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F i g .  19. General ized qeo log ic  map showing p r i n c i p a l  geothermal 
areas and P le i s tocene  r h y o l i t e .  Heat f l o w  ( t r i a n g l e s )  i n  heat 
f l ow  u n i t s  (HFU) ( f rom Combs, 1980). A 1477-m-deep d r i l l  h o l e  
i s  adjacent t o  heat f l o w  s i t e  15. F = fumaro le  area; heavy 
s o l i d  l i n e s  = f a u l t s ,  w i t h  b a r  and b a l l  on downthrown side; 
broken l i n e s  = heat f l o w  contours;  hachures = o u t l i n e  f o r  
areas o f  i n t e r n a l  drainage; 53 = r h y o l i t e  l o c a l i t y .  (From 
Duf f  i e l  d e t  a1 . , 1980; a f t e r  Moyle, 1977.) 

F i g .  20. D i s t r i b u t i o n  o f  Holocene d e p o s i t s  b e l i e v e d  t o  be <1100 
years  o l d  i n  t h e  Medicine Lake Highland. 
Heiken, 1978.) 

( D i r e c t l y  f rom 

F i g .  21. Sketch map and b lock  diagram o f  cone sheets proposed as 
c o n d u i t s  f o r  Holocene r h y o l i t e s  and dac i tes  e rup ted  i n  t h e  
Medicine Lake Hiqhland. ( a )  Sketch map o f  t h e  upper r e g i o n  o f  
t h e  Highland. L.G.M. = L i t t l e  Glass Mountain; G.M. = Glass 
Mountain; M.L.F. = Medicine Lake Flow; C.G.F. = C r a t e r  Glass 
Flow. The double broken l i n e  i s  t h e  l o c a t i o n  o f  Anderson's 
(1941.) b u r i e d  ca lde ra  r i m .  S o l i d  l i n e s  are  f a u l t s ;  ba r  and 
b a l l  on downthrown s ide .  The f a u l t  immediately e a s t  o f  t h e  
Cra te r  Glass Flow i s  an open f i s s u r e ,  l i m i t e d  i n  extent,  t h a t  
may have been opened above a r h y o l i t e  d i k e  t h a t  d i d  n o t  reach 
t h e  sur face .  ( b )  Block diagram, i l l u s t r a t i n q  a p o s s i b l e  cone 
sheet ge0metr.y devel  oped over a re1  a t  i v e l y  smal 1 r h y o l i t e  body 
below t h e  h iqh land.  
s i m i l a r i t y  o f  t e p h r a  and lavas  a t  L i t t l e  Glass Mountain and 
Glass Mountain, l oca ted  15 km apar t .  (From Heiken, 1978.) 

Th is  qeometry c o u l d  e x p l a i n  t h e  remarkable 

F i q .  22. A no r th -sou th  c ross  s e c t i o n  through t h e  cen te r  o f  t h e  
Medicine Lake Hiqhland volcano, w i t h  ma jor  f e a t u r e s  p r o j e c t e d  
onto t h e  p r o f i l e .  V e r t i c a l  exagqera t ion  o f  sur face  topography 
i s  2X. S i l i c i c  magma chamber i s  shown a t  depth  discussed i n  
t e x t  and in te rmed ia te  i n  s i z e  betweeen t h e  minimum case, a 
small body a t  intersect ion o f  cone sheet caldera  f r ac tu res  
(Heiken, 1978), and t h e  maximum p o s s i b l e  e x t e n t  marked by 
p o s i t i o n  o f  f l a n k i n g  maf ic  vents.  (From E iche lberger ,  1981.) 

F i g .  23. R e s i s t i v i t y  c ross  sect i o n  through Med ic ine  Lake based 
on dc r e s i s t i v i t y  and t ime  domain EM soundings ( va lues  i n  
ohm-m). 
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MELT ZONES BENEATH FIVE VOLCANIC COMPLEXES I N  CALIFORNIA: 
AN ASSESSMENT OF SHALLOW MAGMA OCCURRENCES 

N.E. G o l d s t e i n  
S. F lexse r  

E a r t h  Sciences D i v i s i o n  
Lawrence Berke ley  Labora to ry  

U n i v e r s i t y  o f  C a l i f o r n i a  
Berkeley, Cal i f o r n i  a 94720 

ABSTRACT 

Recent g e o l o g i c a l  and geophysical d a t a  f o r  f i v e  magma-hydrothermal 
systems were s tud ied  f o r  t h e  purpose o f  developing es t imates  f o r  t h e  depth, 
volume and l o c a t i o n  o f  magma beneath each area. The areas s t u d i e s  were (1) 
S a l t o n  Trough, ( 2 )  The Geysers-Clear Lake, ( 3 )  Long V a l l e y  ca ldera ,  ( 4 )  Cos0 
v o l c a n i c  f i e l d ,  and ( 5 )  Medicine Lake volcano, a l l  l oca ted  i n  C a l i f o r n i a  and 
a l l  se lec ted  on t h e  b a s i s  o f  r e c e n t  v o l c a n i c  a c t i v i t y  and pub l i shed  i n d i c a -  
t i o n s  o f  c r u s t a l  m e l t  zones. 

INTRODUCTION 

Lake, ( 3 )  Long V a l l e y  

volcano, a1 1 l oca ted  

t h i s  s tudy  on t h e  bas 

An e v a l u a t i o n  o f  recen t  geo log i ca l  and geophysical  da ta  f o r  f i v e  magma- 

hydrothermal systems was made t o  assess t h e  sha l lowest  depth  a t  which p a r t i a l l y  

o r  comple te ly  mo l ten  rocks  m igh t  be encountered by a deep d r i l l  ho le .  

areas s tud ied  were (1) S a l t o n  Trough ( Imper i  a1 Val l e y ) ,  ( 2 )  The Geysers-Clear 

caldera,  ( 4 )  Cos0 v o l c a n i c  f i e l d ,  and ( 5 )  Medicine Lake 

n C a l i f o r n i a  ( F i g .  1). These areas were se lec ted  f o r  

s o f  e a r l i e r  pub l i shed data, which i n d i c a t e  evidence f o r  

a magma body o r  m e l t  zone beneath each area. Recent i n f o r m a t i o n  has pe rm i t ted  

us t o  develop more r e f i n e d  es t imates  as t o  t h e  probab le  depths and con f igu ra -  

t i o n s  o f  t h e  m e l t  zones. 

The 

For each o f  t h e  areas discussed i n  t h i s  r e p o r t ,  t h e  geo log ica l  and 

geophysical  d a t a  a re  presented separa te ly ,  preceded by a u n i f y i n g  summary o f  

conc lus ions .  As t h i s  r e p o r t  i s  intended t o  serve as a b i b l i o g r a p h i c  r e f e r e n c e  

as w e l l  as an e v a l u a t i o n  o f  magma c h a r a c t e r i s t i c s ,  t h e  l i s t i n g  o f  references 
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F i g .  1. Index map showing the f ive  volcanic centers discussed in t h i s  s t u d , y .  
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c i t e d  i n  t h e  t e x t  has been combined w i t h  a b i b l i o g r a p h i c a l  l i s t i n g  f o r  each o f  

t h e  f i v e  areas discussed. An a d d i t i o n a l  general b i b l i o g r a p h i c  and re fe rence 

l i s t i n g ,  con ta in ing  i tems r e l e v e n t  t o  more than one of  t h e  f i v e  areas, has 

a l so  been inc luded.  
* 

2- 

The areas d iscussed i n  t h i s  r e p o r t  a re  a l l  r e c e n t l y  a c t i v e  vo l can ic  

centers  w i t h  severa l  f e a t u r e s  i n  common. I n  each area, t h e  most recent  

e r u p t i v e  phases are predominant ly  bimodal assemblages o f  r h y o l i t e  and b a s a l t .  

P y r o c l a s t i c  e rup t i ons  are o f  subord inate importance i n  a l l  t h e  areas w i t h  t h e  

except ion  of  t h e  Long V a l l e y  ca ldera,  and t h e r e  voluminous p y r o c l a s t i c  erup- 

t i o n s  rep resen t  an e a r l i e r  phase (-1 m.y.b.p.) o f  t h e  c a l d e r a ' s  e v o l u t i o n .  

Each o f  t he  areas i s  a lso  charac ter ized  by an ex tens iona l  t e c t o n i c  environment. 

The occurrence o f  m e l t  zones i n  the  c r u s t  may take  a v a r i e t y  o f  forms, 

r e f l e c t i n g  t h e  amount and r a t e  o f  heat i n p u t  and t h e  t e c t o n i c  environment, 

among o the r  f a c t o r s .  The schematic diagram i n  F i g .  2 (reproduced f rom 

H i l d r e t h ,  1981) i s  inc luded as a gu ide t o  concep tua l i z i ng  p o s s i b l e  m e l t  zones 

and t h e i r  assoc iated vo l can ic  and t e c t o n i c  s e t t i n g s .  For  example, i n  terms of 

t h e  areas discussed i n  t h i s  repo r t ,  t h e  S a l t o n  Trough probably  corresponds 

bes t  t o  model A; Cos0 may be i n te rmed ia te  between A and B; and Long Va l l ey  may 

be c l o s e s t  t o  model B. 

A framework f o r  es t ima t ing  t h e  dimensions and heat  conten ts  o f  magma 

chambers under l y ing  r e c e n t l y - a c t i v e  s i 1  i c i c  vo l can ic  centers  was prov ided 

by  Smith and Shaw (1975, 1978), and t h e i r  f i g u r e s  serve as benchmarks aga 

which o t h e r  est imates can be compared. I n  t h e i r  model, magma chamber a re  

based main ly  on vent  d i s t r i b u t i o n  or, i f  a ca lde ra  i s  present,  on ca lde ra  

area. 

. 

( I n  some cases, volume o f  p y r o c l a s t i c  e j e c t a  i s  a lso  considered.)  

n s t  

i s  
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F i g .  2 .  Some c o n t r a s t i n g  s t y l e s  of l i t h o s p h e r i c  magmatism. IJDper p a i r  o f  car toons 

extens ion:  ( A )  modest power i n p u t :  ( P )  l a r a e  power input ,  advanced stage. Shaded 
r e g i o n s  i n d i c a t e  p a r t i a l  m e l t i n g  o f  c r u s t a l  rocks  s u f f i c i e n t  t o  p e r m i t  separa t ion  of  
r h y o l i t i c  magmas as gash v e i n s  and d ikes .  Lower p a i r  of car toons d e p i c t s  two p o s s i b l e  
stages i n  development o f  v o l c a n i c  systems where t e c t o n i c  extension, i f  any, i s  subor- 
d i n a t e  and shal low: ( C )  e a r l y  stage; ( D )  i n t e r m e d i a t e  stage. Th is  model app l ies  t o  
i s l a n d  arc, c o n t i n e n t a l  marg in arc, and c o n t i n e n t a l  i n t e r i o r  systems t h a t  produce abun- 
dant  in te rmed ia te  magmas. A l l  f o u r  sketches are i d e a l i z e d  and r e f e r  t o  no p a r t i c u l a r  
systems. The models are independent o f  t h e  mode o r  s i t e  o f  g e n e r a t i o n  o f  b a s a l t i c  mag- 
ma, b u t  b a s a l t  i s  thouqht  t o  p r o v i d e  t h e  power supply  f o r  v i r t u a l l y  a l l  o t h e r  magmatism. 
(From H i l d r e t h ,  1981.) 

. -, d e p i c t s  r h y o l i t i c - b a s a l t i c  magmatism under s t r e s s  c o n d i t i o n s  f a v o r i n g  marked c r u s t a l  
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Chamher volume i s  then  est imated by  choosing a f i g u r e  f o r  chamber th ickness ,  

i n  t h e  range o f  2.5 t o  10 km, t h a t  i s  scaled t o  t h e  magnitude o f  t h e  area 

r e l a t i v e  t o  o t h e r  systems. 

t h e  volume est imates,  an u n c e r t a i n t y  descr ibed by Smith (1979) as one o rde r  o f  

magnitude t o  " h a l f  an o rde r  o f  magnitude i f  d a t a  on area and e j e c t a  volume are 

r e l i a b l e . "  

be in t roduced.  For example, where t h e  d i s t r i b u t i o n  o f  v o l c a n i c  vents i s  

i n f l u e n c e d  g r e a t l y  by f a u l t - c o n t r o l l e d  d i kes  (as  a t  Coso), vent d i s t r i b u t i o n  

may be a poor gu ide  t o  chamber area. I n  add i t i on ,  t h e  model may n o t  be 

a p p l i c a b l e  t o  v o l c a n i c  systems i n  which a large,  l o n g - l i v e d  magma chamber i s  

absent and e rup t i ons  are f e d  by dispersed, s h o r t - l i v e d  magma bodies (as i s  

l i k e l y  a t  t h e  S a l t o n  Trough), 

es t imates  o f  Smith and Shaw w i t h  cau t ion .  

Th is  approach al lows s i g n i f i c a n t  u n c e r t a i n t y  i n  

s 

I n  cases where es t imates  o f  area are uncer ta in ,  f u r t h e r  e r r o r  may 

For  these systems, i t  i s  necessary t o  apply t h e  

I n  t h i s  r e p o r t  we have attempted t o  r e f i n e  p r i o r  es t imates  o f  magma 

chamber volumes f o r  t h e  f i v e  areas studied, and t o  p r o v i d e  es t imates  o f  depths 

t o  magma, based on a v a i l a b l e  g e o l o g i c a l  and geophysical evidence. The types 

o f  g e o l o g i c a l  evidence best  s u i t e d  t o  i n t e r p r e t i n g  t h e  l o c a t  ion, conf i g u r a -  

t i o n ,  and l o n g e v i t y  o f  c r u s t a l  m e l t  zones are t h e  e r u p t i v e  h i s t o r i e s  (ages, 

volumes, composi t ions) o f  t h e  recen t  vo lcan ics ,  and t h e  s t r u c t u r a l  , chemical , 

and h y d r o l o g i c a l  da ta  associated w i t h  them. Radiometr ic d a t i n g  i s  i n v a l u a b l e  

i n  dec iphe r ing  e r u p t i v e  h i s t o r i e s ,  b u t  t h e  commonly used K - A r  method i s  

f r e q u e n t l y  no t  r e l i a b l e  f o r  d a t i n g  very  young e rup t i ons .  

1% dat ing ,  obs id ian  h y d r a t i o n  r i n d  da t ing ,  o r  geomorphic c r i t e r i a  have been 

u s e f u l .  S t r u c t u r a l  da ta  can be va luab le  i n  i n t e r p r e t i n g  t h e  geometry and 

p o s s i b l y  t h e  depth  o f  a m e l t  zone; f o r  instance, where a large,  sha l low magma 

* 

I n  those cases, 
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chamber i s  p resent  and i t s  c o n f i g u r a t i o n  i s  r e f l e c t e d  i n  surface fea tures ,  

such as arcuate p a t t e r n s  o f  f r a c t u r e s  o r  v o l c a n i c  vents.  Chemical da ta  a re  

e s s e n t i a l  i n  i n t e r p r e t i n g  t h e  o r i g i n  and e v o l u t i o n  o f  magma, and t h e y  t o o  a re  

e s p e c i a l l y  use fu l  where a cont inuous ly -evo lv ing ,  s t a b l e  chamber i s  present.  
: 

The most p rob lemat i ca l  aspect of t h i s  s tudy  from t h e  geo log ica l  pe rspec t i ve  i s  

e s t i m a t i n g  q u a n t i t a t i v e l y  t h e  depth t o  magma. 

where pressure-dependent g e o l o g i c a l  phenomena o r  processes can be discerned. 

For  example, pressure-dependent phenocryst  e q u i l  i b r i  a may be present  (as  

I n  r a r e  cases, t h i s  i s  p o s s i b l e  

observed i n  Long V a l l e y ) ;  o r  v e s i c u l a t i o n  d u r i n g  m ix ing  o f  two magmas (as  

observed a t  Medicine Lake) may a l l o w  l i m i t s  t o  be placed on t h e  depth a t  which 

m i x i n g  occurred. 

Geophysical evidence most a p p l i c a b l e  f o r  i n f e r r i n g  t h e  depth t o  m e l t i n g ,  

as w e l l  as t h e  l o c a t i o n  and dimensions o f  a c r u s t a l  m e l t  zone, a re  conduct ive  

thermal g r a d i e n t s  i n  deep we l ls ,  thermal models, and seismic v e l o c i t y  and/or 

a t t e n u a t i o n  anomalies. I n  t h e  areas studied, most o f  t h e  deep d r i l l i n g  has 

been o r  i s  be ing  done f o r  geothermal e x p l o r a t i o n ,  and these ho les  are 

g e n e r a l l y  shal low (<6000 f e e t  i n  most cases).  Un fo r tuna te l y ,  t h e  da ta  f rom 

t h e  r e c e n t  w e l l s  are s t i l l  p r o p r i e t a r y .  The deep conduct ive  thermal g r a d i e n t  

a t  t h e  S a l t o n  Sea qeothermal f i e l d  i s  b e t t e r  known than t h a t  i n  any o t h e r  o f  

t h e  f i v e  areas studied, s i n c e  temperature da ta  a re  a v a i l a b l e  f rom deeper w e l l s  

t h e r e  (and w i l l  be augmented when t h e  Sa l ton  Sea S c i e n t i f i c  D r i l l  Hole i s  

d r i l l e d  i n  1985). 

I n d i r e c t  geophysical  evidence f o r  t h e  depth t o  and l o c a t i o n  o f  m e l t  zones 

has been de r i ved  m a i n l y  f rom se ismolog ica l  s tud ies .  The maximum depth o f  

earthquake a c t i v i t y  i s  assumed t o  be t h e  depth a t  which rocks  cease e x h i b i t i n g  

b r i t t l e  behavior, and t h u s  prov ides  a lower  l i m i t  on t h e  depth t o  m e l t .  Other 

impor tan t  se ismolog ica l  evidence i s  de r i ved  from seismic  wave v e l o c i t y  and 
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attenuation anomalies. Using information from regional and teleseismic 

events, qeophysicists have applied ray  t racina and inversion techniques t o  

discern zones of shear-wave attenuation and velocity decreases t h a t  may be 

. caused by p a r t i a l  melt beneath several of the areas studied i n  t h i s  report .  

Other indirect  information on deep thermal conditions has been souqht 

from electromaqnetic, e l e c t r i c ,  qravi t y  and magnetic surveys. However, as a l l  

these methods are strongly influenced by near-surface inhomogeneities and/or 

may have a limited depth of investigation ( e .q . ,  electromagnetic-electric),  i t  

i s  a d i f f i c u l t  process t o  separate the e f f ec t s  due t o  shallower features  from 

those tha t  m i q h t  indicate the thermal s t a t e  a t  depth. Curie isotherm analyses 

of aeromagnetic d a t a  have been attempted i n  a few areas b u t  the analysis can 

lead t o  improbable r e su l t s  ( S a l t o n  Sea); and thus the r e su l t s  by themselves 

are n o t  generally considered t o  be a re l iab le  guide t o  subsurface temperature. 

Gravity lows t h a t  m i q h t  suqgest the presence of a larqe volume o f  low-densitv 

s i l i c i c  melt have not  been observed i n  any of the areas studied, w i t h  the 

notable exception of The Geysers. 

evidence cas t s  serious d o u b t  on whether the gravity anomaly there  i s  i n  f ac t  

d u e  t o  a l a r g e  volume o f  s i l i c i c  melt. Deep p r o b i n q  electromaqnetic methods  

are believed hy many t o  be a promising means for  discerning larqe,  h i a h l y  

conductive melt zones w i t h i n  a r e s i s t i ve  host. However, conductivity 

inhornoqeneities near the surface stronqly a f fec t  the d a t a  and create a major 

interpretat ion problem. In  addition, conductive zones a t  depths of 2 t o  20 km 

ma.y resu l t  from sources other than maqma bodies (e .q . ,  a t  Long Val l ey ) .  Deep 

electromagnetic methods may t h u s  provide permissive evidence for  a magma body 

Even a t  The Geysers other qeophysical 

* 

a t  depth, b u t  are not  def in i t ive .  
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SUMMARY AND CONCLUSIONS 

On t h e  b a s i s  o f  t h e  geo log ica l  and geophysical da ta  reviewed and d i s -  

cussed i n  t h i s  r e p o r t ,  we have attempted t o  p l a c e  numbers on t h e  probab le  

depth  t o  m e l t  beneath t h e  f i v e  areas s tud ied .  The b e s t  es t imates  o f  t h e  

minimum depth t o  a magma chamber o r  o t h e r  m e l t  zone f o r  each area a re  g i v e n  

i n  Table 1, a long w i t h  t h e  c r i t e r i a  used f o r  t h e  est imates.  

There remains enough u n c e r t a i n t y  i n  these depth es t imates  t h a t  any o r  a l l  

Magma chamber dimensions g i v e n  by c o u l d  have an e r r o r  o f  a t  l e a s t  20 percent .  

Smith and Shaw (1975) a r e  l i s t e d  and compared i n  Table 1 t o  our analyses o f  

t h e  da ta .  

The sha l lowest  m e l t  zone, based on i n f o r m a t i o n  a v a i l a b l e  i n  t h e  open 

l i t e r a t u r e ,  unpubl ished t e c h n i c a l  r e p o r t s ,  and papers i n  p repara t i on ,  i s  

judged t o  occur beneath t h e  Sa l ton  Sea Geothermal F i e l d ,  l oca ted  a t  t h e  south 

shore o f  t h e  S a l t o n  Sea. Our es t ima te  of >6 km depth t o  m e l t  agrees w i t h  t h e  

depth  t o  m e l t i n g  o f  water -sa tura ted  g r a n i t e  as suggested by  E l d e r s  e t  a l .  

(1972). Chemical da ta  on t h e  r h y o l i t e  domes do no t  suggest t h e  presence o f  a 

l a rge ,  con t inuous  magma chamber beneath t h e  Sa l ton  But tes .  Small, d i s c o n t i n -  

uous h i g h - l e v e l  s i l i c i c  p a r t i a l  m e l t  zone(s) are more l i k e l y  t o  be found. I t  

i s  p o s s i b l e  t h a t  t h e  Sa l ton  Sea S c i e n t i f i c  D r i l l  Hole, t o  be d r i l l e d  i n  1985, 

w i l l  p r o v i d e  impor tan t  new i n f o r m a t i o n  on thermal c o n d i t i o n s  and magma genera- 

t i o n  f o r  t h e  area. 

There i s  abundant geophysical  evidence f o r  s i l i c i c  magma a t  depths o f  

6 t o  8 km beneath t h e  resurqent  dome and t h e  western sec to r  o f  t h e  Long 

V a l l e y  ca lde ra .  Although t h e  Long V a l l e y  c a l d e r a  i s  one o f  t h e  bes t  s tud ied  

v o l c a n i c  complexes i n  t h e  U.S., s c i e n t i s t s  are no t  i n  t o t a l  agreement as t o  

t h e  l o c a t i o n  o f  t h e  sha l lowest  m e l t .  A d d i t i o n a l  in te rmed ia te -depth  d r i l l i n g  



'ABLE 1. Estimates o f  minimum depths and probable volumes o f  m e l t  zones. 
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ESTIMATED DEPTH (km) CRITERIA 
AND LOCATION OF MAGMA I 

I 
I 
I 
I 
I 
I 

> 6 .  

>5 and p robab ly  a7; 
beneath area enclosed 
by resurgent  dome. 

>6 and p robab ly  a7. 

>8 and p robab ly  10 t o  
12; beneath cen te r  o f  
r h y o l i t e  dome f i e l d .  

>7, p o s s i b l y  610; 
beneath c e n t r a l  
ca ldera.  

I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Thermal. 

S-wave a t tenua t ion .  
P-wave v e l o c i t y .  
Seismi c r e f  1 e c t  ion-  
r e f r a c t  ion.  
Crusta l  deformat ion.  

G r a v i t y  and P-wave 
v e l o c i t y  . 
Magma not  corrobor  a- 
ted by seismic 
r e f l e c t i o n  o r  
e lect romagnet ic  
soundings. 

Earthquake f o c a l  depths. 
P-wave at tenuat ion.  
Thermal and P-wave 
v e l o c i t y  suggest 
shal lower source, >5 km. 

P e t r o l o g i c .  

I 

SILICIC MAGMA t COMMENTS ON MAGMA 
VOLUME (km3) I VOLUME 
( f rom Smith & 
Shaw, 1975) 

I 

200 t Probably much smaller, 

2400 ! Probably s i g n i f i c a n t l y  

dispersed bodies. 
I 

I sma l le r  un less connected 
t o  Mono Cra te rs  chamber. 

I 
I 
I 
I 
I 

1500 I Probably smaller, 
! dispersed bodies. 

I 

6 50 I Smaller chamber, 
I perhaps 200 t o  300 km3. 
I 

I 
I 
I 
I 
I 

300 I S i g n i f i c a n t l y  smal ler  
I bodies, p o s s i b l y  
! dispersed. 

, (41 

I 
C-L 
0 
I 
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and more d e t a i l e d  seismic r e f  e c t i o n  and e l e c t r i c a l  s t u d  es a re  recommended t o  

h e l p  de f i ne  a t a r g e t  f o r  deep d r i l l i n g .  

p rogress  b y  t h e  U.S. Geo log ica l  Survey, Na t iona l  L a b o r a t o r i e s  and u n i v e r s i t y  

groups. 

Some o f  t h i s  work i s  planned o r  i n  

On t h e  b a s i s  o f  geophysical  anomalies ( g r a v i t y ,  magnetics, magneto te l lu -  

r i c s  and t e l e s e i s m i c  P-wave de lays)  a g r e a t  dea l  o f  a t t e n t i o n  has focused on 

The Geysers-Clear Lake area as a p l a c e  t o  f i n d  a sha l low s i l i c i c  magma. 

However, r e c e n t  r e f l e c t i o n  seismic and deep sounding e l e c t r i c a l  survey d a t a  

have n o t  con f i rmed t h e  o r i g i n a l  hypothes is  o f  a l a r g e  s i l i c i c  magma chamber 

beneath Mount Hannah. The g r a v i t y ,  magnetic and P-wave v e l o c i t y  anomalies 

c o u l d  be caused by a complex combinat ion o f  g e o l o g i c a l  f e a t u r e s  n o t  r e l a t e d  

t o  magma. Geo log ica l  da ta  a re  l a r g e l y  i nconc lus i ve ,  and do n o t  support  a 

l a r g e  magma chamber. However, magma may occur as smal le r ,  d i scon t inuous  

volumes t o  t h e  no r theas t  o f  M t .  Hannah, near Clear Lake and beneath t h e  area 

o f  t h e  most r e c e n t  e rup t i ons .  

The Cos0 v o l c a n i c  f i e l d  and t h e  Med ic ine  Lake Volcano have been l e s s  

tho rough ly  i n v e s t i g a t e d  than  t h e  o t h e r  t h r e e  areas. Without quest ion,  bo th  

areas need t o  be s tud ied  i n  more d e t a i l  b e f o r e  one could f e e l  c o n f i d e n t  about 

i n t e r s e c t i n g  a magma body a t  a reasonable depth. 

h i s t o r i e s ,  e r u p t i v e  volumes, geochemical s t u d i e s  and i n d i r e c t  geophysical  

i n f o r m a t i o n ,  t h e r e  i s  much s t ronger  evidence f o r  a s i z e a b l e  magma chamber 

beneath t h e  Cos0 v o l c a n i c  f i e l d  than  beneath Medicine Lake. 

e r a b l y  more d r i l l i n g  and geophysical  i n v e s t i g a t i o n s  have been done a t  t h e  Cos0 

v o l c a n i c  f i e l d  t h a n  a t  t h e  Medicine Lake volcano. The Cos0 chamber i s  prob- 

a b l y  deep ( > l o  km), and al though t h e  Medicine Lake chamber m igh t  be shal lower,  

i t  i s  s t i l l  l i k e l y  t o  be -10 km i n  depth.  

On t h e  b a s i s  o f  t h e  e r u p t i v e  

However, consid- 
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SALTON SEA-IMPERIAL VALLEY 

SUMMARY 

The s t ronges t  d i r e c t  i n d i c a t i o n s  o f  magma beneath t h e  S a l t o n  Sea geother-  

mal f i e l d  (SSGF) are t h e  young age o f  t h e  r h y o l i t e  domes on t h e  south  shore o f  

t h e  S a l t o n  Sea, and h i g h  subsurface temperatures encountered i n  severa l  deep 

geothermal e x p l o r a t i o n  we1 1s. N e i t h e r  geo log i ca l  nor  geophysical  da ta  support 

t h e  concept t h a t  a l a rge ,  h i g h - l e v e l  magma chamber f e d  t h e  r h y o l i t e  domes a t  

t h e  S a l t o n  Bu t tes .  It appears more l i k e l y ,  ins tead,  t h a t  t h e  domes erupted 

f r o m  smal l ,  d ispersed bodies o f  s i l i c i c  m e l t .  

GEOLOGICAL SUMMARY AND EVIDENCE FOR MAGMA 

Chronology, Composition, and Magnitude o f  Volcanism 

The o n l y  e x t r u s i v e  rocks  present, t h e  S a l t o n  Buttes,  a re  f i v e  small- 

a l k a l i  r h y o l i t e  domes a l i gned  alonq a 7-km no r theas t - t rend ing  l i n e  a t  t h e  

south  shore o f  t h e  S a l t o n  Sea ( F i g .  3) (Robinson e t  a1 . , 1976). 

t i v e  volume o f  t h e  domes i s  -2 km3. 

minor, and e rup t i ons  were subaqueous. The s o l e  pub l i shed K - A r  age da te  

ob ta ined on t h e  domes i s  -16,000 years.  

i n  t h i s  date, t h e  domes are s u r e l y  ~50,000 years  o l d  ( M u f f l e r  and White, 

1969). 

o f  t h e  domes (Friedman and Obradovich, 1981). 

