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ABSTRACT 

R e s u l t s  o f  t e s t  d r i l l i n g  t o  d e p t h s  o f  2 k m  
and d a t a  on t h e  chemica l  and i s o t o p i c  
c o n t e n t  of w a t e r s  from h o t  s p r i n g s  and 
f u m a r o l e s  permit a c o n c e p t u a l  model of t h e  
present-day hydrothermal  sys tem i n  Long 
V a l l e y  c a l d e r a  t o  be d e l i n e a t e d .  The 
model c o n s i s t s  of two p r i n c i p a l  zones  i n  
which h o t  w a t e r  f l o w s  l a t e r a l l y  from west 
t o  e a s t  a t  d e p t h s  l e s s  t h a n  1 k m  w i t h i n  
and  around t h e  r e s u r g e n t  dome. Maximum 
measured tem e r a t u r e s  w i t h i n  t h e s e  zones  

chemica l  geothermometers and e x t r a p o l a t i o n  
of a h i g h  t e m p e r a t u r e  g r a d i e n t  measured i n  
a r e c e n t  d r i l l  h o l e  i n d i c a t e  t h a t  a s o u r c e  
r e s e r v o i r  a t  temperatures n e a r  240OC may 
e x i s t  a t  g r e a t e r  d e p t h s  i n  t h e  B i shop  
Tuff benea th  t h e  west moat. The h e a t  
source  f o r  t h i s  r e l a t i v e l y  s h o r t - l i v e d  
c i r c u l a t i o n  system appears t o  be s h a l l o w  
magmatic i n t r u s i o n s  benea th  t h e  west moat. 
T h i s  p r e l i m i n a r y  model s h o u l d  be updated 
when r e s u l t s  of a d d i t i o n a l  deep  d r i l l i n g  
p l a n n e d  by p r i v a t e  i n d u s t r y  become 
a v a i l a b l e .  

a r e  n e a r  170 B C, b u t  estimates from 

INTRODUCTION 

Hydrothermal sys tems i n  many P l e i s t o c e n e  
c a l d e r a s  of s i l i c i c  composi t ion appear  t o  
h a v e  p e r s i s t e d  f o r  p e r i o d s  of hundreds of 
t housands  of y e a r s  and t o  i n c l u d e  r e g i o n s  
where t e m p e r a t u r e s  exceed 300OC a t  d e p t h s  
o f  l e s s  t h a n  2 km.  Such  i s  t h e  c a s e  a t  
t h e  0.6 m.y.-old Ye l lows tone  c a l d e r a  i n  
Wyoming (Fournier ,  White, and  T r u e s d e l l ,  
1976; C h r i s t i a n s e n ,  1984)  and  t h e  1.1 
m.y.-old V a l l e s  c a l d e r a  i n  N e w  Mexico 
(Smith and B a i l e y ,  1968; G r a n t  e t  a l . ,  
1984) .  Necessary c o n d i t i o n s  f o r  such  
a c t i v i t y  i n c l u d e  r e s u p p l y  of magma t o  
s u s t a i n  con t inued  v o l c a n i s m  and  h igh  
c o n v e c t i v e  h e a t  f l ow,  and a c t i v e  f a u l t i n g  
t o  p r o v i d e  open c h a n n e l s  f o r  f l u i d  
convec t ion .  A 1  though t h e s e  c o n d i t i o n s  
a p p e a r  t o  b e  met i n  t h e  c a s e  of  t h e  0.7 
m.y.-old Long V a l l e y  c a l d e r a  (Sorey,  e t  
a l . ,  19781, t e m p e r a t u r e  measurements i n  
w e l l s  d r i l l e d  t o  d e p t h s  of  2 k m  i n  Long 

V a l l e y  show maximum v a l u e s  of  o n l y  about  
170OC a t  d e p t h s  nea r  0.15 km an6 i n  l n O S t  
c a s e s  c o o l e r  t e m p e r a t u r e s  a t  g r e a t e r  
depths .  T h i s  s u g g e s t s  t h a t  t h e  p r e s e n t  
s t a t e  of t h e  hydrothermal  system i n  L V C  
d i f f e r s  s i g n i f i c a n t l y  from c o n d i t i o n s  a t  
t h e  Ye l lows tone  and V a l l e s  c a l d e r a s ,  
a 1  though r e g i o n s  of h ighe r  t empera tu re  a t  
d r i l l a b l e  d e p t h s  may a s  y e t  remain 
undiscovered .  

Data a v a i l a b l e  a s  of 1 9 7 7  on t h e  
hydro logy ,  geochemis t ry ,  and thermal  
regime of Long V a l l e y  c a l d e r a  were 
d i s c u s s e d  by Sorey  e t  a l .  (1978) .  These 
a u t h o r s  a l s o  d e s c r i b e d  a numer ica l  model. 
of t h e  deep  hydrothermal  system t h a t  
i n v o l v e d  west t o  e a s t  c i r c u l a t i o n  of 
m e t e o r i c  wa te r  benea th  t h e  r e s u r g e n t  dome 
w i t h  h e a t  s u p p l i e d  by t h e  main Long V a l l e y  
magma chamber. Depths of f l u i d  c i r c u l a -  
t i o n  i n  t h e  model  r e q u i r e d  t o  r e a c h  
r e s e r v o i r  t e m p e r a t u r e s  i n  excess of 2 0 0 ~ ~  
v a r i e d  from 1-2 km t o  4-5 km,  depending on  
t h e  time p e r i o d  o v e r  which such c i r c u l a -  
t i o n  had p e r s i s t e d .  A t  t h e  time of t h a t  
s tudy ,  o n l y  one  deep  w e l l  ( t h e  2 .1  km deep  
t e s t  h o l e  d r i l l e d  by Repub l i c  Geothermal  
i n  t h e  e a s t  moa t  of t h e  c a l d e r a )  hzd been 
completed.  

