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Abs t r ac t  

Wi th in  t h e  nex t  few y e a r s  a h o l e  w i l l  be d r i l l e d  i n t o  a s h a l l o w  magma body 
i n  t h e  w e s t e r n  U . S .  f o r  t h e  p u r p o s e  o f  e v a l u a t i n g  t h e  e q g i n e e r i n g  
f e a s i b i l i t y  of  magma energy .  Th i s  paper examines p o t e n t i a l  d r i l l i n g  s i t e s  
f o r  t h e s e  e n g i n e e r i n g  f e a s i b i l i t y  e x p e r i m e n t s .  Targe t  s i t e s  h i g h  on t h e  
l i s t  a r e  ones  t h a t  c u r r e n t l y  e x h i b i t  good g e o p h y s i c a l  a n d  g e o l o g i c a l  d a t a  
f o r  s h a l l o w  magma and  a l s o  h a v e  r e a s o n a b l e  o p e r a t i o q a l  r equ i r emen t s .  Top 
r a n k e d  s i t e s  f o r  t h e  f i r s t  magma e n e r g y  w e l l  a r e  Long V a l l e y ,  C A ,  a n d  
Coso/ Indian  Wells, C A .  K i l a u e a ,  H I ,  a l s o  i n  t h e  t o p  group,  i s  an  a t t r a c t i v e  
s i t e  f o r  some l i m i t e d  f i e l d  exper iments .  A number of a d d i t i o n a l  s i t e s  o f f e r  
p r o m i s e  as e v e n t u a l  magma e n e r g y  s i t e s ,  bu t  s p a r s i t y  of geophys ica l  d a t a  
p r e s e n t l y  p r e v e n t s  t h e s e  s i t e s  f rom b e i n g  c o n s i d e r e d  f o r  t h e  f i r s t  magma 
energy  w e l l .  

* T h i s  work was s u p p o r t e d  by t h e  U.S. Department of Energy under Con t rac t  
number DE-AC04-76DP00789. 
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SHALLOW M A G M A  TARGETS I N  THE WESTERN U.S. 

Within  t h e  nex t  few y e a r s  a h o l e  w i l l  be d r i l l e d  i n t o  a s h a l l o w ,  p e r -  

haps  smal l ,  magma body i n  t h e  wes te rn  U.S. f o r  t h e  purpose o f  e v a l u a t i n g  t h e  

e n g i n e e r i n g  f e a s i b i l i t y  of magma energy .  T h i s  paper  summarizes r e s u l t s  of a 

s i t e  s e l e c t i o n  p rocess  f o r  t h e s e  e n g i n e e r i n g  f e a s i b i l i t y  f i e l d  expe r imen t s .  

A s u i t a b l e  magma t a r g e t  must be r e l a t i v e l y  s h a l l o w  and  t h e  l o g i s t i c a l  and  

e n v i r o n m e n t a l  f a c t o r s  a t  t h e  d r i l l  s i t e  mus t  be f a v o r a b l e .  The word 

"shal low" i n  t h i s  c o n t e x t  v a r i e s  w i t h  t h e  s i t e ,  b u t  i d e a l l y  means magma 

b o d i e s  a t  dep ths  of 5 km o r  l e s s .  The word l lshal low" i m p l i e s  t h a t  t h e  s i t e  

shou ld  be r e l a t i v e l y  e a s y  and inexpens ive  t o  d r i l l .  A magma s i t e  i n  a h a r s h  

e n v i r o n m e n t  might be d i f f i c u l t  t o  d r i l l  t o  d e p t h s  of more t h a n  1 l tm .  Magma 

t a r g e t s  a t  s i tes  w i t h  very  f a v o r a b l e  e n v i r o n m e n t s  m i g h t  be s e r i o u s l y  con-  

s i d e r e d  i n i t i a l l y  a t  dep ths  as g r e a t  as 6 o r  7 km and e v e n t u a l l y  a t  dep ths  

as great as 10 t o  15 km. Although t h e  e v e n t u a l  c o m m e r c i a l  a p p l i c a t i o n  of 

magma e n e r g y  w i l l  depend on l a r g e  magma b o d i e s ,  much smaller magma t a r g e t s  

w i l l  be a c c e p t a b l e  f o r  t h e  f i r s t  e n g i n e e r i n g  f e a s i b i l i t y  f i e l d  e x p e r i m e n t s .  

The s i t e  assessment  p rocess  cons ide red  t h e  geophys ica l  and g e o l o g i c a l  d a t a  

f o r  t h e  e x i s t e n c e  of  a c c e p t a b l e  s h a l l o w  magma t a r g e t s  a t  p r o m i s i n g  s i t e s  

a n d ,  t o  a l i m i t e d  e x t e n t ,  c o n s i d e r e d  m a j o r  l o g i s t i c a l  and envi ronmenta l  

f a c t o r s  a t  t h e  s i tes .  The s i t e  assessment  conc lus ions  a p p l y  o n l y  t o  t a r g e t s  
of v a l u e  t o  t h e  magma ene rgy  e n g i n e e r i n g - f e a s i b i l i t y  f i e l d  expe r imen t s .  

The f irst  s t e p  i n  s e l e c t i n g  a sha l low magma t a r g e t  f o r  a f u t u r e  f i e l d  

exper iment  was t o  p r e p a r e  a f u l l  l i s t  of s i tes  and t h e n  u s e  v a r i o u s  c r i t e r i a  

t o  reduce  t h e  f u l l  l i s t  t o  a workable l i s t  where t h e  s i t e s  cou ld  be ana lyzed  

a n d  r a n k e d  i n  d e t a i l .  T a b l e  1 p r e s e n t s  a g e n e r a l  l i s t  of a l l  p o t e n t i a l  

shal low magma s i t e s  t h a t  h a v e  been  p r e v i o u s l y  m e n t i o n e d  i n  m a j o r  Magma 

E n e r g y  R e s e a r c h  r e p o r t s  [ C o l p  ( 1 9 8 2 ) ,  Hardee e t  a l .  ( 1 9 8 2 ) ,  G o l d s t e i n  and 

F l e x s e r  ( 1 9 8 4 1 1  a n d  C o n t i n e n t a l  S c i e n t i f i c  D r i l l i n g  P r o g r a m  r e p o r t s  

[ C o n t i n e n t a l  D r i l l i n g  ( 1 9 7 5 ) ,  V a r n a d o  a n d  C o l p  ( 1 9 7 8 1 ,  C o n t i n e n t a l  

S c i e n t i f i c  D r i l l i n g  Program (1979) ,  Luth and Hardee ( 1 9 8 0 ) l .  These s h a l l o w  

magma s i t e s  a r e  a s u b s e t  of t h e  l a rge r  l i s t  of magma s i tes  i n  t h e  upper 10 
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km t h a t  were covered i n  USGS magma r e s o u r c e  a s s e s s m e n t s  [ S m i t h  and  Shaw 

( 1  9 7 5 , 1 9 7 9 ) ] .  Many of t h e  s i t e s  i n  Table  1 do not meet t h e  basic: r e q u i r e -  

ments f o r  t h e  magma energy  f i e l d  e x p e r i m e n t s ,  y e t  t h i s  f u l l  l i s t  i n c l u d e s  

most  of t h e  s i t e s  t h a t  have been thought a t  one t ime o r  ano the r  t o  c o n t a i n  

sha l low magma t a r g e t s .  

A l though  many c r i t e r i a  can be proposed t o  rank s i t e s ,  primary c r i t e r i a  

c o n s i s t e n t  w i t h  t h e  e n g i n e e r i n g  emphasis of t h e  c u r r e n t  Magma Energy P r o j e c t  

a r e :  ( 1  ) t e c h n i  c a l  f a c t o r s  s u c h  a s  documented geophys ica l  and geological.  

d a t a  s u p p o r t i n g  t h e  e x i s t e n c e  of sha l low magma, and  ( 2 )  ma jo r  o p e r a t i o n a l  

f a c t o r s  s u c h  a s  l o g i s t i c s ,  and  e n v i r o n m e n t a l  and l e g a l  q u e s t i o n s .  Using 

t h e s e  primary c r i t e r i a ,  t h e  f u l l  l i s t  of s i t e s  i n  Table  1 was f i r s t  a r r anged  

i n t o  a c o a r s e  grouping of s i t e s  i n  t h r e e  c a t e g o r i e s :  prime s i t e s ,  impor tan t  

f u t u r e  s i t e s ,  and c u r r e n t l y  i m p r a c t i c a l  s i t e s .  These g r o u p i n g s  a r e  l i s t e d  

i n  T a b l e  2 .  W i t h i n  e a c h  g r o u p  t h e  l i s t i n g  is a l p h a b e t i c a l  a t  t h i s  p o i n t .  

The l a s t  ca t egory  was e l i m i n a t e d  f rom s e r i o u s  c o n s i d e r a t i o n  a s  e a r l y  ex -  

p e r i m e n t a l  s i t e s  a l t h o u g h  t h e s e  s i t e s  may have  some l a t e r  v a l u e  i n  t h e  

program. Data were ga the red  on t h e  Category 1 and 2 s i t e s  and  t h e s e  s i t e s  

were v i s i t e d  du r ing  t h e  p a s t  year w h i l e  t h e  s i t e  assessment was i n  p r o g r e s s .  

D i scuss ions  were he ld  w i t h  some of t h e  main a d v o c a t e s  of  t h e s e  i n d i v i d u a l  

s i t e s .  L i m i t s  on t i m e  and money c o n s t r a i n  s e r i o u s  c o n s i d e r a t i o n  p r i m a r i l y  

t o  t h e  Catagory 1 s i t e s .  

A f t e r  g a t h e r i n g  a d d i t i o n a l  t e c h n i c a l  d a t a  on  t h e  s i t e s ,  t a l k i n g  t o  

a d v o c a t e s ,  v i s i t i n g  t h e  s i t e s  where p o s s i b l e ,  and  c o n s i d e r i n g  o p e r a t i o n a l  

f a c t o r s ,  t h e  C a t e g o r y  I and  2 s i t e s  were r ank  o r d e r e d .  The r a n k  o r d e r  i s  

shown i n  Table  3. A d e t a i l e d  d i s c u s s i o n  of t h e  Category  1 and  2 s i t e  d a t a  

used  i n  t h e  r a n k i n g  p r o c e s s  i s  given i n  t h e  appendix.  The f o l l o w i n g  i s  a 

b r i e f  summary of t h e  major r easons  f o r  t h e  rank  of each s i t e :  

1 .  Long V a l l e y ,  C A  -- T h i s  s i t e  i s  t h e  f i r s t  c h o i c e  b e c a u s e  t h e  

prospec t  of encoun te r ing  small  magma bodies  a t  depths  a s  s h a l l o w  a s  4 t o  5 

km i s  good.  The sha l low magma bodies a t  Long Val ley  have been d e t e c t e d  and 

s t u d i e d  by  a number of d i f f e r e n t  i n v e s t i g a t o r s .  Recen t  s e i s m i c  d a t a  
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s t r o n g l y  s u g g e s t s  t h e  presence of a sma l l  body of magma a t  a depth  as s h a l -  

low a s  4 t o  5 k m .  The magma body b e n e a t h  L o n g  V a l l e y  r e p r e s e n t s  a 

s i g n i f i c a n t  c l a s s  of magma r e s o u r c e .  Environmental  and d r i l l i n g  f a c t o r s  

look  r easonab ly  f a v o r a b l e  and commerical geothermal companies a r e  c u r r e n t l y  

a c t i v e  i n  t h e  Long Val ley  a r e a .  

2 .  Coso/ Indian  Wel ls ,  C 4  -- T h i s  s i t e  i s  a good s e c o n d  c h o i c e .  Most 

d a t a  s u g g e s t s  t h a t  t h e  magma body a t  Cos0 i s  5 t o  8 km deep wh i l e  some d a t a  

s u g g e s t s  t h e  magma body i s  as d e e p  a s  10  k m .  The s u s p e c t e d  magma body 

r e p r e s e n t s  a s i g n i f i c a n t  c l a s s  of magma r e s o u r c e .  A commercial geothermal 

f i e l d  is  c u r r e n t l y  b e i n g  d e v e l o p e d  a t  Coso .  E n v i r o n m e n t a l  and  d r i l l i n g  

p e r m i t  f a c t o r s  a r e  very  f a v o r a b l e  because' t h e  s i t e  is  on~Navy  l and  and t h e  

Navy is e n t h u s i a s t i c  about t h e  p r o j e c t .  A c c e p t a b l e  w e a t h e r  e x i s t s  y e a r -  

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

i n t e r e s t i n g ,  b u t  p re l imina ry  d a t a ,  i n d i c a t e s  t h e  presence  of a v e r y  s h a l l o w  

( 1  t o  3 km deep)  magma body j u s t  s o u t h  of Cos0 a t  I n d i a n  Wel ls .  

3. Ki lauea  Volcano uppe r  E a s t  R i f t  Z o n e ,  H I  The p o s s i b i l i t y  of  

f i n d i n g  s h a l l o w  magma ( 1  t o  3 km d e p t h )  a t  t h e  uppe r  E a s t  R i f t  Zone i s  

e x c e l l e n t  and d r i l l i n g  l o g i s t i c s  look  good f o r  s i t e s  on p r i v a t e  l and  o u t s i d e  

t h e  P a r k .  The d i s a d v a n t a g e  i s  t h a t  t h i s  t a r g e t  i s  not a c o n t i n e n t a l  magma 

body a l though  t h i s  type magma i s  s i m i l a r  t o  some u s e f u l  c o n t i n e n t a l  magmas. 