The cumula- 

Associated f l o w s  and p y r o c l a s t i c s  are 

Although t h e r e  may be a l a r g e  e r r o r  

Hydra t i on - r i nd  ages o f  8400, 6700, and 2500 years  were ob ta ined on two 

Abundant b a s a l t i c  and s i l i c i c  d i k e s  have been i n t e r s e c t e d  by  d r i l l  ho les  

a t  1 t o  2 km depth. 

b a s a l t s  and those encountered elsewhere i n  S a l t o n  Trough d r i l l  ho les  (e.g., 

Cerro P r i e t o ) .  S i l i c i c  dikes,  l i k e  t h e  r h y o l i t e  domes, have p r i m i t i v e  i s o t o -  

p i c  r a t i o s  and resemble t h e  r h y o l i t e s  a t  i s l a n d s  o f  t h e  East P a c i f i c  R ise  

Basa l t s  are t h o l e i i t i c ,  t y p i c a l  o f  East P a c i f i c  R ise  
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F i g .  3. 
(From Elders  and Cohen, 1983.) 

Geothermal f i e l d s  and v o l c a n i c  centers  o f  t h e  S a l t o n  Trough. 
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(Robinson e t  a l . ,  1976). 

(domes, dikes,  and x e n o l i t h s )  i s  d i s t i n c t l y  bimodal ( b a s a l t i c  and r h y o l i t i c ) ,  

The compos i t ion  o f  t h e  igneous r o c k  s u i t e  as a whole 

as i s  c h a r a c t e r i s t i c  o f  magmatism i n  ex tens iona l  environments ( M a r t i n  and 

P i w i n s k i  , 1972). 

S t r u c t u r a l  and Tec ton ic  S e t t i n a  

The S a l t o n  Trough i s  a s e d i m e n t - f i l l e d  r i f t  Val 

s i n c e  a t  l e a s t  P l iocene t ime, i n  which sed imenta t ion  

ey, t e c t o n i c a l l y  a c t  ve 

has almost kept  pace w i t h  

tec ton ism.  

has i s o l a t e d  t h e  S a l t o n  Bas in  from t h e  Gu l f  o f  C a l i f o r n i a ,  c r e a t i n g  a c losed 

b a s i n  approx imate ly  200 by  90 km ( E l d e r s  e t  a l . ,  1972). 

Format ion o f  t h e  Colorado R i v e r  d e l t a  pe rpend icu la r  t o  t h e  r i f t  

Wi th in  t h e  b a s i n  a re  

numerous areas o f  h igh  heat f l o w ;  t h e  S a l t o n  Sea and Cerro P r i e t o  areas are  

t h e  two fo remost  on land and t h e  o n l y  ones w i t h  s i l i c i c  ( r h y o l i t e  t o  d a c i t e )  

e r u p t i v e s .  Both areas are  associated w i t h  successive en echelon p a i r s  o f  

no r thwes t - t rend ing  s t r i k e - s l i p  f a u l t s  between which c r u s t a l  spreading has 

c rea ted  rhomb grabens o r  rhombochasms (Mann e t  a1 . , 1983). These s t r u c t u r a l  

f ea tu res ,  as w e l l  as t h e  h igh  heat f l ow ,  a re  s t r o n g l y  masked by sedimentat ion.  

I t  i s  b e l i e v e d  t h a t  d i k e  i n j e c t i o n  i n t o  these ex tens iona l  bas ins  i s  respon- 

s i b l e  f o r  t h e  h igh  heat f l o w  and t h e  geothermal systems d e l i n e a t e d  by  d r i l l i n g ,  

The f i v e  r h y o l i t e  domes a t  t h e  S a l t o n  Sea f i e l d  may be t h e  su r face  express ion  

of t h e  " l eaky "  t rans fo rm zone along which magmas ascended (Robinson e t  a l . ,  

1976). 

Hydrothermal System 

Thermal m a n i f e s t a t i o n s  a re  scarce i n  t h e  Sa l ton  Trough because o f  t h e  

t h i c k  sedimentary cover, an e f f e c t i v e  caprock, and c o l d  groundwater under f low 

f rom t h e  Colorado R i v e r .  Although t h e  area around t h e  Sa l ton  Bu t tes  i s  

cha rac te r i zed  by h i g h  heat f l ow ,  su r face  m a n i f e s t a t i o n s  a t  t h e  domes are  
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con f ined  t o  warm ground and hydrothermal a l t e r a t i o n  on M u l l e t  I s l a n d  ( t h e  

northeasternmost dome) and t o  ad jacent  ho t  spr ings  a1 igned along a nor thwest-  

t r e n d i n g  l ineament and covered by t h e  S a l t o n  Sea ( M u f f l e r  and White, 1969: 

Robinson e t  a l . ,  1976). Temperature l ogs  i n d i c a t e  a temperature o f  300°C a t  

4000 ft, and up t o  360°C a t  6000 t o  7000 ft, below t h e  h o t t e s t  area ( F i g .  4 ) .  

Thermal man i fes ta t i ons  a t  Cerro P r i e t o ,  Mex ica l i  Va l ley ,  Baja C a l i f o r n i a  

were numerous p r i o r  t o  t h e  commencement o f  geothermal p roduc t i on  i n  1973.  A 

l a r g e  area o f  mud b o i l s ,  mud volcanoes, h o t  spr ings,  and steaming ground have 

a l l  b u t  d r i e d  up. These m a n i f e s t a t i o n s  occur i n  a d ischarge area d isp laced 

l a t e r a l l y  severa l  k i l o m e t e r s  f rom t h e  main thermal zone (Lippmann e t  a l . ,  

1984). 

Evidence R e l a t i n g  t o  Magma O r i g i n  and Magma Chamber Presence 

Chemical d a t a  f o r  t h e  S a l t o n  Sea r h y o l i t e  domes show they  c o u l d  no t  have 

formed predominant ly  by  p a r t i a l  m e l t i n g  o f  g r a n i t i c  basement rock (Robinson 

e t  a1 ., 1976).  

by  f r a c t i o n a t i o n  o f  a more p r i m i t i v e  mant le -der ived  b a s a l t i c  paren t  (E lde rs  

Bulk compos i t ion  and 87Sr/86Sr r a t i o s  suggest an o r i g i n  

e t  a l . ,  1972). One p o s s i b l e  model f o r  such an o r i g i n ,  which c o u l d  a lso  e x p l a i n  

t h e  c lose  a s s o c i a t i o n  of b a s a l t i c  and r h y o l i t i c  rocks  and t h e  s t r i c t l y  bimodal 

n a t u r e  o f  t h e  s u i t e ,  has been discussed b y  Yoder (1973).  I n  t h i s  model rhyo- 

l i t i c  and b a s a l t i c  magmas are generated i n  separate pu lses by  p a r t i a l  m e l t i n g  

i n  t h e  mant le  o f  a s i n g l e  quar tz-normat ive parent .  Some contaminat ion o f  the  

r h y o l i t e s  by c r u s t a l  m a t e r i a l  has occurred by a s s i m i l a t i o n  o f  g r a n i t i c  

xeno l i t hs ,  b u t  Robinson e t  a l .  (1976) es t ima te  t h a t  at most 20% o f  t h e  r h y o l i t e  

c 

cou ld  be accounted f o r  i n  t h i s  way. Th is  argues aga ins t  t h e  p o s s i b i l i t y  o f  a 

la rge ,  h i g h - l e v e l  s i l i c i c  magma chamber beneath the  Sa l ton  But tes .  
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Relative Heat 914m (3000 f 1) depth - 
Flux (lO-'W/fn') 
Lee 8 Cohen(1979) 

116" 35' 
I 

XBL 845-1691 A 

Fig. 4 .  Location o f  boreholes and isotherms a t  914 m (3000 f t )  d e p t h  in the 
Salton Sea geothermal f i e l d .  
f ied a f t e r  Palmer (1975) and Randal 1 (1974). Broken l ines  are re1 at ive heat 
f lux contours in 10-3 W/m2 from Lee and Cohen (1979) .  
OB = Obsidian Butte; RH = Rock Hi l l ;  RI = Red Island; MI = Mullet Island. 
(After McDowell and Elders, 1980.) 

Solid l ines  are temperature isotherms ( " C ) ,  rnodi- 

Rhyolite extrusives:  
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On t h e  o t h e r  hand, thermal da ta  support  t h e  p o s s i b i l i t y  o f  " g r a n i t i c "  

m e l t  a t  a r e l a t i v e l y  sha l low depth. E x t r a p o l a t i o n  o f  measured thermal 

g r a d i e n t s  ( E l d e r s  e t  a l .  + 1972) suggests t h a t  water -sa tura ted  g r a n i t i c  rocks  

c o u l d  beg in  t o  m e l t  a t  o r  above t h e  average depth t o  basement ( 6  km) i n  t h e  

t rough.  There i s  no o t h e r  g e o l o g i c a l  o r  geophysical  evidence f o r  t h i s  m e l t .  

Magnetic da ta  (Griscom and M u f f l e r ,  1971), f o r  example, i n d i c a t e  t h a t  t h e  

r h y o l i t e  domes are u n d e r l a i n  by a complex o f  feeder  d i k e s  and p lu tons ,  bu t  

C u r i e  i so therm a n a l y s i s  o f  t h e  magnetic d a t a  (Kam, 1980) has y i e l d e d  o n l y  

p e r p l e x i n g  and i n c o n c l u s i v e  r e s u l t s .  I t  seems p o s s i b l e  t h a t  smal 1, i s o l a t e d  

km depth and no t  y i e l d  a recogn izab le  pockets o f  s i l i c i c  m e l t  may e x i s t  a t  >6 

geophysical  anomaly. 

I n  c o n t r a s t  t o  our assessment f o r  

es t imated  a magma chamber 50 km2 i n  are 

i m i t e d  mel t ,  Smith and Shaw (1975) 

on t h e  b a s i s  o f  t h e  s p a t i a l  d i s t r i b u -  

t i o n  o f  t h e  r h y o l i t e  domes. From t h i s  they  have i n f e r r e d  a magma volume o f  

approx imate ly  200 km3, which we b e l i e v e  i s  much t o o  l a r g e  a f i q u r e .  

GEOPHYSICAL EVIDENCE FOR MAGMA AND ESTIMATED MAGMA DEPTHS 

Heat Flow 

Shallow heat  f l o w  d a t a  (Lee and Cohen, 1979) i n d i c a t e  t h a t  t h e r e  i s  a 

conduct ive  heat f l o w  >200 mW/m2 (4 .8 HFU) over  a 560 krn2 area around t h e  

S a l t o n  Sea r h y o l i t e  domes, and h i g h  subsurface temperatures have been encoun- 

t e r e d  i n  several  deep geothermal e x p l o r a t i o n  w e l l s  ( E l d e r s  e t  a l . ,  1972; 

Robinson e t  a l . ,  1976; Fumphreys, 1978; Lee and Cohen, 1.979). 

temperature da ta  observed i n  one deep, h o t  we1 1 by  assuminq a conduct ive  

g r a d i e n t  i s  ma in ta ined i n  t h e  subhydrothermal and impemeable p a r t  o f  t h e  

sed imentary -p lu ton ic  sec t  ion, Lee and Cohen (1979) sugqest t h a t  a q r a n i  t i c  

m e l t  i s  p o s s i b l e  a t  -6 km (650°C) and t h a t  a b a s a l t i c  m e l t  i s  p o s s i b l e  a t  a 

E x t r a p o l a t i n g  
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depth  o f  >7 km (-875 t o  950°C). 

noted t h a t  E lde rs  e t  a l .  (1984) modeled t h e  Cerro P r i e t o  thermal regime and 

were able t o  match t h e  known subsurface temperatures i n  Cer ro  P r i e t o  w e l l s  

(some d r i l l e d  t o  3.5 km) t o  a l a r g e  p l u t o n i c  heat source a t  a comparable depth 

( 6  km) . 

For t h e  sake o f  comparison i t  should a l so  be 

* 

The remainder o f  t h e  geophysical  d a t a  a v a i l a b l e  and i n t e r p r e t a t i o n s  

t h e r e o f  c a s t  l i t t l e  l i g h t  on t h e  ques t i on  o f  magma depth  o r  t h e  dimensions 

o f  a p o s s i b l e  m e l t  zone. 

G r a v i t y  

G r a v i t y  h ighs  are associated w i t h  most o f  t h e  geotherma systems i n  t h e  

S a l t o n  Trough, and g r a v i t y  i s  considered one o f  t h e  more re1  able p rospec t i ng  

techniques (Meidav, 1970; B i e h l e r  and Combs, 1972; Robinson e t  a1 . , 1976; 

Fonseca and Razo, 1979). Th i s  i s  because h.ydrotherma1 f l u i d  c i r c u l a t i o n  and 

water-rock chemical r e a c t i o n s  produce a d e n s i f i c a t i o n  o f  t h e  hos t  sediments. 

A t  r e l a t i v e l y  sha l low depths, a s e l f - s e a l e d  caprock zone has formed (Younker 

e t  a1 . , 1982). 

has produced a denser se t  o f  c a l c i u m - s i l i c a t e  m ine ra l s  t y p i c a l  o f  green- 

A t  g r e a t e r  depths, hydrothermal metamorphism o f  t h e  sediments 

s c h i s t  f a c i e s  metamorphism ( c h l o r i t e  + c a l c i t e  + amphibole + ep ido te  + sphene) 

( M u f f l e r  and White, 1969; E lde rs  e t  a l . ,  1979; Keskinen and S t e r n f e l d ,  1982). 

I n t r u s i o n  o f  ma f i c  d i k e s  and l a r g e r  Dlutons i n t o  t h e  sedimentary s e c t i o n  would 

a l s o  be expected t o  c o n t r i b u t e  t o  t h e  g r a v i t y  h ighs  ( E l d e r s  e t  a l . ,  1972). 

Moreover, t h e  g r a v i t y  anomalies may be i n f l uenced  by  r e g i o n a l  s t r u c t u r e s  and 

l o c a l l y  v a r i a b l e  depth  t o  basement, as a t  Cerro P r i e t o  (Zhou, 1984). 

these c o n d i t i o n s  i t  i s  h i g h l y  u n l i k e l y  t h a t  t h e  g r a v i t y  e f f e c t s  o f  a smal l  

, +  

r 

Under 

s i l i c i c  magma body can be i d e n t i f i e d .  
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Magnetics 

A p o s i t i v e ,  e l l i p t i c a l  magnetic anomaly i s  cen tered  over t h e  SSGF. 

Griscom and M u f f l e r  (1971) i n t e r p r e t  t h i s  h igh  as due i n  smal l  p a r t  t o  t h e  

exposed r h y o l i t i c  volcanoes b u t  m a i n l y  t o  subvolcanic i n t r u s i v e  rocks  a t  

depths >ZOO0 m .  The subvolcanic i n t r u s i v e s  a re  b e l i e v e d  t o  be d i k e - s i l l  

. 

swarms t h a t  p robab ly  coa lesce a t  depth  i n t o  smal l  p lu tons .  The dikes, w e -  

dominant ly  basa l t -d iabase i n  composit ion, have been i n t e r s e c t e d  by we1 1s a t  

severa l  geothermal f i e l d s :  

East Brawley (Keskinen and S te rn fe ld ,  1982), Heber (Browne, 1977), and Cerro 

P r i e t o  (Elders,  1979). K - A r  age dates f o r  t h r e e  samples o f  igneous rocks  

i n t e r s e c t e d  i n  East Brawley w e l l s  a re  i n  t h e  range 8.1 t o  10.5 m.y. (Keskinen 

and S t e r n f e l d ,  1982) and i n d i c a t e  t h a t  r i f t i n g  and d i k e  i n j e c t i o n  have been 

Sal t o n  Sea (Robinson e t  a1 . , 1976; E lde rs  , 1979) , 

going on s i n c e  a t  l e a s t  P l i ocene  t ime.  

Althouqh t h e r e  i s  o t h e r  geophysical  and qeo log ica l  evidence t h a t  r i f t i n g  

and d i k e  i n j e c t i o n  con t inue  t o  t h e  present,  t h e  magnetic da ta  a re  i nconc lu -  

s ive ,  a t  best ,  as t o  whether a h i g h - l e v e l  m e l t  zone m igh t  e x i s t .  I n d i r e c t  

i n f o r m a t i o n  on t h i s  p o i n t  may sometimes be de r i ved  f r o m  a C u r i e  i so therm depth 

a n a l y s i s  o f  t h e  magnetic data.  However, t h e  r e s u l t s  can be biased by t h e  pro-  

cess inq  techniques, by an erroneous assumption f o r  t h e  source geometry, and by 

t h e  presence o f  i n t e r f e r i n g  sources. 

so lved q u e s t i o n  o f  what C u r i e  temperature bes t  rep resen ts  t h e  composi t ions o f  

S a l t o n  Trough i n t r u s i v e s  and basement rocks .  For example, a l though magnet i te  

(Tc -575°C) i s  u s u a l l y  assumed t o  be t h e  magnetic m ine ra l  present,  G o l d s t e i n  

e t  a l .  (1984) found t h a t  t h e  magnetic m ine ra l  i n  t h o l e i i t i c  d i kes  i n t e r s e c t e d  

b y  deep Cer ro  P r i e t o  w e l l s  i s  t i t a n o m a g n e t i t e  w i t h  a C u r i e  temperature o f  

t200"C. T h i s  m ine ra l  should thus  be  paramagnetic, n o t  f e r r i m a g n e t i c ,  a t  i n  

I n  add i t i on ,  t h e r e  i s  a l so  t h e  unre- 

s i t u  temperature c o n d i t i o n s .  
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Kam (1980) ob ta ined a s u r p r i s i n g l y  large,  and seemingly erroneous, depth 

o f  20 km t o  t h e  magnet i te  C u r i e  i so therm (575°C) beneath t h e  SSGF and Brawley 

areas. T h i s  i s  t h e  approximate Moho depth according t o  deep seismic r e f r a c -  

t i o n  d a t a  (Kasameyer, 1980). G o l d s t e i n  e t  a l .  (1984) found a somewhat more 

- 

r e a l i s t i c  magnet i te  C u r i e  i so therm depth o f  6 km f o r  t h e  Cerro P r i e t o  area. 

T h i s  f i n d i n g  l e d  them t o  es t ima te  t h a t  b a s a l t  m e l t  occurs a t  about 10 km. 

The apparent e r r o r  i n  Kam's a n a l y s i s  may have been a r e s u l t  o f  t h e  f a c t  t h a t  

C u r i e  depths are p o o r l y  reso lved  from s p e c t r a l  a n a l y s i s  when t h e  magnetized 

l a y e r  i s  t h i n ,  which c o u l d  be t h e  case i n  p a r t s  o f  t h e  I m p e r i a l  V a l l e y .  

E l e c t r i c a l  and E lec t romagnet ic  

Numerous e l e c t r i c a l  surveys have been made on both r e g i o n a l  and d e t a i l e d  

sca les  w i t h i n  t h e  I m p e r i a l  V a l l e y  f o r  geothermal e x p l o r a t i o n  purposes (e.g., 

Meidav e t  a l . ,  1976; H a r t h i l l ,  1978; Humphreys, 1978). 

conduct ive  na tu re  (-0.5 t o  2.0 ohmom) o f  t h e  sediments t h a t  b l a n k e t  t h e  t rough 

t o  depths o f  severa l  k i l omete rs ,  t h e  depths o f  pub l i shed e l e c t r i c a l  i n v e s t i g a -  

Because of  t h e  h i g h l y  

t i o n s  have a l so  been r e l a t i v e l y  modest. There i s  no pub l ished i n f o r m a t i o n  

rega rd ing  a p o s s i b l e  m e l t  zone d iscerned f r o m  e lec t romagnet ic  sounding tech-  
- 

niques. 

1976) and beneath t h e  Cer ro  P r i e t o  f ie ld ' (Gamb1e e t  a1 ., 1981). 

A r e s i s t i v e  basal l a y e r  was found beneath t h e  SSGF (Meidav e t  a l . ,  

Se ismolog ica l  I n v e s t i g a t i o n s  

R e f r a c t i o n  Survey Resu l t s  

A seismic r e f r a c t i o n  p r o f i l e  c ross ing  t h e  SSGF gave evidence f o r  a denser, 

h i g h - v e l o c i t y  r e g i o n  beneath t h e  f i e l d .  T h i s  has been i n t e r p r e t e d  as due t o  

metamorphosed sediments and igneous rocks.  
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Earthquake A c t i v i t y  

Seismic a c t i v i t y  i n  t h e  Imper ia l  V a l l e y  has been moni tored over  severa l  

geothermal f i e l d s .  These measurements have served t o  d e f i n e  severa l  a c t i v e  

f a u l t  zones and have prov ided s c i e n t i s t s  w i t h  a b e t t e r  bas i s  f o r  understanding 

t h e  reg iona l  t e c t o n i c s  (E lde rs  e t  a1 ., 1972). 

quakes and f i r s t - m o t i o n  s tud ies  o f  l a r g e r  events w i t h  c l e a r  f i r s t  mot ions have 

prov ided a p i c t u r e  o f  nor thwest-southeast - t rending,  en echelon s t r i k e - s l i p  

f a u l t s  o f  t h e  San Andreas-Imperial  f a u l t  system connected by sho r t  segments o f  

nor theas t -southwest - t rend ing  f a u l t s  t h a t  e x h i b i t  ex tens iona l  behavior  (H i1  1 e t  

a1 . , 1975; Schnapp and Fuis ,  1977; G i l p i n  and Lee, 1978). Earthquake f o c i  i n  

the SSGF area are  unusua l l y  sha l low (1 t o  3 km) compared t o  f o c i  elsewhere in 

t h e  Imper ia l  V a l l e y  ( G i l p i n  and Lee, 1978). Th is  has been expla ined as a 

tempera ture- re la ted  e f f e c t ;  metasedimentary rocks  i n  t h e  upper p a r t  o f  the  

SSGF system a re  b r i t t l e  enough t o  r e f l e c t  t h e  c r u s t a l  spreading by normal 

f a u l t i n g  and t h e  shear ing by s t r i k e - s l i p  f a u l t i n g .  However, rocks  i n  t h e  

deeper, h igh- temperature reg ions  deform by aseismic creep. 

The p a t t e r n s  o f  smal l  ea r th -  

Areas where one m igh t  look  f o r  ongoing magma i n j e c t i o n  are t h e  no r theas t -  

southwest- t rending se ismic zones associated w i t h  c r u s t a l  spreading.  One such 

zone l i e s  6 km southeast  o f  t he  SSGF r h y o l  t e  domes and connects segments o f  

t h e  en echelon s t r i k e - s l i p  f a u l t s  ( F i g .  5 )  

l i e s  o f f  t h e  main p a r t s  o f  t h e  g r a v i t y  and magnetic h ighs  and because se ismi-  

c i t y  i s  shal low, i t  i s  no t  a l t o g e t h e r  c l e a r  whether t h e  s e i s m i c i t y  i s  r e l a t e d  

t o  t h e  processes o f  d i k e  i n j e c t i o n .  

P r i e t o  geothermal f i e l d  area a lso  prov ided evidence f o r  a l e a k y  t rans fo rm 

f a u l t  zone (Reyes and Razo, 1979). 

and ' f i r s t  mot ion  s tud ies  were c o n s i s t e n t  w i t h  ex tens iona l  f a u l t i n g  (conducive 

t o  p o s s i b l e  magma movement) a t  depths o f  6 t o  11 km. 

Because t h i s  spreading cen te r  

Care fu l  se ismic mon i to r i ng  over t h e  Cerro 

However, earthquakes t h e r e  were deeper, 

, 
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ken l ines .  
(From Schnapp and Fuis, 1977.) 

Earthquake epicenters a t  the Salton Sea geothermal f i e l d  from October 

Seismograph s ta t ions  are shown as the solid c i r c l e s  and t r ianqles .  
Tentative f a u l t  locations are shown as heavy bro- 
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LONG VALLEY 

SUMMARY 

T The Long V a l l e y  area has become one o f  t h e  more e x h a u s t i v e l y  s tud ied  

areas i n  recen t  years f o r  reasons o f  i t s  geothermal p o t e n t i a l ,  as a p o s s i b l e  

s i t e  f o r  Con t inen ta l  S c i e n t i f i c  D r i l l i n g  Program (CSDP) Thermal Regions d r i l -  

l i n g  and because o f  s t rong  earthquake a c t i v i t y  and p o s s i b l e  magma movement. 

Because much has a l ready  been w r i t t e n  on t h e  Long V a l l e y  c a l d e r a  and i t s  

magma-hydrothermal system, t h a t  m a t e r i a l  w i l l  be discussed he re  o n l y  i n  ou t -  

l i n e .  

a l .  (1976) and Emerson and E iche lbe rge r  (1980) f o r  g e o l o g i c a l  summaries and 

d e t a i l e d  d e s c r i p t i o n s  o f  t h e  v o l c a n i c  e v o l u t i o n  o f  t h e  caldera,  and t o  

Lachenbruch e t  a1 . (1976a, 1976b), Sorey and Lewis (1976), and Sorey e t  a1 . 
(1978) f o r  da ta  p e r t a i n i n g  t o  t h e  present hydrothermal system. I n  add i t i on ,  a 

DOE/OBES-sponsord workshop was r e c e n t l y  h e l d  f o r  t h e  purpose o f  d i scuss ing  t h e  

r e s u l t s  o f  many new geophysical  s tud ies  completed s i n c e  t h e  area was l a s t  

reviewed f o r  CSDP d r i l l i n g  (Kasameyer, 1980; L u t h  and Hardee, 1980) and s i n c e  

t h e  renewal o f  earthquake a c t i v i t y ,  and t h e  reader  i s  r e f e r r e d  t o  t h e  Workshop 

Proceedings (Go lds te in ,  1984) f o r  a d i s c u s s i o n  o f  geology-geohydrology and 

geophysics. 

For more d e t a i l e d  d e s c r i p t i o n s  t h e  reader  i s  r e f e r r e d  t o  B a i l e y  e t  

The Workshop Proceedings a l so  p r o v i d e  t h e  b a s i s  f o r  t h e  geophys- 

i c a l  d i scuss ion  below. 

Although v o l c a n i c  ac t  

p e r s i s t e d  through a t  l e a s t  

a c t i v i t y - - m o s t  n o t a b l y  t h e  

t h e  western p o r t i o n  o f  t h e  

v i t y  i n  t h e  Long V a l l e y  c a l d e r a  and v i c i n i t y  has 

t h e  pas t  m i l l i o n  years, a l l  r ecen t  phases of 

ve ry  young e rup t i ons  o f  t h e  I n y o  cha in - -po in t  t o  

ca lde ra  as t h e  l o c a t i o n  o f  the  youngest magma 

system a l s o  suggest t h e  presence o f  sources. S tud ies  o f  t h e  hydrotherma 

young heat  sources i n  t h i s  area. 
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Various independent l i n e s  o f  geophysical  s tudy  have produced i n t r i g u i n g  

anomalies t h a t  p rov ide  s t rong  evidence f o r  one, and perhaps severa l ,  m e l t  

zones a t  depths 26 km beneath the  resurgent  dome area i n  t h e  western p a r t  o f  

t h e  ca ldera .  The va r ious  anomalies d i f f e r ,  however, w i t h  respect  t o  s p e c i f i c  

l o c a t i o n s  and depths o f  t he  i n f e r r e d  me l t  zones. They a lso  leave open t h e  

ques t i on  o f  whether t h e  m e l t  zones rep resen t  r e s i d u a l  o r  resurgent  magma f rom 

t h e  main Long V a l l e y  chamber, o r  a re  r e l a t e d  t o  another magma chamber such as 

may be present  beneath t h e  Mono Cra te rs  t o  t h e  no r th .  The causes o f  present-  

day se ismic a c t i v i t y  and c r u s t a l  deformat ion--e.g. ,  d i k e  i n t r u s i o n  o r  magma 

chamber i n f l a t i o n ,  o r  bo th- -a lso  remain t o  be reso lved.  

GEOLOGICAL SUMMARY AND EVIDENCE FOR MAGMA 

Hydrot  hermal Sys tem 

Most evidence from t h e  hydrothermal system w i t h i n  t h e  Long V a l l e y  c a l d e r a  

p o i n t s  t o  t h e  west and p o s s i b l y  t h e  southwest moat areas as t h e  most l i k e l y  

l o c a t i o n s  o f  heat sources. I n  t h e  conceptual  model proposed by Sorey e t  a l .  

(1978), t h e  ground water  system i n  t h e  ca lde ra  i s  composed o f  a deep subsystem, 

compr is ing t h e  p r i n c i p a l  hot -water  r e s e r v o i r ,  i n  f rac tu red ,  densely  we1 ded 

Bishop T u f f ;  and a sha l low subsystem o f  c o o l e r  waters  i n  ca lde ra  f i l l  above 

t h e  Bishop T u f f .  

f l o w  and i s  separated f rom t h e  deeper ho t  r e s e r v o i r  except where r e c e n t l y  

a c t i v e  normal f a u l t s  p rov ide  permeable condu i t s  f o r  upward f l u i d  movement. 

S tab le  i so tope  d a t a  and thermal and h y d r a u l i c  model ing (Sorey e t  a l . ,  1978), 

i n d i c a t e  t h a t  recharge t o  t h e  hydrothermal system, f o r  a l l  b u t  t he  easternmost 

p o r t i o n  o f  t h e  ca ldera,  occurs m a i n l y  around t h e  western r i m ,  and subsurface 

f l o w  i s  eastward toward t h e  main ho t  s p r i n g  d ischarge areas i n  t h e  Hot Creek 

gorge and a t  Casa D iab lo  ( F i g ,  6 ) .  

