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P R E F A C E  

The o b j e c t  of t h e  thermal  regimes p a r t  of t h e  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 (CSDP), sponsored by t h e  U.S. Department of Energy ( D O E ) ,  

i s  t h e  development of a fundamental  unders tanding  of hydrothermal-magma systems 

through t h e  u t i l i z a t i o n  of d r i l l i n g  t o  o b t a i n  samples,  d a t a  and t o  conduct 

down h o l e  experiments .  The r a t i o n a l e  and s c i e n t i f i c  b a s i s  f o r  t h i s  endeavour 

h a s  been p r e s e n t e d  i n  t h e  NAS/NRC Workshop Report  on CSDP (1979) .  

a re  t h e  unders tanding  of h e a t  and mass t r a n s f e r  w i t h i n ,  and between, magma 

and hydrothermal  regimes and t h e  e v a l u a t i o n  of hydrothermal-magma systems 

i n  space  and t i m e .  The i r  a t t a i n m e n t  rests on t h e  a b i l i t y  t o  c h a r a c t e r i z e  and 

i n t e r p r e t  hydrothermal-magma systems a t  d e p t h  i n  terms of p h y s i c a l ,  t h e r m a l ,  

mechanical  and m i n e r a l o g i c a l  p r o p e r t i e s .  Both d e d i c a t e d  s c i e n t i f i c  d r i l l  h o l e s  

and add-on exper iments  i n  e x i s t i n g  d r i l l  h o l e s  o r  i n  h o l e s  planned p r i m a r i l y  

f o r  o t h e r  purposes  can be used i n  achiev ing  t h e  program g o a l s .  

The g o a l s  

I n  t h e  CDSP, t h e  e f f e c t i v e  u s e  of f i n a n c i a l  and p e r s o n n e l  r e s o u r c e s  w i l l  

r e q u i r e  f o c u s i n g  on a p a r t i c u l a r  s u b s e t  of a l a r g e  number of p o t e n t i a l  hydro- 

thermal  magma systems. To accomplish t h i s  purpose an I n t e r l a b o r a t o r y  Working 

Group (IWP) compris ing f o u r  DOE l a b o r a t o r i e s ,  Lawrence Berkeley L a b o r a t o r y ,  

Lawrence Livermore N a t i o n a l  Labora tory ,  Los Alamos S c i e n t i f i c  Labora tory  and 

Sandia  Labora tory ,  w a s  formed t o  assess v a r i o u s  s i tes  i n  a comparat ive f a s h i o n .  

IWP h a s  s e l e c t e d  f i v e  p o s s i b l e  s i tes  f o r  d e t a i l e d  and comparat ive s i t e  a n a l y s i s .  

These s i tes  are  The Geysers-Clear Lake Region, C a l i f o r n i a ,  Long V a l l e y ,  C a l i f o r n i a ,  

Rio Grande R i f t ,  New Mexico, Roosevel t  Hot S p r i n g s ,  Utah and S a l t o n  Trough, 

C a l i f o r n i a .  The comparat ive s i t e  assessment  document prepared  by IWP i s  d i v i d e d  

v i i  



P R E F A C E (Cont'd) 

into sections encompassing geology, geochemistry, geophysics and heat and mass 

transport. Each sub-report issued by an individual laboratory but including 

contributions by personnel of all laboratories contains a section A ,  an intro- 

duction and discussion of general scientific questions and a section B, a review 

of the information available concerning each site. Section C, which contains 

specific recommendations on individual sites, is being issued as a separate 

document. 

The following document covers parts A and B of the geochemistry sub-report. 
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PART A INTRODUCTION 

The CSDP d r i l l i n g  program w i l l  o f f e r  an  u n p a r a l l e l e d  o p p o r t u n i t y  t o  

o b t a i n  d a t a  t o  answer b a s i c  geochemical q u e s t i o n s  concern ing  magmalhydrother- 

mal regimes.  The f i n a l  s i t e  s e l e c t i o n  w i l l  depend i n  p a r t  on t h e  r e l a t i v e  

p r o b a b i l i t i e s  of  answering t h e s e  q u e s t i o n s  by d r i l l i n g  a t  s p e c i f i c  s i tes .  

Th i s  s e c t i o n  of  t h e  s i t e  assessment  document c o n s i s t s  of two p a r t s :  t h e  f i r s t  

i n c l u d e s  a b r i e f  d i s c u s s i o n  of t h e  geochemical o b j e c t i v e s  and q u e s t i o n s  t h a t  

must be  addressed  i n  such an  e v a l u a t i o n ,  and t h e  second i s  a summary of 

t h e  c u r r e n t l y  publ i shed  l i t e r a t u r e  t h a t  i s  p e r t i n e n t  i n  answering t h e s e  

q u e s t i o n s .  

I n  g e n e r a l ,  t h e  major  geochemical p rocesses  a s s o c i a t e d  w i t h  proposed 

hydrothermal  s i t e s  can  be c a t e g o r i z e d  i n t o  t h r e e  groups:  1)  geochemis t ry  of  

magma and a s s o c i a t e d  v o l c a n i c  rocks ,  2 )  geochemistry of hydrothermal  s o l u t i o n s  

and 3 )  geochemis t ry  of hydrothermal  a l t e r a t i o n .  

w i l l  be g e n e r a l l y  organized  around t h e s e  t h r e e  c a t e g o r i e s .  Data from i n d i v i d u a l  

geochemical d i s c i p l i n e s  such as i s o t o p e  geochemis t ry  a r e  inco rpora t ed  i n t o  each 

ca t egory .  

The remainder  of t h i s  r e p o r t  

I . A .  Geochemistry of Magma and Assoc ia ted  Volcanic  Rocks. 

Primary magma sources  i n  t h e  e a r t h ' s  man t l e  are  unreachable  by p r e s e n t  

d r i l l i n g  technology.  However, magma regimes which have been gene ra t ed  o r  

i n t roduced  i n  t h e  e a r t h ' s  c r u s t  a t  sha l low dep th  r e p r e s e n t  more a t t a i n a b l e  

t a r g e t s  f o r  i n v e s t i g a t i o n .  The f i v e  proposed d r i l l i n g  s i t e s  r e p r e s e n t  such 

t a r g e t s .  However, t h e i r  t e c t o n i c  s e t t i n g  and type  and o r i g i n  of magmatism 

appear  t o  v a r y  widely.  Two of t h e  areas, Long V a l l e y  and The Geysers-Clear 

Lake area,  a re  i n f e r r e d  t o  be u n d e r l a i n  by s i n g l e ,  l a r g e  magma chambers. One 

of t h e  areas ,  Roosevel t  Hot Spr ings  geothermal  area,  may a l s o  be u n d e r l a i n  by 
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such  a magma chamber. The remaining two areas, t h e  S a l t o n  Sea geothermal  

area and t h e  Rio Grande r i f t ,  occur  i n  r i f t  s e t t i n g s .  The S a l t o n  Sea area i s  

l o c a t e d  on an  o c e a n i c  r idge- t ransform zone. It a p p a r e n t l y  i s  n o t  u n d e r l a i n  

by a s i n g l e  l a r g e  magma chamber; i n s t e a d ,  t h e  thermal  anomaly i s  caused by 

d i k e  i n j e c t i o n  from small s p r e a d i n g  c e n t e r s  i n t o  a r e g i o n  of young, t h i n  

l i t h o s p h e r e .  The Rio Grande r i f t  i s  a major  c o n t i n e n t a l  r i f t ,  r e l a t e d  t o  t h e  

Basin and Range e x t e n s i o n a l  province.  It i s  t h e  most complex and d i v e r s e  of 

t h e  areas, be ing  1000 km long  and b o r d e r i n g  s e v e r a l  g e o l o g i c  and physio- 

g r a p h i c  provinces .  

p robably  u n d e r l a i n  by a l a r g e ,  h i g h  l e v e l ,  s i l i c i c  magma r e s e r v o i r .  

A t  l eas t  one area, t h e  Jemez Mountain-Valles Caldera  i s  

While g e o l o g i c  and geophys ica l  t e c h n i q u e s  can  provide  i n f o r m a t i o n  

r e g a r d i n g  t h e  d e p t h ,  s i z e ,  and h e a t  d i s t r i b u t i o n  of such magma b o d i e s ,  igneous  

geochemis t ry  i s  t h e  p r i n c i p a l  method a v a i l a b l e  i n  a d d r e s s i n g  q u e s t i o n s  

concern ing  t h e  o r i g i n  and e v o l u t i o n  of magmatic systems a t  a g i v e n  s i t e .  

Ques t ions  t o  be addressed  are: From what d e p t h ,  p r e s s u r e  and tempera ture  i s  a 

s p e c i f i c  magma body d e r i v e d ?  From what m a t e r i a l s ?  Has t h e  magma i n t e r a c t e d  

w i t h  t h e  c r u s t  o r  w i t h  o t h e r  magma b o d i e s ?  What a re  t h e  d e t a i l s  of t h e  

magmatic plumbing system? Other  q u e s t i o n s  can  c e r t a i n l y  be formulated.  

Even w i t h  a s u c c e s s f u l  d r i l l i n g  program, i t  i s  d o u b t f u l  whether  a 

r e p r e s e n t a t i v e  magma sample can  be o b t a i n e d  a t  a g i v e n  s i te .  T h e r e f o r e ,  

t h e  answers  t o  many of t h e s e  q u e s t i o n s  w i l l  have t o  be d e r i v e d  from 

d e t a i l e d  geochemical s t u d y  of  t h e  d r i l l  c o r e s  of a s s o c i a t e d  v o l c a n i c  rocks.  