S ince  1978, new w e l l s  h a v e  been d r i l l e d  
by p r i v a t e  i n d u s t r y  and a d d i t i o n a l  cheir~i- 
c a l  and  i s o t o p i c  d a t a  on s p r i n g  and  
f u m a r o l i c  d i s c h a r g e s  have  been c o l l e c t e d  
a s  p a r t  of a mon i to r ing  program t o  d e t e c t  
changes r e l a t e d  t o  ongoing magmatic and 
t e c t o n i c  p r o c e s s e s .  Recent s t u d i e s  of 
Holocene e r u p t i o n s  a t  t h e  Inyo-Mono 
v o l c a n i c  c h a i n  t h a t  ex tends  i n t o  t h e  wes t  
moat of t h e  Long V a l l e y  c a l d e r a  have  a l s o  
d e l i n e a t e d  t h r e e  major e p i s o d e s  du r ing  the  
p a s t  s e v e r a l  thousand y e a r s  t h a t  were 
p robab ly  accompanied by si1 i c i c  d i k e  
i n j e c t i o n  a t  r e l a t i v e l y  s h a l l o w  d e p t h s  
( M i l l e r ,  1985) .  T h i s  i n f o r r r ~ a t i o i ~  a l o n g  
w i t h  t h e  a n a l y s e s  by B l a c k w e l l  ( 1 9 t j 4 )  of 
t h e  shapes  of t e m p e r a t u r e  r e v e r s a l : ;  i n  
v a r i o u s  w e l l s ,  w h i c h  s u g g e s t s  t h a t  h o c -  
wate r  f low i n  s h a l l o w  a q u i f e r s  tapg)ed by 
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Sorey  

t h e s e  we l l s  h a s  p e r s i s t e d  f o r  p e r i o d s  less  
t h a n  about  3,000 y e a r s ,  has  r e s u l t e d  i n  
t h e  r e v i s e d  c o n c e p t u a l  model of t h e  Long 
V a l l e y  hydro thermal  system p r e s e n t e d  i n  
t h i s  paper. 

SURFICIAL DISCHARGE O F  FLUID AND HEAT 

Areas of h o t - s p r i n g  and f u m a r o l i c  
d i s c h a r g e  i n  and around Long V a l l e y  
c a l d e r a  a r e  d i s t r i b u t e d  p r i m a r i l y  around 
t h e  southern  and s o u t h e a s t e r n  s i d e s  of t h e  
r e s u r g e n t  dome and t o  t h e  east  of t h e  
i n t r a - c a l d e r a  e x t e n s i o n  of t h e  H i l t o n  
C r e e k  F a u l t  ( f i g u r e  1). Areas of thermal-  
f l u i d  d i s c h a r g e  l o c a t e d  west of t h e  exten-  
s i o n  of t h i s  f a u l t  o c c u r  a l o n g  n o r t h  t o  
nor thwes t - t rending  normal f a u l t s  which 
p r o v i d e  c o n d u i t s  f o r  upflow from under- 
l y i n g  r e s e r v o i r s .  Hot s p r i n g s  l o c a t e d  i n  
t h e  eas t  moat  a r e  f e d  by u p f l o w  f r o m  r e l a -  
t i v e l y  s h a l l o w  lenses of t h e r m a l  water  
moving i n  a s o u t h e a s t w a r d l y  d i r e c t i o n  
toward Lake Crowley (Sorey e t  a l . ,  1978) .  
Areas  of s team d i s c h a r g e  i n  f u m a r o l e s  and 
d i f f u s e  seepage  through s o i l  occur  i n  t h e  
g e n e r a l  v i c i n i t y  of Casa D i a b l o  and on t h e  
f l a n k s  of Mammoth Mountain. 

F i g u r e  1 .  Map of Lona Val ley  c a l d e r a  (heavy 
dashed l i n e )  showing l o c a t i o n s  of a c t i v e  

Chemical a n a l y s e s  of h o t - s p r i n g  w a t e r s  
i n d i c a t e  t h a t  t h e  u n d e r l y i n g  hydrothermal  
system is  1 iquid-dominated and c o n t a i n s  
w a t e r  w i t h  t o t a l  d i s s o l v e d  s o l i d s  less 
than  1500 mg/l and c h l o r i d e  c o n c e n t r a t i o n s  
of about  308 mg/l. E s t i m a t e s  of t h e  tem- 
p e r a t u r e  of r e s e r v o i r s  f e e d i n g  t h e  h o t  
s p r i n g s  a t  Casa Diablo,  based on c a t i o n  
geothermometry a p p l  i e d  t o  water  produced 
f rom a 1 2 0  m - d e e p w e l l  a t  Casa U i a b l o ,  a r e  
near  2 4 0 O C  (Mariner  e t  a l . ,  1 9 7 6 ) .  
S p r i n g s  d i s c h a r g i n g  e a s t  of Casa D i a b l o  
have  lower c h l o r i d e  c o n c e n t r a t i o n s  and 
y i e l d  lower e s t i m a t e d  r e s e r v o i r  tempera- 
t u r e s  based on c a t i o n  geothermometry. 