The sha l low subsystem i s  cha rac te r i zed  by dominant ly  l a t e r a l  
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Fig. 6 .  Generalized geologic map o f  Long Valley caldera.  
(From Bailey e t  a1 . , 1976.)  
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Generalized qeoloqic map o f  the Long Valley-Mono Basin area. 
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Chemical geothermometer temperatures o f  i n f e r r e d  r e s e r v o i r  f l u i d s  range 

f rom -220 t o  270°C f o r  Casa D iab lo  waters and d i m i n i s h  t o  -150 t o  190°C f o r  

waters which surface i n  t h e  Hot Creek gorge (Sorey e t  a l . ,  1978). 

d e c l i n e  i n  r e s e r v o i r  temperatures i s  compat ib le  w i t h  a model i n  which t h e  

Casa D iab lo  and Hot Creek waters a re  r e l a t e d  t o  a s i n g l e  ho t -water  r e s e r v o i r  

b y  p rog ress i ve  eastward c o o l i n g  due t o  steam l o s s  and d i l u t i o n  (Fourn ie r  e t  

a l .  , 1979). Dec l i ne  i n  B and C l  concen t ra t i ons  eastward from Casa D iab lo  

i s  a l so  compat ib le  w i t h  t h i s  model. (The d a t a  do not, however, exclude t h e  

Th is  

r 

separate and p o s s i b i l i t y  t h a t  t h e  Casa D iab lo  and Hot Creek waters are f e d  by  

d i s t i n c t  ho t -water  r e s e r v o i r s . )  

D i r e c t  magmatic c o n t r i b u t i o n  t o  thermal f l u i d s  i s  suqgested 

t ypes  o f  evidence, b u t  t h a t  evidence i s  g e n e r a l l y  open t o  o t h e r  

by severa l  

n t e rp r  e t  a t  i ons 

as w e l l .  Owing t o  ex t remely  low s o l u b i l i t y  i n  magma, CO2 i s  l i k e l y  t o  degas 

r e a d i l y  f rom r i s i n g  magma, and values o f  6 1 %  i n  vapor-phase C02 ob ta ined a t  

Casa D iab lo  a re  c o n s i s t e n t  w i t h  a magmatic source ( T a y l o r  and Gerlach, 1983). 

However, l each ing  o f  Paleozoic carbonate rocks, which are  l i k e l y  t o  be abun- 

dan t  i n  t h e  basement under l y ing  t h e  Bishop T u f f ,  may a l s o  account r e a d i l y  f o r  

t h e  observed 1% concen t ra t i ons .  

t h e  western moat between 1975 and 1982 (Varekamp and Buseck, 1984), and 

f u r t h e r  inc reases  i n  1983 were repo r ted  by Wi l l i ams  e t  a l .  (1.983). While t h i s  

may r e f l e c t  present-day magmatic c o n t r i b u t i o n s ,  i t  i s  more l i k e l y  t h a t  t h e  Hq 

S o i l  Hg concent ra t  ions have increased i n  

anomaly i s  more d i r e c t l y  r e l a t e d  t o  recen t  seismic a c t i v i t y  and c r u s t a l  de fo r -  

ma t ion  i n  t h e  v i c i n i t y  o f  t h e  west and south  moats, which may have opened 

/ 

pathways f o r  sha l low Hg t o  reach t h e  sur face .  N e i t h e r  i s  a magmatic source 

r e q u i r e d  t o  account f o r  observed B, C l ,  K, L i ,  and As d e p o s i t i o n  i n  evapor i t es  

i n  Sear les  Lake, downdrainage f rom Long Va l ley ,  which c o u l d  have been de r i ved  
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f r om leach ing  o f  r e s e r v o i r  rocks (Sorey e t  a1 . , 1978). 

and 180 composi t ions o f  Long V a l l e y  waters do no t  r e q u i r e  s i g n i f i c a n t  c o n t r i -  

b u t i o n s  o f  magmatic water (Sorey e t  a1 . , 1978). 

S i m i l a r l y ,  deuter ium 

Evidence f rom hydrothermal a1 t e r a t i o n ,  supported by ana lys i s  o f  t h e  evap- 

o r i t e  depos i t s  mentioned above, suggests t h a t  hydrothermal a c t i v i t y  was present  

-0.3 m.y. ago and was probab ly  more ex tens ive  then  than today. The general  

d i s t r i b u t i o n  of  hydrothermal a l t e r a t i o n  i n  t h e  ca lde ra  occurs i n  an arcuate 

zone p e r i p h e r a l  t o  t h e  resurgent  dome, suggest ing t h a t  t he  heat  source f o r  

t h i s  o l d e r  system was r e s i d u a l  magma o f  t h e  resurgent  main chamber, and t h a t  

t h e  r i s e  o f  heated f l u i d s  was c o n t r o l l e d  by t h e  r i n g  f r a c t u r e  system surround- 

i n g  t h e  dome ( B a i l e y  e t  a l . ,  1976).  I n  t h e  present-day hydrothermal system, 

d e s p i t e  t h e  i n f e r r e d  presence o f  t h e  main source o f  heat i n  t h e  v i c i n i t y  o f  

t h e  western moat, h o t  s p r i n g  and fumaro le a c t i v i t y  i n  t h e  western moat i s  much 

l e s s  widespread than  i t  i s  i n  t h e  east.  T h i s  i s  probably  due t o  t h e  you th  o f  

magmatic a c t i v i t y  i n  t h e  western moat and western ca ldera  r i m  areas i n  combi- 

n a t i o n  w i t h  t h e  masking e f f e c t  o f  c o l d  ground water  i n f i l t r a t i n g  along t h e  

western r i m .  The lack  o f  any present-day thermal anomaly associated w i t h  t h e  

12,000- t o  600-y. -o ld  r h y o l i t e s  o f  t h e  Mono Cra te rs  n o r t h  o f  the  ca lde ra  

( F i g ,  7) lends support  t o  t h i s  i n t e r p r e t a t i o n .  

Evidence R e l a t i n g  t o  Magma O r i g i n  and Magma Chamber Presence 

Al though many aspects o f  t he  e v o l u t i o n  and present  s t a t e  o f  t h e  Long 

V a l l e y  magma-hydrothermal system have y e t  t o  be worked out,  t h e  genera l  

h i s t o r y  o f  t h e  system i s  f a i r l y  w e l l  understood. Fo l low ing  the  ca ldera-  

forming e r u p t i o n  o f  t h e  Bishop T u f f  (0.7 m.y.), and resurgence o f  t h e  magma 

chamber w i t h i n  t h e  next  0.1 m.y., t h e  sequence o f  e rup t i ons  i n  t h e  ca lde ra  
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records  a p rog ress i ve  s o l i d i f i c a t i o n  of  t h e  u n d e r l y i n g  zoned chamber. As 

o u t l i n e d  by B a i l e y  e t  a l .  (1976), t h i s  i s  evidenced by t h e  t r e n d  toward more 

mafic and c r y s t a l - r i c h  e rup t ions ,  f rom t h e  e a r l y  r h y o l i t e s  contemporaneous 

w i t h  resurgence, th rough t h e  r h y o l i t e s  o f  t h e  p e r i p h e r a l  moat (0.5 t o  

0.1 m.y.) and t h e  r i m  rhyodac i tes  (0.2 t o  0.05 m.y.). The e r u p t i o n  o f  l a t e  

b a s a l t i c  lavas i n  t h e  west and south  moat areas 0.2 t o  0.06 m.y. ago a l so  

shows t h a t  by  t h i s  t ime  t h e  areal  e x t e n t  o f  t h e  s i l i c i c  chamber had d imin ished 

s i g n i f i c a n t l y  ( F i g .  6 ) .  

Th icken ing  and s t reng then ing  o f  t h e  magma chamber r o o f  over  t ime, due t o  

s o l i d i f i c a t i o n  o f  u n d e r l y i n g  magma, i s  a lso c o n s i s t e n t  w i t h  f a u l t  con f i gu ra -  

t i o n s  and displacements i n s i d e  and o u t s i d e  t h e  c a l d e r a  borders.  The major  

S i e r r a  Nevada f r o n t a l  f a u l t s  t o  t h e  northwest and southeast change f rom s i n g l e ,  

con t inuous  f a u l t s  t o  branching and en echelon f a u l t s  where they  t r a n s e c t  t h e  

ca ldera ,  and displacements i n s i d e  t h e  ca lde ra  are much sma l le r  t han  outside, 

and are r e l a t i v e l y  r e c e n t .  Th is  suggests t h a t  t h e  r o o f  o f  t h e  cau ld ron  b lock 

had o n l y  r e c e n t l y  th ickened enough t o  a l l ow  t e c t o n i c  s t resses  t o  be t r a n s -  

m i t t e d  through i t  ( B a i l e y  e t  a l . ,  1976). 

Cons t ra in t s  on t h e  depth t o  t h e  t o p  o f  t h e  Long V a l l e y  magma chamber have 

been worked ou t  f o r  severa l  pe r iods  i n  i t s  h i s t o r y .  

f rom t h e  t o p ’ o f  t h e  chamber, which p r o g r e s s i v e l y  deepened f r o m  -6 km ( e a r l i e s t  

The Bishop T u f f  e rup ted  

ash f a l l s )  t o  -10 km ( l a t e s t  ash f l o w s )  d u r i n g  t h e  course of  e rup t i on ,  accord- 

i n g  t o  m i n e r a l o g i c a l  and geochemical, s t u d i e s  by  H i l d r e t h  and Spera (1974). 

(An es t ima te  o f  -15 km, however, was g i v e n  I .  by Stormer, 1983.) B a i l e y  e t  a l .  

(1976) es t imated  t h a t  t h e  r o o f  o f  t h e  chamber had r i s e n  t o  <5 km and p robab ly  

t o  2-3 km depth by t h e  end o f  resurgence -0.1 m.y. l a t e r ,  based on t h e  

geometry o f  t h e  resurgent  dome. They a l s o  speculated t h a t  by  - 0 . 2  m.y.b.p. 
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t h e  r o o f  had receded t o  6-9 km depth, based on t h e  deqree o f  encroachment o f  

t h e  b a s a l t i c  ven ts  o f  t h a t  age i n t o  t h e  ca lde ra  moat. 

The temporal and s p a t i a l  d i s t r i b u t i o n s  o f  r e c e n t  e r u p t i v e  u n i t s  s t r o n g l y  

suggest t h a t  t h e  youngest heat sources a re  l oca ted  beneath t h e  western moat 

and western c a l d e r a  r i m  areas. 

main magma chamber ( t h e  0.1-m.y. moat r h y o l i t e s  and t h e  0.05-m.y. r i m  rhyo- 

d a c i t e s )  were vented f rom t h e  west moat, and t h e  most recen t  i n t r a - c a l d e r a  

b a s a l t s  ( 0 . 1  t o  0.06 m.,y.) f rom t h e  west and southwest moats. 

e ruo t i ons - -a  cha in  o f  r h y o l i t i c  t o  r h y o d a c i t i c  domes and f lows,  w i t h  associa- 

t e d  p h r e a t i c  exp los ion  c r a t e r s ,  arrayed on a n o r t h - t r e n d i n g  l i n e  i n t e r s e c t i n g  

t h e  northwest r i m  o f  t h e  ca lde ra  (F iqs .  6,7)--provide t h e  most d i r e c t  evidence 

f o r  a contemporary heat source i n  t h i s  area. M i l l e r  (1983) ob ta ined an age o f  

-550 y. f o r  t h e  youngest group o f  I n y o  e rup t i ons ,  based on rad iocarbon d a t i n g  

o f  assoc ia ted  o rqan ic  m a t e r i a l .  

an 8-km v e r t i c a l  d i k e  was emplaced a t  sha l low depth, and t h e  ex i s tence  o f  a 

d i k e  connect ing  a t  l e a s t  t he  two southernmost o f  these e rup t i ons  has now been 

conf i rmed by  d r i l l i n g  i n  October 1984 (E iche lbe rge r ,  Ders. comm., 1984). 

The youngest e rup t i ons  probab ly  r e l a t e d  t o  t h e  

But t h e  Inyo  

He a l so  sugaested t h a t  they  were erupted when 

The Inyo  erup t ions ,  t h e  l a t e  basa l t s ,  and t h e  l a t e  c a l d e r a  moat and r i m  

e r u p t i o n s  are  probab ly  a l l  i n t e r r e l a t e d .  The basa l t s ,  f i r s t  o f  a l l ,  a re  p a r t  

o f  a c h a i n  o f  m a f i c  v o l c a n i c  rocks  ex tend ing  and decreasing i n  aqe f rom south- 

west o f  Mammoth Mountain northward i n t o  Mono Bas in  ( F i g .  7), ( B a i l e y  e t  a l . ,  

1976). 

e rup ted  along much o f  t h e  eas te rn  marg in  o f  t h e  S i e r r a  Nevada, i n c l u d i n g  those 

i n  t h e  Cos0 area. The m a f i c  magmas must have played a c r i t i c a l  r o l e  i n  sus- 

t a i n i n g  recen t  upper c r u s t a l  s i l i c i c  m e l t  i n  t h e  Long V a l l e y  chamber and i n  

t h e  Inyo  system, by p r o v i d i n g  heat i n p u t  f rom t h e  lower  c r u s t .  

o f  ma f i c  magma w i t h  s i l i c i c  magma p robab ly  a l s o  occurred, as demonstrated by  

On a r e q i o n a l  scale, t h e y  a r e  s i m i l a r  t o  Quaternary  b a s a l t i c  rocks  

D i r e c t  m i x i n g  
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t h e  r i m  rhyodac i tes  o f  Deadman Creek ( B a i l e y  e t  a l .  , 1976), and Mammoth Moun- 

t a i  n (Koeppen, 1983). 

The I n y o  e r u p t i o n s  must a l so  be understood i n  a w ider  con tex t .  They a re  

c l o s e l y  r e l a t e d  t o  t h e  r h y o l i t e s  o f  t h e  Mono Cra ters ,  immediately t o  t h e  n o r t h  

of t h e  I n y o  chain, which range i n  age f rom -12,000 t o  -600 y. (Dalrymple, 1967; 

S ieh  e t  a l . ,  1983). 

d i s t i n c t  s i l i c i c  magmas: r h y o l i t e  o b s i d i a n  s i m i l a r  t o  Mono Cra te rs  m a t e r i a l ,  

and r h y o d a c i t e  s i m i l a r  t o  l a t e  Long V a l l e y  c a l d e r a  r i m  and moat ex t rus ions .  

B a i l e y  a t  a l .  (1976) n o t e  t h a t  t h e  r h y o l i t e  obs id ian  component i n  t h i s  group 

of e rup t  ions  decreases p r o g r e s s i v e l y  southward approaching t h e  caldera,  and 

i n f e r  t h a t  these e rup t i ons  rep resen t  m i x i n g  o f  r e s i d u a l  magma o f  t h e  Long 

V a l l e y  chamber w i t h  magma o f  t h e  Mono system. 

however, t h a t  these compos i t iona l  t rends  i n  t h e  I n y o  e rup t i ons  may be o n l y  

apparent, as they  have observed comparable v a r i a t i o n s  i n  d r i l l  co re  f rom a 

s i n g l e  dome. 

The youngest o f  t he  I n y o  domes erupted a m i x t u r e  o f  two 

Stockman e t  a l .  (1984) suggest, 

I t  s thus  unc lear  how l a r g e  o r  cont inuous a body o f  magma may now be 

p resen t  n t h e  western moat area, o r  whether t h e  d i k e  i n t r u s i o n  represented by 

t h e  I n y o  e r u p t i o n s  i s  r e l a t e d  t o  a l a r g e  sha l low s i l i c i c  chamber. Any e s t i -  

mates o f  volume o r  depth o f  a magma body w i l l  depend g r e a t l y  on what model of 

magma d i s t r i b u t i o n  i s  envisioned; and w i l l  s u f f e r  f rom t h e  same u n c e r t a i n t i e s .  

Even assuming t h a t  t h e  I n y o  and o t h e r  ' recent  e r u p t i o n s  are  d i r e c t l y  r e l a t e d  t o  

main Long V a l l e y  magma chamber, t h e r e  i s  s t i l l  no assurance t h a t  t h e  pre-  

v i o u s l y  discussed es t imates  o f  t h e  depth  t o  t h e  t o p  o f  t h a t  chamber, made f o r  

v a r i o u s  stages i n  i t s  evo lu t i on ,  a re  r e l i a b l e  gu ides  t o  i t s  p resent  depth. 

Smith and Shaw (1975) es t imated  t h e  volume o f  magma present  beneath t h e  

c a l d e r a  a t  2400 km3, b u t  t h i s  f i q u r e  should s i m i l a r l y  be i n t e r p r e t e d  w i t h  cau- 

t i o n .  T h e i r  est imate,  de r i ved  from t h e  area o f  t h e  caldera,  does n o t  account 
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f o r  t h e  progress ive  s o l i d i f i c a t i o n  o f  t h e  magma chamber recorded i n  t h e  

sequence o f  pos t - ca lde ra  erup t ions ,  and i s  t h e r e f o r e  l i k e l y  t o  be t o o  h igh .  

GEOPHYSICAL EVIDENCE FOR MAGMA AND ESTIMATED MAGMA DEPTHS 

Heat Flow 

The t o t a l  (conduct ive  p l u s  convec t i ve )  heat  f l o w  i n  t h e  Long V a l l e y  

ca lde ra  i s  about 15 w a l  cm-2s-1 (HFU). 

t h e  ca ldera,  Lachenbruch and Sass (1977) p i c t u r e  a convect ing hydrothermal 

system i n  f r a c t u r e d  ca lde ra  f i l l  and basement rocks  o v e r l y i n g  a r e l a t i v e l y  

un f rac tu red  basement through which heat  i s  conducted f rom magma a t  -6 km depth 

I n  t h e i r  conceptual  thermal model o f  

( F i g .  8 ) .  

The measured bot tom-hole temperatures i n  deep w e l l s  on t h e  resurgent  dome 

a r e  c o n s i s t e n t  w i t h  t h i s  model i f  t h e  t o t a l  heat  f l o w  i s  regarded as hav ing 

been supp l ied  t o  a deep c i r c u l a t i o n  system by a l a r g e  magma chamber f o r  a long 

enough t ime (-300,000 y )  t o  reach thermal e q u i l i b r  um. 

temperature l o g  da ta  c o u l d  rep resen t  thermal e q u i l  b r i um w i t h  a deeper magma 

and no deep f l u i d  c i r c u l a t i o n .  

A l t e r n a t i v e l y ,  t h e  

The bot tom-hole temperatures and borehole temperature p r o f i l e s  do no t  

p rov ide  an unequivocal  p i c t u r e  o f  t h e  thermal regime beneath Long V a l l e y .  

Recent s t u d i e s  by Sorey (1984) and B lackwel l  (1984) i n d i c a t e  a compl icated 

c i r c u l a t i o n  p a t t e r n  o f  deep and sha l low f l o w  c o n t r o l l e d  by s u b v e r t i c a l  f a u l t s  

and sha l low aqui fers ,  snowmelt recharge f rom t h e  S i e r r a  Nevada, and p o s s i b l e  

sha l low and recent  heat  sources i n  t h e  western moat area, such as t h e  d i k e ( s )  

t h a t  produced t h e  Inyo  domes. 



4 

-35- 

E 
Y 

E 

I 
I- 
P 
W a 

a#- 

TEMPERATURE i n  'C 

0 200 400 600 800 

9 D \ 
10 I 

1 
MAGMA 

XBL 849-3863 

. .  
F i g .  8. P l o t s  o f  temperature versus  depth  f o r  conduct ive  heat f l o w  a t  v a r i o u s  
r a t e s  ( thermal  c o n d u c t i v i t y  = 5 mcal</(s"C cm) and bottomhole temperatures i n  deep 
w e l l s  i n  Long V a l l e y  ca lde ra .  
temperature g r a d i e n t  beneath t h e  resurgent  dome, based on d a t a  f o r  w e l l  M1 and 
CP. D i s  t h e  depth  t o  magma a t  800°C t h a t  would produce a heat f l u x  of 15  HFU 
under s teady -s ta te  c o n d i t i o n s  beneath a zone o f  f l u i d  convec t ion  o f  t h i ckness  Dc.  
(From M. Sorey, U . S .  Geolog ica l  Survey.) 

S o l i d  l i n e  rep resen ts  t h e  i n f e r r e d  background 
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Se ismoloa ica l  I n v e s t i a a t i o n s  

Earthquake Mechanisms 

o f  t h e  resurgent  

f i n d i n g  by Steep 

NW-SE zone o f  de 

No evidence 

south  moat area. 

A t t e n u a t i o n  

The spa t ia l - t empora l  d i s t r i b u t i o n  and mechanisms o f  the  numerous ea r th -  

quakes t h a t  o c c u r r e d ’ i n  1982-1983 beneath t h e  south moat have been s tud ied  

b y  severa l  researchers.  No c l e a r  and s imp le  p i c t u r e  o f  earthquake p a t t e r n  

and mechanism has emerged. 

Cockerham, 1984; Smith, 1984) seem t o  agree t h a t  t h e r e  i s  evidence f o r  swarm 

a c t i v i t y  w i t h  mechanisms c o n s i s t e n t  w i t h  northeast-southwest tens ion .  These 

events have been hypothesized t o  be associated w i t h  d i k e  i n j e c t i o n .  I n  

p a r t i a l  suppor t  o f  t h i s  hypothesis,  i t  was noted t h a t  f o l l o w i n g  t h e  l a r g e  

1980 earthquake, i n t e n s i v e  swarms occur red  i n  t h e  same area, and these had 

t h e  appearance o f  spasmodic tremors. 

Most workers (Peterson e t  al., 1983; Savage and 

Vel oc i t y  Anomal i es 

Cockerham (Savage and Cockerham, 1984) r e p o r t e d  t h a t  a three-dimensional  

i n v e r s i o n  method was app l i ed  t o  da ta  f rom 7000 earthquakes and S0,OOO P-wave 

a r r i v a l s  recorded a t  IJSGS seismic s t a t i o n s  i n  and around t h e  ca ldera .  A 

tomographic r e c o n s t r u c t i o n  o f  these r e s u l t s  i n d i c a t e s  a zone o f  low v e l o c i t y  

(10% decrease) a t  3 t o  7 km depth, l oca ted  r o u g h l y  beneath t h e  med ia l  graben 

dome. T h i s  f i n d i n g  i s  i n  genera l  agreement w i t h  t h e  e a r l i e r  

es and I y e r  (1976) t h a t  t e l e s e i s m i c  P-wave de lays  revea l  a 

ays a t  a depth  >7 km beneath t h e  resurgent  dome. 

has been found, however, f o r  a v e l o c i t y  anomaly beneath t h e  

Anomal i es 

Several t ypes  o f  P- and S-wave a t t e n u a t i o n  anomalies have been recon- 

s t r u c t e d  on t h e  b a s i s  o f  waves propagat ing  under t h e  ca lde ra .  The most 
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complete study has been made by Sanders (1984), who found "massive shear wave 

a t t e n u a t i n g  bodies beneath t h e  c e n t r a l  and nor thwest  c a l d e r a  and smal 1 anoma- 

l o u s  areas i n  t h e  southern ca lde ra  and beneath Crowley Lake" ( F i g .  9 ) .  

b e s t  d e f i n e d  o f  these anomalies occurs a t  t h e  south end o f  t h e  medial  graben, 

and i t  i s  -4.5 km deep a t  i t s  sha l lowest  p o i n t .  T h i s  anomaly can a l so  be 

The 

r o u g h l y  c o r r e l a t e d  w i t h  t h e  P-wave v e l o c i t y  decrease d e f i n e d  by  Savage and 

Cockerham (1984).  

Sanders' a t t e n u a t i o n  anomaly a t  t h e  northwest co rne r  o f  t h e  resurgent  

dome encloses t h e  approximate area o f  t h e  deep "magma r o o f "  r e f l e c t i o n  repo r -  

t e d  by H i l l  (1976).  

P o s s i b l y  Ref 1 ected Waves 

Two i n t e r s e c t i n g  seismic r e f r a c t i o n  l i n e s  w i t h i n  t h e  c a l d e r a  show s t rong  

secondary a r r i v a l s  t h a t  have been i n t e r p r e t e d  as a reverse-po l  a r i  t y  r e f  1 e c t  i o n  

f r o m  t h e  " t o p  o f  a magma chamber" a t  a depth o f  6-7 km beneath t h e  northwest 

co rne r  o f  t h e  resurgent  dome ( H i l l ,  1976) ( F i g .  10) .  

L u e t g e r t  and Mooney (1984), based on reduced t r a v e l  t imes o f  major phases i n  

earthquake records,  suggests a r e f l e c t i o n  a t  16 km i n  t h e  same area. 

b o t h  r e f l e c t i o n s  may d e f i n e  t h e  t o p  and base o f  a l a r g e  m e l t  zone ( F i g .  11). 

- 

More recent  work by  

Together, 

E l e c t r i c a l  and E lec t romagnet ic  I n v e s t i g a t i o n  

Recently, e l e c t r i c a l  conductors i n  t h e  basement rocks  under l y ing  t h e  

Bishop T u f f  have been i d e n t i f i e d .  

1. Hermance e t  a l .  (1984) found a broad, concave-north, a rcuate  con- 

d u c t o r  south o f  t h e  resurgent  dome on t h e  b a s i s  o f  t h e  o r i e n t a t i o n s  and 

dimensions o f  t e l l u r i c  e l l i p s e s .  

t h e  conduct ive  su r face  hydrothermal zone i n  r e l a t i o n  t o  t h e  r e s i s t i v e  S i e r r a n  

b lock .  

Th is  f e a t u r e  i s  b e l i e v e d  t o  be due m a i n l y  t o  
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F i g .  9. Locat ions  and approximate depths t o  S-wave a t t e n u a t i o n  
zones w i t h i n  t h e  Long V a l l e y  ca lde ra .  (From Sanders, 1984.) 
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F i g .  10. 
l i n e s ) .  Arrows i n d i c a t e  s h o t - t o - r e c e i v e r  d i r e c t  i on .  P a r e n t h e t i c  numbers i n d i c a t e  approx i -  
mate depth i n  k i  1 ometers t o  r e f l e c t i n g  boundary. C l u s t e r  o f  crosses near southern boundary 
of c a l d e r a  are ep icenters  o f  earthquakes used i n  p r o f i l i n g .  ( A f t e r  H i l l ,  1976.) 

L o c a t i o n  o f  r e f r a c t i o n  p r o f i l e s  and l o c i  of subsurface r e f l e c t i o n  p o i n t s  (heavy 
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s e c t i o n  showing r a y  t r a c e s  f o r  Pg and P r  phases, assumed t o  be r e f l e c t e d  from t h e  base o f  
a magma chamber. Broken l i n e  
i n d i c a t e s  approximate basement geometry based on t h e  1982 r e f r a c t i o n  p r o f i l e .  
L u e t w t  and Mooney, submi t ted t o  Seis .  SOC. Am. B u l l . )  

Reduced t r a v e l - t i m e  curve o f  major  phases i n  earthquake record  s e c t i o n  and c ross  

Numbers i n d i c a t e  P-wave v e l o c i t y  i n  k i l omete rs  pe r  second. 
(From 
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deep condu 2. They have a l so  found m a g n e t o t e l l u r i c  evidence f o r  t o r  

a t  a depth o f  a t  l e a s t  7 km and perhaps as deep as 10 km beneath t h e  southwest 

moat and p a r t  o f  t h e  resurgent  dome. 

3. Using b o t h  magnetotel l u r i c  and c o n t r o l  led-source EM, workers a t  

Lawrence Berke ley  Labora to ry  (LBL) have d e f i n e d  two basement conductors.  One 

l i e s  below t h e  south moat area a t  about 3 km and plunges t o  t h e  east-southeast.  

The o t h e r  l i e s  below t h e  no r theas t  corner  o f  t h e  resurgent  dome and plunges t o  

t h e  southeast (Go lds te in ,  1984). 

- 

4. Dur ing August 1984, LBL made a s e r i e s  o f  MT soundings along an eas t -  

west l i n e  across t h e  ca ldera .  

s e c t i o n  c a l c u l a t e d  from t h e  smoothed apparent r e s i s t i v i t y  curves  us ing  t h e  

Bos t i ck  l - D  i n v e r s i o n  technique. 

s i n g  MT d a t a  taken i n  q e o l o g i c a l l y  complex areas, a t  l e a s t  some o f  t h e  r e s u l t s  

seem c o n s i s t e n t  w i t h  aeoloqy and r e s i s t i v i t y  r e s u l t s  f rom o t h e r  e l e c t r i c a l  

surveys. 

3 t o  5 km beneath t h e  west end o f  t h e  l i n e  are  associated w i t h  a moat r h y o l i t e  

plug-dome (age -0.1 m.y.) and t h e  e a r l y  r h y o l i t e s  o f  t h e  resurqent  dome (age 

F i g u r e  12 shows a p r e l i m i n a r y  r e s i s t i v i t y  

Although t h i s  i s  a crude method f o r  proces- 

The h i s h  r e s i s t i v i t y  zones ex tend ing  from near -sur face  t o  depths o f  

-0.6 m.y.). The h i g h  r e s i s t i v i t i e s  suggest t h a t  t h e  upper p a r t  o f  t h e  rhyo-  

l i t e  p lugs  a re  un f rac tu red  and una l te red .  A t h i r d  r e s i s t i v e  zone i s  observed 

a t  t he  eas te rn  end o f  t h e  p r o f i l e  beneath s t a t i o n s  1 and 2. 

sent a t h i c k  s e c t i o n  of S i e r r a n  g r a n i t e .  

Th is  may r e p r e -  

O f  more i n t e r e s t  t o  us a re  t h e  conduct ive  zones f l a n k i n g  t h e  resurgent  

The broad surface conductori  on t h e  eas t  has been w e l l  documented by dome. 

e a r l i e r  surveys made by t h e  USGS, 'and t h e  narrow s u r f a c e  conductor on t h e  

west, descr ibed by Hermance e t  a l .  (1984) on t h e  b a s i s  o f  t h e i r  t e l l u r i c  
- 

e l l i p s e  study, i s  an ex tens ion  o f  t h e  low r e s i s t i v i t y  zone (LRZ) mapped i n  t h e  
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F i g .  12. 
V a l l e y  MT p r o f i l e  (east-west;  u n i t s  a r e  Ohm-m). 