For  example, t o  answer t h e  q u e s t i o n s  of t h e  e x t e n t  t o  which magmas are  p r i m i t i v e  

( i . e .  i n  e q u i l i b r i u m  w i t h  mant le  m a t e r i a l )  o r  evolved can be approached by 

r e l a t i n g  t h e  d e t a i l e d  trace and major  e lement  and i s o t o p e  g e o c h e m i s t r i e s  of 

v o l c a n i c  rocks  t o  each  o t h e r  and t o  sur rounding  c o u n t r y  rocks .  Such d a t a  can  
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be i n t e r p r e t e d  by f o r m u l a t i n g  q u a n t i t a t i v e  models t o  e x p l a i n  r e l e v a n t  e v o l u t i o n -  

a r y  p r o c e s s e s .  S i g n i f i c a n t l y ,  geochemical t e c h n i q u e s  i n v o l v i n g  p e t r o l o g y  and 

minera logy  must be a p p l i e d  n o t  o n l y  t o  t h e  youngest r o c k s  a t  a s i t e  which may 

be most r e p r e s e n t a t i v e  of t h e  p r e s e n t  magma body b u t  t o  a l l  rocks  preserved  

i n  t h e  g e o l o g i c  s e c t i o n .  

long  term e v o l u t i o n  of t h e  magma system. 

Such d a t a  are i n v a l u a b l e  i n  d e f i n i n g  t h e  o r i g i n  and 

I .B.  Geochemistry of Hydrothermal F l u i d s  

A l l  of t h e  proposed s i tes  p o s s e s s  s u r f a c e  m a n i f e s t a t i o n s  of hydrothermal  

a c t i v i t y  t o  v a r y i n g  degrees .  Two of t h e  s i tes ,  The Geysers  and t o  a lesser 

e x t e n t  t h e  Valles Caldera  i n  t h e  Rio Grande R i f t ,  p o s s e s s  vapor-dominated 

systems. 

act ive hydrothermal  systems ex tending  t o  c o n s i d e r a b l e  depths .  

Data a v a i l a b l e  from d r i l l i n g  i n d i c a t e s  t h a t  a l l  s i t e s  a l s o  p o s s e s s  

I n  g e n e r a l ,  t h e  d a t a  d e s c r i b i n g  t h e  chemis t ry  of b o t h  t h e  aqueous and 

gaseous  phases  d e r i v e d  from deep d r i l l i n g  have two a p p l i c a t i o n s .  

t i o n  i s  r e l a t e d  t o  answering s c i e n t i f i c  q u e s t i o n s  i n  r e l a t e d  f i e l d s .  

example, chemical  geothermometers can  be used t o  estimate r e s e r v o i r  tempera tures .  

I s o t o p e  d a t a  can  be employed i n  e s t i m a t i n g  t h e  age  and o r i g i n  of t h e  hydro- 

thermal  w a t e r .  Trace element  and i s o t o p e  d a t a  can  be used t o  d e f i n e  avenues 

of r e c h a r g e  i n t o  t h e  hydrothermal  r e s e r v o i r .  

brium c o n s t r a i n t s  can  be a p p l i e d  t o  de te rmine  t h e  e f f e c t s  of aqueous c h e m i s t r y  

i n  c o n t r o l l i n g  secondary  p e r m e a b i l i t y  and r e s e r v o i r  e v o l u t i o n .  

One a p p l i c a -  

For 

D i s s o l u t i o n  and aqueous e q u i l i -  

The second avenue of approach i s  t o  u s e  t h e  d a t a  t o  answer b a s i c  q u e s t i o n s  

concern ing  chemical  mechanisms and e v o l u t i o n  of hydrothermal  f l u i d s .  

example, t h e  l i t e r a t u r e  i n d i c a t e s  t h a t  t h e  hydrothermal  f l u i d s  a t  a l l  s i tes  

a re  h i g h  i n  c e r t a i n  trace e lements  such as A s ,  B,  B r ,  F and L i .  What i s  t h e  

s o u r c e  of t h e s e  e lements?  

For 

To what e x t e n t  a re  t h e y  d e r i v e d  d i r e c t l y  from 
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j u v e n i l e  o r  magmatic s o u r c e s  and t o  what e x t e n t  from d i s s o l u t i o n  of r e s e r v o i r  

rocks?  What i s  t h e  source  of t h e  abundant s u l f u r  a s s o c i a t e d  w i t h  t h e s e  hydro- 

thermal  s o l u t i o n s  and g a s e s ?  The f l u i d  c h e m i s t r i e s  a t  a l l  f i v e  s i t e s  a r e  

dominated by sodium c h l o r i d e  e i t h e r  as d i l u t e  o r  c o n c e n t r a t e d  b r i n e s .  Can 

such s i m i l a r i t y  i n  chemis t ry  be produced by v e r y  d i f f e r e n t  chemical mechanisms? 

For  example, e v a p o r i t e  d i s s o l u t i o n  h a s  been t h e  suggested sodium c h l o r i d e  s o u r c e  

i n  t h e  S a l t o n  Trough as compared t o  r h y o l i t e  d i s s o l u t i o n  i n  Long Val ley.  Does 

such s i m i l a r i t y  i n d i c a t e  a common t r e n d  i n  e v o l u t i o n ?  Are vapor-dominated 

systems such as The Geysers u n d e r l a i n  by c o n c e n t r a t e d  sodium c h l o r i d e  s o l u t i o n s ?  

Another major  geochemical q u e s t i o n  t o  be addressed  i s  t h e  r e l a t i o n s h i p  

between hydrothermal solutions and formation, transport, and deposition of 

o r e  forming elements .  Is mercury d e p o s i t i o n  i n d i c a t i v e  of a p r e s e n t  o r  p a s t  

vapor  dominated system? What i s  t h e  s o u r c e  of heavy metals i n  t h e  S a l t o n  

Trough and i s  t h e i r  t r a n s p o r t  d i r e c t l y  r e l a t e d  t o  t h e  c o n c e n t r a t e d  b r i n e  

chemis t ry?  Are t h e  s o u r c e s  of t h e s e  e lements  r e l a t e d  t o  a magma system o r  do 

t h e y  r e s u l t  from l e a c h i n g  of r e s e r v o i r  rocks?  Other  q u e s t i o n s  must be answered 

concern ing  t h e  mechanisms which c o n t r o l  t h e  observed r e l a t i o n s h i p s  of geothermo- 

meters such as i n  t h e  Na-K-Ca system. 

I n  o r d e r  t o  a d d r e s s  q u e s t i o n s  from d a t a  o b t a i n e d  by d r i l l i n g  a t  a 

s p e c i f i c  s i t e ,  a n  i n c r e a s e  i n  unders tanding  b a s i c  geochemical p r o c e s s e s  i s  

needed. T h i s  i n c l u d e s  such b a s i c  r o c k l w a t e r  i n t e r a c t i o n s  a s  t h e  k i n e t i c s  

of d i s s o l u t i o n  and p r e c i p i t a t i o n  a t  h igh  tempera tures  as w e l l  as s p e c i a t i o n  

of chemical  e lements  i n  aqueous phases  i n  c o n c e n t r a t e d  s o l u t i o n s .  I n  a d d i t i o n ,  

t e c h n o l o g i c a l  advances i n  sampling i n - s i t u  s o l u t i o n s  a t  h igh  tempera tures ,  

p r e s s u r e s  and g r e a t  d e p t h s  must b e  developed. 
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I.C. Geochemistry of Hydrothermal A l t e r a t i o n  

Hydrothermal a l t e r a t i o n  r e p r e s e n t s  t h e  i n t e r f a c e  between t h e  aqueous 

and/or  vapor  geochemis t ry  and t h e  geochemistry of  t h e  r e s e r v o i r  rock ,  

e i t h e r  v o l c a n i c  o r  o t h e r  type.  

development of hydrothermal  c i r c u l a t i o n .  I n  t u r n ,  hydrothermal  a l t e r a t i o n  

may i n c r e a s e  o r  d e c r e a s e  rock p e r m e a b i l i t y  and a f f e c t  b o t h  c i r c u l a t i o n  and 

c o n v e c t i v e  h e a t  t r a n s p o r t .  Such hydrothermal  a l t e r a t i o n  a l s o  o f f e r s  a r e c o r d  

of n o t  o n l y  p r e s e n t  hydrothermal  p r o c e s s e s  but  a l s o  t h e  p a s t  s p a t i a l ,  chemical  

and t e m p e r a t u r e  regimes i n  such systems. Access t o  such a record  would be 

impor tan t  i f  hydrothermal  a l t e r a t i o n  reduced p e r m e a b i l i t y  s u f f i c i e n t l y  t o  

c a u s e  a l iquid-dominated hydrothermal  system t o  evolve  i n t o  a vapor- 

dominated system. S p a t i a l  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 s  a l s o  

impor tan t  i n  e v a l u a t i n g  geophys ica l  anomalies  a s s o c i a t e d  w i t h  geothermal  

si tes.  

Such a l t e r a t i o n  may be c o n t r o l l e d  by t h e  

Deep d r i l l i n g  a l s o  o f f e r s  a n  o p p o r t u n i t y  t o  observe  a l t e r a t i o n  assem- 

b l a g e s  and s p e c i f i c  hydrothermal  s o l u t i o n s  a t  known t e m p e r a t u r e s  and p r e s s u r e s .  

