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GEOLOGY OF THE GEYSERS-CLEAR LAKE 

GEOTHERMAL REGIME,  NORTHERN CALIFORNIA 

F r a s e r  Goff 

ABSTRACT 

The Geysers-Clear  Lake r eg ion  c o n t a i n s  two large geo- 
the rma l  p rov inces :  a vapor-dominated province  i n  The Geysers 
area and a ho t  water-dominated p rov ince  t o  t h e  east. The h e a t  
s o u r c e  supp ly ing  t h e  geothermal  sys tems is  p r e s e n t  o r  former 
s i l i c i c  magma r e s e r v o i r s  i n  t h e  sha l low c r u s t  t h a t  a l s o  sourced  
t h e  Clear Lake Volcanics  o f  most ly  Q u a t e r n a r y  age. Geothermal 
r e s e r v o i r s  o f  s e v e r a l  k i n d s  are con ta ined  w i t h i n  a basement o f  
f r a c t u r e d  Mesozoic mar ine  sed iments  and a s s o c i a t e d  rocks  o f  
t h e  F ranc i scan  assemblage and Great Val ley  sequence. The base- 
ment r o c k s  are s t r u c t u r a l l y  complex because o f  e a r l y  T e r t i a r y  
t h r u s t i n g  r e s u l t i n g  from subduc t ion ,  and l a t e  T e r t i a r y  h igh-  
a n g l e  f a u l t i n g  caused by movement a l o n g  the  San Andreas tram- 
form zone. Geophysical  i n v e s t i g a t i o n s  s u p p o r t  t h e  concept  o f  
a p r e s e n t  magma r e s e r v o i r ( s )  and d e f i n e  t h e  a c t i v e  t e c t o n i c s  
w i t h i n  t h e  reg ion .  Geochemical s t u d i e s  o f  thermal waters sub- 
d i v i d e  t h e  two geothermal  p rov inces  and h e l p  u n r a v e l  some o f  
t h e  s u b s u r f a c e  basement geology. Assoc ia ted  i n v e s t i g a t i o n s  
p e r t a i n i n g  t o  l o c a l  and r e g i o n a l  geology are d i scussed ,  and 
unreso lved  problems concern ing  t h e  geothermal  sys tems are 
l i s t e d  a t  t h e  end o f  t h i s  review. 

I. I N T R O D U C T I O N  

The Geysers-Clear Lake r e g i o n  o f  C a l i f o r n i a ,  150 km n o r t h  of San Fran- 

c i s c o ,  (Fig.  2 )  is now t h e  largest  commercial ly  e x p l o i t e d  geothermal  regime i n  

t h e  world. Approximately 800 MWe are  now gene ra t ed  from The Geysers  vapor- 

dominated system and 2000 MWe are expec ted  i n  t h e  f u t u r e .  Unexploi ted ho t  

water-dominated geothermal  r e s e r v o i r s  of unknown t empera tu re  and volume l i e  

east ,  n o r t h ,  and s o u t h  of The Geysers.  The Clear Lake Volcanics  o v e r l i e  a t  
least  100 km2 o f  r e l a t i v e l y  impermeable Mesozoic basement t h a t  may be ex- 

p l o i t a b l e  by h o t  d ry  rock  geothermal  techniques .  The Clear Lake r e g i o n  is 
renowned f o r  t he  v a r i e t y  o f  n a t u r a l  waters t h a t  have brought  t o u r i s t s  t o  l o c a l  

s p a s  and r e s o r t s  f o r  ove r  100 years .  
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Fig. 2. 
Loca t ion  map of The Geysers  geothermal  a r e a  and l a t e  T e r t i a r y  and Q u a t e r n a r y  
v o l c a n i c  r o c k s ;  McLaughlin and S t a n l e y  ( 1976 1. The V p a t t e r n  i n d i c a t e s  l oca -  
t i o n  of  Clear Lake Volcan ic s ;  l i n e  p a t t e r n ,  Sonoma Volcanics .  White areas are 
predominant ly  Mesozoic basement rocks.  

A l l  ev idence  i n d i c a t e s  t h a t  t h e  heat sou rce  c r e a t i n g  t h e  geothermal  sys tem i s  

p a s t  o r  p r e s e n t  s i l i c i c  magma r e s e r v o i r s  t h a t  have e r u p t e d  i n  t h e  P l i o -  

P l e i s t o c e n e  C lea r  Lake Volcanics .  The d i s t r i b u t i o n  of v o l c a n i c  r o c k s  c o r r e -  

l a tes  w i t h  a l a r g e  r e g i o n a l  n e g a t i v e  g r a v i t y  anomaly, s u g g e s t i n g  low-densi ty  

material i n  t h e  sha l low c r u s t .  Hot s p r i n g s ,  fumaro le s ,  and young mercury 

d e p o s i t s  abound throughout  t h e  reg ion .  Approximately 10 deep  e x p l o r a t i o n  
wells d r i l l e d  through t h e  Clear Lake Volcanics  have r e v e a l e d  t empera tu res  of 

roughly  2OO0C a t  d e p t h s  as sha l low as 2000 m. The t empera tu re  of The Geysers  

vapor-dominated r e s e r v o i r  i s  abou t  2 4 O O C  t o  a dep th  o f  n e a r l y  4000 m. 
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Rese rvo i r  r o c k s  f o r  thermal f l u i d s  o f  a l l  t y p e s  are f r a c t u r e d  graywackes 

and o t h e r  mar ine  r o c k s  o f  t he  F ranc i scan  assemblage and t h e  Great Va l l ey  

sequence. These two major geo log ic  u n i t s  make up t h e  bulk  o f  t h e  C a l i f o r n i a  

Coast Ranges and p rov ide  a s t r u c t u r a l l y  complex basement geology because  of 

t h e  combined effects of ear ly  T e r t i a r y  subduc t ion  and l a t e  T e r t i a r y  San 

And re as - s t y 1 e f a u l  ti ng . 

6d 

The o b j e c t  o f  t h i s  review i s . t o  p rov ide  an  overview o f  The Geysers-Clear 

Lake thermal regime and t o  d i s c u s s  s a l i e n t  a s p e c t s  of geology w i t h i n  this 

reg ion .  Brief mention w i l l  be made o f  g e o p h y s i c a l  and hydrogeo log ica l  data 

s p e c i f i c a l l y  r e l e v a n t  t o  t h e  geothermal  r e sources .  The rev iew summarizes 

research pub l i shed  through 1980, c o n t r i b u t e d  mainly by t h e  US Geo log ica l  Survey 

(USGS) geothermal  program, p a r t i c u l a r i l y  by R. J. McLaughlin, B. Carter Hearn, 

Jr., and v a r i o u s  o t h e r  co-workers on the  IJSGS p r o j e c t .  

A u s e f u l  paper  s t r e s s i n g  geo log ic  and envi ronmenta l  r e s t r i c t i o n s  t o  geo- 

thermal development is by Crow (1979).  A comprehensive USGS p r o f e s s i o n a l  paper  

e d i t e d  by J. M. Donnelly and R. J. McLaughlin w i l l  be pub l i shed  i n  1981 con- 

c e r n i n g  a v a r i e t y  o f  s u b j e c t s  i n  The Geysers-Clear  Lake reg ion .  Researchers 

a t  t h e  Los Alamos S c i e n t i f i c  Labora tory ,  New Mexico, are about  t o  embark OH an 

assessment  o f  t h e  Clear Lake r e g i o n  f o r  ho t  d r y  rock  geothermal  p o t e n t i a l .  

Ac t ive  geothermal  e x p l o r a t i o n  programs are be ing  conducted by a t  l ea s t  10 

p r i v a t e  companies. 

11. GEOLOGY 

The rocks of The Geysers-Clear Lake region consist of structurally com- 

p l e x  mar ine  sed iments  and o p h i o l i t e  of t h e  F ranc i scan  assemblage and Great 
Val ley  sequence ,  o v e r l a i n  and i n t r u d e d  by t h e  Clear Lake Vo lcan ic s ,  which 

comprise  a young s i l i c i c  v o l c a n i c  f i e l d .  A r e l a t i v e l y  large s t r u c t u r a l  b a s i n  

east of Clear Lake h o l d s  most of t h e  Cache Formation,  a Late T e r t i a r y  f l u v i a l  

t o  l a c u s t r i n e  u n i t .  Clear Lake i tself  l i e s  i n  a c u r r e n t l y  evo lv ing  s t r u c t u r a l  

b a s i n  t h a t  has been accumula t ing  sed iments  for  t h e  las t  135 000 y e a r s  or more. 