Steam d i s c h a r g e s  i n  Long V a l l e y  a t  ternpe- 
r a t u r e s  a t  or  below t h e  b o i l i n g  o i n t  f o r  

most a c t i v e  f u m a r o l e s  occur  a t  Casa DiabLo 
and d i s c h a r g e  approximate ly  99.4 p e r c e n t  
H20 and 0.5 p e r c e n t  CO by v o l u  fi (Tay!.or 

Although "C v a l u e s  z:: 'Ht?$He r a t i o s  s u g g e s t  t h a t  t h e r e  may 
be a component of magmatic o r i g i n  in t h e  
f u m a r o l i c  g a s e s  ( T a y l o r  and G e r l a c h ,  1 9 8 3 ;  
Rison et a l . ,  1983), stears d i s c h z r y e  is 
most l i k e l y  d e r i v e d  from u n d e r l y i n g  hot- 
water  r e s e r v o i r s .  

l o c a l  l a n d - s u r f a c e  a l t i t u d e s  ( 9 3  g C ) ;  rhe 

e r l  ch, 1983) .  

C o n c e n t r a t i o n s  of deuter ium and i r ;  
thermal  and nonthermal  waters show t h a t  
t h e  recharge  a r e a  f o r  t h e  h y d L o t h e r m a l  
system is  around t h e  wes tern  rim of t h e  
c a l d e r a ,  c o n s i s t e n t  w i t h  a g e n e r a l  model 
i n v o l v i n g  f l u i d  downflow and h e a t i n g  i n  
t h e  west and l a t e r a l  f low of thermal  water  
f r o m  w e s t  t o  e a s t  ( S o r e y  e t  a l . ,  1 9 7 8 ) .  
These d a t a ,  a l o n g  w i t h  w a t e r - t a b l e  d l t i -  
t u d e s ,  d i f f e r e n c e s  i n  s p r i n g  chemistry 
between Casa Diablo  and L a k e  C K O W I ~ ~ ,  t.i~id 
o c c u r r e n c e s  of a r e a s  of steam d i s c h a r g e  
west of Casa Diablo ,  sugges t  t h a t  n ~ a x i ~ i ~ 1 ~ ~  
t e m p e r a t u r e s  i n d i c a t e d  by c a t i o n  c j e o t h e r -  
mometry may be a t t a i n e d  w i t h i n  r e s e r v o i r s  
l o c a t e d  beneath t h e  west moat. Data fron, 
t e m p e r a t u r e  measurements i n  wcl 1s a r e  
c o n s i s t e n t  w i t h  t h i s  model, a s  d i s c u s s e d  
be l  ow. 

thermal s p r i n q s  (filled c i r c l e s  w i t h  t a i l s ) ,  
nonthermal s p r i n g s  
fumaroles  ( t r i a n g l e s )  and p r i n c i p a l  f a u l t s  t h e  Long v a l l e y  c a l d e r a  was c s t i  d l e d  by 
(HCF = H i l t o n  C r e e k  f a u l t ,  LCF = Laurel-COn- sorey  e t  a 1 .  ( 1 9 7 8 )  t o  be 2 . 5 x ~ @ ~ - \ ~ *  I f  

V i C t  fault). Dotted l i n e s  a r e  paved roads 
and p a t t e r n e d  a r e a  i s  t h e  r e s u r g e n t  dome. 
Sites noted i n  t e x t  a r e  a b b r e v i a t e d  CD ( C a m  (15 H F U ) .  Comparison of ~h~~~ m e ~ s l l y ~ s  
Diabfo)  and FH ( F i s h  H a t c h e r y ) .  A d d i t i o n a l  of t h e  i n t e n s i t y  of t h e  geothermal  s y s t e ~  
s i tes  w i t h  s i g n i f i c a n t  s p r i n g  d i s c h a r a e  are 
d i s c u s s e d  i n  Sorey ( 1 9 8 4 ) .  c a l d e r a s  p l a c e s  Long Val l e y  intermczdiiite 

(Open C i r c l e s  w i t h  t a i l s )  I T h e  r a t e  of n a t u r a l  heat d i s c h a r g e  from 

h e a t  were s u p p l i e d  a t  t h i s  r a t e  f T , j n ,  a 
magma h e a t  f l u x  would a v e r a g e  6 3 0  r . i W n ~ - - ~  

w i t h  cor responding  e s t i m a t e s  f o r  okiIeI: 

between t h e  Yel lowstone  c a l d e r a  (most 
i n t e n s e )  and t h e  V a l l e s  c a l d e r a  ( l e a s t  
i n t e n s e )  (Sorey, 1 9 8 4 )  Sorey ( 1 9 5 4 )  
discusses e v i d e n c e  of e x t e n s i v e  p e r i o d s  of 
hydrothermal a c t i v i t y  i n  Long V a l l e y  
w i t h i n  t h e  p a s t  0.3 m.y. Such e v i d e n c e  
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i n c l u d e  a r e a s  of f o s s i l  hydrothermal  
a c t i v i t y  i n  Long V a l l e y  and s a l i n e  
d e p o s i t s  t h a t  were c o n t r i b u t e d  from Long 
V a l l e y  t o  S e a r l e s  Lake, l o c a t e d  225 km 
s o u t h e a s t  a l o n g  t h e  Owens R ive r  system. 
The h e a t  sou rce  f o r  s u c h  a c t i v i t y  m u s t  
have  been r e l a t e d  t o  t h e  main Long V a l l e y  
magma chamber and f l u i d  c i r c u l a t i o n  
r e q u i r e d  t o  s u s t a i n  a c o n d u c t i v e  h e a t  f l u x  
a t  r a t e s  e q u a l  t o  o r  g r e a t e r  t h a n  t h a t  
measured today would have t o  ex tend  t o  
w i t h i n  about  2 km of t h e  t o p  of t h e  magma 
chamber (Sorey e t  a l . ,  1978; Lachenbruch 
a n d  S a s s ,  1 9 7 7 ) .  