Much f u r t h e r  down t h e  l i s t  a re  t h e  C a t e g o r y  2 s i t es  and  t h e i r  r a n k i n g  i s  as 

f 01 lows : 

4. S a l t o n  T r o u g h ,  C A  -- T h i s  s i t e  i s  a d i s t a n t  f o u r t h  c h o i c e .  There 

i s  no i d e n t i f i e d  sha l low magma t a r g e t  a l though  t h e r e  c l e a r l y  i s  a magmat i c  

h e a t  sou rce  of some k i n d  h e r e .  Limited d a t a  s u g g e s t s  t h a t  mel t  may e x i s t  a s  

sha l low a s  6 km. Cold d i k e s  a r e  f r e q u e n t l y  encountered  a t  dep ths  a s  sha l low 

as 1 t o  2 km. 

5. Geysers /Clear  Lake, CA -- Drilling/logistical/environmental f a c t o r s  

a r e  r e a s o n a b l e  b u t  e v i d e n c e  f o r  sha l low magma is weak. Ea r ly  geophys ica l  
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d a t a  s u g g e s t e d  t h e  p r e s e n c e  of  magma a t  d e p t h s  of 7 t o  1 2  km.  R e c e n t  

g e o p h y s i c a l  s u r v e y s  have  y i e l d e d  inconc lus ive  t o  n e g a t i v e  r e s u l t s  f o r  t h e  

e x i s t e n c e  of a sha l low magma chamber. The magma a p p e a r s  t o  be d e e p e r  t h a n  

d e s i r a b l e  f o r  a f i r s t  h o l e  experiment.  

6. Medicine Lake, CA -- Geologica l  d a t a  s u g g e s t s  t h a t  t h i s  i s  a l i k e l y  

s i t e  f o r  magma. G e o p h y s i c a l  d a t a  i n d i c a t e s  t h a t  a n  i n t r u s i v e  complex un- 

d e r l i e s  t h e  s i t e  b u t  t h e  data f a i l s  t o  show t h e  presence  of me l t .  The c a s e  

f o r  t h e  e x i s t e n c e  of  shallow magma a t  Medicine Lake i s  based on g e o l o g i c a l  

arguments. G e o p h y s i c a l  e v i d e n c e  f o r  s h a l l o w  magma a t  M e d i c i n e  Lake i s  

i n c o n c l u s i v e .  Weather  and l o g i s t i c a l  f a c t o r s  a r e  a c c e p t a b l e  b u t  l e s s  a t -  
I 

t r a c t i v e  t h a n  a t  o t h e r  s i t e s  h ighe r  on t h i s  l i s t .  

7 .  Newberry V o l c a n o ,  O R  -- T h i s  is  a promising s i t e  f o r  sha l low magma 

b u t  g e o p h y s i c a l  d a t a  f o r  t h e  p o s i t i o n  and  d e p t h  o f  t h e  magma i s  a l m o s t  
t o t a l l y  l a c k i n g .  Weather can make o p e r a t i o n s  d i f f i c u l t  f o r  much of t h e  yea r .  

Enrivonmental concerns have been a s e r i o u s  problem i n  t h e  p a s t  b u t  seem t o  

have  improved  r e c e n t l y .  P r i v a t e  l a n d  i s  a v a i l a b l e  i n  t h e  c e n t e r  of t h e  

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

8 .  S o c o r r o ,  N M  -- T h e r e  i s  a good b i t  of geophys ica l  data s u p p o r t i n g  

t h e  e x i s t e n c e  of some s h a l l o w  magma b o d i e s  h e r e .  The d a t a  i n c l u d e s  t h e  

p o s i t i o n  and  c o n f i g u r a t i o n  of  t h e  magma. One of t h e  small, but  s h a l l o w ,  

magma bodies may be as sha l low as 4 t o  5 km. Geo log ica l  s u p p o r t i n g  d a t a  f o r  

s h a l l o w  magma i s  l a c k i n g .  Good year-round weather i s  an a t t r a c t i v e  f a c t o r  

?or d r i l l i n g .  There is  a p o t e n t i a l  problem w i t h  l a n d  a c c e s s  a t  one  o f  t h e  

sha l low magma s i t e s .  

9 .  Augustine Volcano, A K  -- There is  ample  d a t a ,  b o t h  g e o l o g i c a l  and  

g e o p h y s i c a l ,  s u p p o r t i n g  t h e  e x i s t e n c e  of  sha l low magma. The geophys ica l  

d a t a  h e r e  is  l a r g e l y  from a s i n g l e  source .  The d r i l l i n g  p e r m i t  s i t u a t i o n  

l o o k s  f a v o r a b l e  bu t  l o g i s t i c a l  problems a r e  a s i g n i f i c a n t  concern because of 

d i s t a n c e  and weather .  

10. K i l auea  Volcano, Lower E a s t  R i f t  o r  Southwest R i f t ,  H I  --- Magma i s  

o c c a s i o n a l l y  i n t r u d e d  i n t o  t h e s e  p o r t i o n s  of t h e  r i f t  s y s t e m  a t  d e p t h s  as 

c 

I 



s h a l l o w  a s  1 km. There is a r e a s o n a b l e  doubt about be ing  a b l e  t o  encounter  

m o l t e n  magma h e r e  e x c e p t  a f t e r  i n f r e q u e n t  e r u p t i o n s  i n  t h e s e  a r e a s .  

L o g i s t i c s  and good year-round weather a r e  f a v o r a b l e  f a c t o r s .  

1 1 .  M t .  S t .  Helens,  WA -- The prospec t  f o r  encoun te r ing  s h a l l o w  m o l t e n  

magma h e r e  i s  e x c e l l e n t  b u t  environmental/logistical problems a r e  overwhe- 

lmingly  bad. 

The  t h r e e  C a t e g o r y  1 s i t e s  d i s c u s s e d  e a r l i e r  a l l  have  e x t e n s i v e  

geophys ica l  d a t a  s u g g e s t i n g  t h e  e x i s t e n c e  of sha l low magma. More g e o p h y s i -  

c a l  d a t a  w i l l  be o b t a i n e d  t o  h e l p  improve t a r g e t  d e f i n i t i o n  and a i d  f u r t h e r  

i n  t h e  t a r g e t  s e l e c t i o n  p r o c e s s ,  however, no amount of geophys ica l  d a t a  w i l l  

e v e r  g u a r a n t e e  s u c c e s s !  There w i l l  always be an element of r i s k  i n  p i c k i n g  

t h e  f i n a l  s i t e  f o r  t h e  f i r s t  magma e n e r g y  f i e l d  e x p e r i m e n t .  Downhole 

g e o p h y s i c s  and  c o n f i r m a t i o n  d r i l l i n g  w i l l  be a n e c e s s a r y  p a r t  of t h e  ex- 

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

m o l t e n  magma a t  s h a l l o w  depth  a r e  a c t i v e  volcanoes b u t  such  s i t e s  a r e  a l s o  

t h e  l e a s t  l i k e l y  ones f o r  even tua l  commercial magma energy  p l a n t s .  

G e o p h y s i c a l  e x p l o r a t i o n  work i s  c u r r e n t l y  i n  p r o g r e s s  a t  Long V a l l e y ,  

CA, and a t  Coso/ Indian  Wel ls ,  CA, i n  p r e p a r a t i o n  f o r  an e n g i n e e r i n g - t y p e  

magma e n e r g y  f i e l d  e x p e r i m e n t  i n  t h r e e  y e a r s .  T h i s  geophys ica l  work con- 

sists of a c t i v e  and p a s s i v e ,  s u r f a c e  and downhole, s e i s m i c  e x p l o r a t i o n  work 

a n d ,  s u r f  a c e  and d o w n h o l e ,  t h e r m a l  m e a s u r e m e n t s .  B e c a u s e  o f  l i m i t e d  

resources,  t h e  magma e n e r g y  f i e l d  e x p e r i m e n t a l  work should c o n c e n t r a t e  o n  

t h e  Long V a l l e y  o r  Coso/ Indian  Wells s i t e s  w i t h  p o s s i b l y  some l i m i t e d  spe-  

c i a l i z e d  exper iments  a t  K i l auea .  
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TABLE 1 

FULL L I S T  OF POTENTIAL SITES 

Alaska S i t e s  
Augustine 
Katmai 

Coso, CA 
Geysers/Clear Lake, CA 
H i s  t o r i  c a l l  y- A c t  i ve , Cascade Vol canos 

M t .  Baker, W A  ( e r u p t e d  1870,1975) 
M t .  Hood, OR ( e r u p t e d  1801) 
M t .  Lassen,  C A  ( e r u p t e d  1 9 1 4 )  
M t .  S t .  Helens,  W A  ( e r u p t e d  1854,1980) 
M t .  S h a s t a ,  C A  ( e r u p t e d  1855) 
M t .  R a i n i e r ,  WA ( e r u p t e d  1882) 

Ki lauea  Volcano, H I  
Cal der a 
E a s t  R i f t  Zone 
Southwest R i f t  Zone 

Long Valley/Mono C r a t e r s ,  CA 
Medicine Lake, C A  
Newberry C a l d e r a ,  OR 
Rio Grande R i f t ,  NM 

Socor ro  
V a l l e s  Ca lde ra  

Roosevel t  Hot S p r i n g s ,  UT 
S a l t o n  Sea / Imper i a l  V a l l e y ,  C A  
San F ranc i sco  Peaks,  AZ 
Steamboat S p r i n g s ,  NV 
Yellowstone, W Y  
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TABLE 2 

CATEGORY G R O U P I N G  OF SITES 

Cateaorv 1 S i t e s  

P r i m e  S i t e s :  S h a l l o w  magma t a r g e t s  e x i s t  a n d  a r e  a t  l e a s t  r o u g h l y  
c h a r a c t e r i z e d .  O n l y  r e f i n i n g  g e o p h y s i c a l  d a t a  a r e  needed. There a r e  no 
s e r i o u s  d r i l l i n g  r e s t r i c t i o n s .  

Coso, C A  - I n d i a n  Wel ls ,  South Sugar loaf  
Ki lauea  Volcano, H I  - Upper E a s t  R i f t  Zone 
Long V a l l e y ,  C 4  - Inyo Domes, Casa Diablo  

Cateaorv  2 S i t e s  

I m p o r t a n t  F u t u r e  S i t e s .  E v i d e n c e  f o r  a s h a l l o w  t a r g e t  i s  l i m i t e d .  
C o n s i d e r a b l e  a d d i t i o n a l  geophys ica l  d a t a  i s  needed. S e r i o u s  l o g i s t i c a l  o r  
environmental  problems may e x i s t .  

Augus t ine ,  A K  
Geysers /Clear  Lake, CA - M t .  Hanna 
K i l a u e a ,  H I  - Lower E a s t  R i f t  Zone, Southwest R i f t  Zone, Puhimau 
Medicine Lake, C A  
M t .  S t .  Helens,  WA 
Newberry Volcano, O R  
S a l t o n  Trough, C A  - S a l t o n  S e a ,  Imper i a l  Va l l ey  
S o c o r r o ,  NM - S e v i l l e t a  

Category 3 S i t e s  

C u r r e n t l y  I m p r a c t i c a l  Shallow Magma S i t e s .  I n  many e a s e s  i t  i s  d o u b t f u l  
t h a t  a s h a l l o w ,  mol t en ,  magma t a r g e t  e x i s t s .  Where such  t a r g e t s  may e x i s t ,  
overwhelming adve r se  l o g i s t i c a l  o r  e n v i r o n m e n t a l  p r o b l e m s  make t h e  s i t e  
c u r r e n t l y  i m p r a c t i c a l .  

Active Cascade Volcanoes ( o t h e r  t h a n  M t .  S t .  He lens )  
M t .  Baker 
M t .  Hood 
M t .  Lassen 
M t .  S h a s t a  
M t .  Ra in i e r  

Katmai, AK 
Roosevel t  Hot S p r i n g s ,  UT 
San F ranc i sco  Peaks,  AZ 
Steamboat S p r i n g s ,  NV 
V a l l e s  C a l d e r a ,  N M  
Yellowstone, W Y  
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TABLE 3 

R A N K I N G  OF SITES 

1 .  Long Va l l ey ,  C A  - Casa Diab lo ,  Inyo Domes 
2. Coso, CA - s o u t h  S u g a r l o a f ,  Ind ian  Wells 
3. Ki lauea  Volcano, H I  - upper E a s t  R i f t  Zone 
4 .  S a l t o n  Trough, CA - SE S a l t o n  Sea 
5. Geysers /Clear  Lake, CA - M t .  Hanna 
6. Medicine Lake, CA 
7 .  Newberry Volcano, OR 
8. Socor ro ,  NM - S e v i l l e t a  
9.  Augustine Volcano, A K  
10. Ki lauea  Volcano, H I  - lower E a s t  R i f t  or  Southwest R i f t  
1 1 .  M t .  S t .  Helens,  WA 



AP P E N D 1  X 

1 .  Long V a l l e y ,  C A  

G e o p h y s i c a l  d a t a  f o r  magma benea th  Long Va l l ey  p r i o r  t o  1980 was sum- 

m a r i z e d  w e l l  by Kasameyer ( 1 9 8 0 ) .  T h e  b e s t  e v i d e n c e  came  f r o m  t h e  

t e l e s e i s m i c  d a t a  o f  S t e e p l e s  and I y e r  (1976 b )  and t h e  seismic r e f r a c t i o n  

p r o f i l e  of  H i l l  ( 1976) .  These  d a t a  s u g g e s t  t h a t  t h e  magma body benea th  Long 

V a l l e y  c a l d e r a  has  a v e r t i c a l  e x t e n t  of 12  km and e x i s t s  a t  a dep th  of  7 t o  

19 km. High hea t  f l o w  v a l u e s  i n  t h e  c a l d e r a  i n d i c a t e  t h e  p r e s e n c e  o f  a 

magmat i c hea t  s o u r c e ,  bu t  t empera tu re  measurements i n  t h r e e  modera te ly  deep  

(1550 - 2100 m )  h o l e s  have f a i l e d  t o  show t h e  h i g h  t empera tu res  e x p e c t e d  i f  

t h e  ma in  magma body i s  a s  s h a l l o w  as  7 k m .  G r a v i t y  da t a  by Kane e t  a l .  