F ranc i scan  and c o e v a l  Great Valley rocks ( J u r a s s i c  t o  Eocene) were 

brought  i n t o  c o n t a c t  by t h e  u n d u l a t i n g ,  r e g i o n a l  Coast Range t h r u s t .  T h i s  

t h r u s t  zone r e p r e s e n t s  p a r t  o f  t h e  trace o f  an  eastward-dipping e a r l y  Tertiary 

subduc t ion  zone a long  which t h e  e a s t e r n  Great Val ley  sequence h a s  been p i l e d  

upon t h e  wes te rn  F ranc i scan  assemblage. The s t r u c t u r a l  c o n f i g u r a t i o n  due t o  
@ 
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subduct ion  was modif ied i n  t h e  l a t e  T e r t i a r y  by a s u b p a r a l l e l  s e t  of 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 s  r e l a t e d  t o  t h e  San Andreas f a u l t  system (Fig.  3). 

The Clear Lake Vo lcan ic s ,  which are most ly  less  than  1 Myr i n  age, document 

c o n s i d e r a b l e  o f f s e t  by two o f  t h e s e  s t r i k e - s l i p  zones. 

Regional  topography,  cons i s tLng  p r i m a r i l y  o f  no r thwes t - t r end ing  v a l l e y s  

and r i d g e s ,  is c o n t r o l l e d  by s t r i k e - s l i p  f a u l t i n g .  The major excep t ion  t o  

t h i s  r u l e  is  t h e  h igh land  occupied by t h e  Clear Lake Volcanics ,  which d i s p l a y s  

many domes and small bas ins .  

Mesozoic - Basement Complex: Li thologx.  The F ranc i scan  assemblage (Fig.  4 1 

is an eugeosync l ina l  accumula t ion  o f  graywacke, s h a l e ,  c h e r t ,  and b a s a l t  (now 

g r e e n s t o n e )  w i t h  s u b o r d i n a t e  amounts o f  conglomerate  and l imes tone  ( B a i l e y  e t  

a l . ,  1964 ;  1970; McLaughlin, 1977). F ranc i scan  rocks  are metamorphosed mainly 

Fig.  3. 
Map showing major  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  zones  o f  t h e  San Andreas 
sys tem i n  r e l a t i o n  t o  The Geysers ,  t h e  Clear Lake Volcanic  f i e l d ,  and t h e  
Cache Formation. Dashed l i n e  o u t l i n e s  t h e  Geysers  steam f i e l d .  
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Fig. 4. - 

0 Genera l i zed  g e o l o g i c  map of The Geysers  steam f i e l d  and v i c i n i t y ;  McLaughlin 
(1977). 
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t o  z e o l i t e  facies,  b u t  b l u e s c h i s t  facies r o c k s  are  not  uncommon. The h igher  

degrees of metamorphism presumably occur red  d u r i n g  subduc t ion  e p i s o d e s  i n  t h e  

Cre taceous  and e a r l y  Tert iary p e r i o d s  (Hsu, 1968). I n  g e n e r a l ,  degree o f  meta- 

morphism i n c r e a s e s  wi th  p rox imi ty  t o  t h e  Coast  Range t h r u s t  ( B a i l e y  e t  a l . ,  

1970). S e r p e n t i n i t e s  (metamorphosed p e r i d o t i t e  and d u n i t e )  are i n t e r p r e t e d  t o  

come from t h e  bottom o f  t h e  o v e r l y i n g  Great Val ley  sequence,  and are t h r u s t  

ove r  and i n t o  t he  F ranc i scan  assemblage (McLaughlin and S t a n l e y ,  1976). A 

c u r i o u s  u n i t  of metamorphosed s e r p e n t i n i t e  ( a n t i g o r i t e - t a l c - a c t i n o l i t e  s c h i s t )  

h a s  been t h r u s t  i n t o  t h e  F ranc i scan  w i t h i n  The Geysers area and l o c a l l y  forms 

an  impermeable cap rock f o r  steam (McLaughlin, 1977). 

The F ranc i scan  is  characterized by i n t e r n a l  u n i t s  w i t h  c h a o t i c  and /o r  

d i s c o n t i n u o u s  s t r u c t u r e s .  These may be hectares t o  many k i l o m e t e r s  i n  dimen- 

s ion .  Such c h a o t i c  b u t  mappable u n i t s  are b e s t  grouped a s  melange, i n  which 

competerlt blocks o f  graywacke, g r e e n s t o n e ,  b l u e s c h i s t ,  and e c l o g i t e  s i t  random- 

l y  i n  a f r iab le  m a t r i x  o f  sheared broken graywacke (Hsu, 1968; Bai ley  e t  a l . ,  
1964; 1970; Fox, 1976; McLaughlin, 1977).  

The Great Val ley sequence i s  a miogeosyncl ina l  accumula t ion  t h a t  c o n s i s t s  

of f l y s c h - l i k e  u n i t s  o f  graywacke ,' sha le ,  and conglomerate  o v e r l y i n g  a 3.i.m' 

o p h i o l i t e  complex (Swe and Dickinson,  1970; McLaughlin and S t a n l e y ,  1976). 

The o p h i o l i t e ,  which r e p r e s e n t s  a n c i e n t  ocean ic  c r u s t ,  is ext remely  v a r i a b l e  

i n  t h i c k n e s s  and c o n s i s t s  mos t ly  of s e r p e n t i n i t e .  However, w i t h i n  t h e  Clear 

Lake r e g i o n ,  exposures  of o p h i o l i t e  may c o n t a i n  gabbro ,  diabase d i k e s  and 

breccias,  p i l low-basa l t , ,  aqd chert .  Great Val ley r o c k s  are metamorphosed o n l y  

t o  z e o l i t e  facies  because  they  occupied t h e  upper p l a t e  o f  t he  Coast  Range 

t h r u s t  d u r i n g  subduct ion .  

S t r u c t u r a l  R e l a t i o n  between F ranc i scan  and Great Val ley Rocks. Plate- 

t e c t o n i c  and subduc t ion  zone t h e o r i e s  have g r e a t l y  a i d e d  i n  i n t e r p r e t a t i o n  and 

mapping o f  t h e  complex geology i n  t h e  Coast  Ranges o f  C a l i f o r n i a .  The deformed 

o p h i o l i t e  shee t ,  which forms t h e  base o f  t h e  upper p l a t e  of t h e  Coast  Range 

t h r u s t ,  r e p r e s e n t s  J u r a s s i c  ocean ic  c r u s t  t h a t  may have formed t h e  f l o o r  of a n  

a r c - t r e n c h  gap. T h i s  gap was f i l l e d  w i t h  s t r a t a  o f  t h e  Great Val ley sequence 

from s o u r c e s  t o  t h e  east (Dickinson ,  1970). West o f  Great Va l l ey  sedimenta-  

t i o n ,  t h e  F ranc i scan  assemblage, i n c l u d i n g  ocean ic  basalts from a s p r e a d i n g  

r idge  far t o  t he  west p l u s  some t e r r i g e n o u s  and p e l a g i c  sed imen t s ,  accumulated 

i n  an eas tward-d ipping  subduc t ion  zone and a s s o c i a t e d  t r e n c h  (Hsu, 1968 >. 
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Subduct ion o f  these Franc i scan  r o c k s  caused them t o  be s h i n g l e d  i n t o  an  

eas tward-d ipping  series o f  i m b r i c a t e  t h r u s t  slabs benea th  t h e  ocean ic  c rus t  and 

o v e r l y i n g  sed imentary  r o c k s  o f  t h e  Great Va l l ey  sequence. The r e s u l t  i s  t h a t  

p r e v i o u s l y  subducted  ( o l d e r )  F ranc i scan  u n i t s  accrete t o  t h e  hanging wall of  

t h e  subduc t ion  zone and are thrus t ,  over  younger F ranc i scan  u n i t s  t-,n t h e  west. 

63 

T h i s  r e l a t i v e l y  s imple  model has many l o c a l  anomalies .  In  p l a c e s ,  Great 

Va l l ey  r o c k s  are t h r u s t  i n t o  and benea th  o p h i o l i t e  and F rznc i scan  rocks  

(Wagner, 1977; Suppe, 1977, 1979). Suppe (1979) has sugges ted  t h a t  a somewhat 

younger pos t - subduct ion  t h r u s t i n g  even t  is  r e s p o n s i b l e  f o r  much of  t h e  east- 
west c r u s t a l  s h o r t e n i n g  s e e n  i n  t h e  Coast  Ranges. Rega rd le s s  o f  i n t e r p r e t a -  

t i o n ,  F ranc i scan  r o c k s  are g e n e r a l l y  much more deformed and metamorphosed than  

Great Val ley  rocks.  Because o f  l i t h o l o g i c  s imi l a r i t i e s ,  fo rmer ly  unrecognized 

exposures  o f  Great Va l l ey  sequence con t inue  t o  be found as  i s o l a t e d  k l i p p e  

(Berk land ,  1973) and as f a u l t e d  s l a b s  (Suppe, 1977) w i t h i n  areas o f  F ranc i scan  

rocks.  