Heat r equ i r emen t s  from magmatic s o u r c e s  
f o r  s h o r t e r  p e r i o d s  of hydrothermal  a c t i -  
v i t y  a r e  l e s s  s e v e r e .  I f  t h e  present-day 
hydrothermal  system i s  r e l a t i v e l y  s h o r t -  
l i v e d ,  t h e  h e a t  needed t o  s u s t a i n  i t  c o u l d  
be s u p p l i e d  by s h a l l o w  i n t r u s i o n s  beneath 
t h e  west  moat. The r a t e  of emplacement of 
s i l i c i c  i n t r u s i v e s  t h a t  s o l i d i f y  and coo l  
from 800OC t o  300OC r e q u i r e d  t o  supp ly  
h e a t  t o  f l u i d  c o n v e c t i n g  a t  p esent-day 

y e a r s  (Sorey,  1984) .  Such a c t i v i t y  has  
a p p a r e n t l y  t aken  p l a c e  a l o n g  t h e  Inyo-Mono 
v o l c a n i c  c h a i n  du r ing  t h e  p a s t  3,000 y e a r s  
( M i l l e r ,  1985) .  

r a t e s  i s  on t h e  o rde r  of 3 km 5 / 1 0 0 0  

SUBSURFACE THERMAL R E G I M E  

More t h a n  7 0  w e l l s  have been d r i l l e d  i n  
Long V a l l e y  s i n c e  1 9 6 0  by government agen- 
c i e s  and p r i v a t e  i n d u s t r y .  Well dep ths  
range from 3 t o  2 , 1 0 0  m; ove r  t h a t  i n t e r -  
v a l ,  a q u i f e r s  a t  t empera tu res  ranging from 
5O t o  175OC h a v e  been encountered.  I n  
g e n e r a l ,  t empera tu re  p r o f i l e s  i n  w e l l s  
l o c a t e d  w i t h i n  t h e  o u t e r  margins  of t h e  
c a l d e r a  a r e  :.sothermal and c o l d  and t h u s  
i n d i c a t i v e  of t h e  e f f e c t s  of groundwater 
recharge .  Temperature p r o f i l e s  i n  most 
o t h e r  wells show c o n s i d e r a b l e  v a r i a b i l i t y  
i n  g r a d i e n t ,  i n c l u d i n g  zones of 
t empera tu re  r e v e r s a l s  i n d i c a t i v e  of t h e  
e f f e c t s  of l a t e r a l  c o n v e c t i v e  h e a t  
t r a n s f e r .  Recent p r o f i l e s  measured i n  s i x  
of t h e  d e e p e s t  we l l s  d r i l l e d  t o  d a t e  a r e  
shown i n  f i g u r e  2 ;  w e l l  l o c a t i o n s  a r e  
shown i n  f i g u r e  3. A l s o  shown i n  f i g u r e  3 
a r e  l o c a t i o n s  of c o r e  h o l e s  CH-5 and CH-10  
f o r  which t empera tu re  p r o f i l e s  show l a r g e  
g r a d i e n t s  and t empera tu re  r e v e r s a l s  a t  
shal .  1 ow depths .  

Temperature r e v e r s a l s  shown i n  f i g u r e  2 
c o u l d  r e f l e c t  t h e  t r a n s i e n t  t he rma l  regime 
caused by l a t e r a l  f l o w s  of h o t  or  c o l d  
w a t e r ,  o r  s t e a d y - s t a t e  c o n d i t i o n s  asso-  
c i a t e d  w i t h  l a t e r a l  f low i n  ( v e r t i c a l l y )  
a d j a c e n t  a q u i f e r s  a t  d i f f e r e n t  tempera- 
t u r e .  B l a c k w e l l  (1984) assumed t h a t  tem- 
p e r a t u r e  r e v e r s a l s  s u c h  a s  t h o s e  seen a t  
d e p t h s  of 150 and 6 7 0  m i n  w e l l  M 1  ( a t  
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;-1 2500 

P1: Phillips Petroleum (6  Jays) 

P2: Phillips petroluem (1 1 montlirl 

RG: Republic Geothermal (4  da\.s) 

M 1 :  Union Oil (3  years) 

C 1 :  Magma Power (20  years) 

CP. Umo Oil (45 days) 
1 .-IL---Y ---I--.- -- - -- 

Figure 2. Temperature profiles in 
deep wells drilled by private in- 
dustry i n  Long Valley caldera. 
Elapsed time between well comple- 
tion and temperature measurements 
shown in parentheses. 
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Figure 3. Yap of Lon7 Valley caldera 

showinq locations of wells along or 
projected onto section AA' , f o r  w h i c h  
temperature profiles are plotted in 
figure 4. Dotted lines are pave f l  r o a d s .  

Casa Diablo)  a r e  caused by wes t  t o  easL 
f l o w  of hot  w a t e r  i n  two a q u i f e r s .  His 
a n a l y s i s  of t h e  shapes of t h e s e  r e v e r s a l s  
s u g g e s t s  t h a t  f l ow i n  t h e  deeper a q u i f e r  
was i n i t i a t e d  3,000 y e a r s  ago and t h a t  
f l o w  i n  t h e  s h a l l o w e r  a q u i f e r  was i n i -  
t i a t e d  500-700 y e a r s  ago. 