These d a t a  w i l l  p r o v i d e  much needed tests of e x i s t i n g  mass t r a n s f e r  codes and 

permi t  e v a l u a t i o n  of t h e  f e a s i b i l i t y  of i n f e r r i n g  t h e  thermodynamic p r o p e r t i e s  

of hydrothermal  f l u i d s  from a l t e r a t i o n  assemblages.  I n  a d d i t i o n ,  i t  should 

be p o s s i b l e  t o  e v a l u a t e  t h e  lower tempera ture  l i m i t s  f o r  f l u i d / r o c k  chemical  

e q u i l i b r i u m .  Such d a t a  w i l l  a l s o  answer t h e  q u e s t i o n  of t h e  e f f e c t  of 

r e s e r v o i r  rock  t y p e  on t h e  observed a l t e r a t i o n  sequence and t h e  i n f l u e n c e  of 

t e m p e r a t u r e  on t h i s  r e l a t i o n s h i p .  D r i l l i n g  i n  a vapor  dominated regime w i l l  

f u r n i s h  much needed i n f o r m a t i o n  on vapor-rock i n t e r a c t i o n .  

Use of mass t r a n s f e r  models f o r  q u a n t i t a t i v e  c h a r a c t e r i z a t i o n  of hydro- 

thermal  p r o c e s s e s  r e q u i r e s  a major  i n c r e a s e  i n  t h e  c h e m i c a l / m i n e r a l o g i c a l  d a t a  
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f o r  a l t e r a t i o n  phases  and t h e  cor responding  r e a c t a n t  assemblages.  S o l i d  

s o l u t i o n  v a r i a t i o n s  and s u b s t i t u t i o n a l  o r d e r l d i s o r d e r  phenomena must b e  

e x p l i c i t l y  accounted f o r  i n  a n a l y s i s  of a l t e r a t i o n  m i n e r a l  assemblages and 

c o e x i s t i n g  hydrothermal  f l u i d s .  Determina t ions  must b e  made of weight p e r c e n t  

modes f o r  a l t e r e d  and u n a l t e r e d  rocks.  I n  a d d i t i o n ,  t h e  thermodynamic d a t a  

base  must be expanded t o  d e s c r i b e  m i n e r a l  e q u i l i b r i a  a t  tempera tures  and p r e s s u r e s  

encountered a t  proposed si tes.  

PART B Review of E x i s t i n g  I n f o r m a t i o n  

This  summary i s  in tended  f o r  use  i n  s e l e c t i o n  of a s i t e  f o r  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  and as a b a s i s  f o r  r e s e a r c h  p r o p o s a l s  from t h e  s c i e n t i f i c  

community. It i s  n o t  meant t o  be a n  e x h a u s t i v e  review n o r  an i n t e r p r e t i v e  

s y n t h e s i s  of a v a i l a b l e  informat ion .  A s  w i l l  become a p p a r e n t ,  a c o n s i d e r a b l e  

v a r i a t i o n  ex is t s  i n  t h e  amount of i n f o r m a t i o n  a v a i l a b l e  a t  d i f f e r e n t  s i tes .  

I n  geochemis t ry ,  as  i n  o t h e r  s c i e n t i f i c  endeavors ,  a n  i n c r e a s e  i n  t h e  amount 

of i n f o r m a t i o n  concern ing  a g i v e n  s u b j e c t  g e n e r a l l y  l e a d s  t o  a n  i n c r e a s e  

i n  t h e  number of  proposed q u e s t i o n s .  I n  a s e n s e ,  t h e  skewness i n  s i t e  

i n f o r m a t i o n  t e n d s  t o  p r e j u d i c e  t h e  assessment  i n  f a v o r  of s i t es  w i t h  t h e  

g r e a t e s t  a v a i l a b l e  i n f o r m a t i o n  s imply because t h e s e  s i t e s  appear  t o  raise t h e  

g r e a t e s t  number of s c i e n t i f i c  q u e s t i o n s .  However, a n o t h e r  way of a s s e s s i n g  

t h e  importance of a v a i l a b l e  i n f o r m a t i o n  l i e s  i n  t h e  f a c t  t h a t  p r o b a b i l i t y  of 

s e l e c t i n g  a l i m i t e d  number of d r i l l  s i t es  t h a t  c a n  l e a d  t o  meaningful  s c i e n t i f i c  

i n f o r m a t i o n  i n c r e a s e s  w i t h  an  i n c r e a s e  i n  d e f i n i t i o n  of known parameters .  
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I. THE GEYSERS - CLEAR LAKE REGION 

The Geysers  - C l e a r  Lake Region l i e s  i n  t h e  n o r t h e r n  p a r t  of t h e  C a l i f o r -  

n i a  Coast Ranges i n  Lake, Mendocino, Napa and Sonoma Counties .  The Geysers  

steam f i e l d ,  c u r r e n t l y  t h e  w o r l d ' s  l a r g e s t  commercial ly  developed geothermal  

r e s o u r c e ,  i s  l o c a t e d  n e a r  t h e  crest  of t h e  Mayacmas Mountains,  a nor thwes t  

t r e n d i n g  h ighland  composed of a se r ies  of s t e e p  l i n e a r  r i d g e s  and canyons. 

The r e s e r v o i r  rock  i s  a massive F r a n c i s c a n  graywacke which i s  dense and 

v i r t u a l l y  impermeable. Steam f low o c c u r s  o n l y  i n  open f r a c t u r e s .  The Clear 

Lake b a s i n  l i e s  n o r t h e a s t  of t h e  Mayacmas Mountains. This  t o p o g r a p h i c a l l y  low 

area c o n t a i n s  many v o l c a n i c  domes and l a v a  f lows ,  some v e r y  r e c e n t  (10,000 

Y.B.P.). Geophysical  surveys  sugges t  a l a r g e  h e a t  s o u r c e ,  c o n s i s t i n g  of a 

s h a l l o w  (3-5 km) magma body u n d e r l i e s  M t .  Hannah l o c a t e d  between C l e a r  Lake 

and t h e  Geysers.  

I .A.  Geochemistry of Pr imary Volcanic  Rocks 

I . A . l  P e t r o l o g y  and pr imary mineralogy 

Volcanic  rocks  of t h e  Geysers  -- Clear Lake a r e a  are  d i v i d e d  i n t o  two main 

sequences:  t h e  n o r t h e r n  p a r t  o f  t h e  Sonoma Volcanics ,  which are o l d e r  t h a n  

2.9 m.y., and t h e  Clear Lake Volcanics ,  which range  i n  age from 2.1 - 0.01 m.y. 

The no r the rn  Sonoma Volcanics  c o n s i s t  p r i m a r i l y  of p y r o c l a s t i c  rocks (about  8 0 % ) ,  

w i t h  about  15% r h y o l i t e  and 5% a n d e s i t e  f lows.  

The Clear Lake Volcanics  c o n s i s t  of f o u r  d i s t i n c t  age  groups ,  w i t h  l a v a s  

ranging  from b a s a l t  t o  r h y o l i t e ,  and have been r e l a t e d ' t o  e x t r u s i o n  above a 

These major  (1430 km 3 ), e v o l v i n g  magma chamber (e.g. ,  Hearn e t  a l . ,  1980).  

age  groups  are: 

Group 1 
Group 2 
Group 3 
Group 4 

0.2 - 0.01 m.y. 
0.65 - 0.30 m.y. 
1.2 - 0.8 m.y. 
1.3 - 2.1 m.y. 
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Lavas of group 4 c o n s i s t  mainly of b a s a l t ,  b a s a l t i c  a n d e s i t e ,  and a n d e s i t e .  

Hearn e t  a l .  (1980) conclude t h a t  ev idence  f o r  a major  magma chamber f o r  t h e s e  

rocks  i s  l a c k i n g .  The small amount of a n d e s i t i c  t o  r h y o l i t i c  l a v a s  could  have 

been d e r i v e d  from a small -- now c o o l  -- magma chamber. Lavas of group 3 c o n s i s t  

of a n d e s i t e ,  d a c i t e ,  and r h y o l i t e .  Group 2 c o n s i s t s  mos t ly  of d a c i t e .  Group 1 

l a v a s  a g a i n  c o n s i s t  of b a s a l t ,  b a s a l t i c  a n d e s i t e ,  a n d e s i t e ,  d a c i t e ,  and r h y o l i t e .  

P e t r o g r a p h i c a l l y ,  b a s a l t s  and b a s a l t i c  a n d e s i t e s  c o n t a i n  1-10% phenocrys ts  

of o l i v i n e ;  p l a g i o c l a s e  phenocrys ts  may b e  p r e s e n t .  Andes i tes  t y p i c a l l y  c o n t a i n  

phenocrys ts  of p l a g i o c l a s e ,  or thopyroxene and cl inopyroxene;  r a r e l y ,  o l i v i n e ,  

hornblende ,  o r  i l m e n i t e  may be p r e s e n t .  Dacite ranges  from abundant ly  t o  s p a r s e l y  

p o r p h y r i t i c .  Phenocrys ts  of p l a g i o c l a s e ,  c l inopyroxene ,  or thopyroxene , and q u a r t z  

are  always p r e s e n t  i n  t h e  d a c i t e .  

p r e s e n t ;  o l i v i n e  i s  o n l y  r a r e l y  p r e s e n t .  Abundantly p o r p h y r i t i c  v a r i e t i e s  of 

d a c i t e  c o n t a i n  s a n i d i n e  phenocrys ts .  R h y o l i t e s  a re  of two modal t y p e s :  t h o s e  

i n  which b i o i t e  i s  abundant ly  p r e s e n t  (0.5-5%) and t h o s e  which a r e  n e a r l y  

B i o t i t e  w i t h  o r  wi thout  hornblende may b e  

b i o i t e - f r e e  (0-0.5 v o l .  %). B i o t i t e  r h y o l i t e s  c o n t a i n  15-30% phenocrys ts  of 

q u a r t z ,  p l a g i o c l a s e ,  s a n i d i n e ,  and b i o t i t e .  Those r h y o l i t e s  t h a t  l a c k  o r  

n e a r l y  l a c k  b i o t i t e  phenocrys ts  g e n e r a l l y  c o n t a i n  l ess  t h a n  3% phenocrys ts .  