(1976)  is  c o n s i s t e n t  w i t h  t h e  e x i s t e n c e  of a l a rge  magma body a t  a d e p t h  o f  

8 t o  16  k m .  The Kasameyer (1980) r e p o r t  concluded t h a t  w h i l e  c o n s i d e r a b l e  

geophys ica l  da t a  sugges t ed  t h e  main s i l i c i c  magma body was as  s h a l l o w  a s  7 

k m ,  t h e  t e m p e r a t u r e  d a t a  from r e c e n t  d r i l l  h o l e s  s u g g e s t e d  t h a t  t h e  magma 

body might be as deep as 15 km. O f  c o u r s e ,  a q u i f e r s  f e d  by snow mel t  o f f  

t h e  S i e r r a s  c e r t a i n l y  must m a s k  much of t h e  s u b s u r f a c e  t empera tu re  and heat  

flow. 

S i n c e  t h e  Kasameyer (1980) r e p o r t  was p u b l i s h e d ,  t e c t o n i c  a c t i v i t y  has 

begun which s u g g e s t s  t h e  e x i s t e n c e  of sha l low magma. The  r e c e n t  geophys ica l  
d a t a  o n  Long  V a l l e y  h a s  b e e n  s u m m a r i z e d  by G o l d s t e i n  and  F l e x s e r  ( 1 9 8 4 ) .  

C u r r e n t l y ,  t h e  seismic d a t a  is  c o n s i s t e n t  w i t h  two  p o s s i b l e  s i t e s  i n  t h e  

c a l d e r a  f o r  t h i s  s h a l l o w  t o n g u e  of  magma. One s i t e  i s  benea th  t h e  Inyo  

Domes and t h e  o t h e r  s i t e  is  benea th  Casa Diab lo  [Rundle  ( 1 9 8 3 ) ,  R u n d l e  a n d  

Whitcomb ( 1 9 8 3 ) .  S a n d e r s  ( 1 9 8 4 ) l .  E rup t ions  have o c c u r r e d  a l o n g  t h e  Inyo  

domes eve ry  250 y e a r s  f o r  t h e  l a s t  1500 y e a r s  [Ba i l ey  ( 1 9 8 2 ) l .  R e c e n t  work 

by Mi l l e r  ( 1 9 8 3 )  i n d i c a t e s  t h a t  t h e  m a t e r i a l  from Obs id ian  Dome t o  Inyo  

C r a t e r s  e r u p t e d  550 y e a r s  ago.  Other  da t a  r e c e n t l y  d i s c u s s e d  by S i e h  e t  a l .  

(1983)  i n d i c a t e s  t h a t  t h e  n o r t h e r n  h a l f  of t h e  Mono C r a t e r s  e r u p t e d  a t  about  

t h e  same time. S t a r t i n g  i n  May 1980 a se r ies  of ea r thquake  swarms i n c l u d i n g  

f o u r  ML> 6 e v e n t s  o n  May 25-27 ,  1 9 8 0 ,  a n d  two M > 5 e v e n t s  on Janua ry  7 ,  

1983, have s i g n a l e d  t h e  o n s e t  of renewed t e c t o n i c  a c t i v i t y .  Ana lys i s  of t h e  
L 
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s e i s m i c  d a t a  by  R y a l l  and  R y a l l  (1981, 1983) and more r e c e n t l y  by Sanders  

(1984) ,  has r e v e a l e d  t h e  p robab le  e x i s t e n c e  o f  magma a t  sha l low d e p t h s  ( 4 . 5  

k m )  b e n e a t h  t h e  r e s u r g e n t  dome i n  t h e  c e n t r a l  p a r t  of t h e  c a l d e r a .  Recent 

work by K i s s l i n g  e t  a l .  (1984) u s i n g  P-wave t o m o g r a p h y ,  a n d  by  Cockerham 

[Cockerham and P i t t  ( 1984) ,  Cockerham ( 1 9 8 4 ) l  u s i n g  one  o f  t he  ex t r eme ly  few 

ear thquakes i n  t h e  n o r t h e a s t e r n  part  of t h e  c a l d e r a  t o  o b s e r v e  S-wave ab- 

s o r p t i o n  b e n e a t h  t h e  r e s u r g e n t  dome, h a v e  confirmed t h e  e x i s t e n c e  o f  t h e  

magma chamber i n  e s s e n t i a l l y  t h e  form shown by S a n d e r s  ( 1 9 8 4 ) .  M o r e o v e r ,  

a n a l y s i s  o f  t h e  l e v e l i n g ,  t r i l a t e r a t i o n  te r rameter  a n d  g r a v i t y  d a t a  by 

Rundle and Whitcomb (1984) and Whitcomb and Rundle (1983) s u g g e s t s  t h a t  a l l  

of t h e  d a t a  can be exp la ined  well by renewed i n f l a t i o n  of the  c e n t r a l  magma 

chamber by i n j e c t i o n  of magma a t  dep ths  as sha l low as 5 km. The h o r i z o n t a l  

l o c a t i o n  o f  t h i s  s h a l l o w  magma i s  n o r t h  a n d  e a s t  o f  t h e  Casa Diab lo  Hot 

S p r i n g  area.  

I n  a d d i t i o n  t o  renewed s e i s m i c  a c t i v i t y  and c r u s t a l  de fo rma t ion ,  t h e r e  

has a l s o  been an i n c r e a s e  i n  thermal a c t i v i t y  and steam v e n t i n g ,  a l o n g  w i t h  

l o c a t i o n s  o f  v e r y  r e c e n t  t r e e  k i l l  due t o  i n c r e a s e  i n  ground t empera tu re .  

Much of t h i s  a c t i v i t y  has been a s s o c i a t e d  w i t h  Casa D a b l o ,  a l though  h o t  mud 

g e y s e r i n g  t o  s e v e r a l  t e n s  of meters o c c u r r e d  a t  t h e  t ime  of  t h e  1983 

ea r thquakes  i n  the  Hot Creek b a t h i n g  area [ M .  C l a r k  ( 9 8 3 ) ] .  Gas a n a l y s e s  

p e r f o r m e d  o n  steam v e n t s  n e a r  Casa Diablo i n d i c a t e  CO of magmatic o r i g i n  

[Gerlach ( 1  983) 3 .  
2 

Taken t o g e t h e r ,  t h e s e  d a t a  s t r o n g l y  s u g g e s t  t h e  e x i s t e n c e  o f  sha l low 

magma beneath t h e  r e s u r g e n t  dome a t  d r i l l a b l e  d e p t h s  ( 5 km ) .  F u r t h e r  

s t u d i e s  are  c u r r e n t l y  underway t o  better l o c a t e  and d e f i n e  t h i s  s o u r c e .  

I n  a d d i t i o n  t o  t h e  r e s u r g e n t  dome, o t h e r  bodies  of molten o r  p a r t i a l l y  

m o l t e n  r o c k  p r o b a b l y  e x i s t  a t  sha l low dep th  i n s i d e  and o u t s i d e  t h e  c a l d e r a  

[Sanders and R y a l l  (1983) ,  Sanders  (19841, Rya l l  ( 1 9 8 4 ) l .  Shown i n  F i g u r e  

1 ,  f rom S a n d e r s  ( 1  9 8 4 ) ,  a r e  t h e  l o c a t i o n s  of t h e  c e n t r a l  r e s u r g e n t  dome 

magma body, t h e  magma body t o  t h e  n o r t h w e s t ,  and a p o s s i b l e  o n e  u n d e r n e a t h  

Lake Crowley.  The no r thwes t  body a g r e e s  i n  l o c a t i o n  w i t h  anomalous s i g n a l s  
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seen on s e i s m i c  r e f r a c t i o n  p r o f i l e s  by H i l l  (1976) and more r e c e n t l y  by H i l l  

e t  a l .  ( 1  9 8 4 ) .  The l o c a t i o n  of t h e  Lake Crowley magma body is based on an 

incomplete d a t a  s e t  and needs f u r t h e r  r e f inemen t .  Another p o s s i b l e  l o c a t i o n  

f o r  s h a l l o w  magma is  t h e  Adobe H i l l s  a r e a ,  t o  t h e  n o r t h e a s t  of Long Va l l ey ,  

where  swarms of e a r t h q u a k e s  have  r e c e n t l y  o c c u r r e d  [ R y a l l  ( 1  9 8 4 ) ] .  

F i n a l l y ,  magma may a l s o  be p r e s e n t  a t  d e p t h s  exceeding  8 km i n  a 3 meter 

t h i c k  d i k e  benea th  t h e  Inyo Domes - Mono C r a t e r s  cha in  [Whitcomb a n d  R u n d l e  

(198311. Although a t  t h e  p re sen t  time weakly c o n s t r a i n e d ,  t h i s  l o c a t i o n  and 

c o n f i g u r a t i o n  is  a t  l e a s t  c o n s i s t e n t  w i t h  r e c e n t  g r a v i t y  change o b s e r v a t i o n s  

f rom 1982 t o  1983 [Whitcomb a n d  Rundle (198311, and t h e  r e c e n t ,  ex t remely  

young (500 y e a r s  o l d ) ,  s i l i c i c  e r u p t i o n s  a s s o c i a t e d  w i t h  t h e  Mono C r a t e r s  

[Sieh e t  a l .  ( 1 9 8 3 ) l  and t h e  Inyo Domes [ M i l l e r  (198411. 

t h e  e x i s t e n c e  of t h e  body and i ts  dep th .  

The magma r e s e r v o i r  i n f e r r e d  f rom g e o l o g i c  d a t a  r e s t s  on  a m o d e l  
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p r o d u c t s ,  mainly l a v a  f lows and domes [Smi th  a n d  Shaw ( 1 9 7 3 ) l .  I m p o r t a n t  

i m p l i c a t i o n s  of t h i s  model a re  t h a t  b a s a l t i c  magmas o r i g i n a t e  i n  t h e  man t l e  

o r  lower c r u s t ,  r i s e  t o  t h e  s u r f a c e  t o  form f l o w s  f e d  b y  n a r r o w  p i p e s  and  

d i k e s ,  a n d  do n o t  form l a r g e  s h a l l o w  s t o r a g e  chambers - w i t h  t h e  p o s s i b l e  

e x c e p t i o n  of o c e a n i c  volcanoes t h a t  may have a l a r g e  summit r e s e r v o i r .  The 

model  p r e d i c t s  t h a t  l a r g e  magma chambers formed i n  t h e  upper 10 km of t h e  

c o n t i n e n t a l  c r u s t  w i l l  be s i l i c i c ;  t h u s ,  s i l i c i c  v o l c a n i c  sys t ems  o f  s u f f i -  

c i e n t l y  young age provide t h e  most a t t r a c t i v e  s i t e  f o r  geothermal and magma 

ene rgy  e x p l o r a t i o n .  T h i s  model i s  s t i l l  t h e  b a s i s  f o r  i g n e o u s - r e l a t e d  

g e o t h e r m a l  r e s o u r c e  estimates w i t h i n  t h e  U .  S. Geo log ica l  Survey [Smith and 

Shaw ( 1 9 7 9 ) ,  Bacon e t  a l .  ( 1 9 8 0 ) l .  
3 

f o r  t h e  magma r e s e r v o i r  [ S m i t h  a n d  Shaw ( 1 9 7 9 ) l .  The  magma b o d y  i s  

r h y o l i t i c  i n  c o m p o s i t i o n  and h a s  e r u p t e d  a t  l e a s t  38 times i n  t h e  l a s t  1 

When a p p l i e d  t o  t h e  Cos0 Range, t h e  model y i e l d e d  a volume o f  630 km 

m.y. The e r u p t i o n  p roduc t s  c o n s i s t  of about  2 k m 3  of r e m a r k a b l y  c o n s t a n t  

c o m p o s i t i o n  r h y o l i t e s  forming domes, f l o w s ,  and p y r o c l a s t i c  d e p o s i t s  s p r e a d  
over  150 kmL of S i e r r a  Nevada g r a n i t i c  and metamorphic r o c k s  [Bacon e t  a l .  

(198O) l .  A t  l e a s t  19 v e n t s  of P l e i s t o c e n e  a l k a l i  basa l t s  occur  on t h e  e a s t ,  

s o u t h ,  and west margins of t h e  r h y o l i t e  f i e l d .  Most o f  t h e  r h y o l i t e  domes 

and  a l l  of t h e  r h y o l i t e  f lows are  l e s s  t han  0 . 3  m.y. The youngest r h y o l i t e  

is  0.04 m . y . ,  and t h e  average r a t e  o f  e r u p t i o n  o f  r h y o l i t e  h a s  i n c r e a s e d  

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

geochemical i n v e s t i g a t i o n s  of t h e  Cos0 r h y o l i t e  f i e l d  have been r e p o r t e d  i n  

r e c e n t  l i t e r a t u r e  and  c o n t a i n  t h e  d a t a  used t o  c o n s t r a i n  estimates of t he  

magma body volume and c o m p o s i t i o n  [ D u f f i e l d  e t  a l .  ( 1 9 8 0 1 ,  Bacon e t  a l .  