P r e l i m i n a r y  i n t e r p r e t a t i o n  o f  MT depth soundings ( B o s t i c k  i n v e r s i o n s ) ,  Long 

, 
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south  moat and a t  Casa D iab lo  Hot Spr ings. 

conductors occur above req ions  where a deeper LRZ comes t o  w i t h i n  5 t o  8 km 

of t h e  surface. While i t  migh t  be speculated t h a t  t h e  sha l low LRZ's a re  

assoc ia ted  w i t h  h igh  temperatures and p a r t i a l  m e l t  cond i t i ons ,  i t  i s  more 

Both o f  these f l a n k i n g  su r face  

I 
I 

I l i k e l y ,  p a r t i c u l a r l y  i n  t h e  case o f  s t a t i o n  6, t h a t  t h e  shal lowness ( 5  km) o f  

t h e  conductor i s  an a r t i f a c t  o f  d a t a  b i a s  caused by  c u r r e n t  channe l ing  i n  t h e  

surface conductor.  

MT phase d a t a  w i l l  be s tud ied  a f t e r  t h e  approp r ia te  ins t rument  phase c o r r e c t i o n s  

a r e  app l i ed  t o  t h e  data, and t h e  d a t a  s e t  w i l l  be reexamined i n  terms o f  a 

2-D model. The LRZ a t  a depth o f  -10 km beneath t h e  c e n t r a l  p a r t  o f  t h e  

c a l d e r a  i s  p robab ly  a r e a l  f e a t u r e .  

To r e s o l v e  t h e  subsurface r e s i s t i v i t y  d i s t r i b u t i o n ,  t h e  

There do no t  seem t o  be any se r ious  p o i n t s  o f  c o n f l i c t  between t h e  

v a r i o u s  e l e c t r i c a l  and e lec t romagnet ic  i n t e r p r e t a t i o n s  a t  t h i s  t ime. I t i s  

g e n e r a l l y  agreed t h a t  more s t a t i o n s  are needed, p a r t i c u l a r l y  i n  t h e  areas 

o f  t h e  seismic v e l o c i t y  and a t t e n u a t i o n  anomal i es. 

Without t he  b e n e f i t  o f  deep d r i l l  holes, t h e  r e l a t i o n s h i p  between t h e  

e l e c t r i c a l  conductors and p o s s i b l e  magmatic heat sources i s  ambiguous. The 

r e l a t i v e l y  s h a l l o w  conductors found a t  depths o f  -3 km cou ld  e a s i l y  be  r e l a t e d  

t o  hydrothermal a c t i v i t y  i n  f r a c t u r e d  basement rocks  o r  i n  porous sec t i ons  of 

p re -ca lde ra  vo l can ics .  However, i t  i s  a l so  p o s s i b l e  t h a t  g r a p h i t i c  s c h i s t s  i n  

Paleozoic r o o f  pendants under l y ing  t h e  ca lde ra  account f o r  some p o r t i o n  o f  t he  

anomalies. Regarding t h e  deep conductor  a t  a depth  of 7 t o  10  km, i t  i s  n o t  

unusual f o r  some thermal areas i n  t h e  Bas in  and Range geomorphic p rov ince  t o  

e x h i b i t  broad conduct ive  zones ( ~ 1 0  ohmam) a t  depths  o f  around 20 m ( L i e n e r t  

and Bennett,  1977). There are  a l so  repo r ted  cases o f  t h e  conduct ive  " l a y e r "  

r i s i n g  t o  w i t h i n  10  km o f  t he  sur face .  Some o f  these anomalies have been 
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assoc ia ted  w i t h  e leva ted  isotherms, l o w s e  

occurrences o f  m e l t  zones. A low-ve1,ocity 

smic v e l o c i t  

zone beneath 

conf i rmed by  a seismic r e f r a c t i o n  s tudy  ( H i l l ,  1976 

t e l e s e i s m i c  P-wave work o f  Steeples and I y e r  (1976) 

es, and p o s s i b l e  

Long Val l e y  was no t  

, b u t  one was found by t h e  

G r a v i t y  and Magnetic I n t e r p r e t a t i o n s  

N e i t h e r  g r a v i t y  nor  magnetic da ta  have y i e l d e d  conc lus i ve  i n f o r m a t i o n  

on subcaldera c o n d i t i o n s  and s t r u c t u r e s .  

G r a v i t v  and Deformat ion Stud ies  

Several models have been proposed t o  e x p l a i n  t h e  recen t  changes i n  

g r a v i t y  and t h e  concur ren t  v e r t i c a l  and h o r i z o n t a l  de format ion  o f  t h e  s u r f  ace 

observed between August 1982 and August 1983. Deformat ion models proposed by  

Rundle (Rundle and Whitcomb, 1984) and by  Savage ( C a s t l e  e t  a l . ,  1984) r e q u i r e  

a volume increase o f  0.02 t o  0.03 km3, due t o  e i t h e r  d i k e  i n j e c t i o n  o r  magma 

chamber i n f l a t i o n .  

Rundle proposed a model w i t h  two po in t - sou rce  "magma" chambers: a deep 

chamber at  8 km below t h e  c e n t e r  o f  t h e  resu rgen t  dome, and a chamber a t  5 km 

below a p o i n t  eas t  o f  Casa D iab lo  Hot Spr ings. Savage proposed a model w i t h  

a 30" -d ipp ing  s l a b  from 8 t o  1 0  km beneath t h e  resurgent  dome and a v e r t i c a l  

d i k e  i n t r u s i o n  f rom t h e  s lab  t o  w i t h i n  3 km o f  t h e  sur face .  Ne i the r  model 

f i t s  a l l  t h e  o t h e r  geophysical  data, and b o t h  are nonunique. 
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THE GEYSERS-CLEAR LAKE 

SUMMARY 

The presence o f  a large,  shal  low magma chamber beneath t h e  C lea r  Lake 

vo l can ic  f i e l d  has been i n f e r r e d  on t h e  b a s i s  o f  v a r i o u s  geophysical  surveys 

and i n t e r p r e t a t i o n s  performed m a i n l y  by s c i e n t i s t s  o f  t h e  USGS. An extremely 

complete rev iew  o f  t h i s  sub jec t  was presented by Hearn e t  a l .  (1981) and 

Isherwood (1981), and we borrow h e a v i l y  f rom those papers i n  t h i s  r e p o r t .  

Although i t  i s  s t i l l  w i d e l y  be l i eved  t h a t  a r e l a t i v e l y  sha l low magma 

chamber u n d e r l i e s  t h e  C lear  Lake v o l c a n i c  f i e l d ,  t h e  geophysical  da ta  on whic 

t h i s  i n f e r e n c e  i s  based do n o t  p rov ide  a c o n s i s t e n t  and unique model f o r  t h e  

o f  t h e  more l o c a t i o n  and depth t o  a magma body o r  a p a r t i a l  m e l t  zone. 

recen t  survey r e s u l t s  do no t  seem t o  support  t h e  long-he ld  v iew 

s i l i c i c  chamber e x i s t s  beneath Mount Hannah. 

Some 

Geo log ica l  and geochemical evidence a l so  do no t  support  t h e  

magma chamber l oca ted  approximately beneath Mount Hannah. Magma 

s i g n i f i c a n t  s i z e  have p robab ly  e x i s t e d  beneath t h e  C lea r  Lake vo 

ha t  a l a r g e  

presence o f  a 

chambers o f  

can ic  f i e l d  

i n  t h e  past, bu t  t h e r e  i s  no s o l i d  evidence f o r  a chamber anywhere i n  t h e  area 

a t  t h e  present  t ime.  If one were present, a l i k e l y  l o c a t i o n  would be w e l l  t o  

t h e  n o r t h  o f  Mount Hannah, near C lear  Lake. Th is  i s  t h e  area f rom which t h e  

most r e c e n t  e rup t i ons  were vented, i n c l u d i n g  those a t  Borax Lake, which were 

p robab ly  e rup ted  from a magma chamber of  some form. 

An a l t e r n a t i v e  model c o n s i s t e n t  w i t h  a v a i l a b l e  geo log ic  d a t a  i s  t h a t  

magma may be present  i n  t h e  c r u s t  i n  t h e  fo rm o f  r e l a t i v e l y  small ,  deep 

bodies.  F a u l t  movements and/or movement o f  an u n d e r l y i n g  heat source may 

prevent  these bodies f rom coalescing, r i s i n g ,  and e v o l v i n g  i n t o  a l a r g e r ,  

shal  low chamber. 

I 
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GEOLOGICAL SUMMARY AND EVIDENCE FOR MAGMA 

Chronology, Composition, and Magnitude o f  Volcanism 

The C lear  Lake v o l c a n i c  f i e l d  comprises-100 km3 o f  vo l can ic  rocks  erup- 

t e d  i n  100 t o  200 separate e rup t i ons  and rang ing  i n  age f rom 2.1 m.y.b.p. t o  

-10,000 y.b.p. 

t i o n  from b a s a l t  t o  r h y o l i t e ,  w i t h  a r a t i o  o f  s i l i c i c  rocks  ( d a c i t e  and l e s s e r  

r h y o l i t e )  t o  ma f i c  rocks  (mos t l y  b a s a l t i c  andes i te )  o f  -3:2. 

however, f o u r  per iods  ( p o s s i b l y  f i v e )  o f  major  e r u p t i v e  a c t i v i t y  have been 

recognized, each beg inn ing  w i t h  one or more s i l i c i c  e rup t ions ;  t h e  o l d e s t  

and youngest per iods  were dominated by ma f i c  lavas  and t h e  i n te rmed ia te  

per iods  b y  s i 1  i c i c  lavas  (Donne1 ly-Nolan e t  a1 . , 1981). 

As a group, t h e  vo l can ics  span a complete range o f  composi- 

I n  d e t a i l ,  

The C lear  Lake Volcanics a re  g e n e r a l l y  younger t o  t h e  nor th ,  a l though 

t h e  o l d e s t  group o f  e rup t i ons  i s  w i d e l y  d ispersed geograph ica l l y  and does no t  

conform t o  t h i s  t rend .  

l o c a l i z e d  i n  space than t h e  f i r s t ,  and each was loca ted  t o  t h e  n o r t h  o f  t h e  

prev ious  group ( F i g .  13)  (Hearn e t  a1 ., 1981). 

groups (1 .1  t o  0.8 m.y.b.p.) encompasses the  Mount Hannah area beneath which 

t h e  ex is tence o f  a present-day magma chamber has been proposed ( F i g .  14) .  

The youngest group (0 .1  t o  0.01 m.y.b.p.) was erupted a long t h e  eas tern  and 

Each o f  t he  subsequent t h r e e  groups was much more 

The o l d e s t  o f  these t h r e e  

t i c  southeastern arms o f  C lear  Lake, and c o n s i s t s  almost e n t i r e l y  o f  basa 

andesi tes.  The o n l y  s i l i c i c  e rup t i ons  i n  t h e  youngest group were t h e  

0.09 m.y.-old r h y o l i t e  and d a c i t e  o f  Borax’Lake (Donnel ly-Nolan e t  a1 , 1981). 

S t r u c t u r a l  and Tec ton ic  S e t t i n g  

The C lear  Lake Volcanics a re  s i t u a t e d  w i t h i n  t h e  San Andreas f a u l t  system 

The geo log ic  s t r u c t u r e  i s  cha rac te r -  i n  the  no r the rn  C a l i f o r n i a  Coast Ranges. 
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F i g .  13. 
C lear  Lake Vo lcan ics .  
and f o u r t h  (0.01 t o  0.1 m.y.) groups are  represented i n  A, 8, and C, respec- 
t i v e l y .  
+ = B a s a l t .  

D i s t r i b u t i o n  o f  ven ts  o f  t h e  l a t e s t  t h r e e  e r u p t i v e  qroups o f  t h e  
?he second (0.8 t o  1.1 m.y.), t h i r d  (0.30 t o  0.65 m.y.), 

= R h y o l i t e ,  0 = Daci te,  A = Andesite, x = B a s a l t i c  andesi te,  
(From Hearn e t  a l . ,  1981.) 
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F i g .  14. 
showing major f a u l t  zones and t h e  approximate boundaries o f  The Geysers steam 
f i e l d .  
da ta  i s  approximated by  t h e  d o t t e d  l i n e .  ( A f t e r  Hearn e t  a1 ., 1981.) 

General ized map of t h e  C lear  Lake v o l c a n i c  f i e l d  (crosshatched),  

The o u t l i n e  o f  t h e  present-day magma chamber i n f e r r e d  from g r a v i t y  

, 



i z e d  by no r theas t -d ipp ing  imbr 

Mesozoic F ranc i  scan assemblage 

have been f u r t h e r  d i s r u p t e d  by 

San Andreas system (McLaughlin 
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c a t e  t h r u s t  s l i c e s  o f  rocks  

and t h e  coeval Great V a l l e y  

t h e  predominant ly  s t r i k e - s l  

1981). 

o f  t h e  m a i n l y  

sequence. These 

p mot ion  o f  t h e  

The main f a u l t s  i n  t h e  area are t h e  no r thwes t - t rend ing  Collayomi f a u l t  

zone and t h e  no r th -no r thwes t - t rend ing  Konoct i  Bay f a u l t  zone ( F i g .  14), bo th  

o f  which are p robab ly  a c t i v e ,  

f a u l t s  i n  t h e  area are m a i n l y  normal d i p - s l i p  and r i g h t - l a t e r a l  s t r i k e - s l i p  

(Hearn e t  a l . ,  1981). F a u l t s  p rov ide  major  condu i t s  f o r  movement o f  h o t  water 

and steam t o  t h e  su r face  (Go f f  e t  al., 1977), and t h e y  have s i m i l a r l y  p rov ided 

avenues f o r  magma ascent a t  v a r i o u s  pe r iods  i n  t h e  e r u p t i v e  h i s t o r y  o f  t h e  

vo l can ics .  Vent al ignments o f  some e a r l i e s t  ma f i c  lavas and o f  some l a t e r  

d a c i t e s  f o l l o w  t h e  dominant northwest t o  nor th -nor thwest  f a u l t  t rends .  I n  

a d d i t i o n ,  a zone o f  b a s a l t i c  andes i te  vents  and a zone o f  young maf i c  c i n d e r  

cones b o t h  f o l l o w  n o r t h - t o - n o r t h e a s t - o r i e n t e d  l i n e s ;  t h i s  i s  t h e  probable 

d i r e c t i o n  f o r  t e n s i o n a l  f r a c t u r e s  t o  develop i n  response t o  s t resses  generated 

between p a r a l l e l  nor thwest - t rend ing  s t r i k e - s l i p  f a u l t  zones (Hearn e t  a l . ,  

1981). 

F a u l t  d isplacements i n  these zones and on o t h e r  

Specu la t ions  concerning t h e  r e l a t i o n  o f  t h e  C lea r  Lake Volcanics t o  

r e g i o n a l  Coast Range volcanism have centered around two main observa t ions :  

t h e  p rog ress i ve  decrease i n  age, from Miocene t o  Holocene, o f  Coast Range 

v o l c a n i c  rocks  i n  a north-northwestward d i r e c t i o n  toward C lear  Lake; and 

north-northwestward movement o f  t h e  t r i p l e  j u n c t i o n  between t h e  Nor th  American, 

P a c i f i c ,  and F a r a l l o n  p l a t e s  corresponding t o  t h e  cessa t ion  o f  subduct ion and 

i n i t i a t i o n  o f  s t r i k e - s l i p  movement along t h e  San Andreas f a u l t  zone. 

i n i t i a t i o n  o f  volcanism i n  t h e  C lea r  Lake f i e l d  f o l l o w e d  c l o s e l y  t h e  passage 

o f  t h e  t r i p l e  j u n c t i o n  a t  t h a t  l a t i t u d e ,  and s i m i l a r  c o r r e l a t i o n s  i n  t i m i n g  

* 

The 
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occurred a t  Coast Range v o l c a n i c  centers  t o  t h e  south-southeast .  

t h a t  magma emplacement a t  t he  C lear  Lake f i e l d  may be r e l a t e d  t o  c r u s t a l  

Th is  suggests 

ex tens ion  near t h e  propagat ing  end o f  t h e  San Andreas t rans fo rm f a u l t  (McLaughlin, 

1981). An a l t e r n a t e  model proposes t h a t  t h e  m i g r a t i o n  o f  volcanism i s  due 

t o  movement of  t h e  Nor th  American p l a t e  i n  a south-southeas ter ly  d i r e c t i o n  

over  a s t a t i o n a r y  mant le  ho t  spot  o r  p o s s i b l y  t h a t  a h o t  spot i s  t i e d  t o  

t h e  P a c i f i c  p l a t e ,  w i t h  which i t  has moved r e l a t i v e  t o  t h e  Nor th  American p l a t e  

(Hearn e t  a1 . , 1981). 

Hydrothermal System 

The producing steam f i e l d  a t  The Geysers i s  l oca ted  i n  Franc iscan rocks 

adjacent  t o  t h e  C lear  Lake Volcanics,  b u t  i t  i s  e n t i r e l y  o f f s e t  f rom them 

across t h e  Col layomi f a u l t  zone ( F i g .  14) .  I t  i s  a lso  o f f s e t  f rom t h e  v e r t i -  

c a l  p r o j e c t i o n  o f  t h e  hypothesized magma chamber beneath Mount Hannah. 

remains a debate as t o  t h e  na tu re  o f  The Geysers hydrothermal system. It i s  

There 

p o p u l a r l y  be l i eved  t h a t  i t  began as a hot -water  system, e v o l v i n g  i n t o  a vapor-  

dominated system as a r e s u l t  o f  t h e  low recharge r a t e  associated w i th  low 

permeabi 1 i t y  o f  t h e  Franc iscan r e s e r v o i r  rocks  (McLaughl i n ,  1981). However, 

i t  may y e t  remain fundamenta l l y  a ho t  water  system w i t h  an ever - inc reas ing  

zone o f  b o i l i n g  and superheated steam around t h e  w e l l s .  

system i s  observed no r theas t  o f  t h e  Col layomi f a u l t  zone ( S t e r n f e l d  e t  a l . ,  

1983), where t h e  v o l c a n i c  rocks  and vents p rov ide  l i k e l y  condu i t s  f o r  t h e  deep 

m ix ing  w i t h  c o l d  meteor ic  water  which may sus ta in  a hot-water-dominated 

system (Go f f  e t  a1 . , 1977). 

A hot-water-dominated 

Noncondensible gases i n  steam a t  The Geysers, i n c l u d i n g  H2S and C02, 

c o u l d  i n d i c a t e  a magmatic o r i g i n ,  bu t  Brook (1981) suggests t h a t  thermal 

degradat ion  o f  o rgan ic  m a t t e r  i n  Francisc 'an rocks i s  a more l i k e l y  source. 
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Nehring (1981) comes t o  t h e  same conc lus ion  rega rd ing  gases i n  spr ings  and 

we1 1s i n  t h e  Geysers-Clear Lake area, and 13C i so tope  va lues  ob ta ined from 

t h e  same l o c a t i o n s  suggest no apprec iab le  c o n t r i b u t i o n s  f rom magmatic sources 

(Huebner, 1981). 

On t h e  o t h e r  hand, S t e i n f e l d  e t  a l .  (1983) propose t h a t  magmatic sources 

c o n t r i b u t e d  t o  t h e  hydothermal d e p o s i t i o n  o f  tourmal ine,  t o g e t h e r  w i t h  b i o t i t e  

and a c t i n o l i t e ,  observed i n  c u t t i n g s  f rom a 3-km-deep ho le  d r i l l e d  -5 km n o r t h  

o f  Mount Hannah. 

i n c l u s i o n s ,  t h a t  t h i s  m i n e r a l i z a t i o n  r e s u l t e d  f rom a hot-water-dominated 

hydrothermal system r e l a t e d  t o  nearby i n t r u s i o n  o f  magma d u r i n g  t h e  t h i r d  

p e r i o d  ( r o u g h l y  0.5 m.y. o l d )  o f  Clear Lake volcanism. 

i n d i c a t e d  by t h e  f l u i d  i n c l u s i o n  d a t a  f o r  t h i s  o l d e r  hydrothermal system (330 

t o  400°C) a re  s i g n i f i c a n t l y  h i g h e r  than present-day temperatures (up  t o  260°C 

encountered i n  t h e  we1 1.  

They suggest, based on evidence f rom associated f l u i d  

The temperatures 

Evidence R e l a t i n g  t o  Magma O r i g i n  and Magma Chamber Presence 

Var ious l i n e s  o f  evidence p o i n t  t o  t h e  present  and pas t  ex i s tence  o f  

magma chambers o f  t h e  C lear  Lake Volcanics.  

magma chamber beneath Mount Hannah has been proposed on t h e  b a s i s  o f  geo- 

p h y s i c a l  s tud ies ,  b u t  whether such a chamber bears any r e l a t i o n  t o  e a r l i e r  

chambers, o r  t o  t h e  youngest erupted.magmas, i s  a ma jor  and unresolved 

quest i on .  

The ex i s tence  o f  a present-day 

O f  t h e  f o u r  c l e a r l y  recognized pe r iods  of  e r u p t i o n  o f  t h e  C lear  Lake 

f i e l d ,  t h e  e a r l i e s t  i s  b o t h  t o o  m a f i c  and t o o  d ispersed geograph ica l l y  t o  

have erup ted  f rom a h i g h - l e v e l  c r u s t a l  magma chamber. The second and t h i r d  

per iods ,  however, were m a i n l y  s i l i c i c  and r e l a t i v e l y  l o c a l i z e d  i n  space 

( F i g .  13), and some e r u p t i o n  f rom one o r  more chambers d u r i n g  these per iods  
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i s  more l i k e l y .  

magma chambers are present  i n  t h  s area i s  c o n s i s t e n t  w i t h  g r a v i t y  da ta  

(Isherwood, 1981) and w i th  evidence f o r  an o l d e r  hydrothermal system as 

i n f e r r e d  f r o m  d r i l l  c u t t i n g s  by  S t e i n f e l d  e t  a l .  (1983).  

evidence i n  t h e  fo rm o f  a rcuate  and c o l  lapse-re1 ated f e a t u r e s  suggests erup- 

t i o n  from h i g h - l e v e l  chambers, p a r t i c u l a r l y  f o r  t h e  large-volume e r u p t i o n s  o f  

t h e  t h i r d  p e r i o d  (Hearn e t  a1 ., 1981). Lavas erupted d u r i n g  t h e  p rev ious  two 

pe r iods  were predominant ly ma f i c  and p robab ly  n o t  associated w i t h  a h i g h - l e v e l  

magma chamber. A chamber may, however, be deve lop ing  t h e r e  i n  response t o  t h e  

new i n p u t  o f  heat a t  depth, of which t h e  m a f i c  lavas  are evidence. The Borax 

Lake e rup t i ons  discussed below--the o n l y  s i l i c i c  e r u p t i o n s  o f  t h i s  l a t e s t  

period--show s t r o n g  evidence o f  d i f f e r e n t i a t i o n  i n  a magma chamber, which a t  

p resen t  may e i t h e r  be s o l i d i f i e d ,  o r  be t o o  smal l  o r  t o o  deep t o  be de tec ted  

geophys ica l l y .  

The p o s s i b i l i t y  t h a t  c r y s t a l l i z e d  sub jacent  lower  p o r t i o n s  o f  

Moreover, s t r u c t u r a l  

Hearn e t  a l .  (1981) and F u t a  e t  a l .  (1981) p r o v i d e  d e t a i l e d  d e s c r i p t i o n s  

and i n t e r p r e t a t i o n s  o f  t h e  chemical and i s o t o p i c  composi t ions o f  t h e  vo l can ics ;  

t h e  f o l l o w i n g  summary o f  t he  chemical evidence i s  de r i ved  ma in l y  f rom those 

sources. The m a f i c  lavas, f rom which t h e  s i l i c i c s  must i n  p a r t  have evolved, 

show by t h e i r  v a r i a b i l i t y  i n  ma jor  and t r a c e  elements, t h e i r  REE pa t te rns ,  and 

t h e i r  87Sr/86Sr r a t i o s  t h a t  they  c o u l d  no t  have o r i g i n a t e d  from one parent  

magma. A t  l e a s t  two source magmas i n  t h e  man t le  o r  lower c r u s t  a re  i n d i c a t e d  

by  t h e  chemical d a t a  ( seve ra l  lavas  a re  chemica l l y  and i s o t o p i c a l l y  ve ry  

p r i m i t i v e  and must have been man t le  d e r i v e d ) .  

1 a t i o n  between geographical  l o c a t  i o n  and chemical c h a r a c t e r i s t i c s  o f  t h e  

e r u p t i o n s  holds f o r  a l l  t h e  e r u p t i v e  per iods ,  suggest ing t h a t  subjacent 

req ions  a t  depth  determined chemical compos i t ion  t o  some degree and t h a t  

s i m i l a r  magmas may have been produced f r o m  t h e  same r e g i o n  a t  more than one 

Furthermore, an o v e r a l l  cor re -  
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t ime .  Upper c r u s t a l  con taminat ion  of  t h e  bas 1 t i c  magmas by  assimi 1 t i o n  o f  

Franc iscan se rpen t ine  o r  u l t r a m a f i c  w a l l  rocks  i s  judged t o  have been l i k e l y  

as we l l ,  on t h e  b a s i s  o f  v a r i a b i l i t y  i n  Mq, Co, and C r .  0 - i s o t o p i c  and Pb- 

i s o t o p i c  r a t i o s  a lso suggest t h a t  c r u s t a l  con taminat ion  was s i g n i f i c a n t .  

I n  t h e  s i l i c i c  rocks, t h e  c o r r e l a t i o n  o f  t race-element and major-element 

v a r i a t i o n s ,  as w e l l  as moderate t o  s t rong  nega t i ve  Eu anomalies, i n d i c a t e s  t h a t  

these rocks  evolved th rough v a r i o u s  degrees o f  c r y s t a l  f r a c t i o n a t i o n  ( o r  1 i q u i d -  

s t a t e  d i f f e r e n t i a t i o n  processes, as descr ibed by  H i l d r e t h  (1979) f o r  t h e  Long 

V a l l e y  e r u p t i o n  o f  t h e  Bishop T u f f ) .  

are g e n e r a l l y  h i g h e r  i n  87Sr/86Sr r a t i o s  than associated ma f i c  lavas, suggests 

t h a t  a s s i m i l a t i o n  o f  w a l l  rock S r  a lso occurred i n  t h e  s i l i c i c  rocks .  Magma 

m i x i n g  was a f a c t o r  i n  t h e i r  e v o l u t i o n  as w e l l ,  as sugqested bo th  by p e t r o -  

g raph ic  observa t ions  and by  observa t ions  o f  f e l d s p a r  phenocrysts whose 87Sr/ 

8 6 S r  r a t i o s  are markedly o u t  o f  e q u i l i b r i u m  w i t h  those o f  t h e i r  hos t  rocks.  

Bowman e t  a l .  (1973) a l s o  document chemical evidence ( c o n s i s t i n g  o f  a c l o s e l y  

l i n e a r  coherence o f  t r a c e  and major element v a r i a t i o n s )  f o r  m i x i n g  o f  r h y o l i t e  

and a more ma f i c  magma i n  t h e  Borax Lake r h y o l i t e - d a c i t e  e rup t i ons .  

This, t o g e t h e r  w i t h  t h e  f a c t  t h a t  t hey  

Despi te t h e  complex i ty  o f  sources and t h e  v a r i e d  i n f l u e n c e s  o f  c r u s t a l  

a s s i m i l a t i o n  and magma mixing, severa l  f a c t o r s  suggest t h a t  many s i l i c i c  u n i t s  

e rup ted  from magma chambers. A l l  o f  t h e  r h y o l i t e s ,  and many dac i tes ,  show 

t h e  i n f l u e n c e  o f  upper c r u s t a l  d i f f e r e n t i  a t i o n  processes c o n s i s t e n t  w i t h  

e v o l u t i o n  i n  a magma chamber, such as c r y s t a l  f r a c t i o n a t i o n  o r  l i q u i d - s t a t e  

d i f f e r e n t i a t i o n .  I n  add i t i on ,  r h y o l i t e s  e rup ted  i n  each p e r i o d  are enr iched 

t o  t h e  same degree i n  several  upward-concentrat ing t r a c e  elements and REEs, 

and these enrichments, w h i l e  w e l l  below t h e  extreme enrichments seen i n  t h e  

Bishop o r  Bande l i e r  Tu f f s ,  may nonetheless i n d i c a t e  d i f f e r e n t i a t i o n  i n  t h e  

upper l e v e l  o f  a magma chamber; these common maxima may rep resen t  t h e  maximum 
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magma chamber enrichment a t t a i n a b l e  g i v e n  t h e  source magmas and t h e  i n s t a -  

b i l i t y  o f  t h e  con t inen ta l -bo rde r  t e c t o n i c  s e t t i n g .  (Several  r h y o l i t e s  o f  t h e  

Sonoma Volcanics, an adjacent P l iocene f i e l d  t o  t h e  south, a l s o  show about t h e  

same degree o f  enrichment .) 

A t  l e a s t  two sequences o f  s i l i c i c  e r u p t i o n s  show p rog ress i ve  compos i t iona l  

changes t h a t  are c o n s i s t e n t  w i t h  e r u p t i o n  f rom a common magma chamber. 

Cobb Mountain sequence (-1.1 m.y. o l d ) ,  f r o m  t h e  second p e r i o d  o f  volcanism, 

shows such a progress ion  (Donnel ly-Nolan e t  a1 ., 1981). 