I . A .  2 Elemental  Chemistry 

The major  and minor element chemis t ry  of t h e  C l e a r  Lake Volcanics  h a s  

been summarized by Hearn e t  a l .  (1980) .  I n  g e n e r a l ,  t h e  C l e a r  Lake Volcanics  

show a broad Cascade-type r e f e r e n c e  t r e n d ,  but  tend t o  be lower i n  FeO and 

h i g h e r  i n  MgO t h a n  average  Cascade l a v a s .  

diagrams f o r  t h e  b a s a l t s  and b a s a l t i c  a n d e s i t e s  show c o n s i d e r a b l e  s c a t t e r ,  

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

groups ,  by f r a c t i o n a l  c r y s t a l l i z a t i o n  of a s i n g l e  p a r e n t a l  b a s a l t .  They are 

Major and minor element v a r i a t i o n  
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probably  d e r i v e d  from s e v e r a l  p a r e n t a l  mafic  l a v a s  independent ly  genera ted  

from deep mant le  s o u r c e s .  

Within each p e r i o d  of volcanism incompat ib le  e lements  such a s  K ,  Rb, C s ,  

T a ,  Hf, Th and t o t a l  rare e a r t h  e lements  (REE) tend t o  i n c r e a s e  w i t h  i n c r e a s -  

i n g  S i 0 2  and t o  r e a c h  about  t h e  same maximum v a l u e s  i n  r h y o l i t e s  of each 

p e r i o d .  S i m i l a r l y ,  compat ib le  e lements  such as C r ,  Coy Zn, and Sc s y s t e m a t i c a l l y  

d e c r e a s e  from maf ic  t o  s i l i c i c  rocks ;  t h e s e  v a l u e s  s c a t t e r  c o n s i d e r a b l y  i n  

t h e  b a s a l t s ,  b u t  a r e  more uni formly  low i n  t h e  r h y o l i t e s .  These uniform v a l u e s  

f o r  t h e  r h y o l i t e s  s u g g e s t  t h a t  t h e  magma system l o s t  i t s  s i l i c i c  f r a c t i o n  t o  

t h e  s u r f a c e  when t h e s e  e lements  had reached a p a r t i c u l a r  enr ichment  i n  t h e  

upper  p a r t  of t h e  magma chamber. 

I .A.3  P e t r o g e n e s i s  

Hearn e t  a l .  (1980)  have re la ted t h e  Clear Lake Volcanics  t o  e r u p t i o n  

above a major  upper  c r u s t a l  magma chamber. The g e n e r a l  l a c k  of  v e r y  evolved 

rocks  i n  t h e  o l d e r  (group 4 )  l a v a s  and t h e i r  widespread d i s t r i b u t i o n  s u g g e s t s  

t h i s  e a r l i e r  phase i s  n o t  r e l a t e d  t o  a s i n g l e ,  l a r g e  magma chamber. However, 

by t h e  t i m e  of t h e  group 3 v o l c a n i c s  ( 1 . 2  - 0.8 m.y. a g o ) ,  volcanism was 

t i g h t l y  c o n c e n t r a t e d  i n  space  and composi t ions  were v e r y  evolved ,  as  though 

e r u p t i o n  w a s  d e r i v e d  from a s i n g l e ,  l a r g e  magma chamber. Group 2 volcanism 

w a s  s h i f t e d  s l i g h t l y  t o  t h e  n o r t h ,  bu t  was s t i l l  t i g h t l y  c l u s t e r e d  and v e r y  

s i l i c i c .  The group 1 v o l c a n i c s  have s h i f t e d  f u r t h e r  t o  t h e  n o r t h ,  away from 

t h e  g e o p h y s i c a l l y - i n f e r r e d  p r e s e n t  magma chamber ( s e e  Geophysics S e c t i o n ) ,  t o  

t h e  area n e a r  t h e  s o u t h e a s t e r n  arm of Clear Lake and n o r t h e a s t  of  t h e  l a k e .  

Most of t h e  l a v a s  d u r i n g  t h i s  p e r i o d  were b a s a l t ,  b a s a l t i c  a n d e s i t e ,  and 

a n d e s i t e .  Hearn e t  a l .  (1980)  sugges t  t h a t  l a v a s  of groups  2 and 3 r e p r e s e n t  

d i f f e r e n t i a t e d  magmas from a s i n g l e ,  l a r g e  chamber, whereas group 1 l a v a s  
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were d e r i v e d  a g a i n  from deep,  presumably mant le ,  s o u r c e s .  They sugges t  t h a t  

t h i s  s h i f t  t o  t h e  n o r t h e a s t  s i g n a l s  a new c y c l e  of magma g e n e r a t i o n  w i t h  

consequent  h e a t i n g  of t h e  c r u s t  and development of new magma chambers. 

The REE p a t t e r n s  i n d i c a t e  t h a t  t h e  C l e a r  Lake b a s a l t s  are  d e r i v e d  from 

a r e l a t i v e l y  u n f r a c t i o n a t e d  source .  Most b a s a l t s  and b a s a l t i c  a n d e s i t e s  of 

t h e  C l e a r  Lake Volcanics  show no Eu anomaly, which s u g g e s t s  t h a t  p l a g i o c l a s e  

h a s  n o t  played a r o l e  e i t h e r  i n  t h e  s o u r c e  a r e a  o r  a s  a f r a c t i o n a t i n g  phase i n  

t h e s e  magmas. 

I.B. F l u i d  Chemistry 

I . B . l .  Vapor dominated thermal  water 

These steam condensa te  waters r e p r e s e n t  a c l a s s i c a l  example of a vapor  

dominated geochemical system (Table  1 ,  c o l . 1 ) .  

and White e t  a l .  (1971) vapor  dominated s u r f a c e  s p r i n g s  have v e r y  low 

d i s c h a r g e ,  a re  v e r y  a c i d  (pH 2 t o  3 )  and a r e  low i n  c h l o r i d e .  HzS, t h a t  

e v o l v e s  w i t h  t h e  steam, reacts  n e a r  t h e  s u r f a c e  w i t h  oxygen t o  form s u l f u r i c  

a c i d ,  t h u s  account ing  f o r  t h e  h igh  s u l f a t e  c o n t e n t s  and low pH. The a c i d  

condensed w a t e r  d i s s o l v e s  a v a i l a b l e  c a t i o n s  from t h e  sur rounding  rocks which 

are  adequate  s o u r c e s  f o r  t h e  r e p o r t e d  c o n s t i t u e n t s .  A s  r e p o r t e d  by Goff e t  

a 1  (1977) ,  vapor  dominated w a t e r  a t  The Geysers  i s  g e n e r a l l y  u n d e r s a t u r a t e d  

w i t h  amorphous s i l i c a .  A s  d i s c u s s e d  by White e t  a l .  (1971) ,  t h e  geochemistry 

of  c h l o r i d e  i s  c r i t i c a l  i n  unders tanding  t h e  d i f f e r e n c e s  between c o e x i s t i n g  

c h l o r i d e - c o n t a i n i n g  waters and t h e  vapor  dominated waters. 

c h l o r i d e s  a r e  h i g h l y  s o l u b l e  i n  l i q u i d  water and t h e  low c o n t e n t  of C 1  i n  

most r o c k s  can  be s e l e c t i v e l y  d i s s o l v e d  a t  high temperature .  

metal c h l o r i d e s ,  however, have n e g l i g i b l e  v o l a t i l i t y  and s o l u b i l i t y  i n  low 

p r e s s u r e  steam. 

A s  d i s c u s s e d  by White (1967)  

Most metal 

The common 

T h e r e f o r e  t h e  vapor  dominated waters a t  t h e  Geysers  are 
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c h a r a c t e r i s t i c a l l y  low i n  c h l o r i d e  r e l a t i v e  t o  s u l f a t e .  White e t  a l .  (1971)  

a l s o  d e s c r i b e d  young mecury d e p o s i t s  t h a t  have formed i n  t h e  upper  p a r t s  of 

t h e  vapor-dominated system a t  The Geysers.  Mercury h a s  h i g h  v o l a t i l i t y  i n  

steam which p r o v i d e s  a n  a t t r a c t i v e  mechanism f o r  s e p a r a t i o n  and c o n c e n t r a t i o n .  

White e t  a l .  (1971)  proposed t h a t  Hg and H2S d i s s o l v e  i n  t h e  steam condensa te  

and p r e c i p i t a t e  as HgS as t h e  tempera ture  d e c r e a s e s  and t h e  pH of t h e  conden- 

sates i n c r e a s e s  from t h e  r e a c t i o n  w i t h  s i l i ca tes .  