During t h e  l a s t  few m i l l i o n  y e a r s ,  changes i n  t h e  r e l a t i v e  motions 

between t h e  North American and Pac i f ic  p l a t e s  due t o  passa,pe o f  t h e  Mendicino 

t r i p l e  j u n c t i o n ,  t e rmina ted  subduc t ion  and i n i t i a t e d  s t r i k e - s l i p  motion i n  t h e  

Clear Lake r eg ion  (McLaughlin, 1977; Dickinson and Snyder ,  1979). Many o l d e r  

t h r u s t  f a u l t s  were r e a c t i v i a t e d  as  s t r ’ i k e - s l i p  f a u l t s ,  p roducing  complex rela- 

t i o n s h i p s .  Such r e a c t i v a t i o n  is  p a r t i c u l a r l y  obvious  a l o n g  t h e  Collayomi f a u l t  

zone ,  which i-s not on ly  a major  r ight- la teral  f a u l t  b u t  a l s o  a major  exposure  

o f  t h e  Coast  Range t h r u s t .  

Age R e l a t i o n s .  Age d e t e r m i n a t i o n s  i n  b o t h  F r a n c i s c a n  and G r e a t  Va l l ey  

rocks  have been d i f f i c u l t  t o  o b t a i n  due t o  a p a u c i t y  of f o s s i l s .  Within t h e  

F ranc i scan ,  t h i s  d i f f i c u l t y  is  enhanced by i m b r i c a t e  t h r u s t s  t h a t  p l a c e  o l d e r  

u n i t s  s t r u c t u r a l l y  above younger wits. S e v e r a l  r e c e n t  r a d i o l a r i a n  ages deter-  

mined by E. A. Passagno i n  The Geysers  area p l a c e  t h e  age o f  s t r u c t u r a l l y  h i g h  

F ranc i scan  units a t  l a t e  J u r a s s i c  t o  e a r l y  Cre taceous  (McLaughlin and S t a n l e y ,  

1976). S t r u c t u r a l l y  lower F ranc i scan  u n i t s  t o  t h e  west are known t o  be as  

young as Eocene (Blake and Jones ,  1974). 

R a d i o l a r i a n  ages from cherts  bo th  above and below t h e  Coas t  Range t h r u s t  

s o u t h  of Boggs Mountain ( i n  Great Val ley  and F ranc i scan  r o c k s ,  r e s p e c t i v e l y ,  

Fig. 4 )  prove  t h a t  t h e  lower Great Va l l ey  sequence (Knoxv i l l e  Formation)  o f  

J u r a s s i c  age is o l d e r  t h a n  a s l i c e  of F ranc i scan  assemblage t h r u s t  immediately 

benea th  it (McLaughlin and Pesagno, 1978). 
@ 
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Cache Formation: An i r regular  s t r u c t u r a l  b a s i n  east o f  Clear Lake 

is f i l l e d  w i t h  predominate ly  f l u v i a l  d e p o s i t s  of s i l t ,  sand ,  and g r a v e l  o f  t h e  

Cache Formation (Fig.  3).  The Cache is  composed most ly  o f  d e b r i s  shed from 

su r round ing  F ranc i scan  and Great Val ley  rocks.  S t r a t i g r a p h i c  t h i c k n e s s  

a c c o r d i n g  t o  Brice (1953) exceeds  1600 m. Rare o u t c r o p s  o f  b a s a l t i c  l a v a s  o f  

t h e  Clear Lake Volcanics  ( age  abou t  1.3-1.9 Myr) occur  w i t h i n  t h e  Cache For- 

mat ion a long  t h e  Wilson Va l l ey  f a u l t  zone (Fig.  3 )  a t  r e l a t i v e l y  h igh  strati-  

graphi.c l e v e l s ,  s u g g e s t i n g  t h a t  most of  t h e  Cache is P l i o - P l i e s t o c e n e  i n  age 

(Rymer , 1978 ; Donnelly , 1977). 

Exposures of Cache Formation nea r  Clear Lake are i n t i m a t e l y  in t e rbedded  

wi th  and de r ived  from t h e  Clear Lake Volcanics .  L i t h o l o g i c a l l y ,  t h e s e  o u t c r o p s  

c o n t a i n  more l a c u s t r i n e  d e p o s i t s ,  v o l c a n i c l a s t i c  sands  and si l ts ,  and d i a t o -  

mites, and have an  age range  from abou t  1.6 t o  <0.05 Myr (Rymer, 1978; Donnelly 

e t  a l . ,  1977). Because o f  t h e s e  d i s t i n c t  v a r i a t i o n s  Rymer (1978) h a s  sub- 

d iv ided  t h e  Cache Formation i n t o  t h r e e  members. 
Clear Lake - Volcanics :  I- Li tho logy ,  Volume, Eruptive-Style.  The 

Clear Lake Volcanics  are  a predominate ly  s i l i c i c  v o l c a n i c  f i e l d  c o n s i s t i n g  o f  

b a s a l t i c  th rough r h y o l i t i c  r o c k s  ‘ t h a t  e rup ted  as domes, f l ows ,  and minor 

p y r o c l a s t i c s  (F ig .  5).  The e r u p t i v e  sequence is s t r u c t u r a l l y  and chrono- 

l o g i c a l l y  complex a l t h o u g h ,  i n  g e n e r a l ,  t h e  age o f  vo lcanism d e c r e a s e s  

northward and t h e  volume o f  s i l i c i c  rocks  h a s  i n c r e a s e d  w i t h  you th  o f  t h e  

f i e l d  (Anderson, 1936; Brice, 1953; Hearn e t  a l . ,  1976a and b ;  i n  p r e s s ) .  

V o l u m e t r i c a l l y ,  d a c i t e  and r h y o l i t e  comprise  roughly  50 km’ whereas  

b a s a l t  and a n d e s i t e  c o n s t i t u t e  a n o t h e r  35 km2 (Donnel ly ,  1977). Approxi- 

mate ly  h a l f  t h e  volume of t h e  Clear Lake Volcanics  r e s i d e s  i n  t h e  composi te  

dome o f  M t .  Konoct i ,  which is  b u i l t  mos t ly  o f  d a c i t e  less than  0.4 Myr o ld .  

Most Clear Lake b a s a l t s  are r e a l l y  b a s a l  t i c  a n d e s i t e s  having  phenoc rys t s  

o f  o l i v i n e  and r e so rbed  q u a r t z  g r a i n s  of c o n t r o v e r s i a l  o r i g i n .  Andes i t e s  

g e n e r a l l y  c o n t a i n  phenoc rys t s  of p l a g i o c l a s e ,  o r tho -  and c l inopyroxene .  Da- 

c i t e s ,  which occur as h i g h l y  p o r p h y r i t i c  and s p a r s e l y  p o r p h y r i t i c  t y p e s ,  

g e n e r a l l y  p o s s e s s  phenoc rys t s  o f  p l a g i o c l a s e ,  o r tho -  and c l inopyroxene ,  horn- 

b l ende ,  b i o t i t e ,  and qua r t z .  Large s a n i d i n e  megacrys ts  are found i n  most 

h i g h l y  p o r p h y r i t i c  types .  C r y s t a l - r i c h  r h y o l i t e s  c a r r y  b i o t i t e  phenoc rys t s  
and occur  as domes, w h i l e  c r y s t a l - p o o r  r h y o l i t e s  c a r r y  p l a g i o c l a s e  and o r tho -  

pyroxene phenoc rys t s  and ou tc rop  as e x t e n s i v e  flows. 
@ 
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Fig. 5. 
Genera l ized  geo log ic  map of Clear Lake v o l c a n i c  f i e l d ,  showing K / A r  ages  and 
magnet ic  p o l a r i t i e s .  Lake and a l l u v i a l  d e p o s i t s  are shown only  nea r  Clear 
Lake. Order of vo lcan ic  u n i t s  i n  e x p l a n a t i o n  is no t  sequence o f  e rup t ion .  
Lateral e x t e n t  of c i n d e r  cones shown where a s s o c i a t e d  wi th  flows. Con tac t s  
shown w i t h i n  a s i n g l e  rock  t y p e  are between f lows  o f  d i f f e r e n t  age  and/or  
magnet ic  p o l a r i t y .  F a u l t s  dashed where i n f e r r e d ,  d o t t e d  where concealed.  
Geology i n  p a r t  modifed from Brice (19531, Lake County Flood c o n t r o l  and Water 
Conserva t ion  District  (19671, and Sims and Rymer (1976).  Abbrevia t ions  o f  
geographic  names (+ denotes  l o c a t i o n ) :  B = Boggs Mountain, C = Cobb Mountain, 
H Mount Hannah, K = Mount Konoct i ,  S = S e i g l e r  Mountain, BP = Buckingham 
Peak, KB = Konocti  Bay, CP = Caldwell  P ines ,  CV = Cobb Va l l ey ,  SB = Sulphur 
Bank, BL = Borax l a k e ,  LB = Li t t l e  Borax Lake, TL Thurston Lake, CH = 
C l e a r l a k e  Highlands,  KV = K e l s e y v i l l e ,  LL = Lower Lake, LP = Lakeport ,  M = 
Middletown; Hearn e t  a l . ,  1976. 
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One c r y s t a l - p o o r  r h y o l i t e  h a s  e rup ted  as a n  e x t e n s i v e  d e p o s i t  o f  a i r - f a l l  

pyroclast , i -cs  t h a t  p rov ide  an  e x c e l l e c t  s t r a t i g r a p h i c  marker on t h e  s o u t h e r n  

s i d e  o f  t h e  v o l c a n i c  p i l e  ( R h y o l i t e  o f  Bonanza Spr ings ) .  No ash-f low t u f f s  