A degree  of l a t e r a l  c o n t i n u i t y  of f l o w  i n  
such zones i s  i n d i c a t e d  i n  t h e  c r o s s e c t i o n  
shown i n  f i g u r e  4 ,  which i n c l u d e s  p l o t s  c ~ f  
t empera tu re  p r o f i l e s  i n  w e l l s  l o c a t e d  on 
o r  near  s e c t i o n  AA'  t h a t  runs f rom,  t h e  
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F i g u r e  4 .  Temperature p r o f i l e s  i n  w e l l s  l o c a t e d  
a l o n a  or  p r o j e c t e d  o n t o  s e c t i o n  A A '  (see f i g u r e  
3 ) .  I n f e r r e d  d i r e c t i o n s  of f l u i d  f l o w  i n  pres- 
ent-day hydrothermal  system i n d i c a t e d  by da rk  
a r rows .  Deeper c i r c u l a t i o n  beneath t h e  w e s t  
moat. d u r i n g  p e r i o d s  of a c t i v i t y  w i t h i n  t h e  p a s t  
4 0 , 0 0 0  y e a r s  i n d i c a t e d  by l i g h t  arrows.  

west moat, around t h e  sou th  s i d e  of t h e  
r e s u r g e n t  dome, t o  Lake Crowley. Along 
t h i s  s e c t i o n  t h e r e  appea r s  t o  be a 
con t inuous  zone of h o t  wa te r  f l o w i n g  
eas tward  from Casa D i a b l o  a t  a 1  t i t u d e s  
near  t h a t  of Lake Crowley (2070 m ) .  T h i s  
zone i s  ev idenced  by t empera tu re  r e v e r s a l s  
a t  s i m i l a r  a l t i t u d e s  i n  w e l l s  a l o n g  t h i s  
s e c t i o n  a s  w e l l  a s  s i m i l a r i t i e s  i n  t h e  
chemis t ry  of w a t e r s  from hot  s p r i n g s  d i s -  
cha rg ing  a l o n g  or  near t h i s  s e c t i o n .  
Temperatures  i n  t h i s  zone d e c r e a s e  from 
abou t  1 7 0 O C  under Casa Diab lo  t o  l e s s  t h a n  
70OC near t h e  l a k e .  Hydrologic  c o n t i n u i t y  
f o r  such f low c o u l d  be p rov ided  w i t h i n  
l a c u s t r i n e  sed imen t s  t h a t  u n d e r l i e  t h i s  
reg ion ,  a 1  though some complexi ty  m u s t  be 
in t roduced  by t h e  normal f a u l t s  c r o s s i n g  
t h e  s e c t i o n .  I t  s h o u l d  a l s o  be po in ted  
o u t  t h a t  t h i s  zone of t he rma l  wa te r  f low 
l i e s  below t h e  s h a l l o w  w a t e r - t a b l e  a q u i f e r  
t h a t  t r a n s m i t s  r e l a t i v e l y  c o l d  groundwater 
t o  d i s c h a r g e  p o i n t s  s u c h  a s  t h e  s p r i n g s  a t  
t h e  (Hot Creek) F i s h  Hatchery ( f i g u r e  1). 

Temperature p r o f i l e s  i n  w e l l s  l o c a t e d  
n o r t h  of s e c t i o n  AA' s u g g e s t  t h a t  t h e  
t he rma l  f low zone near  2 0 7 0  m a l t i t u d e  i s  
n o t  con t inuous  under t h e  r e s u r g e n t  dome 
because t h e  a s s o c i a t e d  t empera tu re  r e v e r -  
s a l  do n o t  occur  t h e r e .  S i m i l a r l y ,  tempe- 
r a t u r e  p r o f i l e s  i n  w e l l s  l o c a t e d  west of 
Casa D i a b l o  show no ev idence  of t h e  
s h a l l o w  the rma l  a q u i f e r ,  a 1  though d a t a  a r e  
n o t  y e t  a v a i l a b l e  from s e v e r a l  i n d u s t r y  
w e l l s  d r i l l e d  i n  t h e  west moat no r th  of 
s e c t i o n  AA'.  A zone of h i g h  t empera tu re  
g r a d i e n t  was measured i n  w e l l  P 1  below a 
dep th  of 550 m, a s  r e p o r t e d  by Benoi t  
(1984) .  E x t r a p o l a t i o n  of t h i s  high mea- 
s u r e d  g r a d i e n t  t o  deeper  d e p t h s  i n d i c a t e s  
t h a t  t e m p e r a t u r e s  near  2 4 0 O C  c o u l d  be 

reached w i t h i n  t h e  Bishop T u f f ,  e s t i n a t e d  
from s e i s m i c  and g r a v i t y  d a t a  t o  l i e  a t  a n  
a l t i t u d e  of 1520 m (depth  of 1 1 0 0  ni) i n  
t h i s  v i c i n i t y .  T h i s  s u g g e s t s  t h a t  t h e  
sou rce  of ho t  wa te r  f l o w i n g  a t  sha l low 
dep ths  beneath t h e  Casa Diab lo  a r e a  and t o  
t h e  e a s t  may be w i t h i n  t h e  w e l d e d  t u f f  
under t h e  west moat. Fumaroles and h o t  
s p r i n g s  on t h e  f l a n k s  of Mammoth Mountain 
( f i g u r e  1) c o u l d  be r e l a t e d  t o  t h i s  pos tu -  
l a t e d  hot-water  r e s e r v o i r  or  cou ld  i n s t e a d  
be a s s o c i a t e d  w i t h  a more l o c a l i z e d  and 
s h a l l o w - r o o t e d  c i r c u l a t i o n  system. The 
p o s t u l a t e d  deep r e s e r v o i r  c o u l d  a l s o  be i n  
h y d r o l o g i c  communication w i t h  t h e  ceeper 
thermal  f l o w  zone d e l i n e a t e d  by the ternpe- 
r a t u r e  r e v e r s a l  a t  a d e p t h  of 6 7 0  rn i n  
w e l l  M 1  a t  Casa Diablo.  