I .B .  2 Thermal ground waters. 

Many of  t h e  h o t  water s p r i n g s  i n  t h e  Geysers  a r e a  r e f l ec t  m i x t u r e s  of t h e  

r e g i o n a l  groundwater  c h e m i s t r i e s .  (White e t  a l .  1973). These groundwater 

c h e m i s t r i e s  c a n  be c l a s s i f i e d  as f o l l o w s :  

I.B.2a S u r f a c e  and sha l low groundwater 

Mg+2-CO; r i c h  waters c o n s t i t u t e  most of t h e  s u r f a c e  and s h a l l o w  ground- 

water d i s c h a r g e d  from b o t h  s e r p e n t i n i t e s  and u l t a m a f i c s  i n  t h e  Geysers  a r e a  

(Barnes e t  a l .  1967). 

h i g h  and t h e  d i s s o l v e d  C02 can  v a r y  from 0.003 t o  g r e a t e r  t h a n  one atmosphere.  

Such waters a re  thought  t o  r e f l e c t  t h e  h y d r o l y s i s  of s e r p e n t i n e  (Barnes 1970).  

At high PC02 Barnes et al. (1973) showed experimentally that serpentine 

d i s s o l v e s  i n c o n g r u e n t l y  t o  y i e l d  s i l i c a - r i c h  secondary m i n e r a l s .  Such a l te r -  

a t i o n  by groundwater  i n  The Geysers  area is c l o s e l y  a s s o c i a t e d  w i t h  mercury 

d e p o s i t i o n .  Some of t h e  pos t -c innabar  q u a r t z  c o n t a i n s  f l u i d  i n c l u s i o n s  t h a t  

y i e l d  f i l l i n g  t e m p e r a t u r e s  of less t h a n  100°C s u g g e s t i n g  a l t e r a t i o n  by low 

t e m p e r a t u r e  groundwater.  

I n  g e n e r a l ,  HCO; c o n c e n t r a t i o n s  ( T a b l e  1 ~ 0 1 . 3 )  a r e  

I.B.2b Water r e f l e c t i n g  s e r p e n t i z a t i o n .  

A rarer water t y p e ,  c l a s s i f i e d  a s  a Ca+*-OH- t y p e  (Barnes  and O ' N e i l ,  19691, 
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TABLE 1 

Examples of Water Compositions Assoc ia te  with Geothermal Systemsa) i n  ppm 

1 2 3 4 5 6 7 8 9 10 11 
Geysers- Geysers- Geysers- Geysers- Long Long Rio Grande Rio Grande Roosevelt S a l t o n  S a l t o n  
Clear Lake, Clear Lake, Clear Lake, Clear Lake. Val ley Valley R i f t  Valles R i f t  Hot Springs Trough Trough 
Vapor Water Water water from Thermal Shallow Caldera Ground- Thermal Brine Surface 
Dominated R e f l e c t i n g  R e f l e c t i n g  Great water  Water Thermal Water Water Water 
System Serpent i -  Weathering Valley system Water 

z a t i o n  of Serpen- Sequence 
tine 

s i 0 2  225 0.4 170 190 110 58 170 96 639 400 41 
A 1  14  0.2 0.66 1.86 - >o. 5 
Fe 63  - 0.22 - - - - - .016 2000 >o. 3 
Hn 14  0.02 - .  1370 1 
As - - - 0.74 0.02 - - - - - 
C a  47 40 30 1.4 50 5.1 7.3 160 31 28800 435 
Ng 281 0.3 238 58 0.6 5.9 13 6.6 -26 10  69 
Na 1 2  1 9  162 9140 41 0 23 4800 510 2072 53000 5430 
K 5 11 26 460 30 40 180 63 403 9 16500 334 

- - - - - 
- - - - - - 

- - - - - L i  14  2.8 0.04 - 210 12 
1400 0.19 - 30 3 0.40 0.13 - - - - 52 

0 0 1258 7390 416 90 - 773 25 682 630 "4 
HCO3 

5710 0.4 6.3 23 96 8.1 1600 290 48 96 414 
C"3 

0.5 63  272 11000 200 5.7 2600 300 3532 155000 8920 
,304 
c1 
P - 0 - 1.1 8.4 0.5 16 4.4 - - - 
B r  - - 2 15 - - 1 4  3.0 - - 9.1 

B 3.1 .02 19 293 10.6 0.37 26 7.4 - 390 62 
NO3 

HZS 2.3 0.1 - - - - - 
Temp 100 20 52 57 79 11 - - 92 >300 34 PH 

- - - - 0 0.2 0 0 - - - 

- - 9.2 - - - - - - - - 
- - - - 

1.8 11.54 6.17 7.2 6.5 6.8 7.7 6.6 5.0 5.2 6.33 

a )  Reference 
1. Table 1, White (1970) 

2. Table 2, Barnes 6 O ' N e i l  5. 3S/28E-l3ES3 (Tale  1) Mariner 6 8. H17 (Table 1 )  T r a i n e r  and Lyford 11. Table 1, Muffer and White (1968) 

4. Wilbur Spriags (Table 1 )  Barnes 1970 7. N4 (Table 1 )  T r a i n e r  and Lyford (1979) 10. NO2 1 1 D  Helgson (1968) 

(1969) Willey 1976 (1979) 

3. S e i g l e r  Spring,  Barnes 6. 2S/28E-25ASl (Table 1) Mariner h 9. Sample 13 Parry e t  a l .  (1980) 
and o t h e r s  (1973) Willey 1976 



i s s u e s  o n l y  from incomple t e ly  s e r p e n t i n i z e d  p e r i d o t i t e .  (Tab le  1 c o l  2).  

Experimental  d a t a  i n d i c a t e  tha.t composi t ions  are  a p p a r e n t l y  c o n t r o l l e d  by 

r e a c t i o n  of pr imary phases  ( o l i v e n e  and pyroxene) t o  y i e l d  secondary phases  

( s e r p e n t i n e  and b r u c i t e ) .  The pH i s  g e n e r a l l y  h i g h  (11  t o  12) .  The Ca*-OH- 

1 water type  i s  thought  t o  be de r ived  from t h e  Mg+2-HC0i type .  

I.B.2c Groundwaters of t h e  Great Va l l ey  Sequence 

Barnes e t  a l .  (1973a) sho,wed t h a t  i n  t h e  Clear Lake r e g i o n ,  50 km east  

of  t h e  Geysers  geothermal  a r e a ,  t h e  groundwater i s  r e l a t e d  t o  s t r u c t u r e  and 

type  of unde r ly ing  rock. 

f a u l t  which s e p a r a t e s  t h e  e a s t e r n  Great Va l l ey  sequence from rocks  i n  t h e  

The p r i n c i p a l  s t r u c t u r a l  c o n t r o l  i s  t h e  Coast  Range 

wes te rn  F ranc i scan  sequence. West of t h e  f a u l t  t h e  waters a re  g e n e r a l l y  of  

t h e  Mg*-HCO; type  p r e v i o u s l y  d i scussed .  East of t h e  f a u l t  t h e  chemical  

composi t ion  i s  c h a r a c t e r i z e d  by r e l a t i v e l y  h i g h  c h l o r i d e  and low b i c a r b o n a t e  

composi t ions .  I n  some l o c a t i o n s ,  h igh  c h l o r i d e  waters which i s s u e  from 

Franc i scan  metasedimentary rocks  have been expla ined  by t h e  e x i s t e n c e  of 

u n d e r t h r u s t  Great Va l l ey  rocks  a t  depth .  Goff e t  a l .  (1977) used such  r e l a t i v e l y  

c h l o r i d e - r i c h  

sequence benea th  t h e  Clear Lake v o l c a n i c  f i e l d  east  of  t h e  Geysers  area. 

waters t o  o u t l i n e  t h e  concealed e x t e n t  of  t h e  Great Val ley  

Hydrocarbon g a s e s  are  produced i n  l a r g e  q u a n t i t i e s  from Great Val ley  

sequence rocks .  

o i l  f i e l d  and g a s  f i e l d  waters of t h e  C e n t r a l  Va l l ey  of  C a l i f o r n i a  but  are  

These waters a r e  chemica l ly  and i s o t o p i c a l l y  similar t o  t h e  

g e n e r a l l y  en r i ched  i n  b i ca rbon ,a t e s  and boron (Barnes  e t  a l .  1973a).  These waters 

probably  evolved from connate  sea water i n  t h e  po res  of  mar ine  sed iments  b u t  

may be  a f f e c t e d  t o  some e x t e n t  by low g rade  metamorphism a t  depth .  

a l .  (1973)  recognized  a n  a d d i t i o n a l  water type  a t  Sulphur  Bank t h a t  w a s  similar 

White e t  

i n  i s o t o p i c  composi t ion  t o  t h e  o i l  f i e l d  type  water bu t  was lower i n  C 1  and 
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higher in B. 

morphism of marine sediments. 

The water was interpreted as a product of more extensive meta- 

The abundance of NH3 and high Br/C1 and I/C1 ratios of both types of 

waters suggest their involvement at some time with sea water, marine sediments, 

and activity of marine organisms (White et al. 1973). High I/C1 ratios have 

been ascribed to decomposition of marine biologic remains (Barnes 1970). 

B concentrations have been explained by recrystallization of marine clays with 

release of B back into solution (Barnes 1970). 