(90,000 years  o l d )  o f  t h e  l a t e s t  per iod,  mentioned p r e v i o u s l y  as an example o f  

magma mix ing ,  i s  another case; a s i n g l e  magma chamber p robab ly  e rup ted  l a v a  o f  

c o n t i n u o u s l y  v a r y i n g  chemical compos i t ion  rang ing  f r o m  d a c i t e  t o  r h y o l i t e .  

The hypothesized present-day magma chamber beneath Mount Hannah i s  1 ocated 

-15 km ( l a t e r a l l y )  south-southwest o f  t he  Borax Lake lavas, and a t  t h i s  d i s -  

t ance  such a chamber i s  n o t  l i k e l y  t o  be d i r e c t l y  r e l a t e d  t o  t h e  e a r l i e r  chamber 

t h a t  erupted those lavas. 

The presence o f  a c t i v e  f a u l t s  may have had pronounced e f f e c t s  on magma 

The 

The Borax Lake sequence 

chamber development and e v o l u t i o n .  We noted e a r l i e r  t h a t  f a u l t s  c o n t r o l  t h e  

al ignment o f  ven ts  i n  a number o f  u n i t s .  Several s e r i e s  o f  ven ts  t h a t  erupted 

p r i m i t i v e  deep-source magmas a re  a1 igned i n  a n o r t h - t o - n o r t h e a s t e r l y  d i r e c t  i o n  

along probab le  ex tens iona l  f r a c t u r e s ,  sugqest ing  t h a t  f a u l t s  guided magma 

ascent f rom deep l e v e l s .  Given t h i s  t e c t o n i c  s e t t i n g ,  i t  i s  v e r y  p l a u s i b l e  

t h a t  f a u l t i n g  may have i n t e r f e r e d  w i t h  t h e  development o f  magma chambers, 

p a r t i c u l a r l y  i f  new f r a c t u r e s  developed c o n t i n u a l l y  i n  connect ion  w i t h  propa- 

g a t i o n  o f  a t rans fo rm f a u l t  zone. 

r e l a t i v e  t o  t h e  c rus t ,  as proposed by  t h e  ho t -spot  model, would a l so  l i k e l y  

i n t e r f e r e  w i t h  magma chamber development and p robab ly  propagate new f r a c t u r e s  

(Movement o f  an u n d e r l y i n g  heat source 

as w e l l . )  F a u l t i n g  may have caused repeated tapp ing  o f  magma chambers, 
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the reby  i n h i b i t i n g  t h e  b u i l d u p  o f  v o l a t i l e s  necessary f o r  l a r g e  ash-f low 

e r u p t i o n s  and o b s t r u c t i n g  development o f  zones o f  extreme d i f f e r e n t i a t i o n  a t  

t h e  tops  o f  chambers--neither o f  which occurs i n  t h e  C lear  Lake Volcanics.  

The P l i ocene  Sonoma v o l c a n i c s  t o  t h e  south are l oca ted  i n  a s i m i l a r  t e c t o n i c  

s e t t i n g ,  and d e s p i t e  ma jor  d i f f e r e n c e s  i n  chemical composit i o n  and e r u p t i v e  

s t y l e ,  t h e y  are  s i m i l a r  t o  t h e  C lea r  Lake Vo lcan ics  i n  t h e  abundance o f  

e rup t i ons ,  t h e  l ack  o f  l a r g e  ash f l o w s  (a l t hough  smal l  ash f l o w s  are  common), 

and a s i m i l a r l y  moderate maximum i n  t race-element enrichment i n  t h e  most 

s i l i c i c  u n i t s  (Donnel ly-Nolan e t  a l . ,  1981; Hearn e t  a l . ,  1981). 

s e t t i n g  t h u s  appears t o  have in f luenced,  o r  hindered, t h e  development o f  

h i g h - l e v e l  c r u s t a l  magma chambers i n  bo th  v o l c a n i c  f i e l d s .  

Tec ton ic  

Smith and Shaw (1975) es t imated  t h e  volume o f  a s i l i c i c  magma chamber 

u n d e r l y i n g  t h e  Geysers-Clear Lake area a t  1500 km3, based on vent  d i s t r i b u t i o n  

and on t h e  area d e f i n e d  by  t h e  g r a v i t y  anomaly i n  t h e  Mount Hannah v i c i n i t y .  

Our i n t e r p r e t  a t i o n  of t h e  geo log ica l  and geochemical evidence, however, sug- 

ges ts  t h a t  any sha l low magma bodies now present  are l i k e l y  

and t h a t  t h e  c r i t e r i a  used by  Smith and Shaw may n o t  apply 

present-day d i s t r i b u t i o n  o f  magma. Large h i g h - l e v e l  s i l i c  

t o  be much smal ler ,  

w e l l  t o  t h e  

c chambers have 

p layed a s i g n i f i c a n t  r o l e  i n  e a r l i e r  pe r iods  o f  C lea r  Lake volcanism, bu t  

vent d i s t r i b u t i o n  i s  more l i k e l y  t o  r e f l e c t  those e a r l i e r  chambers than any 

present-day chamber. The a s s o c i a t i o n  o f  t h e  g r a v i t y  anomaly w i t h  a p resent -  

day magma chamber i s  a l so  f a r  f rom c e r t a i n .  

. 
GEOPHYSICAL EVIDENCE FOR MAGMA AND ESTIMATED MAGMA DEPTHS 

Thermal Models 

By a l l  accounts, none o f  t h e  deep p roduc t i on  w e l l s  ( t o  n e a r l y  4 km) a t  

The Geysers f i e l d  has penet ra ted  below t h e  iso thermal ,  convec t i ve  steam zone 
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(-240°C). 

temperatures t o  depth and develop a subsur face thermal model t h a t  doesn ' t  

depend on a p r i o r i  assumptions, such as t h e  depth and temperature of  a heat  ' 

source. Jamieson (1976) at tempted t o  model a v a i l a b l e  d a t a  and concluded t h a t  

t h e  su r face  heat f l o w  was c o n s i s t e n t  w i t h  ho t  (>700"C) i n t r u s i v e  rocks a t  a 

depth o f  about 8 km over a wide area, and w i t h  conduct ion  p r o v i d i n g  t h e  pr imary  

means o f  heat  t r a n s p o r t .  

Thus, t h e r e  i s  no s o l i d  i n f o r m a t i o n  by which one can e x t r a p o l a t e  

Due t o  t h e  compe t i t i ve  na tu re  o f  geothermal l eas ing  and energy deve l -  

opment, we suspect t h e r e  e x i s t s  a g r e a t  dea l  o f  p r o p r i e t a r y  subsur face 

i n f o r m a t i o n  f o r  t h e  C lear  Lake Volcanic  F i e l d  i n  company f i l e s .  

r e l e a s e  of  these d a t a  w i l l  go a long way toward develop ing more accurate 

thermal  models f o r  t h e  reg ion .  

The eventual  

G r a v i t y  and Aeromagnetics 

Chapman (1975) and Isherwood (1975) have bo th  i n t e r p r e t e d  t h e  25-mGal 

g r a v i t y  low over  t h e  v o l c a n i c  e d i f i c e  o f  Mount Hannah as due t o  a low.-density 

s i l i c i c  d i f f e r e n t i a t e  o f  a magma chamber between about 6 and 14 km depth and 

centered beneath the  Col layomi f a u l t  ( F i g .  15) .  The g r a v i t y  low t o  t h e  south- 

west - -ca l  l e d  t h e  "p roduc t i on  low"- -co inc ides w i t h  the  steam p roduc t i on  f i e l d  

and i s  be l i eved  due t o  sha l lower  low-dens i ty  rocks .  

g r a v i t y  d a t a  a lone one cannot make an unequivocal  statement rega rd ing  t h e  

cause o f  t h e  Mount Hannah low. Because d r i l l  ho les  t o  depths o f  > 3  km have 

n o t  penet ra ted  low-dens i ty  rocks,  t h e  source must be deeper and t h e  d e n s i t y  

On t h e  bas i s  o f  t h e  

c o n t r a s t  must be l a r g e  t o  account f o r  t h e  observed anomaly. 

argued t h a t  o n l y  a s i l i c i c  m e l t  would have t h e  proper  d e n s i t y  r e l a t i v e  t o  t h e  

Franc iscan assemblage t o  cause t h e  anomaly. 

I t  has been 

Sediments o f  t he  Great Va l l ey  
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F i g .  15 .  
t i o n  d e n s i t i e s  o f  2.76 g/crn3. 
1975.) 

The Geysers area, C a l i f .  , showing r e s i d u a l  g r a v i t y  based on reduc- 
Contour i n t e r v a l  , 2 mGal. (From Isherwood, 
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sequence, however, c o u l d  a l s o  have a s u f f i c i e n t l y  low dens i t y ,  a l though n o t  

where these rocks  are  d e n s i f i e d  by  high-pressure-temperature cond i t i ons .  

Some o f  t h e  g r a v i t y  low may be caused by a l a r g e  volume o f  r h y o l i t e ,  d i k e s  o f  

which are  r e p o r t e d  t o  have been i n t e r s e c t e d  i n  a few deep we l l s .  

The aeromagnetic anomalies i n  t h e  area a re  u n r e l a t e d  t o  t h e  g r a v i t y  

anomalies. 

i n d i c a t e s  d i f f e r e n t  sources (Isherwood, 1975). 

deeper t h a n  about 6.5 km can be i d e n t i f i e d ,  t h i s  depth  i s  b e l i e v e d  t o  c o i n c i d e  

w i t h  t h e  C u r i e  temperature (-5OO"C), t h e .  temperature a t  which common f e r r i -  

magnetic m ine ra l s  become paramagnetic. 

A pseudograv i ty  map de r i ved  f r o m  t h e  f i l t e r e d  aeromagnetic map 

Because no magnetic source 

Se ismolog ica l  I n v e s t i g a t i o n s  

Seismic V e l o c i t i e s  

Teleseismic P-wave de lay  s tud ies  b y  1-ver e t  a l .  (1981) o u t l i n e d  a broad 

r e g i o n  of 0.5-s d e l a y  centered  a t  Mount Hannah and ex tend ing  southwestward 

i n t o  t h e  p r o d u c t i o n  area. Comparisons o f  t h e  t e l e s e i s m i c  v e l o c i t y  r e s u l t s  

w i t h  t h e  r e s u l t s  o f  a seismic r e f r a c t i o n  survey over  t h e  same area r u l e  ou t  

t h e  p o s s i b i l i t y  t h a t  a l o w - v e l o c i t y  zone associated w i t h  complex near -sur face  

geology i s  t h e  cause o f  t h e  P-wave delays.  The authors a t t r i b u t e  t h e  observed 

de lays  t o  a deep zone o f  p a r t i a l l y  mo l ten  rock  i n  which v e l o c i t i e s  are 

reduced by about 25%. They es t ima te  t h a t  t h e  zone extends downward some 30 

km f r o m  a depth o f  about 5 km beneath t h e  su r face  and has a h o r i z o n t a l  e x t e n t  

r o u g h l y  equal t o  t h e  d iameter  of t h e  g r a v i t y  anomaly source ( F i g .  16 ) .  

Earthquake Focal  Depths 

Earthquakes i n  t h e  Geysers-Clear Lake area have been mon i to red  con t inu -  

o u s l y  s i n c e  1975 (Bufe  e t  a l  ., 1981), and t h e  hypocenters a re  no deeper than  
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F i g .  16. Ca lcu la ted  depth t o  bottom o f  anomalous body r e q u i r e d  t o  account f o r  observed 
delays.  Top o f  body i s  cons idered f l a t  and assumed t o  be a t  a depth  o f  4 kin. Numbers 
near s t a t i o n  l o c a t i o n s  i n d i c a t e  depth i n  k i l o m e t e r s  t o  bottom (+ )  o r  t o p  ( - )  o f  bod,y. 
Normal seismic v e l o c i t y  o u t s i d e  body i s  6 km/s. ( A )  15% v e l o c i t y  decrease; contour  i n t e r -  
v a l ,  10 km. ( B )  26% v e l o c i t y  decrease; contour  i n t e r v a l ,  5 km. (From I y e r  e t  a1 . , 1981 .) 
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6 t o  7 km. 

source imp1 i e s  a zone o f  r e 1  a t i v e  weakness i n  t h e  c r u s t a l  p l a t e  (Bufe  e t  a1 . , 
1981). 

The reduced th i ckness  o f  t h e  seismogenic zone above t h e  heat 

A t t e n u a t i o n  Anomalies 

Young and Ward (1981) conducted a b r i e f  f i e l d  experiment t o  determine 

t h e  l o c a t i o n  and e x t e n t  o f  zones w i t h  h igh  seismic wave a t tenua t ion .  T h e i r  

a n a l y s i s  o f  22 t e l e s e i s m i c  events recorded a t  13 seismographs enabled them t o  

d e f i n e  a sha l low zone o f  h igh  a t t e n u a t i o n  extending an undetermined d i s t a n c e  

f r o m  t h e  p r o d u c t i o n  area t o  t h e  no r theas t .  

wide and i s  g e n e r a l l y  cen tered  i n  t h e  area o f  Mount Hannah and t h e  g r a v i t y  low 

(a l though  t h e  shapes o f  t h e  anomalies are q u i t e  d i f f e r e n t ) .  Young and Ward 

(1981) b e l i e v e  t h a t  t h e  va lue  o f  Q ( t h e  q u a l i t y  f a c t o r )  i s  " low enough t o  

i n d i c a t e  a p a r t i a l  m e l t i n g  zone o r  a magma chamber.. . . I '  

o f  t h e  low-Q zone near Mount Hannah i s  v e r y  c l o s e  t o  t h e  surface, a magma 

source i s  no t  a reasonable exp lana t ion  f o r  t h i s  anomaly. Another smal l ,  low-Q 

anomaly e x i s t s  5 t o  1 0  km nor thwest  o f  Mount Hannah, toward C lear  Lake, and i s  

a t  an i n t e r p r e t e d  depth  o f  8 km. 

The zone i s  approximately 15 km 

However, as t h e  t o p  

Majer and McEvi l  l y  (1979) ob ta ined evidence f o r  a t t e n u a t i o n  anomalies 

assoc ia ted  w i t h  t h e  p r o d u c t i o n  area by dep loy ing  a t i g h t  a r r a y  o f  geophones 

over  t h e  f i e l d  and s tudy ing  t h e  r e f r a c t e d  waves f rom two exp los ions .  

found t h a t  Q w i t h i n  t h e  s t e m  f i e l d  was h igh  a t  sha l low depths ( l ow  at tenua- 

t i o n  a t  depths <1 km). A t t e n u a t i o n  seems t o  i nc rease  w i t h  depth, b u t  whether 

l o c a l  a t t e n u a t i o n  inc reases  more than  r e g i o n a l  values c o u l d  n o t  be determined 

from t h e  experiment. 

They 
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E l e c t r i c a l  R e s i s t i v i t y  S tud ies  

E l e c t r i c a l  r e s i s t i v i t y  and magnetotel l u r i c  methods have been app l i ed  t o  

i The Geysers area by  v a r i o u s  workers. V e r t i c a l  e l e c t r i c a l  soundings i n d i c a t e  

a l o w - r e s i s t i v i t y  r e g i o n  near Mount Hannah t h a t  a l so  corresponds r o u g h l y  t o  

t h e  lowest  p a r t  o f  t h e  Mount Hannah g r a v i t y  low and shows steep g r a d i e n t s  near 

t h e  Col layomi f a u l t  zone (Isherwood, 1981). I n t e r p r e t a t i o n  o f  these da ta  

suggests t h a t  t h e  l o w - r e s i s t i v i t y  rocks  probab ly  rep resen t  t h e  Great V a l l e y  

sequence (mar ine  rocks  t h r u s t  over  t h e  Franc iscan) ,  which i s  o v e r l a i n  by  t h e  

r e s i s t i v e  C lear  Lake Volcanics.  F i g u r e  17 shows an i d e a l i z e d  g e o e l e c t r i c  

s e c t i o n  o f  t h e  C lea r  Lake area based on dc r e s i s t i v i t y  survey d a t a  f rom 

v a r i o u s  sources (Ke l  l e r  e t  a l .  , 1984). 
t h a t  has been i n f e r r e d  from severa l  soundings i s  t h e  Franc iscan assemblage a t  

depths o f  1.5 t o  5.0 km. 

The under l y ing  " r e s i s t i v e "  basement 

A number o f  deep MT soundings were conducted by t h e  USGS (Isherwood, 

1981) and Group Seven (Kaufman and K e l l e r ,  1981) t o  determine whether a 

conduct ive  basement e x i s t s  anywhere i n  t h e  area o f  t h e  hypothesized magma 

chamber. 

7 km below t h e  r e c o r d i n g  s i t e s ,  b u t  t h e  coverage was sparse. Kaufman and 

Ke l  l e r  (1981) found evidence f o r  a deep conductor (>lo km) a t  severa l  s i t e s .  

Because t h e r e  seemed t o  be no c o r r e l a t i o n  between t h e  l o c a t i o n  and depth t o  

t h i s  conductor and t h e  s u r f  ace conductance e f f e c t s  and because t h e  deep 

conductor d i d  c o r r e l a t e  reasonably w e l l  i n  p l a n  w i t h  t h e  g r a v i t , y  low, Kaufman 

and K e l l e r  (1981) f e l t  t h a t  t h e  MT d a t a  supported t h e  probab le  ex i s tence  o f  

rocks  heated t o  t h e i r  m e l t i n g  p o i n t .  

however, t h a t  support  t h e  g r a v i t y  model t h a t  c a l l s  f o r  a l a r g e  volume o f  

conduct ive  m e l t  w i t h i n  7 km o f  t h e  sur face .  

The USGS MT r e s u l t s  d i d  no t  i n d i c a t e  a conductor a t  depths l e s s  than 

There a re  no e l e c t r i c a l  r e s u l t s ,  
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F i g .  1 7 .  Geoelectric sequence i n  the Clear Lake area based on dc r e s i s t i v i t y  
surveys from many sources. (From Kel l e r  e t  a1 . , 1984.) 
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Recent Geophysical S tud ies  

Al though t h e r e  remains t h e  p o s s i b i l i t y  o f  a m e l t  zone south o f  C lea r  

Lake, r e s u l t s  of r e c e n t  geophysical  surveys conducted over t h e  hypothesized 

magma body are  i nconc lus i ve  t o  nega t i ve  w i t h  respec t  t o  t h e  presence o f  a 

1 arge , s ha1 1 ow magma chamber. 

1. Combined compressional- and shear-wave seismic surveys were con- 

ducted no r theas t  of The Geysers geothermal f i e l d ,  and t h e  v e l o c i t y  sec t i ons  

i n d i c a t e d  Po isson 's  r a t i o s  <0.25 f o r  depths between 5 and 11 km (Rossow e t  

a1 ., 1983). High va lues  f o r  Po isson 's  r a t i o  (such as m igh t  be expected i f  a 

p a r t i a l  m e l t  e x i s t e d )  were no t  found. 

s a t u r a t i o n ,  such as would be found i n  rocks  w i t h  s t e a m - f i l l e d  f r a c t u r e s .  

The low values i n d i c a t e  p a r t i a l  l i q u i d  

2. The Colorado School o f  Mines operated i t s  "Megasource" time-domain 

EM system i n  t h e  area around C lear  Lake, b u t  no r theas t  o f  t h e  producing area, 

and ob ta ined 245 soundings ( K e l l e r  and Jacobson, 1983; K e l l e r  e t  a1 ., 1984). 

The s i n g l e  source, a l -km- length  o f  AWG 4-0 w i re ,  was l o c a t e d  i n  a marshy area 

a t  t he  southeast corner  o f  C lear  Lake. K e l l e r  e t  a l .  (1984) s t a t e  t h a t  " t h e  

most conduct ive  rocks  occur a t  r e l a t i v e l y  sha l low depths [l t o  2 krn] t o  t h e  

s o u t h  [of t h e  t r a n s m i t t e r ]  a n d  a t  g r e a t e r  d e p t h s  t o  t h e  n o r t h .  . . I n  many  cases 

t h e  i n v e r s i o n s  do no t  i n d i c a t e  ... r e s i s t i v e  rock ,  even t o  t h e  g r e a t e s t  depths 

i n t e r p r e t e d  ...[ The conduct ive]  zone w i t h  r e s i s t i v i t i e s  o f  3 t o  . I O  ohmern ... i s  

s u r p r i s i n g l y  c o n s i s t e n t  ... and i s  assumed t o  belong t o  h o t t e r  p o r t i o n s  o f  t h e  

Franc iscan assemblage. Where adequate p e n e t r a t i o n  was obtained, rocks  a t  

depths beyond 10 t o  12 km appear t o  be r e s i s t a n t .  

found ... beyond 10 t o  12 km i n  t h e  area south o f  C lea r  Lake where t h e  g r a v i t y  

d a t a  suggest t h e  presence o f  a [ s i l i c i c  m e l t ] . "  

1 

No conduct ive  rock . .. was 

The absence of a h i g h l y  conduct ive  zone d o e s n ' t  n e c e s s a r i l y  r e f u t e  

e n t i r e l y  t h e  s i l i c i c  chamber model t h a t  has been es tab l i shed  from g r a v i t y  and 
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seismic s tud ies ,  b u t  i t  may i n d i c a t e  t h a t  t h e  m e l t  f r a c t i o n  and/or t h e  t o t a l  

volume o f  p a r t i a l  m e l t  reg ions  are  t o o  smal l  t o  produce a recogn izab le  conduc- 

t i v i t y  anomaly. 
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COS0 VOLCANIC FIELD 

SUMMARY 

a t  lower  l e v e l s  has 

t h e  heat t o  s u s t a i n  

a t  Cos0 thus  resemb 

geol  og i  c a1 ev i dence 

t h e  magmatic and geothermal systems. The t e c t o n  

es t h a t  o f  a spreading cen te r  o r  r i f t  zone. The 

suggests t h a t  t h e  system has no t  cooled o r  d im in  

s i z e  s ince  t h e  l a t e s t  s e r i e s  o f  r h y o l i t e s  were erup ted  <40,000 years  

From t h e  g e o l o g i c a l  and geochemical evidence a t  Coso, t h e  conc lus ion  t h a t  

can be s t a t e d  w i t h  most assurance i s  t h a t  a magma chamber o f  s i g n i f i c a n t  s i z e  

and l o n g e v i t y  i s  present,  and t h a t  i t  i s  most l i k e l y  l oca ted  beneath t h e  

c e n t r a l  p a r t  o f  t h e  r h y o l i t e  f i e l d .  

chamber a re  much more open t o  ques t ion ,  b u t  i t  may be i n  t h e  e a r l y  stages o f  

i t s  development and i t  i s  p robab ly  deeper and s m a l l e r  t han  t h e  l a r g e  chambers 

o f  c o n t i n e n t a l  ca ldera- fo rming  systems. Rapid c r u s t a l  ex tens ion  has caused 

t h e  topmost l e v e l  o f  t h e  chamber t o  be tapped f o r  p e r i o d i c  smal l  e rup t ions ,  

t he reby  reduc ing  t h e  p o t e n t i a l  f o r  l a r g e r  exp los i ve  e rup t i ons  and perhaps a lso 

p reven t ing  t h e  m i q r a t i o n  o f  t h e  chamber t o  sha l lower  depths. 

The depth  and dimensions o f  t h e  magma 

Crus ta l  ex tens ion  

al lowed b a s a l t i c  magmas t o  p e n e t r a t e  t h e  c r u s t  and p r o v i d e  

c s e t t i n g  

a v a i l  ab le 

shed i n  

ago. 

Geophysical ev idence- -p r imar i l y  t h e  r e s u l t s  o f  several  independent s e i s -  

mo log ica l  i n v e s t i g a t i o n s - - a l s o  s t r o n g l y  suggests t h e  presence o f  magma beneath 

t h e  Cos0 v o l c a n i c  f i e l d .  Anomalous s e i s m i c i t y ,  P-wave v e l o c i t i e s  and P-wave 

a t t e n u a t i o n s  appear t o  be c l o s e l y  r e l a t e d ,  t o  t h e  heat f l o w  anomaly t h a t  

encloses t h e  Cos0 geothermal f i e l d .  I n t e r p r e t a t i o n s  i n d i c a t e  a magma t h a t  i s  

deeper than  8 km and p robab ly  deeper than  10 t o  1 2  km. 

i n t e r p r e t a t i o n s  do not, however, r e s o l v e  t h e  depth o r  l o c a t i o n  of t h e  magma 

ve ry  w e l l .  

The se ismolog ica l  

A magma beneath t h e  general  v i c i n i t y  o f  Sugar loa f  Mountain i s  
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I 

c o n s i s t e n t  w i t h  most o f  t h e  data, b u t  i t  i s  n o t  c l e a r  whether a s i n g l e  o r  

severa l  m e l t  zones e x i s t .  

I 

GEOLOGICAL SUMMARY AND EVIDENCE FOR MAGMA 

I 

Chronology, Composition, and Magnitude o f  Volcanism 
' 

E rup t ions  i n  t h e  Cos0 Range have taken p l a c e  i n  two per iods  ( F i g .  1 8 ) .  

The younger one i s  o f  P le i s tocene  (and p o s s i b l y  Holocene) age, and extruded 

r o u g h l y  equal volumes o f  r h y o l i t e  and b a s a l t  t o t a l i n g  4 t o  5 km3. 

group i s  o f  P l i ocene  age (-4.0 t o  -2.5 m.y.b.p.), i s  more voluminous, 

(-31 km3), and i s  l a r g e l y  m a f i c  i n  compos i t ion  al though spanning a broad 

The o l d e r  

range o f  compos i t ion  f rom b a s a l t  t o  r h y o l i t e  ( D u f f i e l d  e t  a l . ,  1980). 

The P le i s tocene  r h y o l i t e  f i e l d  comprises a t  l e a s t  38 steep-sided domes 

and s h o r t  f lows, w i t h  associated p y r o c l a s t i c s .  

o f  which <20% i s  p y r o c l a s t i c  m a t e r i a l .  

o f  h i g h - s i l i c a ,  c r y s t a l - p o o r  t o  aphyr ic  r h y o l i t e ,  and they  a re  v e r y  s i m i l a r  

chemical ly, p a r t i c u l a r l y  w i t h  respec t  t o  major-element composit ion .  

episodes o f  r h , y o l i t e  e r u p t i o n  are  recognized from t r a c e  element and chrono- 

l o g i c a l  c r i t e r i a .  They range from -1.0 t o  ~ 0 . 0 4  m.y. o ld ,  bu t  most are l e s s  

than  -0.15 m.y. o l d  (Bacon e t  a l . ,  1981). 

T o t a l  volume i s  -2 km3, 

A l l  o f  t h e  r h y o l i t e  e r u p t i o n s  c o n s i s t  

Seven 

W i t h i n  each o f  t h e  seven groups o f  r h y o l i t e s ,  t h e  v a r i o u s  e rup t i ons  are  

i n d i s t i n g u i s h a b l e  i n  t e r n s  o f  b o t h  t r a c e  and major  elements, and they  are  v e r y  

c l o s e  i n  age d e s p i t e  t h e i r  qeoqraphic spread. 

has increased w i t h  decreasing age, t h e  l a t e s t  group be ing  t h e  most voluminous. 

The youngest K - A r  age i s  40,000 years, b u t  t h e  e r r o r  due t o  low rad iogen ic  A r  

i s  -50%. 

p l u v i  a1 pe r iods  suggests t h a t  several  r h y o l i t e s  may be much younger, perhaps 

<10,000 years  o l d  (C.F. Aust in,  pers .  comm., 1984). 

The volume o f  r h y o l i t e  erupted 

Evidence f rom t h e  chronology and geomorphic e f f e c t s  o f  recen t  

Ages c a l c u l a t e d  f rom 

I 
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(From Racon e t  a l . ,  1980.) 

General ized geo log ic  map o f  t h e  Cos0 r h y o l i t e  f i e l d  and v i c i n i t y .  
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h y d r a t i o n  r i n d  th icknesses  of o b s i d i a n  (Friedman and Obradovich, 1981) i n c l u d e  

t h r e e  G40,OOO years  and one o f  17,000 years  ( these  da tes  a lso have l a r g e  

u n c e r t a i n t i e s )  . 
Basa l t  has erup ted  th roughout  t h e  span of P le i s tocene  ( o r  younger) rhyo-  

l i t e  e rup t i ons .  Dur ing  a t  l e a s t  t he  pas t  -0.24 m.y. b a s a l t i c  ven ts  have 

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

Nineteen P l e i s t o c e n e  b a s a l t i c  ven ts  are recognized, and each f e d  one o r  more 

f lows.  The cumula t ive  volume o f  these b a s a l t  f l o w s  i s  -1 km3. The most 

r e c e n t  b a s a l t s  are l o c a t e d  t o  t h e  south and southwest o f  t h e  r h y o l i t e  f i e l d ,  

and t h e  youngest K - A r  age on b a s a l t  i s  s i m i l a r  t o  t h e  youngest r h y o l i t e  age. 

S t r u c t u r a l  and Tec ton ic  S e t t i n g  

The Cos0 Range i s  s i t u a t e d  a t  t h e  boundary between t h e  Bas in  and Range and 

t h e  S i e r r a  Nevada g e o l o g i c a l  p rov inces  and c l o s e  t o  t h e  Mojave p rov ince  

l o c a t e d  across t h e  Garlock f a u l t  t o  t h e  south. The r h y o l i t e  domes and f l o w s  

a re  1 ocated atop an approx imate ly  5-by-8-km h o r s t  i n  pre-Cenozoic basement 

rocks ,  on t h e  margins o f  which cons ide rab le  u p l i f t  has taken p l a c e  s ince  

P l i ocene  t ime  ( D u f f i e l d  e t  a l . ,  1980). 