( i g n i m b r i t e s )  have e r u p t e d  i n  t h e  Clear Lake Volcanics  i n  c o n t r z s t  t o  o t h e r  

large magma-hydrothermal sys tems such as Yel lowstone,  Wyoming, and Valles 

Caldera, Mew Mexico. Ash-flow t u f f s  as young as 2.9 Myr are found i n  t h e  

Sonoma v o l c a n i c s  near C a l i s t o g a ,  s o u t h  o f  Clear Lake (Makinen, 1972). 

Ex tens ive  pohss ium-argon age d e t e r m i n a t i o n s  on whole-rock and m i n e r a l  

s e p a r a t e s  by Donnelly (1977)  y i e l d  a n  age range  o f  2.04-0.03 Myr f o r  t h e  Clear 

Lake Volcanics .  The d a t e s  t o g e t h e r  w i t h  d e t a i l e d  g e o l o g i c  mapping and magnet ic  

p o l a r i t y  d e t e r m i n a t i o n s  (Hearn e t  a l . ,  1976b; Makinen e t  a l . ,  1978) have 

produced ex t remely  good s t r a t i g r a p h i c  c o n t r o l .  

Local  e r u p t i v e  sequences  have been desc r ibed  i n  d e t a i l  by Donnel ly  

(1977). R h y o l i t e  ages range  from 2.04 Myr i n  t h e  s o u t h  o f  t h e  f i e l d  t o  

0.088 Myr i n  t h e  north.  The greater volume o f  b a s a l t i c  e r u p t i o n s ,  which l i e  

s o u t h e a s t  o f  t h e  main v o l c a n i c  p i l e ,  was e r u p t e d  b e f o r e  1.3 Myr ago. Ex tens ive  

s i l i c i c  e r u p t i o n s  began w i t h  t h e  sequence a t  Cobb Mountain a d j a c e n t  t o  The 

Geysers  a t  1.14 Myr ago. Most s i l i c i c  volcanism ceased w i t h  fo rma t ion  o f  t h e  

t o p  o f  M t .  Konoct i  0.3 Myr ago. The most r e c e n t  e r u p t i o n s  i n  t h e  Clear Lake 

sequence have been mafic cones ,  f l ows ,  and maar d e p o s i t s  as  young as 10 000 

y e a r s  o l d  (Donnel ly ,  1977; Sims and Rymer, 1975) which a re  found w i t h i n ,  

adjacent t o ,  and n o r t h  o f  Clear Lake. 

S t r u c t u r e s  of I n t r a v o l c a n i c  Age. Two major  s t r i k e - s l i p  f a u l t s  w i th  

a p p a r e n t  r i g h t - l a t e r a l  components c u t  t h e  Clear Lake v o l c a n i c  f i e l d :  The Col- 

layomi and Konoct i  Bay f a u l t  zones (F igs .  3 and 5). Offset v o l c a n i c  c o n t a c t s  

a l o n g  t h e  Collayomi f a u l t  zone i n  m:i;s less t h a n  0.5 Myr o l d  s u g g e s t s  a con- 

t i n u o u s  deformat ion  ra te  o f  abou t  1 mm/yr (Hearn e t  a l . ,  1976a). The major 

d i sp lacemen t s  a l o n g  i n d i v i d u a l  f a u l t  s t r a n d s  w i t h i n  t h e s e  zones are g e n e r a l l y  

normal ,  however, a p a r t i c u l a r l y  i n s t r u c t i v e  example o f  r e v e r s e  f a u l t i n g  a l o n g  

t h e  Collayomi f a u l t  zone can be seen  west o f  M t .  Hannah ( s t o p  9 o f  Donnelly e t  

a l . ,  1977) where altered s e r p e n t i n i t e s  have been t h r u s t  ove r  Q u a t e r n a r y  g r a v e l s  

c o n t a i n i n g  v o l c a n i c  cobb les  d e r i v e d  from Cobb Mountain (age 1.14 t o  1.1.0 Myr). 

Approximate l o c a t i o n s  o f  ea r thquake  e p i c e n t e r s  as  great a s  4.6 magnitude 

s u g g e s t  t h a t  movement on t h e  Collayomi f a u l t  zone is c u r r e n t l y  o c c u r r i n g  

(Hamilton and M u f f l e r ,  1972; Chapman, 1975; Hearn e t  a l . ,  1976a). Some l o c a l l y  
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f e l t  ea r thquakes  have been r e p o r t e d  by r e s i d e n t s  who l i v e  on o r  a d j a c e n t  t o  

t h e  Konoct i  Bay f a u l t  zone,  and Bufe and Lester (1975) have d i s c u s s e d  s t r i k e -  

s l i p  f a u l t  p l ane  s o l u t i o n s  f o r  seismic e v e n t s  a l o n g  t h i s  f a u l t  zone. 

6d 
A prominent  se t  o f  n o r t h  and n o r t h e a s t - t r e n d i n g  f a u l t s  o c c u r s  between 

t h e  major s t r i k e - s l i p  f a u l t  zones. These f a u l t s  are mapped w i t h  normal o r  

r e v e r s e  d i sp lacemen t s ,  bu t  one a t  Sulphur  Mound Mine ( s o u t h  o f  M t .  Konoct i ,  

Figs .  3 and 5 )  d i s p l a y s  p o s s i b l e  ev idence  o f  l e f t - l a t e ra l  movement (B.C. Hearn,  

USGS, p e r s o n a l  communication, 1977).  If so,  t h e  n o r t h  and n o r t h e a s t - t r e n d i n g  

f a u l t s  are probably  t e n s i o n a l  s t r u c t u r e s  responding  t o  stresses gene ra t ed  

between p a r a l l e l  no r thwes t - t r end ing  s t r i k e - s l i p  f a u l t  zones (Hearn e t  a l .  , i n  

p r e s s ) .  Vertical  o f f s e t s  a l o n g  these nor th - t r end ing  f a u l t s  cou ld  a l s o  r e s u l t  

from v a r i o u s  ep i -  sodes  o f  doming and u p l i f t  due t o  sha l low i n t r u s i o n  o f  

s i l i c i c  magma (Hearn e t  a l . ,  i n  p r e s s ) .  

There is some evidence  t h a t  t h e  youngest  Clear Lake b a s a l t i c  magmas have 

ascended a long  deep-seated no r th - t r end ing  f a u l t  or f r a c t u r e  systems. Two b e l t s  

of r e l a t i v e l y  young b a s a l t i c  v e n t s  less than  0.4 Myr are a l i g n e d  no r th - sou th ,  

s t r a d d l i n g  t h e  east and west s i d e s  o f  t h e  v o l c a n i c  f i e l d  (F ig .  5 ) .  The v e n t s  

i n  each b e l t  become younger t o  t h e  n o r t h  as  is  t y p i c a l  o f  Clear Lake volcanism.  

R e l a t i o n  t o  Coast  Range Volcanism. The Clear Lake Volcanics  are t h e  

youngest  o f  a ser ies  o f  v o l c a n i c  f i e l d s  t h a t  o v e r l i e  o r  are a d j a c e n t  t o  t h e  San 

Andreas t r ans fo rm zone. Because each v o l c a n i c  f i e l d  is  p r o g r e s s i v e l y  younger 

t o  t h e  n o r t h ,  Hearn e t  a l . ,  (1978) sugges ted  t h a t  t h e s e  v o l c a n i c  f i e l d s  are  

s u r f a c e  e x p r e s s i o n s  o f  a mant le  h o t  s p o t  unde r ly ing  t h e  North American Plate 

(east  s i d e  of San Andreas t r ans fo rm) .  On t h e  o t h e r  hand,  McLaughlin (1977)  

and Dickinson and Snyder  (1979)  c o r r e l a t e  t h e  northward p r o g r e s s i o n  o f  vol-  

canism t o  northward mig ra t ion  o f  t h e  Mendocino t r i p l e  j u n c t i o n  i n  C a l i f o r n i a .  