The 

Goff et al. (1977) found that waters high in chloride, reflecting an 

origin in the Great Valley sequence, had higher calculated reservoir temper- 

atures, based on the Na-K-Ca geothermometer than waters emerging from the 

Franciscan assemblage. These anamolous temperatures lead Goff et al. (1977) 

to conclude that concentrations of Na, K, and Ca in thermal waters in the 

Clear Lake region are.controlled by rock composition as well as temperature. 

I.B.3 Isotope geochemistry 

A sizable amount of isotopic data is also available for this system and 

nearby areas. 

carbonates associated with ultramafics (O'Neil et al. 1977) and water involved 

in the serpentinization of these ultramafics (Wenner et al, 1973) were meteoric 

in nature. The meteoric waters sampled in the Geysers Clear Lake region 

contained oxygen-18 values of -5 to -9 per mil and deuterium contents of -35 

to -65 per mil. 

waters cluster around an oxygen-18 value of +3 per mil and deuterium value 

of -20 per mil. 

Abbott Mine) fall on a mixing line which represents a mixture of meteoric 

water with water evolved originally from waters of the Great Valley sequence. 

D and l8O values indicate that water involved in producing 

All are close to Craig's meteoric water line. Oil field 

Some thermal and mineral waters sampled (Grizzly Spring and 
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I . C .  Hydrothermal a l t e r a t i o n  

The Geysers  geothermal  a r e a  i s  u n d e r l a i n  by t h e  F r a n c i s c a n  assemblage, 

a n  assemblage t h a t  i s  l i t h o l o g i c a l l y  he te rogeneous ,  c o n s i s t i n g  of t e c t o n i c a l l y  

and d e p o s i t i o n a l l y  jux taposed  bodies  of graywacke, s h a l e ,  a l t e r e d  maf ic  

r o c k s ,  t u f f s ,  b r e c c i a s ,  c h e r t s ,  u l t r a m a f i c  rocks ,  s e r p e n t i n i t e s ,  and l i m e -  

s t o n e s .  Medium grade  b l u e s c h i s t  o c c u r s  wide ly  throughout  t h e  F r a n c i s c a n ,  and 

o c c a s i o n a l  high-grade b l u e s c h i s t  and e c l o g i t e  are a l s o  found. A l a r g e  p a r t  

of t h e  assemblage i s  a c h a o t i c  m i x t u r e  of heterogeneous rock  f ragments  w i t h  

dimensions of a few c e n t i m e t e r s  t o  t e n s  of k i l o m e t e r s  and enc losed  i n  a 

p e r v a s i v e l y  sheared  m a t r i x  of s h a l e ,  s a n d s t o n e ,  o r  graywacke. F u r t h e r  d e t a i l s  

of t h e  F r a n c i s c a n  assemblage are d e s c r i b e d  e l sewhere  i n  t h i s  r e p o r t .  

There i s ,  u n f o r t u n a t e l y ,  l i t t l e  o r  no p u b l i c l y  a v a i l a b l e  i n f o r m a t i o n  

a t  p r e s e n t  concerning hydrothermal  a l t e r a t i o n  i n  c u t t i n g s  o r  c o r e s  from t h e  

F r a n c i s c a n  r e s e r v o i r  rock a t  The Geysers.  S e v e r a l  examples of hydrothermal  

a l t e r a t i o n  are p r e s e n t  l o c a l l y ,  however, i n  t h e  n e a r  s u r f a c e  c a p  r o c k s ,  and 

t h e s e  have been d e s c r i b e d  i n  r e l a t i o n  t o  t h e  p a r a g e n e s i s  of mercury d e p o s i t s  

i n  n o r t h - c e n t r a l  C a l i f o r n i a  (White and Robertson,  1962; Barnes,  e t  a l .  1973b; 

Sorg ,  e t  a l .  1978).  The mercury d e p o s i t s  are  found i n  a s s o c i a t i o n  w i t h  

s i l i c a - c a r b o n a t e  a l t e r a t i o n  assemblages developed w i t h i n  t h e  s e r p e n t i n i t e  

s h e e t s  of t h e  upper Mesozoic rocks  of t h e  F r a n c i s c a n  assemblage i n  t h e  

v i c i n i t y  of t h e  Geysers  (Sorg ,  e t  a l .  1978). Frequent  f a u l t  movement i s  

thought  t o  have provided f r a c t u r e  zones i n  bedrock t h a t  enabled  thermal  

m e t e o r i c  waters, h e a t e d  by a magma-hydrothermal system a t  d e p t h ,  t o  move i n t o  

s h a l l o w  r o c k s  benea th  The Geysers /Clear  Lake area where t h e y  r e a c t e d  w i t h  

s e r p e n t i n i t e  and formed s i l i c a - c a r b o n a t e  a l t e r a t i o n  assemblages and d e p o s i t e d  

mercury. Up t o  s i x  d i s t i n c t  p e r i o d s  of f r a c t u r i n g  and b r e c c i a t i o n  have 

o c c u r r e d ,  fo l lowed by complete  o r  p a r t i a l  h e a l i n g  by v a r i o u s  forms of q u a r t z  
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d u r i n g  f o r m a t i o n  of t h e  s i l i c a - c a r b o n a t e  a l t e r a t i o n  assemblages on t h e  south- 

eastern and southwes tern  p e r i p h e r i e s  of  t h e  Geysers  (Sorg ,  e t  a l .  1978). The 

e a r l y  q u a r t z  i s  predominant ly  chalcedony,  t r e n d i n g  toward c r y s t a l l i n e ,  vuggy, 

e u h e d r a l  q u a r t z  i n  s u c c e s s i v e l y  younger p e r i o d s  of f r a c t u r i n g .  D e p o s i t i o n  of 

c i n n a b a r  w a s  conf ined  t o  a s i n g l e  p o s t - f r a c t u r i n g  e p i s o d e  l a t e  i n  t h e  parage- 

n e t i c  sequence. The a v a i l a b l e  ev idence  i n d i c a t e s  t h a t  t empera tures  d u r i n g  

c i n n a b a r  d e p o s i t i o n  d i d  n o t  exceed 12OoC. 

Thermal waters s a t u r a t e d  i n  amorphous s i l i c a ,  c o n t a i n i n g  h i g h  c h l o r i d e ,  

and a s s o c i a t e d  w i t h  f r e e  C02 emerge from basement complex rocks i n  t h e  v i c i -  

n i t y  of The Geysers  and are thought  t o  be r e s p o n s i b l e  f o r  a l t e r i n g  s e r p e n t i n i t e  

t o  s i l i c a - c a r b o n a t e  assemblages (Barnes ,  e t  a l .  1973b). The s i l i c a  c a r b o n a t e  

assemblages cons i s t  of c r y p t o c r y s t a l l i n e  t o  m a c r o c r y s t a l l i n e  q u a r t z ,  magnes i te ,  

a n k e r i t e ,  and dolomi te  r e p l a c i n g  s e r p e n t i n e  m i n e r a l s .  Barnes,  e t  a l .  (1973b) 

used water a n a l y s e s  from s p r i n g s  i n  t h e  a r e a  t o g e t h e r  w i t h  thermochemical d a t a  

t o  show t h a t  t h e  thermal  waters a re  commonly s u p e r s a t u r a t e d  w i t h  s i l i c a ,  magne- 

s i t e ,  d o l o m i t e ,  and a n k e r i t e  w h i l e  u n d e r s a t u r a t e d  w i t h  s e r p e n t i n e ,  b r u c i t e ,  and 

ta lc .  They p r e s e n t e d  thermodynamic e x p l a n a t i o n s  f o r  t h e  r e l a t i v e  abundances 

of  s i l i c a  and c a r b o n a t e  m i n e r a l s  as 

s e r p e n t i n e .  

f u n c t i o n s  of t h e  a v a i l a b i l i t y  of C02 and 

Most of t h e  C02- r i c h  waters d i f f e r  markedly i n  b o t h  oxygen-18 and 

deuter ium c o n t e n t s  from l o c a l l y  d e r i v e d  m e t e o r i c  water. These h igh  C02 f l u i d s  

e n r i c h e d  i n  deuter ium and oxygen-18 are  c l a s s i f i e d  w i t h  t h e  metamorphic waters 

d e s c r i b e d  by Barnes (1970).  Estimates of t h e  p o s s i b l e  tempera ture  range of 

f o r m a t i o n  of t h e  c a r b o n a t e  m i n e r a l s  i n  t h e  a l t e r e d  wal l - rock i n d i c a t e  v a l u e s  

less  t h a n  100°C, The i s o t o p i c  d a t a  permi t  any m i x t u r e  of metamorphic 
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and m e t e o r i c  waters from oxygen-18 enr iched  metamorphic waters r e a c t i n g  a t  

h i g h e r  t e m p e r a r t u r e s  t o  l o c a l l y  d e r i v e d  m e t e o r i c  waters c o n t a i n i n g  metamorphic 

C O 2  r e a c t i n g  a t  mean annual  temperature .  The l a t t e r  i n t e r p r e t a t i o n  i s  

favored  by Barnes (1970) .  