A h i g h  l e v e l  o f  s e i s m i c i t y  i n  t h e  Cos0 area shows i t  t o  be t e c t o n i c a l l y  

a c t i v e ,  and t h r e e  dominant s e t s  of f a u l t s  are recognized ( F i g .  18) ( D u f f i e l d  

e t  a1 . , 1980): 

1. Northwest- t o  nor th -nor thwest - t rend ing ,  s t e e p l y  d i p p i n g  f a u l t s ,  w i t h  

l i n e a r  t races  and o f  r e g i o n a l  ex ten t .  They a r e  m a i n l y  s t r i k e - s l i p  f a u l t s  

and have been a c t i v e  s i n c e  perhaps Mesozoic t ime.  

r i g h t - l a t e r a l  d isplacement.  

Recent earthquakes show 

2. North- t o  no r th -no r theas t - t rend ing  f a u l t s ,  d i p p i n g  s t e e p l y  t o  t h e  

west, w i t h  l i n e a r  t races .  Both f i e l d  evidence and d a t a  f rom r e c e n t  ea r th -  
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quakes i n d i c a t e  t h a t  t hey  a re  m a i n l y  normal f a u l t s  r e l a t e d  t o  the  reg  

Basin and Range ex tens iona l  regime. Several major  f a u l t s  i n  t h e  Cos0 

onal  

Range 

belong t o  t h i s  group, i n c l u d i n g  t h e  bounding f a u l t s  o f  t h e  c e n t r a l  hors t ,  t h e  

f a u l t  assoc iated w i t h  Cos0 Hot Spr ings, and t h e  s e r i e s  o f  en echelon f a u l t s  

fo rming  a westward-facing s t a i r c a s e  i n  P l iocene b a s a l t s  on t h e  nor theas t  s i d e  

o f  t h e  range. 

3. F a u l t s  w i t h  arcuate t races ,  o f  l o c a l  extent ,  i n  the  n o r t h  and no r th -  

eas t  p a r t  o f  t h e  range. 

c e n t e r  o f  t h e  r h y o l i t e  f i e l d .  

o r i e n t e d  arcuate  f a u l t  zone c u t t i n g  S i e r r a n  g r a n i t i c  rock j u s t  west o f  t h e  

Cos0 Range, and i t  has been suggested ( D u f f i e l d ,  1975; Moore and Aust in,  

1983) t h a t  t hey  a re  p a r t  o f  a r i n g  f r a c t u r e  zone associated w i t h  a l a r g e  

under l y ing  magma chamber. However, evidence f o r  360" c o n t i n u i t y  f o r  these 

f a u l t s  has n o t  been found, and they  do no t  o f f s e t  rock younger than 

P l i ocene  ( D u f f i e l d  e t  a l . ,  1980). 

volcanogenic bu t  are ins tead t h e  splayed ends o f  t he  r e g i o n a l  r i g h t - l a t e r a l  

s t r i k e - s l i p  f a u l t  system t e r m i n a t i n g  aga ins t  t h e  Garlock f a u l t  zone t o  the  

south .  

They a re  s t e e p l y  d i p p i n g  and concave toward t h e  

These f a u l t s  may be r e l a t e d  t o  a s i m i l a r l y  

Roquemore (1980) b e l i e v e s  they  a re  no t  

F a u l t  c o n t r o l  has been a f a c t o r  i n  t h e  d i s t r i b u t i o n  o f  b o t h  r h y o l i t e s  

and b a s a l t s .  Vent o r i e n t a t i o n  has been in f l uenced  ma in l y  by t h e  no r th -  

no r theas t - t rend ing  normal f a u l t s  and t o  a l e s s e r  ex ten t  by  t h e  o l d e r  

nor th -nor thwest - t rend ing  s t r u c t u r e s .  

l a t e  Cenozoic and present-day Basin and Range t e c t o n i c  regime, i n  which t h e  

a x i s  o f  maximum h o r i z o n t a l  compression i s  o r i e n t e d  nor th -nor theas t  and exten- 

s i o n  i s  i n  a west-northwest d i r e c t i o n .  

Vent o r i e n t a t i o n  thus  r e f l e c t s  the  

i n  t h e  Cos0 Range i s  r e l a t e d  t o  r e g i o n a l  t e c t o n i c s ;  i t  began 

t h  t h e  onset o f  r e g i o n a l  ma f i c  volcanism and normal f a u l t i n g  

Vo 1 can i sm 

concur ren t  1 y w 



along t h e  eas tern  marg in  o f  t h e  S i e r r a  Nevada, -3-4 m.y.b.p. 

volcanism near Cos0 a lso occurred i n  t h e  P l i ocene  and P le i s tocene  on t h e  Kern 

P la teau  i n  t h e  S i e r r a  Nevada, where i t  was associated w i t h  b a s a l t i c  e rup t i ons  

o f  s i m i l a r  ages. 

t h e  Cos0 f i e l d ,  i s  composed o f  h i g h - s i l i c a  r h y o l i t e  v e r y  s i m i l a r  i n  ma jor -  

and trace-element compos i t ion  t o  Cos0 r h y o l i t e s ,  and has a K - A r  age o f  

-0.2 m.y.b.p., s i m i l a r  t o  t h e  age o f  t h e  f i r s t  ma jor  group o f  Cos0 r h y o l i t e s  

(Bacon and Du f f  i e l  d, 1981). 

R h y o l i t e  

One smal l  dome, l oca ted  a t  Long Canyon -40 km northwest o f  

Hydrothermal System 

The Cos0 v o l c a n i c  f i e l d  i s  c h a r a c t e r i z e d  by h i g h  heat f l ow ,  and t h e  

c e n t r a l  p a r t  o f  t h e  f i e l d  i s  l o c a t e d  w i t h i n ,  bu t  o f f s e t  1 t o  2 km west o f  t h e  

c e n t e r  of ,  t h e  t r i a n g u l a r  area d e f i n e d  b y  t h e  15-HFU contour  ( F i g .  19) (Combs, 

1980). 

-6 km long encompasses n e a r l y  a l l  s i t e s  o f  a c t i v e  thermal emissions and 

assoc ia ted  c l a y - o p a l - a l u n i t e  a l t e r a t i o n  (Hulen, 1978). 

m a n i f e s t a t i o n s  are t h e  i n t e r m i t t e n t l y  d i scha rg ing  Cos0 Hot Springs, l oca ted  

W i t h i n  t h i s  area o f  h igh  heat f l ow ,  an eas t -no r theas t - t rend ing  zone 

The main thermal 

along a no r th -no r theas t - t rend ing  a c t i v e  f a u l t  d e f i n i n g  t h e  eas te rn  border o f  

t h e  main heat f l o w  anomaly, and t h e  a c i d - s u l f a t e  fumaroles a t  D e v i l ' s  Ki tchen, 

l o c a t e d  near t h e  cen te r  o f  t h e  anomaly ( F i g .  19) .  

The h ighes t  pub l i shed temperatures encountered by d r i l l  ho les  are 195°C 

a t  a depth o f  1100 m (we1 1 CGEH-1, Fou rn ie r  and Thompson, 1980) and 213°C a t  

depth  o f  388 m (Moore and Aust in,  1983). The maximum c a l c u l a t e d  geothermo- 

a 

meter temperatures i n d i c a t e  a r e s e r v o i r  a t  240 t o  250°C ( F o u r n i e r  and Thompson, 

1980). Recent d r i l l i n g  by t h e  C a l i f o r n i a  Energy Company, 1 t o  2 km south o f  

D e v i l ' s  Ki tchen, has encountered temperatures o f  -250°C a t  a depth  o f  -850 m 

(R.H. Adams, pers.  comm., 1984). 

- 
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Fig. 19. Generalized geologic map showing principal geothermal areas and 
Pleistocene rhyol i te .  Heat flow ( t r i a n g l e s )  i n  heat flow uni t s  (HFU) (from 
Combs, 1980). A 1477-m-deep d r i l l  hole i s  adjacent t o  heat f low s i t e  15. 
F = fumarole area; heavy sol id  l i n e s  = f a u l t s ,  w i t h  bar and ball  on downthrown 
side; broken l i n e s  = heat flow contours; hachures = out l ine  f o r  areas of 
internal drainage; 53 = rhyol i te  loca l i ty .  (From Duffield e t  a1 . , 1980; a f t e r  
Moyle, 1977. ) 
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The presence o f  

v igo rous  hydro t  herma 

t h e  r h y o l i t e  f i e l d  s 

date, t h e  system has 

ho t  s p r i n g  s i n t e r  below a dated b a s a l t  f l o w  suggests t h a t  

a c t i v i t y  has probab ly  occur red  near t h e  c e n t r a l  p a r t  o f  

nce a t  l e a s t  0.3 m.y.b.p. ( D u f f i e l d  e t  al., 1980). To 

been cha rac te r i zed  by  a h igh  r a t i o  o f  rock  t o  water on 

t h e  b a s i s  o f  s t a b l e  i so tope  analyses ( F o u r n i e r  and Thompson, 1982). 

t h a t  has been proposed f o r  t h e  present-day geothermal system (C.F. Aust in,  

pers.  comm., 1984) c o n s i s t s  o f  a c h l o r i d e - r i c h  b r i n e  a t  depth, o v e r l a i n  by  a 

s o v e r l a i n  i n  t u r n  by a 1000 t o  1400- 

One model 

zone o f  steam. above condensate, which 

f t - t h i c k  a r g i l l i z e d  caprock. 

Evidence R e l a t i n g  t o  Magma O r i g i n  and Magma Chamber Presence 

The Cos0 r h y o l i t e s ,  a1 though v o l  u m e t r i c a l  l y  smal l ,  appear t o  have erupted 

f r o m  a s i n g l e  magma chamber o f  cons ide rab le  s i z e  and l o n g e v i t y .  The argument 

i n  f a v o r  o f  t h i s  model i s  comprehensively presented by Bacon e t  a l .  (1981), 

and what f o l l o w s  l a r g e l y  summarizes t h e i r  work. 

The r h y o l i t e  domes and f l o w s  are composed o f  h i g h l y  d i f f e r e n t i a t e d ,  

h i g h - s i 1  i c a  r h y o l i t e ,  w i t h  extreme enrichments i n  elements t h a t  tend t o  

concen t ra te  i n  t h e  uppermost l a y e r  o f  l a r g e  s i l i c i c  magma chambers (e.g., 

Na, Rb, Th, U ,  and v o l a t i l e s )  and corresponding d e p l e t i o n s  i n  downward- 

c o n c e n t r a t i n g  elements (e.g., Mg, P, Ba, S r ,  Eu). 

s im i  1 a r  to, and even more d i f f e r e n t i a t e d  than, t h e  uppermost 1 ayers i n f e r r e d  

t o  be present  i n  t h e  Long V a l l e y  and V a l l e s  magma chambers p r i o r  t o  t h e i r  

e r u p t i o n s  as ash f l ows .  Seven r h y o l i t e  groups are d i s t i n g u i s h e d  on t h e  b a s i s  

o f  t h e i r  t r a c e  element composi t ions and ages. Two are o l d e r  and d i f f e r  

c o m p o s i t i o n a l l y  f rom t h e  o t h e r  groups, suggest ing  t h a t  they  may have had a 

d i f f e r e n t  source. 

The r h y o l i t i c  rocks  are 

But t h e  f i v e  youngest groups are  ve ry  c l o s e  i n  composi t ion,  

. 
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and t h e  trace-element v a r i a t i o n s  between them match v a r i a t i o n s  expected f rom 

v a r y i n g  degrees o f  d i f f e r e n t i a t i o n  a t  t h e  t o p  o f  a magma chamber. 

comparing v a r i  a t i o n s  between any two groups, t h e  upward-concentrat ing 

elements i n  each group v a r y  t o g e t h e r  i n  one d i r e c t i o n ,  w h i l e  t h e  downward- 

c o n c e n t r a t i n g  elements v a r y  i n  t h e  o t h e r  d i r e c t i o n . )  

rep resen t  l eaks  o f  magma a t  d i f f e r e n t  t imes f rom t h e  topmost l a y e r  o f  t h e  

same v e r t i c a l  ly-zoned chamber. 

( I n  

These f i v e  groups thus 

The f i v e  groups o f  r h y o l i t e s  span an age range from >0.24 t o  <.04 m.y., 

and t h e i r  s i m i l a r  composi t ions i n d i c a t e  t h a t  t h e  chamber f rom which they  

erup ted  was i n  ex i s tence  and was c o m p o s i t i o n a l l y  zoned f o r  a t  l e a s t  t h a t  

p e r i o d  o f  t ime  ( p o s s i b l y  much longer  i f  t h e  e a r l i e r  r h y o l i t e s  were a l so  

assoc ia ted  w i t h  i t ) .  Th i s  i s  c o n s i s t e n t  w i t h  an age o f  >0.3 m.y. f o r  t h e  

younger geothermal system, as w e l l  as w i t h  t h e  absence o f  b a s a l t i c  e r u p t i o n s  

than  -0.24 m.y. w i t h i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  r h y o l i t e  f i e l d .  

The extreme u n i f o r m i t y  o f  compos i t ion  w i t h i n  each group o f  r h y o  

shows t h a t  t h e i r  e r u p t i o n  occurred f rom t h e  smal l  uppermost f r a c t i o n  

v e r t i c a l l y  zoned chamber only,  and t h a t  t h e  main body o f  t h e  chamber 

i t e s  

o f  t h e  

was n o t  

tapped. The volume o f  t h e  chamber t h e r e f o r e  must always have been f a r  g r e a t e r  

t h a n  t h a t  o f  any o f  t h e  groups o f  r h y o l i t e s  (a1 1 were t0.7 km3). 

t i v e  es t ima te  o f  t h e  s i z e  o f  t h e  magma chamber i s  d i f f i c u l t  t o  make, b u t  

severa l  have been attempted. 

c o n t i n e n t a l  s i l i c i c  magma systems,' and us inq  an es t ima te  o f  t h e  d u r a t i o n  

of v o l c a n i c  a c t i v i t y  i n  t h e  Cos0 Range, Bacon e t  a l .  (1981) es t imated  t h e  

volume o f  magma p r e s e n t l y  i n  t h e  system a t  severa l  hundred km3. 

Shaw (1975) es t imated  a volume o f  -650 km3 by d e r i v i n g  chamber area from t h e  

d i s t r i b u t i o n  o f  r h y o l i t e  vents, and chamber th i ckness  by  a v e r y  approximate 

A quant i t a -  

By analogy w i t h  t h e  r a t e  o f  growth o f  l a r g e  

Smith and 
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r e 1  a t i o n  between th i ckness  and area (see I n t r o d u c t i o n ) .  Bacon e t  a1 . (1980), 

however, found t h a t  t he  vent  d i s t r i b u t i o n  i s  c o n s i s t e n t  w i t h  a magma chamber 

under l y ing  t h e  c e n t r a l  p a r t  o f  t he  f i e l d  on ly ,  and w i t h  o u t l y i n g  e x t r u s i v e s  

f e d  f r o m  t h e  chamber by d i k e s  propagat ing along t e n s i o n a l  f r a c t u r e s .  According 

t o  t h i s  model, then, d e r i v i n g  t h e  area o f  t h e  magma chamber from t h e  t o t a l  areal  

e x t e n t  o f  t h e  vents  would lead t o  an overes t imat ion .  

Smith and Shaw (1975) came up w i t h  t h e  much l a r g e r  es t imate  o f  chamber volume. 

Th is  would e x p l a i n  why 

Other models f o r  t h e  geometry o f  t h e  magma chamber have been proposed; 

i f  v a l i d ,  t hey  c o u l d  imp ly  a l a r g e r  chamber than so f a r  d iscussed. 

a rcuate  f r a c t u r e s  i n  and near t h e  Cos0 Range do i n  f a c t  represent  an e l l i p -  

t i c a l  r i n g  f r a c t u r e  zone some 40 by 50 km i n  s ize,  as D u f f i e l d  (1975) and 

Moore and A u s t i n  (1983) suggest, t h e  associated magma chamber cou ld  be on t h e  

o rde r  o f  1000 km* o r  more i n  area. 

cou ld  imp ly  an ext remely deep chamber (30  t o  40 km) i f  t h e  g e n e r a l l y  conceived 

model r e l a t i n g  r i n g  f r a c t u r e s  t o  under l y ing  magma chambers proved v a l i d  a t  

such depths [see He iken 's  (1978) d i s c u s s i o n  o f  t h i s  model v i s - > - v i s  the  

Medic ine Lake ca ldera ] .  However, t h e  r i n g  f r a c t u r e  concept p robab ly  does n o t  

apply, a t  l e a s t  t o  the  P le i s tocene  r h y o l i t e  f i e l d ,  because o f  s t r u c t u r a l  

reasons d iscussed e a r l i e r ,  because b a s a l t s  have erupted repea ted ly  f rom w i t h i n  

t h e  area v e r t i c a l  y above t h e  presumed magma chamber, and because no e rup t i ons  

o r  hydrothermal m n i f e s t a t i o n s  have occurred along t h e  r i n g  f r a c t u r e s .  

I f  t h e  

Furthermore, such a r i n g  f r a c t u r e  zone 

Another p o s s i b i l i t y  i s  t h a t  t he  cen te r  o f  t he  r h y o l i t e  f i e l d ,  from which 

r h y o l i t e  has vented i n  each of t h e  l a t e s t  f i v e  per iods,  o v e r l i e s  o n l y  t h e  

marg in o f  a l a r g e r  magma chamber, i ns tead  o f  encompassing an e n t i r e  smal le r  

chamber as Bacon e t  a l .  (1980) suggest. 

o f  t h e  r h y o l i t e  f i e l d ,  perhaps bounded by r e c e n t  b a s a l t i c  e rup t i ons  on the  

Such a chamber cou ld  be centered west 
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south  and southwest and b y  t h e  S i e r r a n  f r o n t  on t h e  west. 

o f  e r u p t i v e  o r  heat f l ow  evidence f o r  t h i s  model makes i t  seem u n l i k e l y ,  

i t  remains p l a u s i b l e  by  analogy w i t h  Glass Mountain, ad jacent  t o  t h e  Long 

V a l l e y  ca lde ra .  

r h y o l i t e s  i n  composi t ion,  s t y l e  o f  e r u p t  ion, and near absence of phenocrysts 

(Noble e t  a l . ,  1972, i n  Long V a l l e y  r e f e r e n c e  l i s t ) .  

along a probab le  i n c i p i e n t  r i n g  f r a c t u r e  system and rep resen t  e a r l y  leakage 

f r o m  t h e  Long V a l l e y  magma chamber ( B a i l e y  e t  a l . ,  1976, i n  Long V a l l e y  

r e f e r e n c e  1 i s t ) .  

Although t h e  l a c k  

The Glass Mountain r h y o l i t e s  are v e r y  s i m i l a r  t o  t h e  Cos0 

They erup ted  from vents  

Any at tempt on s t r i c t l y  geo log i ca l  grounds t o  assess t h e  depth  t o  t h e  

It i s  l i k e l y  t h a t  t o p  o f  t h e  Cos0 magma chamber must be o n l y  q u a l i t a t i v e .  

t h e  chamber i s  compara t i ve l y  deep, s i n c e  t h e  e rup t i ons  tapped t h e  v o l a t i l e -  

enr iched upper f r a c t i o n  o f  t h e  chamber, y e t  exp los i ve  a c t i v i t y  was r e l a t i v e l y  

minor .  High C1 and F conten ts  i n  t h e  r h y o l i t e s  and t h e  presence o f  mic ro-  

phenocrysts o f  hydrous m i n e r a l s  a l so  p o i n t  t o  a h i g h  magmatic v o l a t i l e  con ten t .  

Thus much o f  t h e  water o r i g i n a l l y  present i n  t h e  magma may have been l o s t  

d u r i n g  a l ong  ascent f rom a deep r e s e r v o i r  (Bacon, 1982). 

E r u p t i o n  from a sha l lower  magma chamber (<5 km?) would be l i k e l y  t o  

proceed d i f f e r e n t l y ,  e i t h e r  ( 1 )  exp los i ve l y ,  i n  predominant ly  p y r o c l a s t i c  

e rup t i ons ,  w i t h  r a p i d  bubble growth r e s u l t i n g  from e x s o l u t i o n  o f  v o l a t i l e s  

once t h e  c o n f i n i n g  p ressu re  i s  re leased a t  t h e  s t a r t  o f  e rup t i on ;  o r  ( 2 )  

nonexp los ive ly ,  b u t  guided by r i n g  f r a c t u r e s  which open i n  response t o  t h e  

sha l l ow  b u i l d u p  o f  magmatic pressure'(Bacon, 1982). 

desc r ibes  r i n g  f r a c t u r e  e ru  

chambers t h a t  u l t i m a t e l y  (as  a t  Glass Mountain, Long V a l l e y ) ,  o r  p rev ious l y ,  

The l a t t e r  mechanism 

i g i n a t i n g  from la rge ,  sha l l ow  magma 

formed ca lde ras  (Smi th  and Ba i l ey ,  1968). A t  Coso, however, smal l  l eaks  f rom 
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t h e  magma chamber d i d  no t  occur along arcuate f a u l t s ,  suggest ing (1) t h a t  t h e  

chamber had no t  migra ted  t o  depths s u f f i c i e n t l y  sha l low t o  pe rm i t  t h e  geometry 

o f  t h e  chamber t o  e x e r t  a g r e a t e r  i n f l u e n c e  than  r e g i o n a l  s t r u c t u r e s  on vent  

d i s t r i b u t i o n ;  and ( 2 )  t h a t  c r u s t a l  ex tens ion  p layed a g r e a t e r  r o l e  than  magmatic 

p ressure  i n  t r i g g e r i n g  e rup t  ions.  

Ex tens ion  can thus  be seen as a s a f e t y  v a l v e  on exp los i ve  erup t ions ,  

p reven t ing  an extreme b u i l d u p  o f  v o l a t i l e s  b y  causing p e r i o d i c  b leed ing  o f f  

f r o m  t h e  upper l e v e l  o f  t h e  chamber. The r a t e  o f  c r u s t a l  ex tens ion  a t  Cos0 

may be f a i r l y  constant ,  as argued by Bacon (1982), who f i n d s  t h a t  t h e  t ime 

i n t e r v a l  between any twb successive groups o f  e rup t i ons  i s  p r o p o r t i o n a l  t o  t h e  

volume o f  t h e  f i r s t  o f  t h e  two groups. 

na ry  b a s a l t s  as w e l l  as t h e  r h y o l i t e s .  Th is  p a t t e r n  i s  c o n s i s t e n t  w i t h  a 

model i n  which ex tens iona l  s t r a i n ,  accumulat ing i n  r o o f  rocks  a t  a cons tan t  

r a t e ,  causes e rup t i ons  when i t  reaches a c r i t i c a l  va lue.  It c o n t r a s t s  w i t h  

t h e  oppos i te  pa t te rn ,  i n  which erupted volume c o r r e l a t e s  w i th  t h e  preceding 

repose t ime between e rup t i ons .  

i n  which a steady b u i l d u p  o f  magmatic p ressure  causes e rup t i ons  when i t  

reaches a c r i t i c a l  va lue o r  i n  which the  volume erupted i s  a l a r g e  f r a c t i o n  o f  

t h e  t o t a l  r e s e r v o i r  t h a t  i s  be ing  supp l i ed  a t  a cons tan t  r a t e  (Bacon, 1982), 

as i s  observed i n  some l a r g e  c e n t r a l  volcanoes (Smith, 1979). Thus t h e  

p a t t e r n  observed a t  Cos0 suggests t h a t  t h e  magmatic system responds r e l a t i v e l y  

p a s s i v e l y  t o  c r u s t a l  extension, e r u p t i n g  i n  smal l  leaks  f rom t h e  top, and i s  

c o n s i s t e n t  w i t h  a deep chamber i n  which i n t e r n a l  p ressure  b u i l d u p  i s  n o t  t he  

c r i t i c a l  f a c t o r  i n  causing e rup t i ons .  

T h i s  seems t o  be t r u e  o f  t h e  Quater-  

The l a t t e r  p a t t e r n  i s  c o n s i s t e n t  w i t h  a system 

The maintenance o f  an e r u p t i n g  magma chamber and a convec t ing  hydro ther -  

mal system f o r  over  0.2 m.y. r e q u i r e s  t h a t  heat  be added con t inuous ly  t o  t h e  
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magmatic system by  i n t r u s i o n  o f  b a s a l t  (Lachenbruch and Sass, 1978). Assimi- 

l a t i o n  o f  c r u s t a l  rocks  due t o  t h i s  i n f l u x  o f  heat would c o n t r i b u t e  g r e a t l y  t o  

t h e  development o f  t h e  s i l i c i c  magmatic system, and s tud ies  o f  S r  and Pb 

i so topes  a t  Cos0 support  a mid- t o  upper -c rus ta l  source f o r  t h e  r h y o l i t e s  and 

a much deeper source f o r  a t  l e a s t  some o f  t h e  b a s a l t s  (Bacon e t  a l . ,  1981). 
I 

Once t h e  s i l i c i c  system was w e l l  es tab l i shed,  any b a s a l t i c  e r u p t i o n s  would 

l i k e l y  be con f ined  t o  t h e  pe r iphe ry  o f  t h e  s i l i c i c  v o l c a n i c  f i e l d ,  and such a 

"shadow" i s  observed f o r  b a s a l t i c  e r u p t i o n s  younger than -0.24 m.y. Support- 

i n g  evidence o f  a b a s a l t i c  heat source f o r  t h e  system ( p o s s i b l y  i n  t h e  form of 

d i s c r e t e  pu lses  t h a t  t r i g g e r  r h y o l i t i c  e rup t i ons  f rom t h e  magma chamber) comes 

f rom t h e  c l o s e  a s s o c i a t i o n  o f  b a s a l t  w i t h  t h e  r h y o l i t e s .  Each o f  t h e  groups 

o f  r h y o l i t e  e rup t  i ons  e i t h e r  i s  associ ated w i t h  approximately coeval  e r u p t  i ons  

o f  b a s a l t  o r  con ta ins  i n c l u s i o n s  i n t e r p r e t e d  t o  be quenched b lobs  o f  m a f i c  

maqma (Bacon e t  a1 . , 1980; Metz and Bacon, 1980). 

The most recen t  e rup t i ons  a t  Cos0 cou ld  be severa l  t ens  o f  thousands o f  

years  o l d ,  and t h i s  r a i s e s  the  ques t i on  whether t h e  magma chamber may have 

cooled and l a r q e l y  s o l i d i f i e d  s i n c e  t h e  l a s t  r h y o l i t e s  were extruded. 

l i n e s  o f  evidence suqgest i t  has n o t .  The volume of  r h y o l i t e  erupted i n  t h e  

l a t e s t  group ((70,000 years )  i s  g r e a t e r  t han  t h a t  o f  any o f  t h e  e a r l i e r  

groups, and t h e  present  i n t e r v a l  o f  dormancy i s  no longer  than severa l  e a r l i e r  

i n t e r v a l s .  The l a t e s t  r h y o l i t e s  a l so  show no s i g n i f i c a n t  growth o f  phenocrysts, 

as m igh t  be expected -if t h e  chamber were i n  a waning stage. 

no evidence t h a t  t h e  processes u l t i m a t e l y  r e s p o n s i b l e  f o r  t h e  development o f  

t h e  s i 1  i c i c  magmatic system--crustal  ex tens ion  and emplacement o f  b a s a l t i c  

magma i n t o  the  l i thosphere- -have ceased o r  slowed. 

a re  s i m i l a r  i n  age o r  perhaps younger than t h e  l a t e s t  r h y o l i t e s ,  and normal 

Several 

. "  
F i n a l l y ,  t h e r e  i s  

- "  

Indeed, t h e  l a t e s t  b a s a l t s  

displacement on steep n o r t h -  t o  no r theas t - t rend ing  f a u l t s  con t inues  t o  occur.  
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GEOPHYSICAL EVIDENCE FOR MAGMA AND ESTIMATED MAGMA DEPTHS 

Heat Flow 

On t h e  b a s i s  o f  25 sha l l ow  d r i l l  ho les  and one o f  i n te rmed ia te  depth, 

Combs (1975, 1980) o u t l i n e d  a heat f l o w  anomaly whose peak i s  centered  approx i -  

m a t e l y  between Sugar loa f  Mountain (one o f  t h e  (40,000-year-old r h y o l i t e  domes) 

and t h e  D e v i l ' s  K i t c h e n  area o f  fumaroles and i n t e n s e  a r g i l l i c  a l t e r a t i o n  

( F i g .  19) .  The heat f l o w  anomaly i s  s h a r p l y  bounded on t h e  eas t  b y  t h e  no r th -  

n o r t h e a s t - t r e n d i n g  normal f a u l t s  t h a t  d e f i n e  t h e  i r r e g u l a r  eas te rn  marg in  o f  

t h e  c e n t r a l  h o r s t  o f  t h e  Cos0 Range. 

along this fault zone suggests a fault-controlled, convective component in the 

heat  f l o w .  

shape suggests t h a t  t h e  present  heat source c o u l d  be centered  a few m i l e s  t o  

E longa t ion  o f  t h e  heat f l o w  contours  

The heat f l o w  anomaly i s  a l so  elongated t o  t h e  west. The anomaly 

t h e  southwest o f  Sugar loa f  Mountain. There i s  a l so  seismic evidence f o r  a 

magma west o f  Sugar loa f  Mountain. 

The depth  t o  t h e  heat source was es t imated by  Hardee and Larson (1980) 

t o  be about 5 km, assuming a s p h e r i c a l  source and s teady -s ta te  conduct ive  heat 

f l ow .  Th is  c o u l d  be a minimum f i g u r e  because o f  u n c e r t a i n t i e s  in t roduced by  

convec t i ve  heat t r a n s p o r t  i n  t h e  h i g h l y  f r a c t u r e d  and permeable rock (Combs, 

1980) and because t h e  thermal system i s  p robab ly  n o t  i n  t h e  s teady -s ta te  
/ 

c o n d i t i o n .  Most o f  t h e  seismic evidence (d iscussed i n  a l a t e r  s e c t i o n )  f a v o r s  

a deeper zone o f  magma o r  p a r t i a l  m e l t .  