Passage of t h e  t r i p l e  j u n c t i o n  causes  c e s s a t i o n  o f  subduc t ion  and commencement 

o f  ex tens ion .  E x t e n s i o n a l  t e c t o n i c s ,  w i t h  t h e  deep-seated f a u l t s  and f r a c t u r e s  

t h a t  ensue  p rov ides  necessa ry  c o n d u i t s  for  a s c e n t  o f  b a s a l t i c  magma from t h e  

mantle.  

Q u a t e r n a r y  Sediments:  Big Va l l ey  on t h e  nor thwes t  s i d e  o f  t h e  

Clear Lake Volcanics  is f i l l e d  w i t h  Q u a t e r n a r y  s a n d ,  g r a v e l ,  and s i l t  equiva-  

l e n t  t o  t h o s e  now depos i t ed  i n  a d j a c e n t  Clear Lake. Sims and Rymer (1975)  and 

Adam and Sims (1976) have examined c o r e s  and p o l l e n  taken  throughout  Clear Lake 
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14 and have ob ta ined  ages from p o l l e n  r e c o r d s ,  C d e t e r m i n a t i o n s  on p e a t s ,  and 

sed imen ta t ion  rates. They conclude t h a t  Clear Lake h a s  been con t inuous ly  i n  

e x i s t e n c e  for  t h e  l a s t  135 000 years .  Mapped f a u l t s  a l o n g  t h e  e a s t e r n  s i d e  o f  

Clear Lake (Sims and Rymes, 1976) s u g g e s t  t h a t  t h e  b a s i n  h a s  been downdropped 

p r i m a r i l y  a l o n g  no r thwes t - t r end ing  f a u l t s .  

@ 

Due t o  t h e  s t e e p  t e r r a i n  and t h e  large amount o f  meJange, l a n d s l i d e s  

comprise  n e a r l y  40% o f  o u t c r o p  i n  The Geysers area (McLaughlin, 1978). Large 

l a n d s l i d e s  o r  psudo- lands l ide  complexes occur  i n  t h e  Clear Lake Volcanics  west 

o f  M t .  Konocti  (Hearn e t  a l . ,  1976b) and s o u t h  o f  Cobb Mountain (Goff and 

McLaughlin, 1976). Lands l ides  have extreme environmental-  s i g n i f i c a n c e  t o  

geothermal  development (Crow, 1979) because o f  t h e i r  d e t r i m e n t a l  effects  on 

geothermal  wells and power p l a n t s .  

111. STRUCTURAL CONTROL OF GEOTHERMAL RESOURCES 

The Geysers:  Steam from t h e  Geysers  vapor-dominated system is 
produced from f r a c t u r e  zones i n  F ranc i scan  graywacke. Imbricate t h r u s t i n g  and 

u b i q u i t o u s  p re sence  of impermeable u n i t s  such  as g r e e n s t o n e s ,  a r g i l l i t e s  and 

s e r p e n t i n i t e s  i n s u r e  t h a t  t r a p s  f o r  steam are p r e s e n t  a t  many s t r u c t u r a l  l e v e l s  

(McLaughlin and S t a n l e y ,  1976; McLaughlin, 1977). Three s t r u c t u r a l  u n i t s  have 

been d i s t i n g u i s h e d  i n  The Geysers  area by McLaughlin (1977).  Uni t  1 is  t h e  

lowes t  s t r u c t u r a l  u n i t  and is  composed o f  weakly metamorphosed graywacke. 

Uni t  2 r o c k s  ( o v e r l y i n g  u n i t  1 )  cons is t ,  o f  s labs  o f  l a r g e l y  impermeable l i t h -  

o l o g i e s  having  more obvious  metamorphic t e x t u r e  and l o c a l l y  i n c l u d i n g  lawson- 

Y t e .  Rocks o f  t h e  h ighes t  s t r a c t u r a l  unit ,  ( u n i t  3 )  are  most ly  r e c o n s t i t u t e d  

by metamorphism i n t o  a mine ra l  assemblage t h a t  may c o n t a i n  q u a r t z  2 p h e n g i t e  2 
l a w s o n i t e  - + a l b i t e  - + jadei te  2 glaucophane 5 pumpel ly i te .  T h i s  sequence o f  

s t r u c t u r a l  u n i t s  is repea ted  by imbricate t h r u s t i n g  and more r e c e n t  normal 

f a u l t i n g  (see Figs .  4 and 6 )  as young as 750 y e a r s  (McLaughlin and S t a n l e y ,  

1976).  

McLaughlin and S t a n l e y  (1976)  conclude  t h a t  c r i t i c a l  pa rame te r s  f o r  t h e  

economic c o n c e n t r a t i o n s  of steam are: 1 )  t h e  p r e s e n c e  of  channelways ( f a u l t s  

and f r a c t u r e s )  t h a t  a l l o w  p e r c o l a t i o n  o f  m e t e o r i c  water t o  dep th ,  2 )  t h e  pres -  

ence  o f  f a v o r a b l e  s t r u c t u r a l  t r a p s ,  3) a p o t e n t  hea t  source.  The i d e a l i z e d  

model o f  t h e  vapor-dominated zone imitates t h o s e  proposed by White e t  a l . ,  

(1971) and Muffler and White (1972). The model s ta tes  t h a t  steam e v o l v e s  from 
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Fig. 6. 
S t r u c t u r a l  model f o r  The Geysers-Clear Lake geothermal  regime. Cross-sec t ion  
through The Geysers-Clear Lake r e g i o n ,  from t h e  Maacama f a u l t  zone on t h e  
sou thwes t ,  t o  Mount Konocti  on t h e  n o r t h e a s t ,  d e p i c t i n g  s t r u c t u r a l  e lements  of 
The Geysers-Clear  Lake geothermal  sys tem;  McLaughlin (1977). 

a ve ry  deep b o i l i n g  b r ine .  However, t h i s  b r i n e  h a s  never  been d i scove red  by 

deep d r i l l i n g  even t o  d e p t h s  ove r  3700 m. The na tu re  o f  t h e  p o t e n t  h e a t  s o u r c e  

is a l s o  c o n t r o v e r s i a l .  If w e  assume t h a t  s i l i c i c  magma is t h e  s o u r c e ,  t h i s  

magma o c c u r s  many k i l o m e t e r s  s o u t h  of t h e  main g r a v i t y  anomaly and d e f i e s  t h e  

northward t r e n d  of d e c r e a s i n g  age observed  i n  Clear Lake v o l c a n i c  r o c k s  ( s e e  

Figs .  6 and 7).  Dikes and si l ls  resembl ing  t h e  p o r p h y r i t i c  v o l c a n i c s  o f  Cobb 

Mountain have been d r i l l e d  i n  The Geysers  steam f i e l d  ( S c h r i e n e r  and Suemnicht,  

1980), b u t  t hey  r e p r e s e n t  a n  e a r l y  phase  o f  s i l i c i c  magmatism (1.1 Myr ago) .  

Clear Lake Volcanic F i e l d :  The d e t a i l e d  geology benea th  t h e  Clear 

Lake Volcanics  i s  h i g h l y  s p e c u l a t i v e  (e .g . ,  Fig. 6 ) .  Great Val ley  r o c k s  a re  
6d 
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Fig. 7. 
Res idua l  Bouguer g r a v i t y  o f  The Geysers-Clear  Lake area, from Isherwood 
(1976) ,  reduced a t  2.67 gm/cm3; 2 m i l l i g a l  con tour  i n t e r v a l .  The Clear Lake 
Volcanics  are shown wi th  a V-pattern.  The Collayomi f a u l t  zone d i v i d e s  t h e  
major  g r a v i t y  low i n t o  n o r t h e a s t  and southwes t  l o b e s ,  and t h e  Mercuryv i l l e  
f a u l t  zone bounds t h e  g r a v i t y  anomaly on t h e  southwes t  s i d e  of  The Geysers  
steam f i e l d ;  McLaughlin (1977).  

exposed benea th  t h e  v o l c a n i c s  on t h e  s o u t h  and east s ides  o f  t h e  f i e l d .  Cor- 

r e l a t i o n s  between e l ec t r i ca l  r e s i s t i v i t y  lows, r e l a t i v e l y  c h l o r i d e - r i c h  thermal  

waters and exposed Great Val ley  r o c k s  (Fig.  8 )  can  be  used t o  p r e d i c t  t h e  con- 

cea l ed  e x t e n t  of t h e  Great Va l l ey  sequence benea th  t h e  Clear Lake v o l c a n i c  

f i e l d  (Goff  e t  a l . ,  1977). Deep e x p l o r a t i o n  wells d r i l l e d  through t h e  Clear 
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Fig.  8. 
O u t l i n e  o f  Clear Lake v o l c a n i c  f i e l d  w i t h  r e s i s t i v i t y  con tour s  ( S t a n l e y  and 
o t h e r s ,  1973) and two p a t t e r n s  i n d i c a t i n g  t h e  two major t y p e s  o f  bedrock under 
t h e  v o l c a n i c  f i e l d .  Heavy l i n e s  are major  f a u l t  t r a c e s ;  f i g u r e  from Goff e t  
a l .  (1977).  