( 1 9 8 0 ) ,  Bacon e t  a l .  (1981 1 ,  and Bacon ( 1 9 8 2 ) l .  The l o n g e v i t y  o f  s i l i c i c  

volcanism and t h e  geothermal s y s t e m  i t  h a s  s u p p o r t e d  r e q u i r e  a n  e x t e r n a l  

s u p p l y  o f  heat  [ D u f f i e l d  e t  a l .  ( 1 9 8 0 ) l .  The most f e a s i b l e  s o u r c e  i n f e r r e d  

f o r  t h e  h e a t  i s  m a n t l e - d e r i v e d  b a s a l t i c  magma i n t r u d i n g  t h e  c r u s t  i n  

r e s p o n s e  t o  h i g h  r a t e s  o f  l i t h o s p h e r i c  e x t e n s i o n  i n  t h e  Cos0 r e g i o n  

[ L a c h e n b r u c h  a n d  Sass  ( 1 9 7 8 ) l .  There i s  i m p r e s s i v e  p e t r o g r a p h i c  a n d  

g e o c h e m i c a l  e v i d e n c e  f o r  t h e  i n t r u s i o n  o f  b a s a l t  i n t o  t h e  s i l i c i c  magma 
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1 

c h a m b e r ,  w i t h  s u b s e q u e n t  m i x i n g  [ D u f f i e l d  e t  a l .  ( 1 9 8 0 1 ,  Bacon e t  a l ,  

( 1  981 11. 
Heat flow va lues  from sha l low boreho les  i n d i c a t e  t h a t  a t  l e a s t  a 100 

km2 pa r t  of t h e  Cos0 r e g i o n  i s  c h a r a c t e r i z e d  by abnormally h i g h  s u b s u r f a c e  

tempera tures  and geothermal g r a d i e n t s  [Combs (198011. Geothermal g r a d i e n t s  

r a n g e  from 2 5 . 3  C / k m  t o  906 O C / k m  and a r i s e  from convec t ing  ho t  water and 

convec t ive  hea t  t r a n s p o r t  from former f e e d e r  d ikes  t o  r e c e n t  r h y o l i t e  domes 

and  f l o w s .  Heat f l o w  va lues  range from 1.6 t o  2 3 .  H F U .  The h igher  va lues  

( > l o )  a r e  r e s t r i c t e d  t o  t h e  r h y o l i t e  dome f i e l d  a n d  a s s o c i a t e d  steam v e n t  

and  h o t  s p r i n g  m a n i f e s t a t i o n s .  For example ,  t h e  h i g h e s t  heat f lows  were 

measured near  Sugar loaf  Mountain, one of t he  most r e c e n t  domes, a n d  D e v i l ' s  

K i t c h e n ,  one  of t h e  major steam vent a r e a s  a t  present.  Heat t r a n s f e r r e d  by 

convec t ion  of water would be r a p i d l y  exhaus ted  were i t  not  f o r  i n t e r m i t t e n t  
r e s u p p l y  from dep th .  The h e a t  f low d a t a  a t  Cos0 s u b s t a n t i a t e  t h e  h y p o t h e s i s  

t h a t  t h e  hydrothermal a c t i v i t y  and  a s s o c i a t e d  r e c e n t  v o l c a n i c  r o c k s  a r e  

products  of a l ong- l ived  magma system a t  5-20 km d e p t h  t h a t  has p e r i o d i c a l l y  

e r u p t e d  lava dur ing  t h e  p a s t  0 . 3  - 1 . 0  m.y.  and  has p r o v i d e d  t h e  p r i m a r y  

h e a t  sou rce  f o r  t h e  Cos0 geothermal f i e l d  [Combs ( 1 9 8 0 ) l .  

0 

T e l e s e i s m i c  e v i d e n c e  h a s  shown t h a t  an i n t e n s e ,  l o w - v e l o c i  t y  body 

e x i s t s  f rom 5 t o  20 km d e p t h  unde r  t h e  g e o t h e r m a l  r e s e r v o i r  and is ap- 

proximate ly  5 km wide o n  t o p  a n d  becomes i n c r e a s i n g l y  e l o n g a t e  i n  a N-S 

d i r e c t i o n  w i t h  dep th  [Reasonberg e t  a l .  (19801, Young and Ward (198011. The 

zone i s  10 km wide  a t  d e p t h s  be tween 10 a n d  1 7 . 5  km [ R e a s o n b e r g  e t  a l .  

( 1 9 8 0 ) ] .  T h e  t o t a l  v o l u m e  of  t h e  zone  t h a t  may c o n t a i n  melt  i s  ap- 

proximate ly  900 km . The low-veloc i ty  zone u n d e r l i e s  t h e  a r e a  of h i g h  h e a t  

f l o w ,  h o t  s p r i n g s ,  steam v e n t s ,  and r e c e n t  volcanism. The s h a l l o w e s t  p a r t  

of t h e  body i s  c e n t e r e d  below t h e  r e g i o n  of  h i g h e s t  h e a t  f l o w .  The most  

p l a u s i b l e  e x p l a n a t i o n  f o r  t h e  d e l a y  shadow, based on c o n s i s t e n c y  w i t h  ther- 

mal d a t a ,  is t h a t  i t  is  caused by t h e  presence  of magma [ R e a s o n b e r g  e t  a l .  

( 1  980) I .  

3 

Not a l l  geophys ica l  su rveys  have r e s o l v e d  a magma r e s e r v o i r  under Coso. 

Those  t h a t  h a v e ,  o f t e n  g i v e  d i f f e r e n t  depths  t o  t h e  t o p  of t he  body. For 

example, ear thquake  s e i s m i c i t y  d a t a  s u g g e s t  t h e  absence of l i q u i d  a t  d e p t h s  
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sha l lower  t h a n  about 8 km [Walter and Weaver (1980) ] ,  u n l i k e  thermal [Hardee 

and Larson (198O)J and P wave d e l a y  da t a  t h a t  s u g g e s t  d e p t h s  as sha l low as 5 

k m .  R e c o n n a i s s a n c e  t e l l u r i c  c u r r e n t ,  a u d i o m a g n e t o t e l l u r i c ,  and d i r e c t  

c u r r e n t  s u r v e y s  [Jackson and O'Donnell ( 1 9 8 3 ) l  show a r e s i s t i v i t y  low i n  t h e  

g e o t h e r m a l  a r e a ,  b u t  t h e  i n v e s t i g a t i o n s  were l i m i t e d  t o  t h e  upper 3 km of 

t h e  c r u s t  and a r e ,  t h e r e f o r e ,  no t  deep  enough t o  f u l l y  e v a l u a t e  t h e  presence 

of magma. The e f f e c t  of an unde r ly ing  magma body i s  no t  i d e n t i f i a b l e  i n  t h e  

g r a v i t y  p a t t e r n  a t  Coso .  The p r e s e n c e  o f  s u c h  a b o d y ,  h o w e v e r ,  i s  n o t  

p r e c l u d e d  b y  g r a v i t y  because  i t  may be  t o o  d e e p l y  b u r i e d ,  has  t o o  low a 

d e n s i t y  c o n t r a s t ,  o r  has  t o o  small a s i z e  t o  be r e v e a l e d  w i t h i n  t h e  complex  

r e g i o n a l  g r a v i t y  background found a t  Cos0 [Plouff  and Isherwood (198O)J.  A 

magnet ic  low c o i n c i d e s  w i t h  t h e  heat f low high a t  Coso, b u t  i t  i s  b e l i e v e d  

t o  be due  t o  t h e  low abundance of magne t i t e  i n  t h e  s i l i c i c  p l u t o n i c  r o c k s  a t  

dep th  and t h e  d e s t r u c t i o n  of magne t i t e  i n  metamorphic r o c k s  by h y d r o t h e r m a l  

f l u i d s  [ P l o u f f  and  I s h e r w o o d  ( 1 9 8 0 ) l  and  n o t  n e c e s s a r i l y  a r e f l e c t i o n  of 

sha l low magma. Magma chamber models and r e c e n t  g e o p h y s i c a l  d a t a  f o r  Cos0 
has  been  w e l l  summar ized  b y  G o l d s t e i n  and Flexser (1984) .  G o l d s t e i n  and 

Flexser  (1984) estimate t h e  depth t o  magma a t  Cos0 t o  be g r e a t e r  t h a n  10 km. 

Some g e o p h y s i c a l  s t u d i e s ,  however, p l a c e  the  magma body a t  a dep th  of 6 km 

[C. Aus t in ,  p e r s o n a l  communication]. Recent S-wave a t t e n u a t i o n  measurements 

by R i n n  e t  a1  ( 1 9 8 4 )  i n d i c a t e  t h a t  any magma a t  Cos0 i s  deeper  t h a n  5 km. 

The measu remen t s  by R inn  e t  al. ( 1 9 8 4 )  s u r p r i s i n g l y  i n d i c a t e d  t h e  p r e s e n c e  

o f  a h i g h l y  a t t e n u a t i n g  z o n e  s o u t h  of t h e  Cos0 Mountains a t  I n d i a n  Wells. 
The i d e n t i f i e d  area a t  I n d i a n  Wells i s  a p o s s i b l e  s h a l l o w  magma body l e s s  

t h a n  3 km deep. 

The Cos0 s i t e  has  t h e  advantage of b e i n g  o n  a weapons b a s e  and  i t  i s  

e a s i l y  a c c e s s e d  by  a v a i l a b l e  r o a d s .  Water and power a re  a v a i l a b l e  a t  t h e  

s i t e  and  t h e  wea the r  i s  s u i t a b l e  f o r  d r i l l i n g  t h r o u g h o u t  t h e  y e a r .  

G e o t h e r m a l  d r i l l i n g  i n t o  t h e  hydrothermal  system a t  t h e  s i t e  has been suc-  

c e s s f u l  and f u l l - s c a l e  development of t he  r e s o u r c e  i s  a n t i c i p a t e d  o v e r  t h e  

n e x t  few y e a r s .  T h e s e  a c t i v i t i e s  would p rov ide  u s e f u l  i n f o r m a t i o n  about 

d r i l l i n g  c o n d i t i o n s  a t  t h e  p o t e n t i a l  magma s i t e ,  a n d  t h e y  o f f e r  t h e  pos-  

s i b i l i t y  of  some d i r e c t  involvement i n  t h e  magma p r o j e c t  by i n d u s t r y .  Navy 
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personnel  have i n d i c a t e d  t h e y  would welcome a d e e p - d r i l l i n g  e f f o r t  a t  Cos0 

as a means f o r  i n c r e a s i n g  t h e i r  knowledge of t he  r e g i o n .  I n  a d d i t i o n  t o  t h e  

wealth of i n f o r m a t i o n  a l r e a d y  a v a i l a b l e  a t  Cos0 compared t o  most  o t h e r  

p o s s i b l e  s i t e s ,  t h e r e  is  a s t a f f  of g e o l o g i s t s  a t  t h e  China L a k e  Base very 

famil iar  w i t h  t h e  g e o l o g y  o f  t h e  a r e a .  The r e c e n t l y  i d e n t i f i e d  s i t e  a t  

I n d i a n  Wells sha res  many o f  t h e  advantages of t h e  main Cos0 s i t e  a l though  

t h e  I n d i a n  Wells s i t e  i s  l a r g e l y  on p r i v a t e  l a n d .  

I 

3. Kilauea Volcano, H I  - Upper Eas t  R i f t  Zone 

Cons ide rab le  da ta  e x i s t s  f o r  a sha l low ( 2  - 6 km) magma chamber beneath 

t h e  s u m m i  t of K i l auea  Volcano. Cur ren t  environmental  r e s t r i c t i o n s  p rec lude  

t h i s  as a d r i l l  s i t e ,  however, because t h e  summit chamber i s  i n  t h e  c e n t r a l  

p a r t  o f  t h e  Hawaii V o l c a n o e s  N a t i o n a l  P a r k  where d e e p  d r i l l i n g  i s  n o t  
p r e s e n t l y  a l lowed .  The r i f t  zones of t h e  volcano,  f e d  by t h i s  summit magam 

chamber, ex tend  o u t s i d e  t h e  p a r k  boundaries  and a re  p o t e n t i a l  magma t a r g e t s .  

Geode t i c  da t a  and e x t r u s i o n  r a t e s  d u r i n g  s u s t a i n e d  e r u p t i o n s  a t  K i l a u e a  

i m p l y  a n  a v e r a g e  summit magma s u p p l y  of 7 t o  9 x 10  m /month f o r  t h e  p a s t  

30 y e a r s  [Swanson (19721, D z u r i s i n  e t  a l .  (198411. Approximately 35 p e r c e n t  

o f  t h e  n e t  magma s u p p l y  was e x t r u d e d ,  t h e  remainder was s t o r e d  i n  t h e  Eas t  

R i f t  (55 p e r c e n t )  a n d  t h e  S o u t h w e s t  R i f t  ( I O  p e r c e n t )  [ D z u r i s i n  e t  a l .  

