,000 and if nonproductive would be about 
$600,000. Slim hole model test wells at a cost of 
$200,000 for a depth of 700 m arc often preferred. 
One discovery well and three proof wells are required 
to establish a discovery. Full petrological, mineralogi­
cal, chemical, and isotopic analyses of well cuttings, 
cores., and fluids arc required for understanding the 
geothermal system. We have only partially demon­
strated the importance of these studies in this 
manuscript.

Phase 7— Detailed seismic refraction and re­
flection surveys.— We have not yet demonstrated 
that detailed seismic refraction and reflection surveys 
will contribute to our understanding of the Roosevelt 
Hot Springs reservoir and its source of heat. Yet any 
further significant advance in our understanding of 
this geothermal system seems to be dependent upon 
the intelligent use of these methods. For this reason 
we include them here.

Phase 8— Modeling and synthesis of all avail­
able data.—The weakest part of this case history is 
our inability to model any data set adequately, but 
more importantly, we arc unable to synthesize an 
overall model of the geothermal system from our 
current efforts at multiple data set modeling. Much 
effort is required in this direction if we arc to develop 
a cost-effective exploration architecture suited to 
detection and delineation of high-tcmperature geo­
thermal resources in the eastern basin and range 
physiographic province.
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We have yet to find useful applications of the earth 
noise, mkrroearthquake, P -wave delay, magneto- 
telluric, and self-potential methods in this complex 
geologic setting. Nevertheless, we are continuing to 
study these methods. Thirty years ago, mining geo­
physical exploration was in the same state of uncer­
tainty but has matured substantially since then. 
Whither thou, geothermal geophysical exploration? 
After four years of intensive study of the Roosevelt 
Hot Springs thermal area, we have learned of the 
general locations of the fracture systems which allow 
cold meteoric fluid flow to depth and of hot thermal 
fluid flow to surface. The data reported here have 
helped industry in locating wells but have not pre­
vented drilling of four nonproductive wells. Data 
currently being analyzed are expected to provide 
significant improvement in our model of the sub­
surface. However, many problems will remain.

Specific problems requiring pure and applied re­
search include fa) means for detecting and delineating 
fault systems in which thermal fluids percolate; (b) 
means for evaluating the size, productivity . and 
longevity of a fracturc-dominated geothermal reser­
voir; {cl means for identifying the fluid-rock inter­
actions which lead to  heat flow to  surface; and (d) 
means for identifying 'lie source of heat. These are 
difficult problems to solve.
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