Lake v o l c a n i c s  have encountered graywackes,  a r g i l l i t e ,  g r e e n s t o n e ,  and serpen-  

t i n i t e s  some o f  which are i n t e r p r e t e d  t o  be  Franc iscan .  S e r p e n t i n i t e s  a r e  

known t o  e x i s t  beneath M t .  Konocti  and t h e  a d j a c e n t  Konocti  Bay f a u l t  zone 

because o f  1 )  s e r p e n t i n e  f ragments  i n  younger mafic ashes, 2 )  ext remely  h i g h  

magnesium c o n c e n t r a t i o n s  i n  thermal waters (Goff e t  a l . ,  1976) and 3) l i n e a r  

p o s i t i v e  magnet ic  anomalies  ( Isherwood,  1976; Goff e t  al .  , 1977). Unfortunate-  

l y ,  Clear Lake and Big Val ley  on t h e  east and n o r t h  s ides  o f  t h e  v o l c a n i c  
2 1  
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f i e l d ,  h i d e  Mesozoic basement rocks ,  b u t  t h e  c l o s e s t  exposures  on t h o s e  s i d e s  

are Franc iscan .  A g e n e r a l  d i s t r i b u t i o n  o f  basement rocks  benea th  t h e  Clear 

Lake v o l c a n i c s  is shown i n  Fig.  8 ,  b u t  t h e  s t r u c t u r e  is  presumably complex as  

it is  elsewhere i n  t h e  bast Ranges, 

Exp lo ra to ry  d r i l l i n g  f o r  hot-water  h a s  been l a r g e l y  u n s u c c e s s f u l  e x c e p t  

a t  known hydro thermal  sys tems l i k e  Sulphur  Bank Mine, because t h e  basement 

r o c k s ,  a l though  h o t ,  are impermeable. The on ly  large water e n t r y  known benea th  

t h e  main v o l c a n i c  f i e l d  was s t r u c k  r e c e n t l y  a t  Sulphur  Mound Mine i n  a major  

n o r t h e a s t - t r e n d i n g  f a u l t  zone. It may be t h a t  economic r e s e r v o i r s  of hot-water  

w i l l  on ly  be found where young f a u l t i n g  has  enhanced pe rmeab i l i t y .  A l l  h o t  

s p r i n g s  emerge a l o n g  mapped f a u l t s .  

I V .  GEOPHYSICS 

A rather complete  s u i t e  o f  r e g i o n a l  geophys ica l  i n v e s t i g a t i o n s  have been 

conducted i n  The Geysers-Clear  Lake r eg ion  t o  e x p l o r e  t h e  e x c e l l e n t  geothermal  
p o t e n t i a l .  The major excep t ion  is thermal  g r a d i e n t  and heat-f low in fo rma t ion  

t h a t  has been ob ta ined  by p r i v a t e  companies f o r  e x p l o r a t i o n  purposes  and ,  t h u s ,  

k e p t  p r o p r i e t a r y .  More complete  d i s c u s s i o n s  o f  geophys ic s  are p resen ted  i n  t h e  

r e p o r t  by Kasamayer. 

Regional  g r a v i t y  data ga the red  by Chapman (1975)  and Isherwood (1976)  

show t h a t  a c i r c u l a r  n e g a t i v e  g r a v i t y  anomaly o f  25 mgal o v e r l i e s  t h e  Clear 

Lake Volcanics  a t  M t .  Hannah (F ig .  7) .  T h i s  anomaly was i n t e r p r e t e d  t o  be 

caused by a p o s s i b l e  s i l i c i c  magma r e s e r v o i r  l y i n g  a t  dep ths  of 7-10 km benea th  

t h e  v o l c a n i c  f i e l d .  Teleseismic P-wave d e l a y s  o f  1 s o r  more measured by I y e r  

and Hitchcock (1975)  s u g g e s t  t h a t  a t t e n u a t i o n  of  P-waves is  be ing  caused by 

hot, p l a s t i c  t o  p a r t i a l l y  molten material a t  depth.  Because no magnet ic  h i g h  

is  a s s o c i a t e d  w i t h  t h e  g r a v i t y  low o f  M t .  Hannah, Isherwood t h e o r i z e d  t h a t  t h e  

'neat s o u r c e  a t  dep th  may st i l l  be above i t s  cur ie  p o i n t ,  app rox ima te ly  55OoC. 

All t h e s e  i n t e r p r e t a t i o n s  s t o n g l y  i n d i c a t e  t h e  e x i s t e n c e  o f  magma a t  depth.  

The g r a v i t y  d a t a  a l s o  show a smaller g r a v i t y  low o v e r l y i n g  The Geysers 

steam f i e l d  (Fig.  7 )  bu t  Isherwood (1977)  b e l i e v e s  t h i s  is due ( a t  l ea s t  i n  

p a r t )  t o  t he  presence  o f  steam i n  t h e  nea r  s u r f a c e .  Regional  magnet ic  d a t a  

r e v e a l  l i n e a r  nor thwes t  t r e n d i n g  p o s i t i v e  anomal ies  t h a t  o v e r l i e  exposed o r  
probably  b u r i e d  s e r p e n t i n i t e s  ( Isherwood,  1976). Electr ical  r e s i s t i v i t y  d a t a  

p r e s e n t e d  by S t a n l e y  e t  a l .  (1973)  i n d i c a t e  a 3-ohm-m r e s i s t i v i t y  low c e n t e r e d  

i n  t h e  M t .  Hannah area. T h i s ,  i n  p a r t ,  s u g g e s t s  t h e  e x i s t e n c e  of w a r m  and/or  
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s a l i n e  f l u i d  a t  d e p t h ,  b u t  r e s i s t i v i t y  lows have a l s o  been c o r r e l a t e d  w i t h  t h e  

p re sence  of Great Va l l ey  sequence rocks  ( S t a n l e y  e t  a l . ,  1973; Goff e t  a l . ,  

1977). 
0 

Bufe and Lester (1975)  and Hamilton and Muff le r  (1972)  have s t u d i e d  seis- 

m i c i t y  bo th  r e g i o n a l l y  and a t  The Geysers.  Abundant sha l low seismic e v e n t s  a t  

The Geysers  have been c o r r e l a t e d  w i t h  wi thdrawal  o f  f l u i d  from t h e  r e s e r v o i r ,  

and l e v e l i n g  d a t a  by Lofgren (1978)  i n d i c a t e s  subs idence  occur r ing .  E p i c e n t e r s  

o f  r e g i o n a l  e v e n t s  Leiid t o  c o r r e l a t e  w i t h  mapped s t r i k e - s l i p  f a u l t  zones ,  and 

fau l t ,  p l ane  s o l u t i o n s  i n d i c a t e  s t r i k e - s l i p  motion (Bufe and Lester,  1975).  

No map o f  t he rma l  g r a d i e n t s  o r  h e a t  flow has  ever  been p resen ted  f o r  The 

Geysers-Clear  Lake r e g i o n  a l though  rumored heat-f low v a l u e s  exceed 4 HFU 

(Jamieson ,  1976).  The known t empera tu re  of The Geysers s L m m  r e s e r v o i r  i s  

approximate ly  24OoC t o  a dep th  o f  about  4000 m. Nor theas t  o f  The Geysers ,  

benea th  t h e  Clear Lake Volcanics ,  t empera tu res  o f  ove r  2OO0C have been en- 

coun te red  a t  d e p t h s  as sha l low as 2000 m (Goff e t  a l . ,  1977). 