6 3  

( 1 9 8 4 ) l .  Summit magma i n t r u d e s  t h e  r i f t  zones as nearby v e r t i c a l  d i k e s ,  

based  on seismic and g e o d e t i c  d a t a  a n d  c o m p a r i s o n s  w i t h  d i k e s  e x p o s e d  i n  

e r o d e d  r i f t  zones of o l d e r  Hawaiian s h i e l d  volcaons [Swanson e t  a l .  ( 1 9 7 6 ) ,  

Macdonald and Abbot ( 1 9 7 0 ) l .  D i k e s  comprise  25 - 50  p e r c e n t  o f  t h e  t o t a l  

r o c k  i n  r i f t  z o n e  c o m p l e x e s  exposed by e r o s i o n  i n  o l d e r  Hawaiian volcanos 

w i t h  wedges of i n t e r v e n i n g  o l d e r  l a v a  f lows  a c c o u n t i n g  f o r  t h e  r e s t  o f  t h e  

complex. Most of t h e  d i k e s  are  l e s s  than  1 .5  m t h i c k ,  and o c c a s i o n a l l y  t h e y  

a r e  as t h i c k  as 15 m [Macdonald ( 1 9 7 7 ) l .  

The Kilauea East R i f t  is  a 50 km l o n g ,  5 km h igh  r i f t  zone where basal- 

t i c  magma occur s  a t  dep ths  as sha l low as 1 t o  2 km [Swanson e t  a l .  ( 1  9 7 6 ) ,  

Ryan e t  a l .  ( 1 9 8 1 ) ] .  The a c t i v e  p o r t i o n  o f  t h e  E a s t  R i f t  Zone i s  ap- 

proximately 2 km wide [Swanson e t  a l .  ( 1 9 7 6 ) l .  E r u p t i o n s  a l o n g  t h i s  r i f t  

z o n e  f r e q u e n t l y  b r i n g  m o l t e n  b a s a l t i c  magma t o  t h e  s u r f a c e  where i t  i s  
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e r u p t e d  a s  l a v a .  The upper 25 km of t h e  E a s t  R i f t  Zone i s  a good t a r g e t  f o r  

sha l low magma. The p o r t i o n  o u t s i d e  t h e  park boundary, f o r  envi ronmenta l  and 

l o g i s t i c a l  r e a s o n s ,  i s  a p a r t i c u l a r l y  good t a r g e t .  The Eas t  R i f t  Zone 

e x t e n d s  from t h e  s u m m i t  magma chamber of Ki lauea  Volcano down t o  t h e  s e a  a t  

K i p u  Poing. The lower p a r t  of t h e  E a s t  R i f t ,  l i k e  a l l  of t h e  Southwest R i f t  

Z o n e ,  i s  somewhat i n a c t i v e .  The upper p a r t  of t h e  East R i f t  Zone (upper  25 

k m )  i s  v e r y  a c t i v e .  The l o w e r  E a s t  R i f t  e r u p t i o n s ,  h o w e v e r ,  a r e  m o r e  

voluminous than upper E a s t  R i f t  e r u p t i o n s ,  and t h e r e  i s  an i n v e r s e  r e l a t i o n -  

s h i p  between t h e  amount of s u m m i t  d e f l a t i o n  and  t h e  e l e v a t i o n  a t  which  

e r u p t i o n s  occur on t h e  E a s t  R i f t  [Epp e t  a l .  ( 1 9 8 3 ) l .  T h i s  r e l a t i o n  i m p l i e s  

t h a t  East R i f t  e r u p t i o n s  d r a i n  t h e  summit  magma chamber t o  l eve l s  d e p e n d i n g  

o n  t h e  e l e v a t i o n  a t  which  r i f t  zone d i k e s  are  tapped  [Epp e t  a l .  ( 1 9 8 3 ) l .  

Geophysical d a t a  and t h e o r e t i c a l  c a l c u l a t i o n s  i n d i c a t e  t h a t  p o r t i o n s  of t h e  

upper E a s t  R i f t  Zone c o n t a i n  molten o r  near molten magma i n  a r e g i o n  rough ly  

0.1 t o  1 km i n  d iameter  a t  depths  as  sha l low a s  1 t o  2 km [Decke r  ( 1 9 8 3 ) ,  

Hardee  ( 1  9 8 4 )  3 .  T h i s  g e o p h y s i c a l  d a t a  c o n s i s t s  of i n f l a t i o r d d e f l a t i o n  o r  

t i l t  measurements and s e i s m i c  d a t a  which a r e  used t o  c h a r t  t h e  u n d e r g r o u n d  

f l o w  of magma. The c h a r a c t e r  of t h e  s e i s m i c  d a t a  from t h e  upper E a s t  R i f t  

i n d i c a t e s  t h a t  t h i s  p o r t i o n  of  t h e  magma c o n d u i t  s y s t e m  i s  open and  t h e  

magma i n  i t  i s  r e l a t i v e l y  f l u i d  [Decker ( 1 9 8 3 ) l .  T h e o r e t i c a l  c a l c u l a t i o n s  

[Hardee (1982, 198411 based on a r e p e a t e d  magma i n j e c t i o n  model  combined 
w i t h  o b s e r v e d  volumes of t h r o u g h p u t  i n  t h e  uppe r  E a s t  R i f t  p r e d i c t  t h a t  t h e  

upper 25 km of t h e  E a s t  R i f t  shou ld  be r e l a t i v e l y  open  t o  f l o w  and  s h o u l d  

c o n t a i n  molten or  near molten magma whi l e  t h e  lower p o r t i o n  of t h e  E a s t  R i f t  

s hou ld  be r e l a t i v e l y  c l o s e d  t o  f l o w  and  o n l y  o c c a s i o n a l l y  c o n t a i n  m o l t e n  

magma. Recent f low c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  c o n d u i t  i n  some c a s e s  i s  

a rough ly  c i r c u l a r  condu i t  4 t o  10 m i n  d i a m e t e r  a n d  i n  o t h e r  c a s e s  i s  a 

d i k e  o r  s i l l  t y p i c a l l y  2 m t h i c k  a n d  40 m wide  [ H a r d e e  ( 1 9 8 4 ) l .  Older 

exposed r i f t  zones show no ev idence  f o r  cont inuous  c o n d u i t s ,  and i n t r u s i o n s  

w i t h  t h i c k n e s s e s  of s e v e r a l  hundred me te r s  have no t  been r e p o r t e d  i n  s t u d i e s  

of eroded r i f t  zones.  They may o c c u r ,  however, i n  t h e  l o w e r  l e v e l s  of t h e  

r i f t  z o n e s  t h a t  a r e  n o t  e x p o s e d  by e r o s i o n .  Most summit  d e f l a t i o n s  a r e  

r a p i d  (100 - 1000 m’/sec) and a p p a r e n t l y  r e l a t e d  t o  new d i k e  f o r m a t i o n  [ E p p  
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e t  a l .  ( 1 9 8 3 ) ] .  D u r i n g  t h e  p a s t  n i n e  y e a r s ,  h o w e v e r ,  t h e r e  have  been  

s e v e r a l  aseismic "slow leak" d e f l a t i o n s  t h a t  were n o t  a c c o m p a n i e d  by  new 

d i k e  f o r m a t i o n  and  t h a t  s u g g e s t  t h e  e x i s t e n c e  of more or  l e s s  cont inuous 

magma condu i t s  w i t h i n  t h e  Eas t  R i f t  Zone [Epp e t  a l .  ( 1 9 8 3 1 1 .  O b s e r v e d  

magma i n t r u s i o n  r a t e s  and  volumes of e r u p t e d  l a v a  ove r  t h e  l a s t  300 years 

a g r e e  w i t h  t h i s  model and t h e  re la ted c a l c u l a t i o n s  [Decker (198313. 

K i l auea  V o l c a n o  i s  n o t  i n  t h e  c o n t i n e n t a l  U.S. and t h e  b a s a l t i c  magma 

from Kilauea i s  no t  t y p i c a l  of common c o n t i n e n t a l  magmas. Erupted e x a m p l e s  

of b a s a l t i c  magma, however, are  found throughout  t h e  c o n t i n e n t a l  U.S. and i n  

t h i s  s e n s e  experiments  a t  K i l auea  can be re la ted  t o  some c o n t i n e n t a l  magmas. 

I f  t h e s e  d i f f e r e n c e s  c a n  be r a t i o n a l i z e d ,  t h e  advantages of d r i l l i n g  f o r  

magma a t  Ki l auea  East R i f t  a re  s i g n i f i c a n t .  Magma c l e a r l y  e x i s t s  i n  t h e  

u p p e r  E a s t  R i f t  Zone a t  s h a l l o w  d e p t h s  and  i t s  l o c a t i o n  i s  f a i r l y  w e l l  

known. Magma f r e q u e n t l y  e r u p t s  a long  t h e  East R i f t  Zone a l l o w i n g  g e o p h y s i -  

c a l ,  thermal  and geochemical  experiments  t o  be run  i n  f r e s h l y  e r u p t e d  l a v a  

from the  c o n d u i t .  Seve ra l  p o t e n t i a l  d r i l l  s i t e s  e x i s t  o n  t h e  u p p e r  25 km 

p o r t i o n  o f  t h e  Eas t  R i f t  Zone i n c l u d i n g  s i t e s  on t h e  p r i v a t e  l a n d  o f  t he  

Campbell Estates  and p o s s i b l e  s i t e s  on  s t a t e  l a n d  n e a r  H e i h e i a h u l u .  The 

Campbel l  Es ta te  group a l r e a d y  has p l ans  and pe rmi t s  t o  d r i l l  t h e  East R i f t .  

I n  d i s c u s s i o n s  w i t h  r e p r e s e n t a t i v e s  of t h e  Campbell Estate  group,  i t  appea r s  

l i k e l y  t h a t  t h e y  w i l l  d r i l l  w i t h i n  t h e  nex t  two years and t h e y  a r e  i n t e r -  

es ted  i n  t h e  Magma Energy P r o j e c t  and t h e  p o s s i b i l i t y  o f  j o i n t  c o o p e r a t i o n  

[ T r o t t e r  ( 1 9 8 3 ) ,  Kawada ( 1 9 8 3 ) l .  

An i n t e r e s t i n g  t a r g e t  f o r  d r i l l i n g  o n  t h e  u p p e r  Eas t  R i f t  i s  t h e  

Puhimau Hot S p o t .  T h i s  s i t e  formed i n  1936 [Zablocki  ( 1 9 7 8 ) ,  J agge r  (1938)]  

when ground t empera tu res  sudden ly  r o s e  t o  85 C and k i l l e d  o f f  t h e  t r e e s  and  

v e g a t a t i o n .  Ground t e m p e r a t u r e s  a re  s t i l l  high today  and r e a c h  90 - 95 C 

j u s t  below t h e  s u r f a c e .  The heat s o u r c e  is e i t h e r  a sha l low magma i n t r u s i o n  

o r  a deep magma i n t r u s i o n  coupled t o  a f r a c t u r e - c o n t r o l l e d  steam f i e l d  above 

which ex tends  t o  t h e  s u r f a c e .  Heat f low measurements by Dunn i n  1983  i n d i -  

ca te  t h a t  t he  s u r f a c e  heat f low a t  Puhimau Hot Spot  i s  the  same magnitude as 
2 a t  K i l auea  I k i  Lava L a k e  ( q = 250 W / m  ) .  E l e c t r i c a l  geophys ica l  measure-  

ments  [ Z a b l o c k i  ( 1 9 7 8 ) ]  i n d i c a t e  t h a t  t h e r e  i s  a conduc t ive  zone a t  50 m 
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d e p t h .  Thermal measurements by Dunn a l s o  i n d i c a t e  a thermal boundary a t  50 

m d e p t h .  A p r e l i m i n a r y  h o l e  d r i l l e d  t o  100 m dep th  would be ve ry  u s e f u l  t o  

determine i f  t he  boundary a t  50 m d e p t h  i s  the  t o p  of a magma i n t r u s i o n .  If 

s o ,  t h e  Puhimau Hot Spot  would be a v a l u a b l e  l o c a t i o n  f o r  magma ene rgy  f i e l d  

experiments  -- p a r t  i c u l  a r  1 y e x p e r  i men t s a i  me d a t  e va 1 ua t i n g g e o  ph  y s  i c a l  

t e c h n i q u e s  f o r  l o c a t i n g  magma. The main drawback  i s  t h a t  t h i s  s i t e  i s  

w i t h i n  t h e  Hawaiian Volcanoes Na t iona l  P a r k  and i s  burdened w i t h  environmen- 

t a l  r e s t r i c t i o n s .  

4.  S a l t o n  Trough, C A  

The S a l t o n  Trough i s  a zone  o f  c r u s t a l  s p r e a d i n g  t h a t  r u n s  from t h e  

Gulf of C a l i f o r n i a  i n t o  s o u t h e r n  C a l i f o r n i a .  T h i s  t h i n  r e g i o n  of t h e  c r u s t  

i s  a p o s s i b l e  l o c a t i o n  f o r  sha l low magma. The s i t e  most l i k e l y  t o  c o n t a i n  

s h a l l o w  magma i s  a t  C e r r o  P r i e t o  j u s t  a c r o s s  t h e  s o u t h e r n  b o r d e r  o f  

C a l i f o r n i a  i n  Mexico. The Cer ro  P r i e t o  s i t e  is  i m p r a c t i c a l  f o r  magma ene rgy  

f i e l d  experiments  because i t  i s  o u t s i d e  t h e  U.S. The o n l y  a p p a r e n t  s i t e  f o r  

s h a l l o w  magma o n  t h e  U.S. p o r t i o n  of t h e  S a l t o n  Trough i s  a t  t h e  s o u t h e a s t  

end o f  t he  S a l t o n  Sea  CKasameyer ( 1 9 8 0 ) ,  G o u p i l l a u d  a n d  McEuen ( 1 9 8 3 ) ,  

G o l d s t e i n  and Flexser  ( 1 9 8 4 ) l .  There is young volcanism i n  t h e  area a t  t h e  

B u t t e s  ( 1 0 , 0 0 0  year o l d  r h y o l i t i c  d o m e s ) .  On t h e  b a s i s  o f  a m a g n e t i c  

a n o m a l y ,  Gr iscom and  Muffler  (1971) estimate an average dep th  of 2 .5  km t o  

t h e  d i k e  complex.  O c c a s s i o n a l l y  s o m e  of  t h e s e  d i k e s  m i g h t  be a c t i v e  a n d  

m o l t e n .  C o l d  d i k e s  h a v e  been  e n c o u n t e r e d  i n  h o l e s  d r i l l e d  i n  t h e  area.  