O ' N e i l  and Barnes (1971)  have shown t h a t  t h e  oxygen-18 and carbon-13 con- 

t e n t s  of f r e s h  water c a r b o n a t e s  a s s o c i a t e d  w i t h  u l t r a m a f i c  rocks  and s e r p e n t i -  

n i t e s  i n  t h e  Coast Ranges a r e  of n e a r  s u r f a c e ,  low-temperature o r i g i n .  These 

c a r b o n a t e s  inc luded  t r a v e r t i n e s  d e r i v e d  from Ca+2-OH-type water  ( a s  w e l l  as 

t r a v e r t i n e s  produced by d i s p e r s i o n  of Mg+2-OH- type) into 

The i s o t o p i c  d a t a  i n d i c a t e  t h e  two modes of o r i g i n  f o r  t h e  t r a v e r t i n e  may b e  

c l e a r l y  d e l i n e a t e d  by t h e i r  i s o t o p i c  c o n t e n t s .  

produce a t r a v e r t i n e  which i s  s i g n i f i c a n t l y  l i g h t e r  i n  b o t h  oxygen-18 and 

carbon-13. 

w a t e r *  

The Ca+2-0H--type waters 

A t  The Geysers  geothermal  f i e l d  radon (222Rn) h a s  been used by Kruger e t  

a l .  (1977)  t o  de te rmine  s e v e r a l  c h a r a c t e r i s t i c s  of t h e  r e s e r v o i r .  Using s imple  

l i n e a r  and r a d i a l  f low models t h e y  were a b l e  t o  make estimates of p e r m e a b i l i t y  

and t h i c k n e s s  of t h e  r e s e r v o i r .  They a l s o  observed t h a t  i n  steam condensate  

water, radon and ammonia g a s  c o r r e l a t e d  l i n e a r l y  ( r  = 0.971, i n d i c a t i n g  t h a t  

b o t h  components have a similar r e g i o n  of o r i g i n  i n  t h e  r e s e r v o i r  and are b o t h  

c o n s e r v a t i v e  i n  t r a n s p o r t .  

11. LONG VALLEY 

The Long V a l l e y  c a l d e r a  i s  i n  s o u t h e r n  Mono County i n  e a s t - c e n t r a l  Cali- 

f o r n i a .  The c a l d e r a  f l o o r  i s  e l l i p t i c a l  i n  p l a n ,  1 7  by 30 km, w i t h  i t s  l o n g  

a x i s  a l i g n e d  east-west. The c a l d e r a  margin i s  formed by a prominent r i d g e  

from Bald Mountain t o  Glass Mountain i n  t h e  n o r t h  and by a d i s s e c t e d  v o l c a n i c  

t a b l e l a n d  t o  t h e  e a s t .  The Long V a l l e y  c a l d e r a  l i e s  n e a r l y  a s t r i d e  a major  
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fault system that separates the tectonically active Basin and Range province 

to the east from the relatively stable Sierra Nevada tectonic province to the 

west. 

Cenozoic volcanism began about 3.2 m.y ago and has continued intermittently 

until present. 

took place 0.7 m.y. ago with the eruption of the rhyolitic, Bishop Tuff. Heat 

flow data indicate that a resurgent dome overlies a residual magma chamber. 

Seismic and teleseismic studies also indicate that an anomalously hot or par- 

tially molten mass persists below 6-8 km under the western part of the caldera. 

It has been assumed that the Bishop Tuff provides the principal hot water 

reservoir that feed numerous hot springs in the area. 

The major event that resulted in the formation of the caldera 

I1 .A.  Geochemistry of Primary Volcanic Rocks 

II.A.l Petrology and geochemistry 

The chronology of various Quaternary volcanics has been determined using I4C 

(Wood, 19771, thermoluminescence (May 19761, K-Ar (Bailey et al., 1973), and 

uranium-series disequilibrium techniques (Baranowski et al., 1978). Volcanism 

in the vicinity of Long Valley began about 3.2 m.y. ago with eruption of 

basalt, andesite, and rhyodacite from widely scattered centers. Volcanism 

specifically associated with Long Valley began 1.9 m.y. ago with the rhyolite 

of Glass Mountain (Bailey et al. 1976). 

sparsely porphyritic, peraluminous subalkaline rhyolite. These lavas contain 

2-3 ppm Sr and <20 ppm Ba (Noble et al. 1972). 

This rhyolite is an aphanitic to 

The Bishop Tuff, erupted during the collapse of Long Valley Caldera, 

represents a sample of a single, large, silicic pluton, which was quickly emplaced, 

erupted, and quenched. It is a crystal-rich, high-silica rhyolite tuff containing 
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up t o  30 p e r c e n t  phenocrys ts .  Phases  p r e s e n t  i n  t h e  t u f f  are q u a r t z ,  s a n i d i n e ,  

o l i g o c l a s e ,  b i o t i t e ,  t i t a n o m a g n e t i t e ,  i l m e n i t e ,  z i r c o n ,  and a p a t i t e ;  a l l a n i t e ,  

a u g i t e ,  hypers thene ,and  p y r r h o t i t e  are s p a r s e l y  p r e s e n t .  Mineral  s p e c i e s  tend  

t o  be v e r y  uniform i n  composi t ion and change p r o g r e s s i v e l y  w i t h  temperature .  

Fe-Ti ox ide  tempera tures  i n c r e a s e  s y s t e m a t i c a l l y  from 72OoC a t  t h e  bottom 

of t h e  s h e e t  ( t o p  of magma chamber) t o  79OOC a t  t h e  t o p  of t h e  s h e e t  

(bottom of chamber) ( H i l d r e t h  1970). 

Whole-rock major  element a n a l y s e s  of t h e  Bishop Tuff (Table  111-1) show 

a s m a l l  bu t  s i g n i f i c a n t  v a r i a t i o n  from t h e  bottom (sample 1 )  t o  t h e  top  (sample 

2) of t h e  t u f f  s h e e t  ( B a i l e y  e t  a l .  1976; H i l d r e t h ,  1979). With p r o g r e s s i v e  

t a p p i n g  of t h e  chamber, s i l i c a  c o n t e n t  dropped from >77 t o  about  75 p e r c e n t ,  

and K20, C a O ,  MgO, Ti02,  P2O5 and t o t a l  F e  i n c r e a s e d .  

most abundant a t  t h e  t o p  of t h e  chamber and decreased  as e r u p t i o n  proceeded. 

MnO and Na20 were 

D e t a i l e d  geochemical s t u d i e s  of t h e  Bishop Tuff by H i l d r e t h  (1979) show 

t h a t  i n  c o n t r a s t  t o  t h e  r e l a t i v e l y  modest major  e lement  c o n c e n t r a t i o n  g r a d i e n t s ,  

t race element  g r a d i e n t s  are  v e r y  s t e e p .  For example, Ba, S r ,  Eu, T i ,  Fe, Co, 

Mg, Z r ,  and LREE ( l i g h t  rare e a r t h  e lements )  were d e p l e t e d  n e a r  t h e  top  of t h e  

magma chamber, whereas Rb, Cs, Y, Nb, Mo, Sb, Ta, W, U, Th, Mn, SC, and HREE 

were e n r i c h e d  a t  t h e  top. 

Following e r u p t i o n  of t h e  Bishop Tuff and a t t e n d a n t  c a l d e r a  c o l l a p s e ,  

e r u p t i o n  w i t h i n  t h e  c a l d e r a  of " e a r l y  r h y o l i t e "  t u f f s ,  f lows ,  and domes occurred .  

These r o c k s  c o n s i s t  of l e s s  t h a n  3 p e r c e n t  of phenocrys ts  of q u a r t z ,  p l a g i o c a s e ,  

b i o t i t e ,  h y p e r s t h e n e ,  and Fe-Ti o x i d e s ,  and rare p h e n o c r y s t s  of f a y a l i t e  and 

a u g i t e .  

1964) and do n o t  v a r y  s i g n i f i c a n t l y  i n  chemical  composition. 

These r h y o l i t e s  c o n t a i n  about  7 5  p e r c e n t  S i 0 2  (e.g. R i n e h a r t  and Ross,  
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TABLE 111-1 

ANALYSES OF BISHOP TUFF 
( i n  w t .  p e r c e n t )  

[From Bateman, 19651 

1 

si0 2 

2O3 

Fe 2O3 

FeO 

MgO 

CaO 

N a  20 

K20 

Ti0 2 

2O5 

MnO 

H20 

co2 

75.6 

13.1 

.a 

.13 

.18 

.56 

3.8 

4.8 

. ll  

.01 

.04 

.35 

.16 

Fol lowing r e su rgence  of t h e  " e a r l y  r h y o l i t e s " ,  e r u p t i o n  of t h e  "moat 

r h y o l i t e s "  occur red .  These are pumiceous, c o a r s e l y  p o r p h y r i t i c  hornblende-  

b i o t i t e  r h y o l i t e ,  w i t h  up t o  20 p e r c e n t  phenoc rys t s  of hornblende ,  b i o t i t e ,  

q u a r t z ,  s a n i d i n e ,  and p l a g i o c l a s e .  

(1964) shows t h i s  r h y o l i t e  t o  have above 7 2  p e r c e n t  Si02. 

A chemica l  a n a l y s i s  by R i n e h a r t  and Ross 

Later e x t r u s i v e  rocks  have p r o g r e s s i v e l y  lower s i l i c a  c o n t e n t s .  The 
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2 

76.7 

13.0 

5. 

.26 

.13 

.52 

3.7 

4.5 

.06 

.oo 

.03 

.34 

.08 
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"rim rhyodacites" are crystal-rich hornblende-bioite rhyodacites, with silica 

contents ranging from 74-59 percent. The main phenocrysts are hornblende, 

biotite, augite, and hypersthene, with minor olivine, plagioclase, sanidine, 

and quartz. Considerable mineralogical and chemical heterogeneity exists 

within individual eruptive centers (Bailey et al., 1976). 