V. HYDROLOGY AND THERMAL FLUIDS 

Sur face  Hydrology: I n t e g r a t e d  s t u d i e s  o f  nea r  s u r f a c e  hydrology 

have never  been performed f o r  t h e  e n t i r e  Clear Lake reg ion .  Major i n v e s t i g a -  

t i o n s  have been c a r r i e d  o u t  i n  Big Va l l ey ,  and a d j a c e n t  b a s i n s  n o r t h  o f  t h e  

Clear Lake Volcanics  (Lake Co. Flood Con t ro l  and Water Conserva t ion  Distr ic t ,  

1967). These v a l l e y s ,  which d r a i n  i n t o  t h e  n o r t h  arm o f  Clear Lake, y i e l d  

large q u a n t i t i e s  of water from many sha l low a q u i f e r s  f o r  e x t e n s i v e  i r r i g a t i o n  

of o r c h a r d s  and v ineyards .  Overpumping and lower ing  of t h e  water t a b l e  has  

been a problem i n  Big Valley.  

The Cache Formation,  a l t h o u g h  i t  is l a r g e l y  unconso l ida t ed  and occup ies  

a s t r u c t u r a l  b a s i n ,  does n o t  p o s s e s s  a known p o t a b l e  a q u i f e r  o f  large e x t e n t  

(Upson and Kunkel, 1955). The Clear Lake Vo lcan ic s ,  because  o f  t h e i r  porous 

n a t u r e ,  soak up large q u a n t i t i e s  of water and y i e l d  many c o l d  s p r i n g s  o f  vary-  

i n g  s i z e  from t h e  base  of t h e  v o l c a n i c  sequence. No e x t e n s i v e  a q u i f e r s  are 
known t o  e x i s t  i n  e i t h e r  t h g  F ranc i scan  assemblage o r  t h e  Great Val ley  sequence 

w i t h i n  t h e  Clear Lake r e g i o n ,  probably  because  o f  t h e i r  c h a o t i c  and broken 

g e o l o g i c  s t r u c t u r e .  Local  accumula t ions  of sed iment  a l o n g  stream v a l l e y s  and 

i n  small b a s i n s  posses s  many small a q u i f e r s  of p o t a b l e  water. Cold s p r i n g s  

throughout  t h e  r e g i o n  d i s c h a r g e  from l a n d s l i d e s ,  from c o n t a c t s  o f  l i t h o l o g i c  

u n i t s ,  and from f a u l t s  o r  f r a c t u r e s .  
2 3  



:dater q u a l i t y  o f  a large number of  small p o t a b l e  a q u i f e r s  and s p r i n g s  

h a s  been r e p o r t e d  i n  t h e  l i t e r a t u r e  (Lake Co. Flood Con t ro l  and Water Conser- 

v a t i o n  District, 1967; Upson and Kunkel, 1955; B e r k s t r e s s o r ,  1968; Thompson e t  

a l ,  1978). F l u o r i d e  c o n c e n t r a t i o n s  r e g i o n a l l y  tend  t o  3e l e s s  t han  1 mg/R.  

I n  g e n e r a l ,  p o t a b l e  waters i n  t h e  Clear Lake Volcanics  t,end t o  be s i l ica-r ich 

(50-70 mg/&) r e l a t i v e  t o  o t h e r  s o u r c e  l i t h o l o g i e s .  On t h e  o t h e r  hand, p o t a b l e  

waters from o t h e r  u n i t s ,  e s p e c i a l l y  t h e  Great Va l l ey  sequence,  p o s s e s s  rela- 

t i v e l y  h i g h a r  s a l i n i t i e s  i n c l u d i n g  boron (Thompson e t  a l . ,  1978). 

Thermal F l u i d s :  The Geysers-Clear  Lake r e g i o n  posses ses  a remark- 

a b l y  d i v e r s e  s u i t e  of thermal waters t h a t  have been i n v e s t i g a t e d  i n  some form 

f o r  n e a r l y  100 y e a r s  (e.@;., Waring, 1915). A more d e t a i l e d  rev iew o f  t h i s  

s u b j e c t  is covered i n  t he  companion volume by White, and o n l y  a few high 

p o i n t s  w i l l  be d i s c u s s e d  here.  

Two major chemica l  t y p e s  o f  thermal water discharge i n  t h e  region (Goff 

et  a l . ,  1977) : 1) Steam condensa te  and d e r i v a t i v e  waters a s s o c i a t e d  w i t h  The 
Geysers  steam f i e l d ,  and 2 )  r e l a t i v e l y  c h l o r i d e ,  b i c a r b o n a t e - r i c h  waters from 

areas su r round ing  t h e  steam f i e l d ,  bu t  p a r t i c u l a r l y  n o r t h  and east  of t h e  

Collayomi f a u l t  zone. Steam condensa te  waters which are t y p i c a l l y  h igh  i n  

s u l f a t e  and low i n  pH, are charac te r i s t ic  o f  vapor-dominated geothermal  reser- 

v o i r s  such as  The Geysers  (White e t  a l . ,  1971). They are g e n e r a l l y  composed 

o f  condensed water vapor  and ox id ized  H2S t h a t  have r i s e n  from t h e  unde r ly ing  

steam r e s e r v o i r .  

Thermal waters o f  t h e  second t y p e  d i s p l a y  wide  r anges  i n  chemica l  and 

i s o t o p i c  composi t ion ( i .e . ,  Barnes e t  a l . ,  1973b) which are s t r o n g l y  c o r r e l a t e d  

w i t h  flowage through e i t h e r  F ranc i scan  o r  Great v a l l e y  r o c k s  as w e l l  as w i t h  

t empera tu re  (Goff e t  a l . ,  1977; Goff and Donnel ly ,  1978). Type 2 thermal water 
i s  h i g h l y  c o n t r o v e r s i a l  bo th  i n  s u b - c l a s s i f i c a t i o n  and i n  i n t e r p r e t a t i o n  o f  

o r i g i n  (White, 1957; White e t  a l . ,  1973; Barnes e t  a l . ,  1973a) due t o  t h e  

v a r i e t y  o f  geothermal  envi ronments ,  t o  complexi ty  o f  t h e  bedrock s t r u c t u r e ,  

and t o  compos i t iona l  c o r r e l a t i o n s  w i t h  l i t h o l o g y  and temperature .  No thermal  

waters o r i g i n a t e  i n  t h e  Clear Lake Volcanics .  A l l  thermal  waters rise from 

dep th  a l o n g  f a u l t s  o r  f r a c t u r e s .  

Geothermal Regimes. The d i s t r i b u t i o n  of  t y p e  1 and type  2 thermal waters 
was combined by Goff e t  a l .  (1977)  wi th  a v a i l a b l e  geology and geophys ics  t o  de- 

l i m i t  t h e  e x t e n t  OF t h e  vapor-dominated system a t  The Geysers  (Fig.  9).  The 

system is a p p a r e n t l y  bounded on t h e  southwes t  by t h e  Mercuryv i l l e  f a u l t  zone,  
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Fig. 9. 
Approximate i n f e r r e d  limits of vapor-dominated and ho t  water-dominated areas; 
heavy l i n e s  are major rault t races;  Goff e t  al. (1977). 

which is t h e  western-most l i m i t  o f  e x t e n s i v e  hydro thermal  a l t e r a t i o n  (McLaugh- 

l i n ,  1977). The s o u t h e a s t e r n  and no r thwes te rn  l i m i t s  are i l l - d e f i n e d  geo log i -  

c a l l y ,  bu t  no steam has been found t o  date o u t s i d e  these l i m i t s .  The 

n o r t h e a s t e r n  l i m i t  is  t h e  Collayomi f a u l t  zone, which a l s o  co r re sponds  w i t h  

sha rp  g r a d i e n t s  i n  t h e  g r a v i t y  and e lec t r ica l  r e s i s t i v i t y  data. A l l  t y p e  1 

thermal waters are rest r ic ted t o  t h e  vapor-dominated zone as  shown i n  Fig. 9. 

Water-dominated geothermal  r e s e r v o i r s  are conf ined  t o  areas t h a t  d i s -  

cha rge  t y p e  2 thermal w a t e r s ,  p a r t i c u l a r l y  n o r t h  and east o f  t h e  Collayomi 
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f a u l t  zone. D i s t i n c t  chemica l  s i g n a t u r e s  from waters i n  l o c a l  areas i n d i c a t e  

there are s e v e r a l  small s t r u c t u r a l l y  c o n t r o l l e d  water-dominated geothermal  

r e s e r v o i r s  ra ther  than  one large one. S i g n i f i c a n t  r e s e r v o i r s  are l o c a t e d  i n  

t he  Wilbur S p r i n g s  District  (Thompson, 1979) and a t  Sulphur  Bank Mine (White 

and Roberson, 1962). Smal l e r  r e s e r v o i r s  o f  unknown t empera tu re  a p p a r e n t l y  

e x i s t  a l o n g  the  Bart le t t  S p r i n g s  f a u l t  zone ,  a l o n g  t h e  Wilson Val ley  f a u l t  

zone nea r  Chalk Mountain,  a l o n g  t h e  Konocti  Bay f a u l t  zone nea r  Clear Lake, i n  

t h e  Big Canyon area nea r  Howard S p r i n g s ,  and i n  t he  Sulphur  Mound Mine area 

s o u t h  o f  M t .  Konocti .  