A p l a u s i b l e  model t h a t  f i t s  t h e  a v a i l a b l e  
t empera tu re  d a t a  i n v o l v e s  eastward f low of 
h o t  wa te r  i n  t h e  Bishop T u f f  beneath t h e  
west moat t o  t h e  g e n e r a l  v i c i n i t y  of %he 
f a u l t s  bounding t h e  wes te rn  edge of t h e  
r e s u r g e n t  dome ( f i g u r e  1). As shown i n  
f i g u r e  4 ,  a p o r t i o n  of t h i s  deeper f l o w  
moves up t h e s e  f a u l t s  and then f l o w s  
eastward i n  t h e  s h a l l o w  f low zone toward 
Casa D i a b l o  a n d  a r o u n d  t h e  s o u t h  s i d e  of  
t h e  r e s u r g e n t  dome. Fumarol i c  d i scha rge  
a t  s e v e r a l  l o c a t i o n s  west of Casa Diab lo  
may be r e l a t e d  t o  such a zone of upflow. 
C o n t i n u i t y  of flow i n  t h e  deeper  a q u i f e r  
e a s t  of Casa Diab lo  cannot  be d e l i n e a t e d  
b e c a u s e  of a l a c k  of d a t a  f rom d e e p  d r i l l  
h o l e s  . 
I n  t h e  e a s t  moat, t empera tu res  measured i n  
w e l l  E s u g g e s t  l a t e r a l  f low of thermal 
wa te r  a t  t empera tu res  near 7 0 O C  above t h e  
Bishop Tuff and f low of c o o l e r  wa te r  
w i t h i n  t h e  t u f f  a t  a l t i t u d e s  n e a r  808 rri 

(1350 ITI d e p t h ) .  These d a t a  a l o n g  w i t h  
h y d r a u l i c  head d i f f e r e n c e s  based 01 wate r - -  
t a b l e  a l t i t u d e s  and s t a b l e  i s o t c p e  r e l a -  
t i o n s h i p s  (Sorey e t  a l . ,  1 9 7 8 )  suggest  
t h a t  a s e p a r a t e  convec t ion  system e x i s t c  
beneath t h e  e a s t  moat w i t h  recharge a l o n y  
t h e  r i n g  f r a c t u r e  around t h e  n o r t h e a s t  
rim, l a t e r a l  f low through t h e  welded t u f f ,  
and upflow i n  t h e  v i c i n i t y  of t h e  ex ten-  
s i o n s  of t h e  H i l t o n  Creek f a u l t  ( S o r e y ,  
1 9 8 4 ) .  

EVIDENCE FOR DEEPER FLUlD CIRCULATTON 

T h e  model of the  present-day hydrothermal 
sys t em d i s c u s s e d  above imp1 i e s  that: z c j n e s  
of a c t i v e  hot-water  c i r c u l a t i o n  a r c  
l i m i t e d  t o  t h e  upper 9.5 km of c a l d e r a  
f i l l .  I n d i r e c t  e v i d e n c e  f oz deeper 1 eve1 s 
of hydrothermal  c i r c u l a t i o n  i n  t h e  L J ~ S L  
was noted p r e v i o u s l y .  However, the  
a v a i l a b l e  t empera tu re  d a t a  i s  a s  y e t  t o o  
l i m i t e d  t o  a d e q u a t e l y  d e l i n e a t e  t h e  a a t u r e  
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of t h e  thermal  regime a t  such depths .  
N e v e r t h e l e s s ,  a p l o t  of bot tom-hole  tempe- 
r a t u r e s  v s  d e p t h ' f o r  three wel l s  t h a t  
p e n e t r a t e  t h e  Bishop Tuff ( f i g u r e  5)  i n d i -  
cates  some of t h e  p o s s i b i l i t i e s .  Although 
t h e  bot tom-hole  temperatures f o r  w e l l s  M 1  
and CP on t h e  r e s u r g e n t  dome may be 
a f f e c t e d  by c o n v e c t i v e  h e a t  f l o w  i n  aqui-  
f e r s  a t  s h a l l o w e r  depths ,  t h e y  p l o t  
r e a s o n a b l y  c l o s e  t o  a l i n e  drawn through 
t h e  o r i g i n  w i t h  a s l o p e  of 75OC/km. I f  
t h i s  s l o p e  r e p r e s e n t s  a f i r s t - o r d e r  
approximat ion  t o  t h e  background thermal  
regime upon which t h e  effects of s h o r t -  
term c o n v e c t i v e  h e a t  of s h a l l o w  d e p t h s  a re  
superimposed, t h e  c o r r e s p o n  ng c o n d u c t i v e  
h e a t  f l u x  would be 160 mWm- . Because 
t h i s  i s  s m a l l e r  by a f a c t o r  of  a b o u t  4 
t h a n  t h e  present -day  ra te  of h e a t  l o s s  
f rom t h e  c a l d e r a ,  e i t h e r  t h e  g r a d i e n t  and 
h e a t  f l u x  below t h e  depth  of f l u i d  circu- 
l a t i o n  a r e  4 times g r e a t e r  o r  t h e  s h a l l o w  
zone i s  l o s i n g  h e a t  p r o v i d e d  from 
somewhere e l s e .  
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Figure 5 .  Plots of tempera- 
ture vs depth based on bot- 
tom-hole temperatures in 
deep wells on the resurgent 
dome (M1 and C P )  and in the 
east moat (RG). Temperature 
gradients and heat flux 
(thermal conductivity = 2.1 
J/(s C m) corresponding to 
dashed lines are discussed 
in text. 