Kasameyer (1980) estimates t h e  d e p t h  t o  magma t o  be 6 km, however, h e  n o t e s  

t h a t  t h e r e  i s  no d i r e c t  e v i d e n c e  a b o u t  t h e  l o c a t i o n  o r  e x t e n t  of molten 

material  and  t h e  m o l t e n  t a r g e t s ,  i f  p r e s e n t ,  a r e  s m a l l .  G o l d s t e i n  a n d  

F l e x s e r  (1984) a l s o  n o t e  t h a t  t h e r e  i s  c o n s i d e r a b l e  da ta  s u g g e s t i n g  melt may 

occur  a t  dep ths  as sha l low as 6 km. They a r e  n o t  a b l e  t o  i d e n t i f y  s p e c i f i c  

magma t a r g e t s ,  o n l y  p r o m i s i n g  a r e a s  f o r  s i t i n g  a h o l e .  G o u p i l l a u d  and 

McEuen (1983) a r e  p e s s i m i s t i c  about  f i n d i n g  sha l low magma h e r e .  They con-  
c l u d e  t h a t  t h e  S a l t o n  Sea g e o t h e r m a l  f i e l d  i s  t h e  bes t  t a r g e t  f o r  sha l low 

magma, bu t  t h e  chances of magma o c c u r r i n g  a t  d e p t h s  of 3 km ( 1 0 , 0 0 0  f t )  a r e  

r e m o t e .  The Kasameyer ( 1 9 8 0 )  r e p o r t  c o n c l u d e d  t h a t  a l t h o u g h  magma may 
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c u r r e n t l y  be i n t r u d i n g  a t  dep ths  as sha l low as 5 k m ,  t h e  l o c a t i o n  o f  s u c h  

sha l low molten magma by geophys ica l  methods is  d i f f i c u l t .  

5. Geysers /Clear  L a k e ,  CA 

The magma h e a t  s o u r c e  f o r  The Geysers geothermal f i e l d  i s  b e l i e v e d  t o  
be a c r u s t a l  magma body n e a r  Clear L a k e ,  s p e c i f i c a l l y  b e n e a t h  M t .  Hannah,  

a b o u t  16  km n o r t h e a s t  of The Geysers.  T h i s  s i t e  was one o f  f i v e  e v a l u a t e d  

f o r  t h e  DOE Con t inen ta l  S c i e n t i f i c  D r i l l i n g  Program s i t e  a s s e s s m e n t  s t u d y  

[ L u t h  a n d  H a r d e e  ( 1 9 8 0 ) l .  The geophysical  evidence f o r  t h i s  magma body i s  

well documented i n  Kasameyer (1980) .  The f o l l o w i n g  i s  a b r i e f  summary o f  

t h e  documentation and conc lus ions  i n  t h e  r e p o r t  by Kasameyer (1980) .  

G r a v i t y  d a t a  by Chapman (1975) and Isherwood (1976) show a g r a v i t y  low 

beneath t h e  v o l c a n i c  e d i f i c e  of M t .  Hannah. T h i s  g r a v i t y  anomaly is  c l ea r ly  

a s s o c i a t e d  w i t h  The Geysers g e o t h e r m a l  f i e l d .  The g r a v i t y  low i s  i n t e r -  

p r e t e d  t o  b e  a s i l i c i c  magma chamber c e n t e r e d  between 6 and 1 4  km dep th  

[Isherwood ( 1 9 7 6 ) l .  The absence of magnetic s o u r c e s  benea th  6.5 km dep th  i n  
t h i s  r e g i o n  s u g g e s t s  t h a t  t h e  body i s  above t h e  Curie Temperature and hence 

molten [Kasameyer ( 1 9 8 0 ) l .  Teleseismic P-wave d e l a y  d a t a  by S t e e p l e s  a n d  

I y e r  (1976a) and I y e r  e t  a l .  (1980) l e d  Iyer and others t o  i n t e r p r e t  t h i s  as 

a c rus ta l  magma chamber e x t e n d i n g  be tween 4 t o  30 km d e p t h  a n d  c e n t e r e d  

be tween M t .  Hannah a n d  The Geyse r s .  Electr ical  r e s i s t i v i t y  and heat f low 

r e su l t s  a t  t h i s  s i t e  are  c u r r e n t l y  somewhat ambiguous a l though  t h e  g e o t h e r -  

mal f i e l d  a t  The G e y s e r s  c l e a r l y  i m p l i e s  t h e  p r e s e n c e  of a c r u s t a l  heat  

s o u r c e .  

The  c o n c l u s i o n  o f  t h e  K a s a m e y e r  ( 1 9 8 0 )  r e p o r t  i s  t h a t  a l a r g e ,  

p a r t i a l l y - m o l t e n ,  magma body r o u g h l y  200 km2 i n  a r e a  e x i s t s  i n  t h e  Clear 

Lake area a t  a dep th  as sha l low as 7 km. The r e p o r t  f u r t h e r  concludes t h a t  

t h i s  is  an a t t r a c t i v e  s i t e  f o r  d r i l l i n g  toward magma a l t h o u g h  o n e  drawback  

i s  t h a t  t h e  g e o l o g i c  s e t t i n g  i s  somewhat unique and complex and t h e  magma 

body may be a t y p i c a l .  

G o l d s t e i n  and F l e x s e r  (1984) n o t e  t h a t  r e c e n t  geophys ica l  s u r v e y s  have 

y i e l d e d  i n c o n c l u s i v e  t o  n e g a t i v e  r e s u l t s  f o r  t h e  e x i s t e n c e  o f  a l a r g e  s h a l -  

low magma chamber .  I n  p a r t i c u l a r ,  c o m p r e s s i o n a l  and s h e a r  wave seismic 
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s u r v e y s  by Rossow e t  a l .  (1983) and e l e c t r i c a l  time domain m e a s u r e m e n t s  by  

K e l l e r  and  J a c o b s o n  (1983) and Keller e t  a l .  (1984) f a i l e d  t o  i n d i c a t e  t h e  

presence of melt i n  t h e  s u s p e c t e d  area of t h e  magma body beneath M t .  Hanna. 

6 .  Medicine Lake, CA 

The Medicine Lake Highland i s  a 25 km diameter s h i e l d  volcano i n  north-  

e r n  C a l i f o r n i a .  I t  i s  o n e  o f  t h e  most  a c t i v e  v o l c a n i c  c e n t e r s  i n  t h e  

wes te rn  United S t a t e s .  The f i e l d  has  a volume of I O 3  k m 3  and was b u i l t  i n  

t h e  l a . s t  10  y e a r s .  The g e n e r a l  s t r u c t u r e  i s  a g e n t l y  s l o p i n g  s h i e l d  o f  

mafic l a v a s  and  t u f f s ,  s u r m o u n t e d  b y  a 7 x 1 0  km c a l d e r a .  C l o s e l y  as-  
4 s o c i a t e d  w i t h  t h e  c a l d e r a  are  a l a r g e  number of s i l i c i c  v e n t s  l e s s  t h a n  10 

y e a r s  o l d .  The g r e a t e s t  c o n c e n t r a t i o n  of t h e s e  i s  on  t h e  e a s t  rim of  t h e  

c a l d e r a ,  where  s u r f a c e  the rma l  a c t i v i t y  pers i s t s  i n  a one-acre area of ho t  

ground. The most r e c e n t  v o l c a n i c  a c t i v i t y  [ A n d e r s o n  ( 1  9 3 3 ) ,  E i c h e l b e r g e r  

( 1 9 7 5 ) ,  H e i k e n  ( 1 9 7 8 ) ,  and Fink e t  a l .  ( 1 9 8 3 ) l  c o n s i s t s  of two l a r g e  f l a n k  

e r u p t i o n s  of b a s a l t i c  a n d e s i t e  o f  young b u t  u n d e t e r m i n e d  a g e  a n d  a m a j o r  

e r u p t i o n  1 1 0 0  y e a r s  a g o .  G e o l o g i c a l  d a t a  s u g g e s t s  t h a t  t h i s  e r u p t e d  

material  came from a s m a l l  s i l i c i c  magma chamber 4 - 16 km d e e p  [ H e i k e n  

( 1 9 7 8 ) l .  G r a v i t y  d a t a  can be f i t t e d  t o  a proposed model of a 2.5 km t h i c k  

i n t r u s i o n  beneath t h e  volcano [Finn and Williams ( 1 9 8 2 ) l .  S e i s m i c  r e f r a c -  

t i o n  s t u d i e s  b y  Zucca e t  a l .  (1981)  and Catchings (1982) f a i l  t o  show any 
l a r g e  l o w - v e l o c i t y  zones  t h a t  could be i n t e r p r e t e d  as m o l t e n  magma [ F i n n  and  

Wi l l i ams  ( 1 9 8 2 ) l .  S e i s m i c  r e f r a c t i o n  l i n e s  run by t h e  USGS [Ca tch ings  e t  
a l .  ( 1 9 8 3 ) ]  show a h i g h  v e l o c i t y  body u n d e r l y i n g  t h e  c a l d e r a  w i t h  a t o p  

w i t h i n  2 km of t h e  s u r f a c e  and  b r o a d e n i n g  w i t h  d e p t h .  The body i s  most 

l i k e l y  a s o l i d i f i e d  i n t r u s i v e  c o m p l e x .  T h i s  i n t r u s i v e  c o m p l e x  i s  

a n o m a l o u s 1  y a t t e n u a t i n g  and a p o s s i b l e  i n t e r p r e t a t i o n  i s  t h a t  t h i s  a t t e n u a -  

t i o n  is due t o  t h e  presence o f  melt .  The h i g h  s e i s m i c  v e l o c i t y ,  however, is  

i n c o n s i s t e n t  w i t h  t h e  p r e s e n c e  o f  l a r g e  q u a n t i t i e s  of melt. E l e c t r i c a l  

s t u d i e s  [ S t a n l e y  ( 1 9 8 2 ) l  f a i l  t o  show any conduc t ive  anomaly which c o u l d  be 

i n t e r p r e t e d  as a p a r t i a l l y  molten magma body. A r e c e n t  e l e c t r i c a l  su rvey  by 

F r i schknech t  e t  a l .  (1983) shows a c o n d u c t o r  w i t h i n  a few h u n d r e d  meters 

d e p t h  b e n e a t h  t h e  c a l d e r a  but t h i s  i s  l i k e l y  a hydrothermal  s y s t e m  a t  t h i s  
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sha l low depth.  The conc lus ion ,  based on t h e  geophys ica l  d a t a ,  i s  t h a t  t h e  

sha l low i n t r u s i v e  complex benea th  t h e  c a l d e r a  is  most ly  s o l i d i f i e d  [Finn and  

Williams ( 1 9 8 2 ) l .  The i n t r u s i o n ,  even i f  s o l i d ,  may s t i l l  be h o t  s i n c e  a 

f u m a r o l e  w i t h  n e a r  b o i l i n g  t e m p e r a t u r e  water  occur s  near t h e  c a l d e r a  r i m  

[ F i n n  and Williams ( 1 9 8 2 ) l .  A d e e p e r  magma r e s e r v o i r  i n  t h e  5 t o  10 km 

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

e r u p t i o n s  a r o u n d  t h e  c a l d e r a  and  t h e  manner i n  which  b a s a l t  m i x e s  w i t h  

r h y o l i t e  s u g g e s t  p rocesses  t h a t  would have occur red  i n  a magma r e s e r v o i r  a t  

d e p t h s  on t h e  o r d e r  of 5 t o  10  k m .  G o l d s t e i n  and F l e x s e r  ( 1 9 8 4 )  h a v e  

r e c e n t l y  reviewed t h e  d a t a  on Medicine Lake and t h e y  conclude t h a t  geologi -  

c a l  d a t a  and i n d i r e c t  geophys ica l  d a t a  s u p p o r t s  t h e  e x i s t e n c e  of  a magma 

body a t  a depth  of 7 t o  10 km. They a l s o  conclude t h a t  more s t u d y  i s  needed 

be fo re  one could  be conf iden t  about r each ing  a magma body a t  any r e a s o n a b l e  
d e p t h .  F i n a l l y ,  s i t e  l o g i s t i c s  f o r  Medicine Lake a r e  r e a s o n a b l y  good a l -  

though snow i s  a problem about four  months of t h e  yea r .  