Although t h e  basement r o c k s  benea th  t h e  v o l c a n i c  f i e l d  are as h o t  as 

2OO0C a t  only  2000 m d e p t h ,  e x p l o r a t i o n  d r i l l i n g  f o r  hot-water r e s e r v o i r s  has  

been l a r g e l y  u n s u c c e s s f u l  due t o  impermeabi l i ty .  Apparent ly ,  hydro thermal  

r e a c t i o n s  caused by t h e  magmatic h e a t  s o u r c e  seal up t h e  m a j o r i t y  of b w i e d  

graywackes faster than  t h e  a c t i v e  t e c t o n i c  environment can f r a c t u r e  them. The 

impermeable n a t u r e  o f  t h e  basement may make the  r eg ion  benea th  t h e  Clear Lake 

Volcanics  more s u i t a b l e  f o r  geothermal  development by hot  d r y  rock methods 

r a t h e r  t han  conven t iona l  methods (LASL r e p o r t ,  1978; Tester e t  a l . ,  1979). 

The p r o t o t y p e  HDR sys tem a t  Fenton H i l l ,  New Mexico h a s  been c o n s t r u c t e d  i n  a n  

impermeable r e s e r v o i r  of  Precambrian g r a n i t e .  It c u r r e n t l y  is n o t  known how 

d i f f i c u l t  i t  would be t o  c o n s t r u c t  a similar r e s e r v o i r  i n  impermeable gray-  

wacke. Los Alamos S c i e n t i f i c  L a b o r a t x y  is  about  t o  i n v e s t i g a t e  t h i s  p o s s i -  

b i l i t y .  

V I .  UNRESOLVED PROBLEMS 

Many unreso lved  problems o f  a l l  t y p e s  remain i n  The Geysers-Clear  Lake 

r e g i o n ,  some of which can be so lved  by e x t e n s i v e  deep d r i l l i n g .  It is  un- 

l i k e l y  t h a t  one deep h o l e  could  p o s s i b l y  s o l v e  a l l  o f  the problems. Perhaps  

t h e  most nagging unknown is t h e  answer t o  q u e s t i o n  1 below, which one deep 

h o l e  could  so lve .  

Major Research Problems: 

1. Does a deep b o i l i n g  b r i n e  p rov ide  steam f o r  The Geysers vapor- 
dominated r e s e r v o i r ?  

2. Where is  t h e  p o t e n t  h e a t  source t h a t  s u p p l i e s  The Geysers?  Is i t  
below t h e  vapor-dominated zone or is  it coupled t o  a magmatic source 
benea th  t h e  Clear Lake Volcanics?  
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3. hlhy is  The Geysers geothermal  f i e l d  s o u t h  o f  t h e  main Clear Lake 
Volcanics ,  a l t hough  t h e  younges t  v o l c a n i c  r o c k s  l i e  well t o  t h e  
n o r t h ?  

4. What governs recharge o f  t h e  two geothermal  p rov inces?  Why does  a 
vapor-dominated zone e x i s t  s o u t h  o f  t h e  Collayomi f a u l t  zone wh i l e  
o n l y  hot-water  zones are found t o  t h e  n o r t h  and east? 

5. What is t h e  basement geology and s t r u c t u r e  benea th  The Clear Lake 
Volcanics?  

6.  What is  t h e  h e a t  f low p a t t e r n  i n  The Geysers-Clear Lake r e g i o n ?  

7. What geophys ica l  methods can e f f e c t i v e l y  f i n d  hot-water  r e s e r v o i r s  
benea th  The Clear Lake Volcanics?  

8. Do most s u r f a c e  h o t  s p r i n g s  o r i g i n a t e  from d e p o s i t s  o f  hot-water  of 
p o s s i b l e  economic importance? 

9. How f a s t  w i l l  t he  vapor-dominated zone be d e p l e t e d ?  W i l l  e x p l o i t a -  
t i o n  o f  geothermal  r e s e r v o i - s  r u i n  s u r f a c e  h o t  s p r i n g s ?  

T o p i c a l  Research Problems: 

1. What i s  p o t e n t i a l  f o r  v o l c a n i c  haza rds?  

2. How does volcanism o f  t h e  Coast Ranges f i t  t h e  r e g i o n a l  p i c t u r e  o f  
subduc t ion ,  t r ans fo rm f a u l t i n g ,  and c o n t i n e n t a l  h o t  s p o t s ?  

3. What are  t h e  envi ronmenta l  h a z a r d s  due  t o  l a n d s l i d e s ,  and geothermal  
impacts  on hydrology (e.g., Crow, 1979)? 

4. How can we improve geothermal  wel l  s t i m u l a t i o n  t echn iques?  

V I I .  C O N C L U S I O N S  

The C o n t i n e n t a l  S c i e n t i f i c  D r i l l i n g  Program s p e c i f i c a l l y  mentions The 

Geysers  vapor-dominated sys tem as a target f o r  deep c o n t i n e n t a l  d r i l l i n g  o f  a 

magma-hydrothermal system (U. S. Geodynamics Committee, 1979). One fundamental  

problem t h a t  w i l l  be answered i n  The Geysers  (as mentioned above)  is t o  d i s -  

cove r  i f  a deep b o i l i n g  b r i n e  s u p p l i e s  t h e  steam t o  t h i s  vapor-dominated 

r e s e r v o i r .  Also,  a deep h o l e  could  p o s s i b l y  r e s o l v e  what t h e  l o c a l  heat s o u r c e  

i s  benea th  The Geysers  and could  p o s s i b l y  u n r a v e l  deepe r  g e o l o g i c  s t r u c t u r e  i n  

t h e  F ranc i scan  assemblage. Although s e v e r a l  p r i v a t e  companies have d r i l l e d  

ove r  100 deep h o l e s  i n t o  t h e  vapor-dominated r e s e r v o i r ,  i t  is  n o t  c e r t a i n  

whether or  no t  t hey  w i l l  e v e r  d r i l l  a n  ex t remely  deep one (5-8 km). 
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A second l o c a t i o n  t h a t  could  p rov ide  answers  t o  many q u e s t i o n s  would be  

i n  t h e  Clear Lake Volcanics  nea r  t h e  c e n t e r  o f  t h e  large n e g a t i v e  g r a v i t y  

anomaly. A deep h o l e  t h e r e  could  p o s s i b l y  encounter  c r y s t a l l i z e d  magma i n  

sha l low silJ.s, d i k e s ,  and p lugs  from t h e  u n j e r l y i n g  magma r e s e r v o i r .  Such a 

h o l e  could a l s o  p a s s  through t h e  ho t  s a l i n e  r e s e r v o i r  i n f e r r e d  from t h e  3 ohm-m 

e l ec t r i ca l  r e s i s t i v i t y  low, and could  t e l l  us  much about  low-to-medium g r a d e  

metamorphism o f  F ranc i scan  basement. Deep d r i l l i n g  i n  t h i s  area,  where sub- 

s u r f a c e  t empera tu res  r each  2OO0C i n  on ly  2000 m, is c e r t a i n  t o  encounter  s e v e r e  

d r i l l i n g  problems and would n e c e s s a r i l y  r e s u l t  i n  d e s i g n  of s o p h i s t i c a t e d  

d r i l l i n g  equipment. F i n a l l y ,  t h i s  h o l e  could h e l p  u n r a v e l  s u b s u r f a c e  s t r a t ig -  

raphy and s t r u c t u r e  a s s o c i a t e d  w i t h  t h e  Coast Range t h r u s t  benea th  t h e  v o l c a n i c  

f i e l d .  

T h i s  a u t h o r  feels  t h a t  no o t h e r  s i tes  excep t  these two are worthy o f  deep  

c o n t i n e n t a l  d r i l l i n g  i n  t h i s  reg ion .  The t h r e e  major  surface hydro thermal  

sys t ems ,  C a l i s t o g a ,  Sulphur  Bank Mine and Wilbur S p r i n g s  Distr ic t ,  have a l r e a d y  

been d r i - l l e d  and are n o t  a s s o c i a t e d  w i t h  t h e  main v o l c a n i c  p i l e ,  s i g n i f i c a n t  

g e o p h y s i c a l  anomal i e s ,  o r  w i t h  t h e  r e l a t i v e l y  rare vapor-dominated r e s e r v o i r .  