The two e x t r a p o l a t i o n s  of t h e  background 
t h e r m a l  g r a d i e n t  ( f i g u r e  5 )  i l l u s t r  t e  
t h e s e  s i t u a t i o n s .  For t h e  630 mWrn-9 hea t -  
f l u x  e x t r a p o l a t i o n ,  t h e  present -day  h e a t  
l o s s  from t h e  c a l d e r a  would be s u p p l i e d  t o  
a long-1  i v e d  c o n v e c t i o n  system t h a t  
e x t e n d s  t o  d e p t h s  of about  3 km, and t h e  
tempera ture-depth  t r e n d  d e f i n e d  by t h e  
bot tom-hole  t e m p e r a t u r e  d a t a  would be t h e  
a v e r a g e  g r a d i e n t  between c o o l e r  tempera- 
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tu res  i n  r e g i o n s  of downflow and h o t t e r  
t e m p e r a t u r e s  i n  r e g i o n s  of upflow, Such  a 
model would a p p l y  t o  t h e  present-day t h e r -  
mal regime benea th  t h e  r e s u r g e n t  dome o n l y  
if t h e  hydro thermal  system had been 
c o n t i n u o u s l y  a c t i v e  f o r  a p e r i o d  on t h e  
o r d e r  of 0.3 m.y. ( i .e.  r e a c h e d  s t e a d y -  
s t a t e ) .  F u r t h e r  requirements a r e  t h a t  
zones  of a c t i v e  upflow of h o t  w a t e r  from 
d e p t h s  o f  3 krn r e m a i n  a s  y e t  u n d i s c o v e r e d  
and t h a t  h e a t  i n p u t s  a r e  p r o v i d e d  s o l e y  by 
t h e  main Long V a l l e y  magma chamber. 

The e x t r a p o l a t e d  t r e n  f o r  a c o n d u c t i v e  
h e a t  f l u x  of 160 mWrn-' r e p r e s e n t s  s teady-  
s t a t e  c o n d i t i o n s  f o r  a magma chamber a t  
d e p t h s  of 18 km a n d  no d e e p  f l u i d  c i r c u l a -  
t i o n .  T h i s  would be a p o s s i b l e  i n t e r p r e -  
t a t i o n  of t h e  assumed background t h e r m a l  
regime i f  t h e  deep c i r c u l a t i o n  system 
benea th  t h e  r e s u r g e n t  dome had been 
dormant  f o r  m o s t  of t h e  p a s t  0.3 m,y., 
d u r i n g  which time t h e  magma chamber had 
remained a t  d e p t h s  of 1 0  km. The 
hydro thermal  a1 t e r a t i o n  r e c o r d  a l o n g  w i t h  
g e o p h y s i c a l  s t u d i e s  t h a t  now d e t e c t  magma 
a t  d e p t h s  as  s h a l l o w  as  4-5 km. (Sanders ,  
1984) i n d i c a t e  t h a t  n e i t h e r  of t h e s e  
c o n d i t i o n s  a r e  met. Hence,' t h e  a c t u a l  
thermal  regime a t  d e p t h s  below 3 km 
benea th  t h e  r e s u r g e n t  dome probably  l i e s  
somewhere between t h e  e x t r a p o l a t i o n s  i n  
f i g u r e  5. If t h e r e  had been a deep 
c i r c u l a t i o n  system i n  t h i s  r e g i o n  u n t i l  a 
few thousand y e a r s  ago, e v i d e n c e  of upflow 
beneath a r e a s  of s u r f  i c i a l  thermal - f  1 u i d  
d i s c h a r g e  s h o u l d  s t i l l  e x i s t  i n  t h e  form 
of e l e v a t e d  t e m p e r a t u r e s ,  u n l e s s  
subsequent  i n t r u s i o n  of c o l d  water have  
removed such  e f f e c t s .  A l t e r n a t i v e l y ,  deep 
c i r c u l a t i o n  may h a v e  been conf ined  t o  
p o r t i o n s  of t h e  west moat d u r i n g  t h e  p a s t  
40,000 y e a r  p e r i o d  when e x t e n s i v e  s a l i n e  
l a y e r s  c o n t a i n i n g  b o r a t e ,  potassium, and 
s u l f a t e - b e a r i n g  m i n e r a l s  were d e p o s i t e d  i n  
Searles L a k e  (Sorey, 1984; Smith, 1976) .  
Zones of hot-water  f l o w  beneath t h e  r e s u r -  
g e n t  dome d u r i n g  t h i s  p e r i o d  c o u l d  h a v e  
been res t r ic ted  t o  permeable  c h a n n e l s  i n  
and above t h e  Bishop Tuff ,  a s  o b s e r v e d  
today. Heat f o r  such a c i r c u l a t i o n  system 
would have  been p r o v i d e d  by t h e  Inyo-Mono 
magma chamber and o v e r l a p p i n g  p a r t s  of t h e  
Long V a l l e y  magma chamber. 

The bot tom-hole  temperature d a t a  do 
s u g g e s t  t h a t  t e m p e r a t u r e s  c l o s e  t o  t h e  
i n f e r r e d  maximum v a l u e s  a t t a i n e d  i n  t h e  
present-day sys tem (240OC) may occur  
w i t h i n  t h e  basement rocks  a t  d e p t h s  of 3-4 
km under t h e  dome. Beneath t h e  e a s t  moat, 
t h e  bot tom-hole  t e m p e r a t u r e  i n  w e l l  RG 
p l o t s  below t h e  l i n e  cor responding  t o  a 

e n t  o f  40OC/km a n d  a h e a t  f l o w  o f  80 :;:', t h e  r e g i o n a l  heat f low r e p o r t e d  by 
Lachenbruch e t  a l .  (1976) f o r  w e l l s  east  
of t h e  c a l d e r a  rim. T h i s  comparison and 
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t h e  shape of t h e  measured t e m p e r a t u r e  
p r o f i l e  i n  well €42 s u g g e s t  t h a t  tempera- 
tu res  a t  d e p t h s  of a t  l e a s t  2-1 km benea th  
t h e  east moat a r e  be ing  c o o l e d  by c i rcula-  
t i o n  of groundwater w i t h i n  t h e  Bishop 
Tuff . 
REFERENCES 

Benoi t ,  W.R., 1984, I n i t i a l  results from 
d r i l l h o l e s  PLV-1 and PLV-2 i n  t h e  
w e s t e r n  moat of t h e  Long V a l l e y  
c a l d e r a ,  Geothermal  Resources  Counci l  
T r a n s a c t i o n s ,  v. 8 ,  p. 397-402. 