I 

7. Newberry Volcano, OR 

Newberry Vo lcano  i n  w e s t  c e n t r a l  Oregon h a s  been  o f  i n t e r e s t  a s  a 

g e o t h e r m a l  s i t e  f o r  a t  l e a s t  a decade. T h i s  s i t e  has been mentioned as a 

t a r g e t  s i t e  f o r  sha l low magma i n  t h e  p a s t  [Shoemaker  ( 1 9 7 5 1 ,  Varnado a n d  

C o l p  ( 1 9 7 8 ) l .  T h i s  volcano has a c t i v e  fumaro le s ,  young r h y o l i t i c  d e p o s i t s  

(one dated a t  1300 y e a r s  b .p .1 ,  and a number of c inde r  cones and v e n t s ,  a l l  

of which s u g g e s t  t h e  presence  of magma. Newberry Volcano c o n s i s t s  of both 

b a s a l t i c  and r h y o l i t i c  m a t e r i a l .  The volcano has a w e l l - d e v e l o p e d  c a l d e r a  

s t r u c t u r e .  A h o l e  d r i l l e d  t h r o u g h  t h e  c a l d e r a  would be e x p e c t e d  t o  

encounter  mixed b a s a l t i c  and  r h y o l i t i c  m a t e r i a l .  Below t h e  b a s e  of t h e  

volcano,  a d r i l l  h o l e  would encounter  a sequence of T e r t i a r y  v o l c a n i c  r o c k s .  

A molten o r  r e c e n t l y  s o l i d i f i e d  r h y o l i t i c  magma chamber p r o b a b l y  e x i s t s  i n  

t h e  c r u s t  and i s  l i k e l y  u n d e r l a i n  by a b a s a l t i c  magma chamber [Varnado and 

Colp (1978) ] .  T h i s  volcano s i ts  on c r u s t a l  m a t e r i a l  c o n s i s t i n g  o f  Mesozo ic  

p l u t o n s  and metamorphic  rocks  o r  o l d e r  r o c k s  t h a t  were deformed dur ing  t h e  

Mesozoic. 
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M a g n e t o - t e l l u r i c  d a t a  h a s  f a i l e d  t o  show evidence f o r  a l a r g e  magma 

chamber benea th  t h e  volcano [S tan ley  ( 1  981 ) 1. Grav i ty  d a t a ,  h o w e v e r ,  d o e s  

s u g g e s t  t h e  p r e s e n c e  of  a l a r g e  i n t r u s i v e  body a t  sha l low depth  [Williams 

a n d  F i n n  ( 1 9 8 I ) l .  The most s u g g e s t i v e  d a t a  f o r  sha l low magma comes from t h e  

1981 d r i l l i n g  by t h e  USGS i n  Newberry c a l d e r a .  I n  t h i s  d r i l l i n g  o p e r a t i o n ,  

h igh  t empera tu res  (265OC) were encountered  a t  sha l low d e p t h  ( 9 3 0  m )  [ B l a c k  

( 1 9 8 2 ) l .  E x t r a p o l a t i o n  of  t h i s  thermal d a t a  i m p l i e s  t h a t  a sha l low magma 

source  e x i s t s  a t  a depth  of 2 km or l e s s  [Sammel ( 1 9 8 1 ) l .  B e t t e r  h e a t  f l o w  

d a t a  would h e l p  t o  d e f i n e  t h i s  p o t e n t i a l  s h a l l o w  magma s o u r c e  a l though  

Sarnmel (1981) no te s  t h a t  much of t h e  hea t  f low a t  s h a l l o w  d e p t h  i s  t h o u g h t  

t o  be m a s k e d  b y  g r o u n d - w a t e r  f l o w .  I n  1983 a h o l e  d r i l l e d  b y  S a n d i a  

Na t iona l  L a b o r a t o r i e s  near t h e  s i t e  of t h e  USGS ho le  e n c o u n t e r e d  h i g h  tem- 

p e r a t u r e s  ( 1 8 0 ° C )  when a h o t  a q u i f e r  was p e n e t r a t e d  a t  a depth  of 400 m. 

The main p r o b l e m s  w i t h  t h i s  s i t e  a r e  w e a t h e r  a n d  e n v i r o n m e n t a l  

c o n c e r n s .  Newberry c a l d e r a  i s  i n  a S t a t e  R e c r e a t i o n a l  Area a n d  Oregon, i n  

p a r t i c u l a r ,  i s  s e n s i t i v e  about geothermal d r i l l i n g  i n  s u c h  a r e a s .  A s m a l l  

p o r t i o n  of  t h e  l and  i n  t h e  c e n t e r  of t h e  c a l d e r a  i s  p r i v a t e l y  owned and t h e  

p r e s e n t  owners a r e  i n t e r e s t e d  i n  encouraging  a magma e n e r g y  w e l l  on t h e i r  

p r o p e r t y .  The Oregon Department of Geology and Mineral  I n d u s t r i e s  ( D O G A M I )  

i s  c u r r e n t l y  encouraging  a proposa l  f o r  s c i e n t i f i c  d r i l l i n g  a c t i v i t i e s  i n  

O r e g o n .  A l t o g e t h e r ,  t h e  envi ronmenta l  concerns may not  be as s e v e r e  today  

as t h e y  were a f e w  y e a r s  ago. 

8 .  S o c o r r o ,  NM 
2 The magma a t  Socor ro  i s  i n t e r p r e t e d  t o  be a l a r g e  a r e a  (1700 km ) sil l-  

l i k e  i n t r u s i o n  a t  a d e p t h  of 20  km w i t h  s m a l l e r  s i l l - l i k e  i n t r u s i o n s  a t  

sha l lower  depths  [Kasameyer ( 1 9 8 0 ) l .  Chapin e t  a l .  ( 1 9 7 9 )  n o t e s  t h a t  some 

of  t h e  s m a l l e r  s i l l s  appear t o  occur a t  d e p t h s  as sha l low a s  4 km. Jaksha  

(1982) has some p re l imina ry  m i c r o e a r t h q u a k e  d a t a  t h a t  i n d i c a t e s  p o s s i b l e  

s h a l l o w  magma d ikes  and s i l l s  near Ladron Peak a t  depths  a s  sha l low as 2 t o  

3 km. Recent microear thquake  a c t i v i t y  i n d i c a t e s  t h e  e x i s t e n c e  of  magma i n  

a c t i v e  d i k e s  or s i l l s  a t  a depth  of 5 km near t h e  S e v i l l e t a  r e f u g e  about 30 

km n o r t h  o f  S o c o r r o  [ S a n f o r d  ( 1 9 8 4 ) l .  I t  i s  t h e  s m a l l e r  s h a l l o w  magma 
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i n t r u s i o n s  a t  3 t o  7 km depth t h a t  are p o t e n t i a l l y  u s e f u l  f o r  magma energy 

f i e l d  experiments .  

The g e o p h y s i c a l  d a t a  f o r  t he  sha l low magma i n t r u s i o n s  a t  Socor ro  come 

p r i m a r i l y  from two s o u r c e s :  p a s s i v e  seismic measurements by S a n f o r d  a n d  h i s  

c o l l e a g u e s ,  and a c t i v e  seismic measurements by COCORP.  Three p a s s i v e  seis-  
mic t echn iques  have been used t o  i d e n t i f y  t h e s e  s h a l l o w  magma b o d i e s :  ( 1 )  

s c r e e n i n g  of SV waves, ( 2 )  s p a t i a l  d i s t r i b u t i o n  of P o i s s o n ' s  r a t i o  ( r a t i o  of 

S t o  P v e l o c i t i e s ) ,  and  ( 3 )  s p a t i a l  d i s t r i b u t i o n  o f  m i c r o e a r t h q u a k e  

hypocenters  [Sanford and Schlue (1980) l .  For i n s t a n c e ,  microear thquake f o c i  

around t h e  s u s p e c t e d  sha l low magma i n t r u s i o n s  are  neve r  d e e p e r  t h a n  2 .5  km 

whereas i n  a d j a c e n t  a r e a s  a c t i v i t y  ex tends  t o  8 km d e p t h .  T h i s  absence of 

microear thquake a c t i v i t y  i s  i n t e r p r e t e d  t o  be due t o  t h e  presence o f  l i q u i d  

magma. The ac t ive  s e i s m i c  t echn iques  such as  V i b r o s e i s  P-wave r e f l e c t i o n  

s e i s m i c  s u r v e y s  conducted by C O C O R P  a l s o  show t h e  presence of s h a l l o w  magma 

i n t r u s i o n s .  One COCORP su rvey  no r thwes t  of Socor ro  f o r  i n s t a n c e ,  de tec ted  a 

b r i g h t  r e f l e c t o r  l e s s  t h a n  3 km wide a t  a d e p t h  of  6 . 4  km [Brown e t  a l .  

( 1 9 8 0 ) ] .  T h i s  b r i g h t  s p o t  is  i n t e r p r e t e d  t o  be a s m a l l  sha l low magma body 

[Kasameyer ( 1980) 1. 

I 

I 

Microearthquake swarm a c t i v i t y  occur red  i n  March 1983 a t  a d e p t h  of 5 .5  

km ( + -  1 / 2  k m )  nea r  t h e  S e v i l l e t a  r e f u g e  about 30 km n o r t h  o f  Socor ro .  T h i s  

svJarm a c t i v i t y  s u g g e s t s  t h e  p re sence  of shal low magma a t  5 t o  6 km dep th .  

T h i s  l o c a t i o n  is a t  t h e  c e n t e r  of t h e  S o c o r r o  u p l i f t .  Another  a r e a  j u s t  

s o u t h  o f  S o c o r r o  has  had swarm a c t i v i t y  s u g g e s t i n g  t h e  presence of sha l low 

magma a t  dep ths  around 7 km. The swarms are  thought  t o  be a r e s u l t  of t h e  

movement o f  magma i n  d i k e s  and s i l l s .  A d d i t i o n a l  s u g g e s t i o n s  t h a t  t h e  

swarms are  r e l a t e d  t o  magma a re :  ( 1  ) swarms a p p e a r  t o  l i n e  up i n  r a d i a l  

p a t t e r n s  from t h e  c e n t e r  of t h e  u p l i f t  i n  a manner s i m i l a r  t o  t h e  r i f t  zones 

on Hawaiian vo lcanos ,  ( 2 )  t h e  p a t t e r n  o f  swarming (many h o u r s  o f  a c t i v i t y  

b u t  w i t h  no a f t e r s h o c k s )  s u g g e s t s  t h a t  t h e  swarms are  a s s o c i a t e d  w i t h  t h e  

movement of f l u i d  underground and  a r e  n o t  due  t o  d r y  f r a c t u r i n g ,  ( 3 )  t h e  

swarms a p p e a r  t o  be t r i g g e r e d  by t i d a l  c y c l e s  a g a i n  s u g g e s t i n g  t h e  swarms 

a r e  due  t o  t h e  movement of f l u i d  a t  d e p t h ,  ( 4 )  t h e  swarms t e n d  t o  be  

r e s t r i c t e d  t o  a n a r r o w  d e p t h  r a n g e .  The amount of u p l i f t  i n  t h e  S o c o r r o  
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area times t h e  area of  t h e  u p l i f t  i s  on t h e  o r d e r  o f  t h e  volume r a t e  of 

magma supp ly  t o  Ki l auea  Volcano i n  Hawaii. Sanford (1984) p o i n t s  ou t  t h a t  a 

r e a s o n a b l e  amount of magma i n j e c t i o n  i n  sha l low d i k e s  and s i l l s  b e n e a t h  t h e  

S o c o r r o  u p l i f t  c o u l d  e a s i l y  be accounted f o r  i n  t h e  observed u p l i f t .  The 

c a s e  f o r  sha l low magma a t  Socor ro  is  based  p r i m a r i l y  on s e i s m i c  d a t a .  There 

i s  some s u p p o r t i n g  heat flow ev idence .  Heat f low v a l u e s  as h igh  as 11.7 HFU 

have been observed i n  t,he S o c o r r o  a r e a  [ R e i t e r  and S m i t h  ( 1 9 7 7 ) ,  S a n f o r d  

( 1 9 7 7 ) ] .  There are  r e p o r t s  of hot  water  ponds near Socor ro .  The southward 

f l o w  o f  t h e  R i o  G r a n d e ,  h o w e v e r ,  t e n d s  t o  mask much o f  t h e  h e a t  f l o w  

anomaly .  The major drawback of t h e  5 km deep s u s p e c t e d  magma body n o r t h  of 

Socor ro  is  a p o s s i b l e  l a n d  p r o b l e m .  T h i s  l a n d  i s  on t h e  S e v i l l e t a  b i r d  

r e f u g e  . 
A t  S o c o r r o  we have  an a b u n d a n c e  o f  s e i s m i c  d a t a ,  b o t h  p a s s i v e  and 

a c t i v e ,  s u p p o r t i n g  t h e  e x i s t e n c e  of small shal low magma i n t r u s i o n s .  Heat 

f low measurements show a small h e a t  f low h igh  a s s o c i a t e d  w i t h  t h e  main 20 km 

d e e p  magma body a t  S o c o r r o ,  b u t  t h e r e  i s  p r e s e n t l y  no h e a t  f low momaly 

i d e n t i f i e d  f o r  t h e  sha l low magma i n t r u s i o n s .  The re  i s  no r e c e n t  e r u p t i v e  

a c t i v i t y ,  however, such as occur s  a t  o t h e r  magma s i t e s .  The c l o s e s t  r e c e n t  

e r u p t i v e  a c t i v i t y  i s  t h e  1000  y e a r  o l d  b a s a l t i c  l a v a  f l o w  a t  V a l l e y  o f  

F i r e s ,  100 km e a s t  of Socor ro .  The l a c k  of nearby r e c e n t  e r u p t i v e  a c t i v i t y  

a t  Socor ro  is not  n e c e s s a r i l y  a d r a w b a c k .  A s  B u l l a r d  ( 1 9 7 1 )  p o i n t , s  o u t ,  

t h e r e  a r e  p l a c e s  l i k e  L a r d e r e l l o  w i t h  o b v i o u s  magmatic  h e a t  s o u r c e s  b u t  no 

nearby r e c e n t  e r u p t i v e  h i s t o r y  (The n e a r e s t  v o l c a n i c  c r a t e r s  are  100 km from 

L a r d e r e l l o ) .  What a l l  t h i s  da t a  s u g g e s t s  i s  t h a t  t h e  S o c o r r o  a r e a  might be 

a young magma system which has not y e t  evolved i n t o  a v o l c a n i c  s y s t e m .  