Temper a t  u r e  Grad i en t s 

Recent geothermal development d r i l l i n g  by  t h e  C a l i f o r n i a  Energy Company 

(CEC), under c o n t r a c t  t o  t h e  U.S. Navy, has been done near t h e  cen te r  o f  t h e  

heat  f l o w  anomaly. The ho les  have been loca ted  southward f r o m  t h e  D e v i l ' s  
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K i t c h e n  area a d i s t a n c e  o f  approximately 1 .5  m i l e s .  Accordinq t o  R.  Adam 

(pers .  comm. , 1984) t h e  bottom-hole temperatures beneath D e v i l ' s  K i t chen  are  

approx imate ly  210°C a t  500 rn; temperatures o f  250°C a t  850 m were encountered 

i n  a deeper w e l l  2 km south  o f  D e v i l ' s  K i tchen.  The CEC h o l e  temperatures and 

g r a d i e n t s  have been l a r g e r  than those encountered i n  t h e  DOE Cos0 E x p l o r a t i o n  

Well  (CGEH-1) (Ga lb ra i th ,  1978), which was d r i l l e d  2 km n o r t h  o f  D e v i l ' s  

K i t c h e n  b u t  a l so  w i t h i n  t h e  zone o f  maximum heat f l o w .  Temperature l ogs  made 

a f t e r  t h e  thermal e q u i l i b r i u m  i n  t h e  DOE w e l l  was r e s t o r e d  i n d i c a t e  a maximum 

temperature o f  about 190°C a t  670 m and a nega t i ve  temperature g r a d i e n t  below 

900 rn t o  t h e  t o t a l  depth o f  1200 m. 

G r a v i t y  

The g r a v i t y  d a t a  g i v e  no i n d i c a t i o n  o f  a g r a v i t y  low t h a t  one m igh t  asso- 

c i a t e  w i th  a shal low, s i l i c i c  magma chamber beneath t h e  Cos0 v o l c a n i c  f i e l d .  

However, a deep zone o f  p a r t i a l  m e l t  p roduc ing  a smal l  d e n s i t y  c o n t r a s t  

(-0.1 g/cm3) would produce a smal l  anomaly (peak va lue  62 mGal) t h a t  would 

be d i f f i c u l t  t o  d i s c e r n  i n  t h e  backaround o f  o t h e r  d e n s i t y  inhomogeneit ies 

( P l o u f f  and Isherwood, 1980). 

M agn e t  i c 

Fox (1978b), P l o u f f  and Isherwood (1980), and Roquemore (1984) have 

examined h igh -  and low- leve l  aeromagnetic and ground magnetic survey d a t a  

taken over the  area. It i s  g e n e r a l l y  agreed t h a t  most of. t h e  i n d i v i d u a l  

maqnet i c  anomalies a re  associated w i t h  . s p e c i f i c  rock  types  mapped a t  t h e  

s u r f  ace, w i t h  1 arge s t r u c t u r a l  f e a t u r e s  (such as t h e  a1 l u v i  a1 V a l  l e y s )  , and 

w i t h  p o s s i b l e  concealed m a f i c  p l u t o n s  (such as those i n f e r r e d  bo th  south and 

n o r t h  o f  t h e  heat f l o w  anomaly). There are, however, no i n fe rences  t h a t  can 

be drawn r e l a t i n g  t h e  aeromagnetic anomalies t o  a magma body o r  heat source. 
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To our knowledge t h e r e  i s  no pub l ished i n f o r m a t i o n  on C u r i e  temperature depths 

beneath t h e  area. 

Sei smol og i c a1 I n v e s t  i gat  i ons 

Earthquake Focal Depths 

Seismic s tud ies  o f  Wal te r  and Weaver (1980) have shown an abundance o f  

seismic a c t i v i t y  o f  magnitude 0.5 t o  3.9. Dur ing  two years  o f  seismic moni- 

t o r i n g  (1975 t o  1977), 4216 l o c a l  earthquakes were l oca ted  i n  a 2000-km2 area  

around t h e  Cos0 geothermal f i e l d .  

quakes w i t h  respec t  t o  depth, Wal te r  and Weaver (1980) show a sharp inc rease 

P l o t t i n g  t h e  d i s t r i b u t i o n  o f  M > 1 .5  e a r t h -  

i n  events f rom 1 t o  6 km depth, and then  a sharp d e c l i n e  i n  earthquake 

a c t i v i t y  a t  depths >8 km. The depth  d i s t r i b u t i o n  has t h e  same charac te r  f o r  

earthquakes beneath t h e  Cos0 v o l c a n i c  f i e l d  as f o r  earthquakes o c c u r r i n g  i n  

t h e  reg ion .  For t h i s  reason Wal te r  and Weaver (1980) conclude t h a t  t h e r e  i s  

no evidence f o r  rocks  "near l i q u i d u s  a t  sha l low depth beneath t h e  r h y o l i t e  

f i e l d . "  I t  a l s o  seems p o s s i b l e  t o  s t a t e  t h a t  t h e  earthquake f o c a l  depths do 

n o t  support  t h e  presence o f  any s i g n i f i c a n t  m e l t  f r a c t i o n  at  depths l e s s  than 

8 km. 

P l o t t i n g  - a l l  earthquakes l o c a t e d  i n  t h e  area along no r th -sou th  and eas t -  

west sec t i ons  through t h e  area, Wal te r  and Weaver (1980) show t h a t  t h e r e  seems 

t o  be a d e f i n i t e  loss o f  earthquake a c t i v i t y  a t  depths >8 km beneath t h e  Cos0 

v o l c a n i c  f i e l d  r e l a t i v e  t o  t h e  r e g i o n a l  p i c t u r e .  T h i s  general  p i c t u r e  of  

earthquake f o c a l  depths had e a r l i e r  been repo r ted  by Combs (1975). 

Focal Mechanisms and Swarms 

Overa l l ,  t h e  f i r s t - m o t i o n  s t u d i e s  o f  earthquakes o c c u r r i n g  i n  t h e  area 

show mechanisms c o n s i s t e n t  w i t h  no r th -sou th  compression and east-west exten- 

s i o n  (Wa l te r  and Weaver, 1980). W i t h i n  t h e  geothermal area, t h e r e  i s  ma in l y  

, 
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normal f a u l t i n g  and a smal l  component o f  s t r i k e - s l i p  mot ion  along no r th -  

no r theas t  f a u l t s .  

p a r a l l e l  t o  t h e  al ignment o f  r h y o l i t e  domes and t o  t h e  al ignment o f  su r face  

f a u l t s  ( D u f f i e l d  and Bacon, 1981). 

The normal f a u l t i n g  i n d i c a t e d  by t h e  earthquakes i s  r o u g h l y  

Wal te r  and Weaver (1980) r e p o r t e d  t h a t  f o u r  o f  t h e  s i x  earthquake swarms 

monitored were w i t h i n  t h e  r h y o l i t e  f i e l d ,  and two o f  those occurred d 

below Sugar loa f  Mountain. Other than  these earthquakes, t h e r e  was no 

f o r  unusual a c t i v i t y  beneath t h e  heat f l o w  anomaly. 

Combs (1975) r e p o r t e d  t h a t  s t r a i n  re lease  i n  t h e  Cos0 geothermal 

r e c t l y  

evidence 

area 

seemed t o  occur p r i m a r i l y  i n  swarm-type sequences o f  n e a r l y  cont inuous  occur-  

rences o f  microearthquakes. 

o u t s i d e  t h e  area e x h i b i t  t h e  more usual mainshock-aftershock sequence. 

On t h e  o t h e r  hand, he repo r ted  t h a t  earthquakes 

Earthquake Magnitude D i s t r i b u t i o n  

S t a t i s t i c a l l y  s i g n i f i c a n t  high-b values f o r  earthquakes were found i n  

t h e  upper 5 km o f  t h e  c r u s t  beneath the  v o l c a n i c  f i e l d  r e l a t i v e  t o  t h e  

sur round ing  rock.  

t h e  Cos0 r h y o l i t e  f i e l d  and, thus, more h i g h l y  f r a c t u r e d  rocks.  

T h i s  i m p l i e s  s h o r t e r  t han  average f a u l t  l eng ths  beneath 

An 

and one 

Perform 

between 

t e r i z e d  

f i e l d :  

1. 

A t t e n u a t i o n  Anomalies 

a t t e n u a t i o n  a n a l y s i s  based on 44 te lese isms observed a t  one 1 6 - s t a t i o n  

2 6 - s t a t i o n  a r r a y  o f  geophones was made by  Young and Ward (1980).  

ng a three-dimensional  i n v e r s i o n  o f  t h e  d i f f e r e n t i  a1 a t tenua t ions  

each s t a t i o n  and a re fe rence  s t a t i o n ,  Young and Ward (1980) charac- 

t h e  r e l a t i v e  a t tenua t ions  i n  t h r e e  zones beneath t h e  Cos0 vo l can ic  
I 

A h i g h - a t t e n u a t i o n  zone from t h e  su r face  t o  5 km depth beneath most 

o f  t h e  P le i s tocene  r h y o l i t e  domes and f l o w s .  

p i c t u r e  of water -sa tura ted  and h i g h l y  f r a c t u r e d  rocks  discussed e a r l i e r .  

T h i s  i s  c o n s i s t e n t  w i t h  the  
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I 

2. 

3 .  

A - low-a t tenua t ion  zone f rom 5 t o  12 km depth. 

Three h i g h - a t t e n u a t i o n  zones i n  t h e  depth  ragge 12 t o  20 km. 

These m i g h t  be r e l a t e d  t o  t h e  presence o f  magma. 

l o c a t e d  west o f  Sugar loa f  Mountain, another beneath Cos0 Hot Spr ings. 

One o f ,  these zones i s  

Vel o c i  t y  Anomal i es 

The three-dimensional  v e l o c i t y  s t r u c t u r e  under t h e  Cos0 Range was s t u d i e d  

us ing  t h e  P-wave phases o f  s t e e p l y  i n c i d e n t  t e l e s e i s m i c  waves. L a t e r a l  v a r i a -  

t i o n s  i n  t h e  v e l o c i t y  s t r u c t u r e  beneath t h e  range were determined b y  Reasenberg 

e t  a l .  (1980) by  observ ing  t h e  r e l a t i v e  a r r i v a l  t imes o f  t he  P phases across a 

geophone a r r a y  and by employing bo th  r a y  t r a c i n g  and i n v e r s i o n  techniques t o  

model t h e  P-wave delays.  The compressional waves s tud ied  had wavelengths o f  

approx imate ly  5 km, t h e  geophone a r r a y  was 4 5  km i n  diameter, and t h e  average 

geophone separa t i on  was -5 km i n  t h e  cen te r  o f  t h e  a r ray .  

An intense, l o w - v e l o c i t y  zone was d iscerned i n  t h e  m idd le  c r u s t .  Ray 

t r a c i n g  ( fo rward  model ing) gave an i n t e r p r e t a t i o n  of  a spher i ca l  zone, r a d i u s  

5 km, b u r i e d  beneath D e v i l ' s  K i t c h e n  a t  1 5  km depth. 

v e l o c i t y  t han  t h e  enc los ing  medium. However, t h i s  model i s  h i g h l y  nonunique 

and served o n l y  as a gu ide  t o  t h e  three-dimensional  i n v e r s i o n  model. Three- 

dimensional  i n v e r s i o n  produced a more accura te  f i t  t o  t h e  da ta  and revea led  a 

l ow-ve loc i  t y  body between 5 and 20 km deep under D e v i l ' s  K i tchen.  

approx imate ly  5 km wide on top, becoming i n c r e a s i n g l y  elongated i n  t h e  no r th -  

sou th  d i r e c t i o n  and more i n tense  w i t h  depth.  

8.4% was es t imated a t  between 10 and 17.5  km depth. 

The zone has a 10% lower  

The zone i s  

A maximum v e l o c i t y  c o n t r a s t  o f  

Combs (1975) a l s o  r e p o r t e d  a low V p  i n  t h e  s u r f  ace on t h e  b a s i s  o f  

c a l i b r a t i o n  shots p rov ided by  personnel o f  t h e  Naval Weapons Center.  The 

r e f r a c t i o n  s tudy  showed a zone o f  e s s e n t i a l l y  cons tan t  P-wave v e l o c i t y  

(4.75 km/s down t o  a depth  o f  5 km) u n d e r l a i n  by a h i g h - v e l o c i t y  zone 
I 
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. O  km/s). Analyzing t h e  S-P t imes  i n  terms o f  a Wadati diaqram, Combs (1975) 

found t h a t  t h e  upper l a y e r  under t h e  f i e l d  i s  cha rac te r i zed  by  a low Po isson ' s  

r a t i o  o f  0.16 i n s t e a d  o f  t h e  more no rma l l y  observed values i n  t h e  0.25 t o  0.30 

range. The low va lue  o f  t h e  Po isson 's  r a t i o  suggests f r a c t u r e d  rocks  w i t h  

steam o r  a two-phase f l u i d .  

E l e c t r i c a l  and E l  ectromagnet i c  Soundings 

Reconni i  s sance Surveys 

Areas o f  h igh  and low r e s i s t i v i t y  were o u t l i n e d  by m . 
o f  a t e l l u r i c  

survey (Jackson and O'Donnell ,  1980). M i c r o p u l s a t i o n  energy i n  t h e  0.02- t o  

0.01-Hz bandwidth was used t o  es t ima te  t h e  v a r i a t i o n  i n  t h e  l o n q i t u d i n a l  con- 

ductance, S over t h e  area ( S  = H/P, where H i s  t h e  th i ckness  o f  conduct ive  

rocks  above basement and P i s  t h e  average r e s i s t i v i t y ) .  S t a t i o n s  were 

l o c a t e d  5 t o  8 km apar t .  R e s i s t i v i t y  lows were d e l i n e a t e d  over  Rose V a l l e y  

and t h e  Cos0 Basin. A s u b s i d i a r y  low was found over t h e  Cos0 Hot Spr ings- 

D e v i l ' s  K i t chen  area and t h e  general  area o f  t h e  heat f l o w  h igh .  R e s i s t i v i t y  

h ighs  were l oca ted  southwest o f  t he  r h , y o l i t e  f i e l d  near Volcano Peak ( F i g .  18),  

west o f  t h e  f i e l d  and i n  a broad arc  from n o r t h  t o  eas t .  A l l  these h ighs  a re  

presumed t o  be caused by  h i g h e r - r e s i s t i v i t y  basement rocks  a t  o r  near t h e  

surface, and t h e r e  i s  a rouqh c o r r e l a t i o n  between these h ighs  and aeromagnetic 

h ighs .  

A 7.5-Hz aud iomagne to te l l u r i c  (AMT) survey was a l so  made i n  a somewhat 
b 

sma l l e r  area around t h e  geothermal area (Jackson and O'Donnell ,  1980). S t a -  

t i o n  separa t ions  o f  2 t o  5 km were employed, and t h e  AMT r e s i s t i v i t y  p a t t e r n  

agrees v e r y  w e l l  w i t h  the  t e l l u r i c  p a t t e r n .  A prominent r e s i s t i v i t y  low 

(6 .3  ohm-m) was mapped i n  t h e  eas t - cen t ra l  p a r t  o f  t h e  r h y o l i t e  f i e l d ;  t h e  

low extends northeastward beyond Cos0 Hot Spr ings and i n t o  t h e  v a l l e y .  Th is  
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low i s  centered  between D e v i l ' s  K i t c h e n  and Cos0 Hot Spr ings and may be 

f a u l t - r e l a t e d ,  b u t  no mapped f a u l t s  w i t h  t h e  same o r i e n t a t i o n  occur i n  

t h e  area. 

The reconnaissance e l e c t r i c a l  surveys d i d  no t  f i n d  any o t h e r  areas o f  

p o s s i b l e  geothermal i n t e r e s t  i n  t h e  Cos0 Range, and t h e  depth o f  e x p l o r a t i o n  

was t o o  sha l low t o  revea l  any th ing  about r e s i s t i v i t y  c o n d i t i o n s  a t  m id -c rus ta l  

depths . 
E 1 ec t r i c a1 Surveys 

D e t a i l e d  dc e l e c t r i c a l  soundings were made b y  Furgerson (1973) and by t h e  

USGS (Jackson and O'Donnell ,  1980). Fox (1978a) r e p o r t e d  on t h e  r e s u l t s  and 

i n t e r p r e t a t i o n s  of severa l  l i n e s  o f  d i p o l e - d i p o l e  dc r e s i s t i v i t y  r u n  across 

t h e  geothermal f i e l d .  

r e s i s t i v i t y  low measuring 10 t o  15 km2 i n  e x t e n t  associated w i t h  t h e  geother-  

mal system. Th is  l o w - r e s i s t i v i t y  zone (10 t o  20 ohm-rn) i s  presumed t o  be 

caused by  a combinat ion o f  h igh  f r a c t u r e  dens i t y ,  s a l i n e  pore  f l u i d s ,  h i g h  

The dc r e s i s t i v i t y  s t u d i e s  b e t t e r  d e f i n e  a bedrock 

y extends t o  

on a t  depth  (Fox, 

temperature, and hydrothermal a1 t e r a t i o n .  The zone probab 

depths g r e a t e r  than 750 m and shows a nor th -south  o r i e n t a t  

1978a). 

The U n i v e r s i t y  o f  Oregon (H. Waff, pers .  comm., 1984) has conducted 42 

remote-reference magnetotel l u r i c  s t a t i o n s  f o r  CEC. The s t a t i o n s  are  l oca ted  

southeast, south, west, and nor thwest  o f  Sugar loa f  Mountain, and many sound- 

i ngs  show pronounced s p l i t t i n g  o f  t h e  apparent r e s i s t i v i t i e s  i n  t h e  p r i n c i p a l  

d i r e c t i o n s .  Th is  i s  i n d i c a t i v e  o f  inhomogeneous subsurface cond i t i ons ,  neces- 

s i t a t i n g  a two-dimensional i n t e r p r e t a t i o n .  U n t i l  a p roper  i n t e r p r e t a t i o n  o f  

t h e  d a t a  i s  completed, i t  would be v e r y  d i f f i c u l t  and premature t o  o f f e r  an 

assessment o f  t h e  MT r e s u l t s .  
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MEDIC1 NE LAKE VOLCANO 

SUMMARY 

Arguments have been made on a v a r i e t y  o f  geo log i ca l  grounds t h a t  a l a r g e  

s i l i c i c  magma body may u n d e r l i e  t h e  ca lde ra  a t  t h e  summit o f  t h e  Medic ine Lake 

H igh land volcano. 

deep) body o f  magma o f  u n c e r t a i n  s i z e  can probab ly  be claimed w i t h  some 

assurance on t h e  b a s i s  o f  v e s i c u l a t i o n  o f  b a s a l t i c  magma d u r i n g  m ix ing  w i t h  a 

The ex is tence o f  a shal low (<15 km and probab ly  (10 km 

r e s e r v o i r  o f  s i l i c i c  magma p r i o r  t o  one o f  t h e  recent  r h y o l i t e  e rup t ions .  

a pressure-dependent process, t h e  v e s i c u l a t i o n  prov ides  c o n s t r a i n t  on t h e  

depth  a t  which m i x i n g  took p lace.  

As 

The volume and l o n g e v i t y  o f  t h e  s i l i c i c  

r e s e r v o i r ,  however, i s  more d i f f i c u l t  t o  evaluate.  Most o f  t h e  geo log ica l  

ev idence suggests t h a t  it, o r  any o t h e r  shal low r e s e r v o i r  o f  s i l i c i c  magma 

which may be present  a t  Medic ine Lake, would be a r e l a t i v e l y  smal l  and sho r t -  

l i v e d  body. However, t h e  p o s s i b i l i t y  t h a t  a s i zeab le  magma i s  p resent  cannot 

be r u l e d  out, m a i n l y  because two s t r i k i n g l y  s i m i l a r  r h y o l i t e  e rup t ions ,  ve ry  

c l o s e  i n  age, a re  l oca ted  on e i t h e r  s i d e  o f  t h e  summit ca ldera,  15 km apar t .  

I n  genera l ,  geophysical  evidence f o r  t h e  ex is tence and depth o f  magma 

beneath t h e  Medic ine Lake vo lcano i s  i nconc lus i ve .  T h i s  may be due, i n  pa r t ,  

t o  t h e  f a c t  t h a t  t h e r e  have been few pub l ished geophysical  s tud ies  on t h i s  

area compared t o  t h e  o the r  areas considered i n  t h i s  r e p o r t .  

Geophysical evidence does p o i n t  s t r o n g l y  t o  a dense, r e s i s t i v e ,  h i g h  

v e l o c i t y  zone o f  rocks  d i r e c t l y  below t h e  ca lde ra  and extending from near t h e  

su r face  t o  depths >4 km below t h e  sur face.  The probab le  cause i s  an assem- 

b lage o f  ma f i c  d ikes  and l a r g e r  p lu tons .  The ex is tence o f  h igh- temperature 

c o n d i t i o n s  i s  suggested by t h e  l a r g e  number o f  geothermal w e l l s  be ing  pe rm i t -  

t e d  and d r i l l e d  w i t h i n  t h e  ca lde ra  by commercial geothermal developers.  
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GEOLOGICAL SUMMARY AND E V I D E N C E  FOR MAGMA 

Chronology, Composition, and Magnitude o f  Volcanism 

The Medicine Lake Highland i s  a broad Quaternary  s h i e l d  volcano, measur- 

i n g  25  t o  50 km i n  diameter, depending on whose es t ima te  one wishes t o  accept. 

It i s  composed o f  b a s a l t i c  andes i te  and andes i te  f l o w s  and t u f f s  t h a t  have 

accumulated t o  a th i ckness  o f  -1 km on a dominant ly  vo lcan ic ,  l a t e - T e r t i a r y  

p l a t e a u  (C.A. Anderson, 1941). A t  i t s  summit i s  an 8-by-6-kmY 100- t o  200-m- 

deep c a l d e r a  t h a t  formed p r i o r  t o  t h e  end o f  g l a c i a t i o n  (E iche lberger ,  1975). 

The c a l d e r a  i s  r i n g e d  by a rampart  o f  ma in l y  a n d e s i t i c  cones and domes con- 

temporaneous w i t h  o r  s l i g h t l y  younger than t h e  ca ldera .  Since f o r m a t i o n  o f  

t h e  caldera,  volcanism has been e s s e n t i a l  l y  bimodal. Basa l t  and b a s a l t i c  

andes i te  have erupted m a i n l y  on t h e  f l anks  o f  t h e  s h i e l d  volcano, and r h y o l i t e  

and d a c i t e  obs id ian  and teph ra  have erup ted  w i t h i n  and near t h e  r i n g  o f  

t h e  c a l  dera (C .A. Anderson, 1941). 

The most recen t  s i l i c i c  e r u p t i o n s  i n c l u d e  t h e  Glass Mountain r h y o l i t e -  

d a c i t e ,  t h e  L i t t l e  Glass Mountain-Crater Glass r h y o l i t e s ,  and t h e  Med ic ine  

Lake d a c i t e ,  w i t h  a cumula t ive  volume o f  -1.5 km3 ( F i g .  20).  

m a t e r i a l  associated w i t h  the  f l o w s  and t e p h r a  o f  Glass Mountain have been 

dated by  1 4 C ,  y i e l d i n g  dates o f  130 t o  140 years  and 1100 t o  1400 years .  

Heiken (1978) reviewed geochrono loq ica l  da ta  i n  l i g h t  o f  observed f i e l d  

Organic 

i c i c  e rup t ions ,  as r e 1  a t i o n s  and concluded t h a t  a1 1 o f  t h e  above-mentioned s i  

w e l l  as t h e  most y o u t h f u l  b a s a l t i c  e rup t i ons  on t h e  s h i e l d  

be about t h e  same age, perhaps a l l  younger than 1100 years  

S t r u c t u r a l  and Tec ton ic  Set t inc l  

s f l a n k s ,  appear t o  

The Medicine Lake volcano i s  l o c a t e d  t o  t h e  eas t  o f  t h e  l i n e  o f  High 

Cascades volcanoes on t h e  western marg in  o f  t h e  Basin and Range. Normal 
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f a u l t s  t r e n d i n g  approx' imately nor th -south ,  i n c l u d i n g  t h e  western marg in  o f  t h e  

Tu le lake  graben, c u t  t he  e n t i r e  su r face  o f  t h e  volcano ( C i a n c a n e l l i ,  1983), 

and numerous small  scarps a t t e s t  t o  t h e  recency o f  f a u l t i n g  (C.A. Anderson, 

1941). A ma jor  no r theas t - t rend ing  r e g i o n a l  l ineament c u t s  across t h e  vo lcano 

near t h e  no r the rn  r i m  of t h e  c a l d e r a  ( C i  ancanel 1 i , 1983; Donne1 ly-No1 an, 

1983), and nor thwest - t rend ing  normal f a u l t s  are a l so  present  (Heiken, 1978). 

Al ignment o f  ven ts  along f a u l t s  i s  common i n  many o f  t h e  young s i l i c i c  

and b a s a l t i c  e rup t i ons .  

Mountain and C r a t e r  Glass f l o w s  along a no r theas t - t rend ing  zone t h a t  i nc ludes  

open f i s s u r e s  up t o  3 m i n  w i d t h  and which may connect w i t h  a c o n c e n t r i c  r i n g  

f r a c t u r e  system. Fink and P o l l a r d  (1983) s tud ied  t h i s  zone and concluded t h a t  

t h e  f i s s u r e s  o v e r l i e  s i l i c i c  d i kes  p o s s i b l y  as sha l low as 30 m. 

Most prominent i s  t he  al ignment o f  t h e  L i t t l e  Glass 

The ven ts  of 

t h e  Glass Mountain f l o w  a re  a l so  al igned, i n  t h i s  case p a r a l l e l  t o  t h e  n o r t h -  

wes t - t rend ing  f a u l t  set ,  and much of t h e  youngest b a s a l t i c  volcanism has 

occur red  along normal f a u l t s  o f  t h e  same trend, as w e l l  as a nor th -south  t r e n d  

(Heiken, 1978). Heiken b e l i e v e s  t h a t  t h e  c o n t r o l l i n g  f a c t o r  i n  t h e  f o r m a t i o n  

o f  t h e  c a l d e r a  and i n  t h e  e r u p t i o n  o f  t h e  Holocene s i l i c i c  rocks  i s  t h e  

c a l d e r a ' s  l o c a t i o n  a t  t h e  i n t e r s e c t i o n  of  two major se ts  o f  normal f a u l t s ,  

one t r e n d i n g  north-south,  t h e  o t h e r  nor thwest .  I n  t h i s ,  as w e l l  as i n  o t h e r  

respec ts  (C.A. Anderson, 1941), t h e  Med ic ine  Lake High1 and resembles Newberry 

Volcano i n  Oregon. 

Hydrothermal System 

There are few su r face  m a n i f e s t a t i o n s  i n  t h e  Med ic ine  Lake Highland o f  a 

geothermal r e s e r v o i r  a t  depth.  One present-day s i t e  o f  f u m a r o l i c  a c t i v i t y  

i s  t h e  Hot Spot, l oca ted  0.5 km west of Glass Mountain, where temperatures 

>80°C occur at  0.5 m depth i n  an area o f  -1 acre (E iche lbe rge r ,  1975). Two 
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relict fumaroles, within the caldera and near the northern rim, have also 

been recognized on the basis of altered pumice and tuff (J.M. Donnelly-Nolan, 

pers. comm., 1984).  

The near-absence of surface hydrothermal manifestations may be due to 

influx of large volumes of meteoric water. 

combination of high rainfall and very high permeability of the young volcanic 

rocks, resulting in thorough dilution of geothermal fluids by large aquifers, 

as suggested by Mase et a1 . (1982). 

Medicine Lake Highland area, although their measurements were taken on the 

flanks of the volcano and may not represent locally higher heat flow in the 

area of the caldera at the summit. Donnelly-Nolan (1983) suggests that hot 

water from the Medicine Lake volcano may migrate northward 30 to 50 km toward 

the structural low at Klamath Falls, Oregon, where a geothermal system exists 

that is unrelated to any recent extrusions. 

This would occur through a 

They report zero heat flow for the 

Evidence Relating to Magma Origin and Magma Chamber Presence 

Geochemical studies of the Medicine Lake volcanic suite indicate that 

crustal assimilation, fractional crystallization, and magma mixing were all 

factors in the origin of the silicic rocks. 

role in triggering eruptions have been documented (A.T. Anderson, 1976; 

Gerlach and Grove, 1982), most notably in the case of the Glass Mountain 

dacite-rhyolite flow (Eichelberger, 1981).  

sistent with partial melting of continental crust, and depletions in Sr and 

Eu are consistent with shallow fractional crystal1 ization (Peterman et al., 

1970; Condie and Hayslip, 1975; Grove et al., 1982). 

for crustal assimilation and fractional crystallization, the recent silicic 

rocks do not show evidence of prolonged evolution in a stable magma body, such 

Magma mixing and its possible 

B7Sr/86Sr and 6180 data are con- 

But despite the evidence 
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as t h e  extreme d i f f e r e n t i a t i o n  observed i n  t h e  Cos0 r h y o l i t e s  o r  i n  ash- 

f l o w s  common a t  l a r g e  ca lderas .  Ger lach and Grove (1982) s t a t e  t h a t  "none o f  

our p e t r o l o g i c  observa t ions  a l l o w  us t o  i n f e r  t h e  c h a r a c t e r i s t i c s  o f  o r  even 

t h e  ex i s tence  o f  a maqma chamber beneath Med ic ine  Lake." 