B l a c k w e l l ,  D.D., 1984, A T r a n s i e n t  model 
of t h e  geothermal  system of t h e  Long 
V a l l e y  caldera,  C a l i f o r n i a ,  U.S. 
Geol Survey open-f i l e  r e p o r t  84-939. 

C h r i s t i a n s e n ,  R.L., 1984, P o s t c a l d e r a  
e v o l u t i o n  and c u r r e n t  a c t i v i t y  of t h e  
Yel lowstone  c a l d e r a ,  U.S. Geol. 
Survey open-f i l e  rept . 84-939 

F o u r n i e r ,  R.O., W h i t e ,  D.E., a n d  
T r u e s d e l l ,  A,H,, 1976, C o n v e c t i v e  
h e a t  flow i n  Yef lowstone  N a t i o n a l  
Park, Second Uni ted  N a t i o n s  Symposium 
on t h e  development  and use of 
geothermal  r e s o u r c e s ,  Proceedings,  
731-739. 

G r a n t ,  M.A., G a r g ,  S.K.,  a n d  Riney ,  T.D., 
1984, I n t e r p r e t a t i o n  of downhole da ta  
and development  of a c o n c e p t u a l  model 
f o r  t h e  Redondo Creek a r e a  of t h e  
Baca geothermal  f i e l d ,  Water Resour. 
Res., 20 (10 )  , 1401-1416. 

L a c h e n b r u c h ,  A . H . ,  a n d  S a s s ,  J . H . ,  1 9 7 7 ,  
Heat f l o w  i n t h e u n i t e d s t a t e s  a n d  
t h e  thermal  regime of t h e  crust ,  
h e r .  Geophys. Union Geophys. 
Monograph 20 ,  626-675. 

L a c h e n b r u c h ,  A.H., S a s s ,  J . H . ,  Monroe, 
R . J . ,  a n d  Moses, T.H., G e o t h e r m a l  
s e t t i n g  and s i m p l e  hea t -conduct ion  
models  f o r  t h e  Long V a l l e y  c a l d e r a ,  
J. of Geophys. R e s . ,  8 1 ( 5 ) ,  769-784. 

M i l l e r ,  C.D., 1985, Holocence e r u p t i o n s  a t  
r h e  Inyo v o l c a n i c  cha in ,  Gal i f o r n i a :  
i m p l i c a t i o n s  f o r  p o s s i b l e  e r u p t i o n s  
i n  Long v a l l e y  c a l d e r a ,  Geology, 
V. 13,  p. 14-17. 

R i s o n ,  W., Welham, J.A. ,  P o r e d a ,  R. ,  a n d  
Craig, HX Long V a l l e y :  i n c r e a s e  i n  
t h e  He/ H e  r a t i o  from 1978 t o  1983, 
EOS Trans. ,  X U ,  64 ( 4 5 ) ,  891. 

Smith, G.I . ,  1976, O r i g i n  of l i t h i u m  and 
o t h e r  components i n  t h e  S e a r l e s  L a k e  
e v a p o r i t e s ,  C a l i f o r n i a ,  in Vine,  
J.D., ed., L i t h i u m  r e s o u r c e s  a n d  
r e q u i r e m e n t s  by t h e  y e a r  2000, U.S. 
Geol, Survey  Prof ,  Paper 1005, 92- 
103 . 

S m i t h ,  R.L., a n d  B a i l e y ,  R.A., 1 9 6 8 ,  
Resurgent  c a u l d r o n s ,  Geol .  SOC. Amer 
Memoir 116 ,  613-662. 

Sorey, M.L., 1984, E v o l u t i o n  and p r e s e n t  
s t a t e  of t h e  hydro thermal  sys tem i n  
Long V a l l e y  c a l d e r a ,  U.S. G e o l o g i c a l  
Survey o p e n - f i l e  r e p o r t  84-939. 

S o r e y ,  M.L., a n d  L e w i s ,  R.E., a n d  O l m s t e d  
F.H., 1978, The hydro thermal  system 
of  Long V a l l e y  c a l d e r a ,  C a l i f o r n i a ,  
U.S. Geol .  Survey Prof .  Paper 1044-A 
6 0  p. 

T a y l o r ,  B.E., a n d  G e r l a c h ,  T.M., 1 9 8 3 ,  

5 Chemical and i s o t o p i c  composi t ion  o 
Casa D i a b l o  Hot Spring:  magmatic CO 
n e a r  Mammoth L a k e s ,  C a l i f o r n i a ,  EOS 
Trans ,  PGU, 65 ( 4 5 ) ,  5 8 .  

Sanders ,  C.O., 1984, L o c a t i o n  and 
c o n f i g u r a t i o n  of magma b o d i e s  beneath 
Long V a l l e y ,  C a l i f o r n i a ,  de te rmined  
from anomalous e a r t h q u a k e  s i g n a l s ,  
J. Geophys.  Res., 89 ( B l B ) ,  8287-  
8302. 

490 