9 .  Augustine V o l c m o ,  A K  

Augustine Volcano, l o c a t e d  on August ine I s l a n d  i n  Cook I n l e t ,  A l a s k a ,  

i s  e s s e n t i a l l y  an i s l a n d  volcano.  T h i s  volcano has  been very a c t i v e  and has  

had  f i v e  major e r u p t i o n s  i n  t h e  l a s t  200 years (1312, 1883, 1935, 1 9 6 4 ,  a n d  

1 9 7 6 )  [ K i e n l e  and Swanson (1980) ] .  There are  d a t a  s u g g e s t i n g  t h e  e x i s t e n c e  

o f  a sha l low magma chamber beneath t h e  v o l c a n o  and t h i s  was t h e  b a s i s  f o r  

s e i s m i c  f a n  s h o o t i n g  experiments  and o t h e r  geophysical  experiments  i n  1975. 
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The 1975 f i e l d  e x p e r i m e n t s  were  p a r t  o f  a j o i n t  program o f  magma e n e r g y  

i n v e s t i g a t i o n s  by t h e  U n i v e r s i t y  of Alaska and Sand ia  L a b o r a t o r i e s .  A s  p a r t  

of these f i e l d  i n v e s t i g a t i o n s ,  a sha l low (82 f e e t )  h o l e  was d r i l l e d  nea r  t h e  

summit o f  A u g u s t i n e  i n  1975. The d r i l l i n g  l o g i s t i c s  and f i e l d  experiments  

are  d e s c r i b e d  i n  a p rogres s  r e p o r t  by Kien le  e t  a l .  ( 1 9 7 5 ) .  

K i e n l e  ( 1  9 8 4 )  h a s  a c c u m u l a t e d  c o n s i d e r a b l e  seismic d a t a  i n d i c a t i n g  a 

sha l low magma body beneath Augustine a t  a d e p t h  of  a b o u t  900 m ( + -  250 m )  

below s e a  l e v e l .  From a d r i l l a b l e  p o s i t i o n  on t h e  volcano t h e  d e p t h  t o  t h e  

magma body would be about 1500 m [ K i e n l e  ( 1 9 8 4 ) l .  The c o n d u i t  and  magma 

chamber a p p e a r  t o  be v e r t i c a l l y  plumbed and c e n t e r e d  d i r e c t l y  beneath t h e  

volcano.  A d r i l l h o l e  t o  t h e  magma chamber would r e q u i r e  a n g l e  d r i l l i n g  a t  a 

s t e e p  a n g l e  of about 45 d e g r e e s .  The technology f o r  s t e e p  a n g l e  d r i l l i n g  of 

t h i s  type i n  hot  zones is  not  developed and would be d i f f i c u l t  f o r  t h e  d e p t h  

r e q u i r e d .  A v e r t i c a l  d r i l l h o l e  f rom t h e  

would expect t o  encounter  t he  magma body a t  a 

i s  n o t  an  unreasonable  d r i l l i n g  d e p t h .  Such 

would have t o  be t o t a l l y  s u p p l i e d  by h e l i c o p t  

t o  t h e  summit would be i m p r a c t i c a l .  

200 m high summit of August ine 

t o t a l  d e p t h  o f  2 . 1  km, which  

a d r i l l i n g  o p e r a t i o n ,  however, 

r s i n c e  c o n s t r u c t i o n  of a road 

A second magma t a r g e t  a t  Augustine is  t h e  600 m d iameter  dome a t  t h e  

summit t h a t  formed a f t e r  t h e  1975 e r u p t i o n .  T h i s  dome cou ld  be d r i l l e d  from 

a s u i t a b l e  s i t e  o u t s i d e  t h e  rim. Such a p o s i t i o n  e x i s t s  n e a r  a known h o t  

s p o t  a t  t h e  summit rim on p a r t  of t he  1964 dome . An ang led  h o l e  could be 

d r i l l e d  here through t h e  1964 dome material  i n t o  t h e  1976 dome. A h o l e  100 

t o  3 0 0  m l o n g  c o u l d  reach molten material i n s i d e  t h e  1976 dome. An ang led  

h o l e  over t h i s  s h o r t  d i s t a n c e  migh t  be f e a s i b l e  w i t h  p r e s e n t  t e c h n o l o g y .  

The va lue  of such a h o l e  would be l a r g e l y  s c i e n t i f i c  and would be u s e f u l  f o r  

geophysical  and e n g i n e e r i n g  experiments .  

10. K i l auea  Volcano, H I  -- Lower East R i f t  or Southwest R i f t  

The i n t r u s i o n  r a t e  i n  t h e  Lower East R i f t  Zone ( g r e a t e r  t h a n  30 km from 

t h e  s u m m i t )  i s  low and t h i s  i m p l i e s  t h a t  t h e  condu i t  o n l y  i n t e r m i t t e n t l y  

c o n t a i n s  molten magma [Hardee ( 1 9 8 4 ) l .  The l a s t  e r u p t i v e  a c t i v i t y  i n  t h e  
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Lower E a s t  R i f t  was i n  1360.  Seve ra l  p o s s i b l e  d r i l l  s i t e s  e x i s t .  One i s  

nea r  t h e  HGP-1 w e l l .  

The i n t r u s i o n  r a t e  i n  t h e  Southwest R i f t  Zone i s  similar t o  t h a t  of t h e  

Lower E a s t  R i f t  [Hardee  ( 1 9 8 4 ) l .  A g a i n ,  t h e  i m p l i c a t i o n  i s  t h a t  t h e  

S o u t h w e s t  R i f t  Zone o n l y  i n t e r m i t t e n t l y  c o n t a i n s  molten magma. The l a s t  

e r u p t i v e  a c t i v i t y  on t h e  Southwest R i f t  was i n  1974, howsver,  i n  1981 a b o u t  

40 x I O 6  m 3  of magma was i n t r u d e d  i n t o  t h e  Southwest R i f t .  None o f  t h e  1981 

i n t r u d e d  magma reached t h e  s u r f a c e ,  b u t  some of i t  came v e r y  n e a r  t h e  s u r -  

f a c e  p r e s e n t i n g  a p o s s i b l e  s h a l l o w  magma t a r g e t  f o r  d r i l l i n g .  Modeling 

based on deformation da t a  i n d i c a t e s  t h a t  one of these  1981 i n t r u d e d  d i k e s  i s  

4 km h i g h ,  1 m t h i c k  and  comes t o  w i t h i n  250 m of t h e  s u r f a c e  [Okamura e t  

a l .  ( 1 9 8 1 ) ,  Okamura ( 1 9 8 4 ) l .  T h i s  p a r t i c u l a r  s i t e  i s  l o c a t e d  n e a r  Cone 

C r a t e r .  The s u r r o u n d i n g  a r e a  i s  s t i l l  s teaming a t  p r e s e n t .  T h i s  sha l low 

i n t r u s i o n  is  o u t s i d e  t h e  t o u r i s t  a r e a s  of t h e  P a r k  and c a n  r e a s o n a b l y  be 

c o n s i d e r e d  a s  a p o s s i b l e  d r i l l  s i t e .  The d i sadvan tage  i s  t h a t  a d i k e  1 m 

w i d e  would have s o l i d i f i e d  w i t h i n  d a y s  a f t e r  i t s  f o r m a t i o n  i n  1981 .  I t  i s  

u n l i k e l y  t h a t  molten magma e x i s t s  today a t  sha l low dep ths  a t  t h i s  l o c a t i o n .  

1 1 .  M t .  S t .  Helens,  W A  

The a c t i v e  d a c i t i c  l a v a  dome a t  M t .  S t .  Helens i s  c u r r e n t l y  t h e  sha l -  

l owes t  magma s o u r c e  i n  t h e  c o n t i n e n t a l  U.S. The d a c i t i z  magma a t  M t .  S t .  
Helens  i s  r e p r e s e n t a t i v e  of  a major  c l a s s  of magmas t h a t  a r e  p o t e n t i a l l y  

u s a b l e  f o r  magma energy e x p l o i t a t i o n .  

P o t e n t i a l  t a r g e t s  a t  M t .  S t .  H e l e n s  i n c l u d e  magma i n  t h e  dome, t h e  

feeder c o n d u i t ,  and t h e  i n f e r r e d  sha l low r e s e r v o i r  a t  dep th .  D r i l l i n g  i n t o  

magma i n t r u d e d  i n t o  t h e  dome would b e  r i s k y  because of exposure t o  small  

gas-ash e r u p t i o n s  t h a t  o c c u r  d u r i n g  p h a s e s  of t h e  p r e s e n t  dome b u i l d i n g  

a c t i v i t y  [Swanson e t  a l .  ( 1 9 8 3 ) l .  Dangers from l a n d s l i d e s  o f f  both t h e  dome 

and s t e e p  c r a t e r  walls would a l s o  be s i g n i f i c a n t .  T h e r e  i s  e v i d e n c e  t h a t  

t h e  f e e d e r  c o n d u i t  remains f i l l e d  w i t h  v i s c o u s  l a v a  a t  a l l  times [Chadwick 

e t  a l .  (198313, b u t  t h e  diameter of t h e  c o n d u i t  i s  l i k e l y  t o  be no l a r g e r  

t h a n  25 - 40 m, based on o b s e r v a t i o n s  of t h e  d i ame te r s  of protodomes formed 

a f t e r  e x p l o s i v e  e r u p t i o n s  i n  1980 [Swanson (198411. S e i s m i c ,  d e f o r m a t i o n ,  
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gas emis s ion ,  and p e t r o l o g i c  da ta  s u g g e s t s  the  e x i s t e n c e  of a sha l low r e s e r -  

v o i r  connected t o  t h e  dome by t h e  f e e d e r  c o n d u i t  [Malone e t  a l .  ( 1 9 8 3 ) ,  

Weaver e t  a l .  ( 1 9 8 3 ) ,  Chadwick e t  a l .  ( 1 9 8 3 ) ,  D z u r i s i n  and Westphal ( 1 9 8 3 ) ,  
Casadeval l  t a l .  ( 1 9 8 3 ) ,  Cashman and T a g g a r t  ( 1 9 8 3 ) ] .  The d e p t h  t o  t h e  
i n f e r r e d  s h a l l o w  r e s e r v o i r  i s  u n c e r t a i n .  Various i n v e s t i g a t o r s  p l a c e  i t  

from less than 1 km t o  as  much a s  3 km d e p t h .  A t  one t ime i n t e r p r e t a t i o n s  

of  s e i s m i c  d a t a  i n d i c a t e d  t h e  r e s e r v o i r  was d i s p l a c e d  n o r t h  of t he  dome and 

r e s i d e d  under Goat. R0cl.c~ [ e .g .  s e e  Weaver e t  al. ( 1 9 8 3 ) l .  R e i n t e r p r e t a t i o n s  

of  t h e  s e i s m i c  d a t a  b a s e d  on a new c r u s t a l  model f o r  t h e  a r e a ,  however, 

p l a c e  t h e  i n f e r r e d  r e s e r v o i r  d i r e c t l y  under t h e  dome. 

D r i l l i n g  t o  e i t h e r  t h e  c o n d u i t  or t h e  i n f e r r e d  r e s e r v o i r  from i n s i d e  

t h e  c r a t e r  would r e q u i r e  angled  ho le s  and  p r e s e n t  some d i f f i c u l t  p r o b l e m .  

W i t h  t h e  c o n d u i t  and r e s e r v o i r  t a r g e t s  now l o c a t e d  d i r e c t l y  benea th  t h e  
dome, i t  would be necessa ry  t o  d r i l l  from a s i t e  on t h e  c r a t e r  breach  t o  t h e  

n o r t h  w i t h i n  a k i l o m e t e r  o r  l e s s  from t h e  dome. T h i s  r a i s e s  s e r i o u s  con- 

c e r n s  over hazards  from gas-ash e r u p t i o n s ,  l a n d s l i d e s ,  snow a v a l a n c h e s ,  a n d  

f l o o d s .  The s h a l l o w  magma r e s e r v o i r  c o u l d  conce ivably  be angled  d r i l l e d  

from o u t s i d e  t h e  c r a t e r .  T h i s  would s i m p l i f y  some problems, but  t h e  g r e a t e r  

d i s t a n c e  would  r e q u i r e  d r i l l i n g  a s  much as 5 km a t  a very  s t e e p  a n g l e .  I n  

a d d i t i o n  t o  t h e  problems noted a l r e a d y ,  an a t t e m p t e d  d r i l l i n g  a t  M t .  S t .  

H e l e n s  would c o n f r o n t  o b s t a c l e s  from e n v i r o n m e n t a l i s t  i n t e r e s t s ,  wea the r ,  

and l a c k  of roads and r e a d i l y  a v a i l a b l e  water supp ly .  
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