Several o t h e r  arguments have been made i n  f a v o r  o f  a magma chamber as t h e  

source o f  t h e  recen t  obs id ian  and t e p h r a  e rup t i ons .  Heiken (1978) p resents  a 

case f o r  a smal l  chamber c e n t r a l l y  s i t u a t e d  below t h e  ca ldera .  H i s  argument 

i s  based ma in l y  on two l i n e s  o f  evidence: 

between Glass and L i t t l e  Glass Mountains ( l o c a t e d  1 5  km apar t  on e i t h e r  s i d e  

o f  t h e  ca lde ra )  w i t h  respec t  t o  age, e r u p t i o n  sequence, major-  and t r a c e -  

element composi t ions,  and t e p h r a  c h a r a c t e r i s t i c s ,  suggest ing t h e y  were 

erup ted  f rom t h e  same body o f  magma; and ( 2 )  r e c e n t  r h y o l i t e  ven ts  and f i s -  

sures on t h e  west and no r theas t  s ides  o f  t h e  ca ldera ,  which suggest al ignment 

along inward-d ipp ing  r i n g  f r a c t u r e s .  

f r a c t u r e  systems s tud ied  i n  o t h e r  i n t r u s i v e - v o l c a n i c  complexes, Heiken i n f e r s  

an i n t e r s e c t i o n  o f  t h e  r i n g  f r a c t u r e s  a t  t he  top  o f  a chamber a t  a depth  o f  4 

t o  8 km ( F i g .  21 ) .  Smith and Shaw (1975) a l so  use t h e  c o n f i g u r a t i o n  o f  t h e  

c a l d e r a  t o  i n f e r  c h a r a c t e r i s t i c s  o f  an u n d e r l y i n g  magma chamber. They hypo- 

t h e s i z e  a chamber equal i n  area t o  t h a t  o f  t h e  ca lde ra  (-75 km2) and, on t h e  

b a s i s  o f  a v e r y  approximate r e l a t i o n s h i p  between chamber th i ckness  and area 

(see I n t r o d u c t i o n ) ,  i n f e r  a chamber volume o f  300 km3. 

( 1 )  t h e  s t r i k i n g  s i m i l a r i t y  

By analogy w i t h  t h e  geometry o f  r i n g  

There are  severa l  problems, however, w i t h  bas ing  magma chamber models on 

t h e  s i z e  o f  t h e  ca lde ra .  One problem, which Heiken recognizes, i s  t h a t  a 

smal l  b a s a l t i c  c i n d e r  cone o f  Holocene age i s  p resent  w i t h i n  t h e  c a l d e r a  

( F i g .  ZO), suggest ing t h a t  a s i l i c i c  magma body e i t h e r  does no t  e x i s t  beneath 

t h e  c a l d e r a  o r  t h a t  i t  i s  v e r y  narrow. Another problem r e l a t e s  t o  t h e  na tu re  

o f  t h e  c a l d e r a  i t s e l f .  C.4. Anderson (1941) i n t e r p r e t s  t h e  ca lde ra  as a c o l -  
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F i g .  21. Sketch map and b lock diagram o f  cone sheets proposed as condu i t s  f o r  
Holocene r h y o l i t e s  and d a c i t e s  erupted i n  t h e  Ved ic ine  Lake Highland.  
Sketch map o f  t h e  upper r e g i o n  o f  t he  Highland. L.G.M. = L i t t l e  Glass Moun- 
t a i n ;  6.M. = Glass Mountain; M.L.F. = Medic ine Lake Flow; C.G.F. = Cra te r  
Glass Flow. The double broken l i n e  i s  t h e  l o c a t i o n  o f  Anderson's (1941) 
b u r i e d  ca lde ra  r i m .  S o l i d  l i n e s  are f a u l t s ;  bar  and b a l l  on downthrown s ide .  
The f a u l t  immediately eas t  o f  t he  Cra te r  Glass Flow i s  an open f i s s u r e ,  
l i m i t e d  i n  extent ,  t h a t  may have been opened above a r h y o l i t e  d i k e  t h a t  d i d  
no t  reach t h e  sur face .  ( b )  Block diagram, i l l u s t r a t i n g  a p o s s i b l e  cone sheet 
geometry developed over a r e l a t i v e l y  smal l  r h y o l i t e  body below t h e  h igh land.  
Th is  geometry cou ld  e x p l a i n  t h e  remarkable s i m i l a r i t y  o f  t eph ra  and lavas a t  
L i t t l e  Glass Mountain and Glass Mountain, l oca ted  15  km apar t .  (From Heiken, 
1978.) 

( a )  
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l a p s e  fea tu re ,  and t h a t  view has found general  acceptance. But t h e  o r i g i n a l  

w a l l s  o f  t h e  caldera,  which would have r e s u l t e d  f rom co l lapse,  a re  n o t  v i s i b l e ;  

Anderson a t t r i b u t e s  t h i s  t o  t h e  a n d e s i t i c  f l o w s  along t h e  r i m ,  which b u i l t  up 

u n t i l  t h e y  over ran  and o b l i t e r a t e d  t h e  w a l l s .  

disagreement on whether t h e  c a l d e r a  i s  a c o l l a p s e  f e a t u r e  a t  a l l .  

(1969) b e l i e v e s  it i s ,  and he and o t h e r s  (e.g., A.T. Anderson, 1976) suggest 

t h a t  i t s  c o l l a p s e  may c o r r e l a t e  w i t h  a u n i t  known as t h e  Andes i te  T u f f ,  t h e  

o n l y  ma jor  ash-f low u n i t  i n  t h e  reg ion .  

i n t e r p r e t s  t h e  e r u p t i o n  o f  t h e  Andes i te  T u f f  as a much e a r l i e r  event than t h e  

fo rmat ion  o f  t h e  ca ldera .  

There i s ,  however, cons ide rab le  

Noble 

Mertzman (1981) disagrees, and 

Donnelly-Nolan (pe rs .  comm. , 1984) , i n  r e c e n t  

mapping a t  Medicine Lake, sees no evidence o f  c o l l a p s e  f o l l o w i n g  e r u p t i o n  o f  

t h e  Andes i te  T u f f .  But even i f  t h e  c a l d e r a  formed by  subsidence f o l l o w i n g  

w i thdrawal  o f  u n d e r l y i n g  magma, t h e r e  i s  no evidence d i r e c t l y  l i n k i n g  t h e  

r e c e n t  e r u p t i o n s  o f  r h y o l i t e  and d a c i t e  magmas t o  t h a t  e a r l i e r  magma body. 

The i n t e r p r e t a t i o n  o f  t h e  f r a c t u r e s  c o n t r o l 1  i n g  t h e  a1 ignment o f  r h y o l i t e  

ven ts  on e i t h e r  s i d e  o f  t h e  c a l d e r a  i s  a l s o  open t o  d ispute ,  g i v e n  t h e  abun- 

dance o f  a c t i v e  f a u l t s  c u t t i n g  t h e  volcano. For example, Donnel ly-Nolan 

(1983) suggests t h a t  t h e  no r theas t  t r e n d  o f  f a u l t s  and f i s s u r e s  near L i t t l e  

Glass Mountain may be r e l a t e d  t o  a major r e g i o n a l  normal f a u l t .  I n  t h e  end, 

perhaps t h e  bes t  o f  t h e  arguments f a v o r i n g  a s i z e a b l e  body o f  magma as t h e  

source o f  t h e  r e c e n t  r h y o l i t e s  i s  t h a t  based on t h e  s i m i l a r i t y  o f  t h e  two 

w i d e l y  separated Glass Mountains. 

E iche lberger  (1980, 1981) takes  a d i f f e r e n t  approach i n  making a case 

f o r  a h i g h - l e v e l  magma chamber. 

o f  t h e  r h y o l i t e - d a c i t e  e r u p t i o n  o f  Glass Mountain, which he i n t e r p r e t s ,  as 

have o the rs  (e.g., C.A. Anderson, 1941; A.T. Anderson, 1976), as an example 

H i s  model i s  de r i ved  from a d e t a i l e d  s tudy  

o f  t h e  m i x i n g  o f  two magmas. E i che lbe rge r  proposes t h a t  p reced ing  t h e  Glass 
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Mountain e rup t i on ,  b a s a l t i c  magma was i n j e c t e d  i n t o  a s i l i c i c  magma chamber, 

and t h e  evidence f o r  t h i s  m i x i n g  i s  found i n  abundant b a s a l t i c  x e n o l i t h s .  

obse rva t i on  t h a t  i s  c e n t r a l  t o  E i c h e l b e r g e r ’ s  i n t e r p r e t a t i o n  i s  t h a t  t h e  

x e n o l i t h s  are v e s i c u l a r ,  d e s p i t e  t h e  v i r t u a l  l a c k  o f  v e s i c u l a r i t y  of t h e  

r h y o l i t i c  hos t  rock.  

t han  t h e  r h y o l i t i c ,  i t s  d e n s i t y  was reduced s h a r p l y  by  v e s i c u l a t i o n  as i t  

cooled and c r y s t a l l i z e d  i n  t h e  c o o l e r  hos t  magma. 

t h a t  separated from t h e  main body o f  i n t r u d i n g  magma were ab le  t o  f l o a t  upward 

t o  fo rm a l a y e r  o f  f r o t h y  b a s a l t i c  x e n o l i t h s  a t  t h e  t o p  o f  t h e  s i l i c i c  chamber. 

The cause o f  v e s i c u l a t i o n  i n  t h e  b a s a l t i c  b lebs  was e x s o l u t i o n  o f  water from 

t h e  b a s a l t i c  l i q u i d  phase when i t s  c o n c e n t r a t i o n  i n  t h a t  phase was increased 

d r a s t i c a l l y  d u r i n g  c r y s t a l l i z a t i o n ;  water cou ld  n o t  d i f f u s e  o u t  o f  t h e  basa l -  

t i c  l i q u i d ,  because t h e  r a t e  o f  c o o l i n g  o f  t h e  b lebs  was f a r  g r e a t e r  than t h e  

r a t e  o f  d i f f u s i o n  o f  water i n t o  t h e  r h y o l i t e  magma. 

The 

Al though t h e  b a s a l t i c  magma was s i g n i f i c a n t l y  denser 

Blebs o f  b a s a l t i c  magma 

The c r i t i c a l  v a r i a b l e s  i n  de te rm in ing  whether v e s i c u l a t i o n  and f l o t a t i o n  

can occur d u r i n g  m i x i n g  are water con ten t  o f  t h e  b a s a l t i c  magma, and pressure.  

Using t h e  a v a i l a b l e  da ta  on o r i g i n a l  water con ten t  o f  basa l t s ,  E i che lbe rge r  

es t imates  t h a t  t o  produce t h e  observed v e s i c u l a t i o n ,  t h e  m i x i n g  must have 

occu r red  i n  t h e  range of 7 t o  15 km depth, and p robab ly  <10 km depth.  Th is  

i n t e r p r e t a t i o n  prov ides  t h e  bes t  est imate,  on p u r e l y  g e o l o g i c a l  grounds, o f  

t h e  depth t o  a magma r e s e r v o i r  a t  Medicine Lake (a l t hough  cons ide rab le  uncer- 

t a i n t y  i s  in t roduced th rough l a c k  o f  adequate c o n s t r a i n t s  on t h e  water conten t  

o f  b a s a l t i c  magma). It i s  t h e  o n l y  i n t e r p r e t a t i o n  t h a t  i s  based upon a 

process t h a t  i s  pressure and depth dependent. 

E i che lbe rge r  goes f u r t h e r  i n  h i s  i n t e r p r e t a t i o n  t o  propose t h a t  t h e  magma 

t h e  f o l l o w i n g  evidence: (1) s i m i l a r  mixed erup- body i s  l a r g e  as w e l l ;  he c i t e s  

t i o n s  l o c a t e d  near Glass Mounta n and elsewhere near t h e  summit o f  t h e  H igh land 
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suggest t h a t  i n t r u s i o n  o f  b a s a l t  i n t o  a large,  l o n g - l i v e d  chamber i s  a con t inu -  

i n g  process; and ( 2 )  a s i m i l a r  m i x t u r e  e rup ted  f rom Mount Mazama j u s t  p r i o r  t o  

t h e  c l i m a c t i c  C ra te r  Lake e rup t i on ,  which c l e a r l y  d i d  o r i g i n a t e  from a l a r g e  

sha l l ow  magma chamber. These arguments are d i f f i c u l t  t o  assess, f o r  i n  

n e i t h e r  case does E iche lbe rge r  desc r ibe  i n  d e t a i l  t h e  e r u p t i o n s  t o  which he i s  

r e f e r r i n g  o r  i n  what respec ts  t h e y  are s i m i l a r  t o  t h e  Glass Mountain mixed 

magma e rup t ion .  The model he proposes ( F i g .  22) s t i l l  r e l i e s  h e a v i l y  on t h e  

geometry o f  t h e  c a l d e r a  i n  i t s  es t ima te  o f  t h e  dimensions o f  t h e  u n d e r l y i n g  

magma body; t h e  p i t f a l l s  o f  t h i s  approach were discussed e a r l i e r .  He a l s o  

n e g l e c t s  t h e  presence o f  t h e  aforementioned b a s a l t i c  c i n d e r  cone ( F i g .  20) 

w i t h i n  t h e  boundar ies o f  t h e  ca lde ra .  

An a l t e r n a t i v e  view concerning magma a t  Medicine Lake i s  t h a t  any s i l i c i c  

magma bodies are smal l ,  disconnected, and s h o r t  1 i v e d  (J.M. Donnelly-Nolan, 

pers.  comm., 1984). 

and geochemical evidence and w i t h  a model t h a t  E i c h e l b r g e r  (1978) proposes f o r  

areas i n  which c r u s t a l  ex tens ion  p l a y s  a major r o l e ,  as i t  may a t  Medicine 

Lake. 

remains t h e  s t r o n g  s i m i l a r i t y  between t h e  w i d e l y  separated Glass Mountain and 

L i t t l e  Glass Mountain e rup t i ons .  

Such a view i s  c o n s i s t e n t  w i t h  most o f  t h e  geo log ica l  

Poss ib l y  t h e  bes t  argument i n  f a v o r  o f  a magma body o f  s i g n i f i c a n t  s i z e  

One f u r t h e r  p o i n t  t h a t  runs  counter  t o  t h e  n o t i o n  o f  a l a rge ,  h i g h - l e v e l  

magma chamber a t  Medicine Lake i s  t h a t  made b y  Mase e t  a l .  (1982) on t h e  

b a s i s  o f  hea t - f l ow  measurements, r e f e r r e d  t o  e a r l i e r .  They suggest t h a t  l a r g e  

volumes o f  c o l d  water c i r c u l a t i n g  a t  depth w i t h i n  t h e  vo l can ic  p i l e  may have 

" s e r i o u s  i m p l i c a t i o n s  f o r  t h e  development and thermal l o n g e v i t y  o f  ' s h a l l o w '  

c r u s t a l  magma chambers. I n  'such an environment, t h e  enhancement o f  c o o l i n g  

b y  convec t i ve  over  conduct ive  heat l o s s  w i l l  have a profound e f f e c t  on t h e  

c o o l i n g  r a t e  o f  t h e  magma chamber . . . . I '  T h e i r  views c o n f l i c t ,  however, w i t h  
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Fig. 22. A north-south cross section through the center of the Medicine Lake 
Highland volcano, with major features  projected onto the prof i le .  Vertical 
exaggeration of surface topography i s  2X. S i l i c i c  magma chamber i s  shown a t  
depth discussed i n  text  and intermediate in s ize  betweeen the minimum case, a 
small body a t  intersect ion of cone sheet caldera f rac tures  (Heiken, 1978), and 
the maximum possible extent marked by position of flanking mafic vents. (From 
Eichel berger, 1981.) 



-96- 

those  o f  Smith and Shaw (1978), who s t a t e  t h a t  " c a l c u l a t e d  t imes f o r  s o l i d i f i -  

c a t i o n  o f  magma by  e i t h e r  conduct ion o r  magma convec t ion  models are a f f e c t e d  

n e g l i g i b l y  by  t h e  presence and amount o f  water i n  t h e  surroundings," and t h a t  

water "cannot ... g r e a t l y  i n f l u e n c e  t h e  i n t e r i o r  c o o l i n g  regimes t h a t  govern 

t h e  o v e r a l l  d u r a t i o n  o f  magmatic c r y s t a l  1 i z a t  i o n  . ' I  

GEOPHYSICAL EVIDENCE FOR MAGMA AND ESTIMATED MAGMA DEPTHS 

Heat Flow and Subsurface Temperatures 

Accurate es t imates  o f  temperature g r a d i e n t  and heat f l o w  have been 

d i f f i c u l t  t o  o b t a i n  i n  many p a r t s  of t h e  Cascade Range because o f  t h e  co ld -  

water, o r  "hyd rau l i c , "  masking e f f e c t  t h a t  e x i s t s  t o  depths o f  300 m. 

g e n e r a l l y ,  and p robab ly  c o r r e c t l y ,  a t t r i b u t e d  t o  t h e  h i g h  r a t e s  o f  i n f i l t r a -  

t i o n  and p e r c o l a t i o n  by  r a i n f a l l  and snowmelt (e.g., Black e t  a l . ,  1982).  

T h i s  e f f e c t  a l s o  e x p l a i n s  why t h e  Medicine Lake H igh land and t h e  Quaternary  

v o l c a n i c  f i e l d  no r theas t  o f  Mount Lassen are dep ic ted  as areas o f  zero heat 

f l o w  (Mase e t  a l . ,  1982). 

temperatures are l i k e l y  t o  be s i m i l a r  t o  those encountered by'deep ho les  i n  

o t h e r  areas o f  t h e  Cascades. 

a t  932 m was recorded i n  t h e  Newberry 2 w e l l  (Sammel, 1981, 1983). 

b a s i s  o f  t h e i r  heat  f l o w  s t u d i e s  i n  t h e  Cascades, B lackwe l l  and S tee le  (1983) 

argue t h a t  i t  i s  no t  i nconce ivab le  t o  expect temperatures o f  about 800°C and 

p a r t i a l  m e l t  a t  10 km depth. 

Th is  i s  

Below t h e  c o l d  water su r face  l a y e r  t h e  subsurface 

For example, a bottom-hole temperature o f  265°C 

On t h e  

E x p l o r a t i o n  and tempera ture-grad ien t  d r i l l i n g  i s  c u r r e n t l y  i n  progress a t  

t h e  Medicine Lake volcano by  severa l  geothermal developers.  Union Geothermal 

i s  t h e  opera to r  o f  a u n i t  agreement t h a t  i nc ludes  Union, Occ identa l ,  and 

P h i l l i p s .  Repub l ic  Geothermal and C a l i f o r n i a  Energy are a l s o  a c t i v e  i n  t h e  

area. To date, severa l  w e l l s  have been completed, two t o  a t  l e a s t  4000 ft. 
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Approx imate ly  another  40 w e l l s  have been pe rm i t ted  o r  a re  i n  t h e  process o f  

be ing  d r i l l e d .  According t o  a BLM verba l  

communication, a l l  o f  t h e  w e l l s  are l oca ted  w i t h i n  a 3 -mi le  r a d i u s  o f  Medic ine 

Lake and w i t h i n  t h e  boundary o f  t h e  ca ldera .  Exact h o l e  l oca t i ons ,  depths, 

and temperature da ta  have no t  been made p u b l i c .  

One has a planned depth o f  8000 ft. 

G r a v i t y  

The Bouguer g r a v i t y  map o f  t h e  A l t u r a s  sheet (Chapman and Bishop, 1968) 

shows a p o s i t i v e  anomaly associated w i t h ' t h e  Medic ine Lake volcano. 

h i g h  occurs w i t h i n  a l a r g e  (60-mi le  d iameter) ,  rough ly  c i r c u l a r  g r a v i t y  low 

caused i n  p a r t  by low-dens i ty  vo l can ic  rocks  (LaFehr, 1965). 

be p a r t i a l l y  r e l a t e d  t o  subsidence ( B l a k e l y  e t  a l . ,  1983). 

Medic ine Lake g r a v i t y  h igh  f rom t h e  r e g i o n a l  f i e l d  and t h e  f i e l d  f rom a nearby 

i n t e r f e r i n g  g r a v i t y  high, F inn  and Wi l l iams (1982) i n t e r p r e t e d  t h e  27-mGal 

The g r a v i t y  

The low may a l so  

A f te r  separa t ing  t h e  

Medic ine Lake r e s i d u a l  anomaly as a dense zone c o n s i s t i n g  o f  ma f i c  p lu tons  and 

d i kes  extending f r o m  1.5 t o  4.0 km below t h e  ca ldera .  The rough ly  c y l i n d r i c a l  

anomaly has a d iameter  o f  9 km a t  i t s  top, expanding t o  a 20-by-36-km e l l i p s e  

a t  i t s  base. There i s  no evidence i n  the  g r a v i t y  da ta  t o  suspect a low- 

d e n s i t y  s i l i c i c  chamber below t h e  ca ldera.  

smal l  f e l s i c  chamber a t  a depth o f  6 t o  10  km would be <2 mGal, and thus  i t  

The maximum g r a v i t y  low f rom a 

would be obscured by . t he  l a r g e r  shal  low e f f e c t s .  

Aeromagnetic S tud ies  

Al though i n t e r p r e t a t i o n  and analysi's o f  t h e  aeromagnetic da ta  are not  

complete, B l a k e l y  e t  a l .  (1983) r e p o r t  t h a t  t h e  Med ic ine  Lake vo lcano occurs 

i n  an area o f  a broad magnetic low. 

o f  t h e  Cur ie -po in t  depth.  

Th is  they  f e e l  may i n d i c a t e  a sha l low ing  

Connard e t  a l .  (1983) found Cur ie -po in t  depths as 

sha l low as 9 km beneath p a r t s  of t he  c e n t r a l  Oreqon Cascades, between C r a t e r  
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Lake and Three S i s t e r s .  

Medic ine Lake ca lde ra  area, i t  i s  mentioned because t h e  Cur ie -po in t  depth 

i m p l i e s  temperature g rad ien ts  o f  >60°C/km and heat f l o w  >lo0 mW/m*. 

va lues  are c o n s i s t e n t  w i t h  g r a d i e n t  and heat f l o w  i n  t h e  C a l i f o r n i a  Cascades 

(Mase e t  a l . ,  1982) and i n  va r ious  w e l l s  around Mount Hood, Oregon ( P r i e s t  and 

Vogt, 1983). 

Whi le t h a t  s tudy  has l i t t l e  d i r e c t  bear ing  on t h e  

These 

Seismologica l  I n v e s t i g a t i o n s  

Catchings e t  a l :  (1983) r e p o r t e d  on a se ismic r e f r a c t i o n  exper iment 

t h e y  conducted t o  i n v e s t i g a t e  t h e  deep s t r u c t u r e  beneath and adjacent  t o  t h e  

Medic ine Lake volcano. The shape o f  t h e  con ica l ,  h i g h - v e l o c i t y  body 

( 6 . 1  km/s) i s  c o n s i s t e n t  w i t h  t h e  g r a v i t y  i n t e r p r e t a t i o n .  

D i f f e rences  i n  c r u s t a l  s t r u c t u r e  around t h e  ca lde ra  are a t t r i b u t e d  t o  

v a r i a t i o n s  i n  f l o w  th icknesses  due t o  f a u l t  o f f s e t s  o f  up t o  5 km. 

nent  r e f l e c t o r  was observed a t  21  km depth beneath and southeast o f  t h e  

volcano. 

p o s i t i v e  o r  a nega t i ve  impedance c o n t r a s t .  

l o c a l  doming o f  t h e  mant le.  

A promi-  

I t cou ld  n o t  be determined whether t h e  r e f l e c t o r  was caused by a 

The former cou ld  be i n t e r p r e t e d  as 

The l a t t e r  m i g h t ' i m p l y  a magma chamber. 

Ampl i tude a t t e n u a t i o n  p a t t e r n s  suggest t h a t  t h e r e  may be p a r t i a l  m e l t  

below t h e  volcano from t h e  near surface down t o  t h e  21-km depth r e f l e c t o r .  

E l e c t r i c a l  and Elect romagnet ic  

Regional  Surveys 

Stan ley  (1982, 1984) r e p o r t e d  on t h e  r e s u l t s  o f  10 r e g i o n a l  magnetotel-  

l u r i c  (MT) p r o f i l e s  conducted a t  w i d e l y  spaced s t a t i o n s  along east-west l i n e s  

across t h e  C a l i f o r n i a ,  Oregon, and Washington Cascades. L ine  number 1 passed 

th rough t h e  Medic ine Lake Highland.  

l oca ted  near Fourmi le  H i l l ,  10 km n o r t h  o f  Medicine Lake and on pre-ca ldera  

On t h a t  l i n e ,  MT sounding s t a t i o n  1-3 was 
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o l  i v i n e  andes i te  (And-rson, 1941). 

o f  t h e  two apparent r e s i s t i v i t y  curves r o t a t e d  t o  t h e  p r i n c i p a l  d i r e c t i o n s  

(Tab le  2) gave no i n d i c a t i o n  o f  a conductor t h a t  one m igh t  assoc ia te  w i t h  a 

p a r t i a l  m e l t  w i t h i n  10 km o f  t h e  sur face.  The l o w - r e s i s t i v i t y  second l a y e r  i s  

p robab ly  T e r t i a r y  vo lcan ics .  

A one-dimensional i n v e r s i o n  of an average 

Table 2. MT r e s i s t i v i t y  l aye r ing ,  Medicine Lake ( S t a t i o n  1-3) ( a f t e r  Stanley,  
1982). 

Layer R e s i s t i v i t y  
(ohmam) 

Depth t o  l a y e r  bottom 
(km) 

>loo 
7.1 

216. 
7.4 

.3 
1.7 
17.5 

i n f i n i t e  

Table 3. TDEM r e s i s t i v i t y  l aye r ing ,  Medic ine Lake ( S t a t i o n  8) ( a f t e r  Anderson 
e t  a l . ,  1983). 

Layer R e s i s t i v i t y  
(0 hm . m) 

Depth t o  l a y e r  bottom 
(km) 

1 1630 
2 42 
3 15 
4 17 

0.6 
0.8 
0.9 

undetermined 

Zohdy and B i s d o r f  (1982) conducted 50 Schlumberger soundings i n  t h e  

Medic ine Lake area as p a r t  o f  t h e  USGS geothermal research  program. One o f  

t h e i r  s t a t i o n s  ( s t a t i o n  37) was c l o s e  t o  S tan ley ' s  (1982) MT s t a t i o n  1-3. 

MT and dc r e s i s t i v i t y  compare reasonably  we l l ,  a l though t h e  dc r e s i s t i v i t y  

soundings have much l e s s  depth o f  i n v e s t i g a t i o n .  As p a r t  o f  t h e  same USGS 

program, Anderson e t  a l .  (1983) conducted time-domain EM soundings us ing  bo th  
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s i n g l e  and c e n t r a l  loop c o n f i g u r a t i o n s  w i t h  a S IROTEM MKII i ns t rument .  

Table 3 shows t h e  r e s u l t  o f  a one-dimensional da ta  i n v e r s i o n  a t  a s t a t i o n  

c l o s e  t o  S t a n l e y ' s  MT s t a t i o n  1-3. The major  p o i n t  o f  d i f f e r e n c e  i s  t h a t  

TDEM seems t o  revea l  a t h i c k e r  f i r s t  l a y e r .  

So t h a t  we cou ld  examine t h e  r e s u l t s  o f  t h e  dc r e s i s t i v i t y  and TDEM 

i n v e r s i o n s  i n  c ross  sec t ion ,  we p l o t t e d  t h e  r e s u l t s  f o r  several  soundings i n  a 

N85"E al ignment passing th rough Med ic ine  Lake ( F i g .  23). 

t h e  l i n e  i s  a t  a p o i n t  sou th  o f  Glass Mountain. The two techniques show 

v a r i o u s  d i f f e r e n c e s  i n  l a y e r  th icknesses  and l a y e r  r e s i s t i v i t i e s  t h a t  w i l l  

no t  be discussed i n  t h i s  r e p o r t .  The major  s i m i l a r i t i e s  are a r e s i s t i v e  

first layer, grading down to a conductive second layer at a depth of around 

500 m. N o t i c e  t h a t  t h e  conductor i s  bes t  reso lved  c l o s e  t o  Med ic ine  Lake, bu t  

t h e  r e g i o n  immediately below t h e  l a k e  appears t o  be r e s i s t i v e .  The conduct ive  

second l a y e r  does n o t  extend below 1 km depth anywhere except a t  Schlumberger 

sounding 2. 

w i t h  zones o f  f r a c t u r e d  rock and p o s s i b l e  hydrothermal c i r c u l a t i o n  f l a n k i n g  

t h e  p lug .  The r e s i s t i v i t y  c ross  s e c t i o n  seems'consistent w i t h  t h e  g r a v i t y  

i n t e r p r e t a t i o n  g i v e n  by F i n n  and Wi l l i ams  (1982) and w i t h  t h e  seismic r e f r a c -  

t i o n  i n t e r p r e t a t i o n  o f  Catchings e t  a l .  (1983).  

The eas te rn  end o f  

From t h e  f i g u r e  one cou ld  i n f e r  a r e s i s t i v e  p l u g  beneath t h e  lake, 



- 
677 

- 
I50 

t f 
9 Schlumberger DC resistivity sounding (projected to section) Horizontal scale 
L9 Loop location for SIROTEM TDEM sounding (projected tosection) 0 1 2 3 km 

--- Boundary of resistive first-layer over conductive second - layer rocks 

...... Boundary based on TDEM soundings 
based on DC resistivity soundings 

XBL 040- 98% 

I + 
0 + 
I 

F i g .  23. 
and t ime  domain EM soundings ( va lues  i n  ohmam). 

R e s i s t i v i t y  c ross  s e c t i o n  through Medicine Lake based on dc r e s i s t i v i t y  
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