Following this intermediate extrusive activity, eruption of basaltic 

flows and cinder cones occurred within Long Valley. This activity is not 

specifically related to the Long Valley magma chamber, but rather is part of a 

much more extensive chain of mafic volcanism extending from southwest of 

Mammoth Mountain to 45 km northward into Mono basin. These rocks are chemically 

and mineralogically similar to late Cenozoic basalts occurring throughout the 

Basin and Range province. 

The last extrusive activity at Long Valley resulted in the Inyo domes. 

Three of these are fluidic mixtures of two distinctly different rock types, a 

coarsely porphyritic hornblende-biotite rhyodacite, and a sparsely porphyritic 

rhyolite obsidian. The rhyodacite is mineralogically similar to the rhyodacites 

of Long Valley caldera, whereas the rhyolite obsidian is similar to that of 

the Mono craters. The mineralogical and volume relations suggest that the 

Inyo domes represent mixing along north-south fractures of magmas from the 

Long Valley caldera with magmas from beneath the Mono craters ring fracture 

zone (e.g., Bailey et al., 1976). 

By using 14C to age date well preserved conifer logs stratigraphically 

associated with the tephra, Wood (1977) deduced an age of 720 - + 60 y. before 
present. 



/- 

I I .A .2  

A model for the evolution of magmas associated with the Long Valley 

Petrogenesis - of volcanic rocks 

caldera was presented by Bailey et al. (1976). 

concentric zonation of post-caldera volcanic rocks resulted from progressive 

downward crystallization of a magma chamber which was zoned from rhyolite in 

its upper part to rhyodacite in its lower part. The continuous decrease in 

Si02 from 75% in the early rhyolites to 64% in the rim rhyodacites reflects 

intermittent tapping of the magma chamber at progressively greater depths 

They postulate that the 

along ring fractures. 

The upper part of the chamber was erupted as the rhyolite of Glass 

Mountain. Noble et al. (1972) have indirectly inferred the origin of the 

magmas which produced the rhyolites of Glass Mountain. Nearby Quarternary 

rhyolite and rhyolite obsidian were found to have 87Sr/86Sr ratios of 

0.706 and 0.707. These values are nearly identical to those of the upper 

Cenozoic basalt and are lower than would be expected if the rocks had been 

generated by partial melting of Mesozoic or older basement rocks to the area. 

They propose the Glass Mountain rhyolites were formed by fractional crystalli- 

zation of fairly alumina-rich subalkaline mafic magma also rich in strontium 

and in radiogenic strontium. During the eruption of the Bishop Tuff and 

consequent caldera collapse the chamber was drained of the zone of magma con- 

taining 75-77 percent Si02. Hildreth (1979) concludes that the compositional 

and thermal gradients measured in the Bishop Tuff existed in the liquid prior 

to phenocryst precipitation. The very modest gradients in major-element 

concentrations and the uniformity of mineral grains, however, rule out 

e 
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fractional crystallization as a major cause of the observed compositional 

zonation. Instead, this zonation is established through the combined effects 

of convective circulation, internal diffusion, complexing, and wall-rock 

exchange controlled by the thermal and gravitational fields of the magma 

chamber itself. 

Following eruption of the Bishop Tuff, successive tapping of deeper 

levels of the chamber at later times brought progressively more crystallized 

and less silicic magma to the surface (Bailey et al., 1976). 

From the chemistry of the Glass Mountain lavas, Noble et al. (1972) 

suggest that these lavas were derived from a "parent" silicic lava by crystal- 

lization of alkali feldspar and perhaps biotite. 

been derived by fractional crystallization of a fairly alumina-rich subalkaline 

mafic magma with Sr content of 1000 ppm and 87Sr/86Sr rate of 

The parent magma may have 

0.706 - 0.707. 

1I.B Fluid chemistrv 

Sorey et al. (1978) classified the groundwater system in the Long Valley 

caldera into two parts: (1) a shallow subsystem in which temperatures are not 

much higher than ambient land surface temperatures, groundwater flow paths are 

relatively short, and the dissolved solids are relatively low and ( 2 )  a deep 

subsystem in which temperatures are high, groundwater flow paths are long and 

circuitous, and concentrations of dissolved solids are high. In general the 

shallow subsystem is contained in the fill above the densely-welded Bishop Tuff. 

The deep subsystem consists of Bishop Tuff with subordinate amounts of pre- 

Bishop Tuff volcanics and metasedimentary rocks. In large part, the varia- 

tions in chemical character reflect sharp differences between the deep hot 

water system and the shallow cold water system and they also indicate local 
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p r o p o r t i o n s  of t h e s e  two c o n t r a s t i n g  t y p e s  ( C a l i f o r n i a  Dept. of Water 

Resources ,  1967). The chemical  c h a r a c t e r i s t i c s  of t h e  two t y p e s  a r e  a s  

f o l l o w s  . 
II.B.1 Shal low Groundwater 

These waters are  g e n e r a l l y  of a non-sa l ine  sodium b i c a r b o n a t e  type  

( T a b l e  1 ,  no.6). The c o l d  water c o n t a i n s  p r o p o r t i o n a l l y  more calcium and 

magnesium and less c h l o r i d e  t h a n  t h e  thermal  s p r i n g  waters. I n  g e n e r a l  t h e  

p r o p o r t i o n  of sodium c h l o r i d e  d e c r e a s e s  as t h e  t o t a l  d i s s o l v e d  s o l i d s  

d e c r e a s e .  A s  sugges ted  by L e w i s  (1974) ,  such  a t r e n d  i n d i c a t e s  t h a t  t h e  

s h a l l o w  a q u i f e r  h a s  been contaminated by mixing w i t h  thermal  f l u i d s .  

11. B. 2 Thermal system 

S a l i n e  sodium b i c a r b o n a t e - c h l o r i d e  waters a re  d i s c h a r g e d  by the  thermal 

s p r i n g s  ( T a b l e  1, sample 5 ) .  A marked d e c r e a s e  o c c u r s  i n  t h e  p r o p o r t i o n  of 

d i v a l e n t  t o  monovalent c a t i o n s ,  sodium and potassium (Mariner  and Wil ley  1976).  

Waters from Hot Creek s u g g e s t  a l o s s  of C02 and a p r e c i p i t a t i o n  of c a r b o n a t e  

a t  depth .  Also s p r i n g s  having h i g h  C l / C a  and Cl/Mg r a t i o s  g e n e r a l l y  have 

lower Ca/Mg r a t i o s  perhaps  i n d i c a t i n g  p r e c i p i t a t i o n  of magnesian ca lc i te .  

Cl/Rb, Na/Rb and N a / L i  r a t i o s  are  smallest f o r  h o t  s p r i n g s  a long  Hot Creek, 

i n c r e a s i n g  as s p r i n g  t e m p e r a t u r e s  d e c r e a s e  (Mariner  and W i l l e y ,  1976).  The 

s l i g h t  i n c r e a s e  i n  C l / L i  and Cl/F as  t h e  s p r i n g  t e m p e r a t u r e s  d e c r e a s e  may 

i n d i c a t e  l o s s  of t h e s e  minor elements i n t o  a l t e r a t i o n  m i n e r a l s .  

Smith (1976) and Sorey e t  a l .  (1978)  compared t h e  p r e s e n t  rates of 

d i s c h a r g e  of c h a r a c t e r i s t i c  h o t  s p r i n g  e lements  such a s  B ,  L i ,  C 1  and A s  from 

t h e  Long V a l l e y  hydrothermal  system w i t h  amounts c o n t a i n e d  i n  t h e  e v a p o r i t e  

d e p o s i t s  i n  S e a r l e s  Lake, t h e  c l o s e d  d i s c h a r g e  p o i n t  i n  t h e  s u r f a c e  water 

system. Approximately 70% of t h e  B would have been d e p o s i t e d ,  assuming a 
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c o n s t a n t  f low,  e q u i v a l e n t  t o  p r e s e n t  f low ra tes ,  ove r  t h e  32,000 yea r  per iod  

of e v a p o r i t e  fo rma t ion  based on d a t i n g  of i n t e rbedded  mud l a y e r s .  

A p p l i c a t i o n s  of mixing models t o  estimate mixing r a t i o  and t empera tu res  

of t h e  hot  water component a t  dep th  have been made by Marine and Wil ley  (1976).  

Rese rvo i r  t empera tu res ,  e s t ima ted  from t h e  s i l i c a  geothermometer of Fourn ie r  

and T r u e s d e l l  and a s i l i c a  c h l o r i d e  mixing model, ranged from 2OOOC t o  2 2 5 O C .  

These models sugges ted  t h a t  a s i n g l e  r e s e r v o i r  u n d e r l i e s  o r  a t  least  f eeds  a l l  

t h e  major  h o t  s p r i n g s  i n  t h e  c a l d e r a .  A more r e c e n t  a n a l y s i s  of t h e  geother -  

mometer and i s o t o p e  d a t a  of Fourn ie r  e t  a l . ,  u s ing  c h l o r i d e  e n t h a l p y  r e l a t i o n s ,  

sugges t  a more complicated system i n c l u d i n g  a deep a q u i f e r  w i t h  water a t  2 8 2 O C .  

The i s o t o p i c  d a t a  f o r  deuter ium and oxygen from f r e s h  waters and h o t  

s p r i n g s  i n  Long Va l l ey  have been summarized by Fourn ie r  e t  a l .  (1976) .  They 

sugges t  t h a t  f r e s h  water t y p i c a l  of t h e  r echa rge  f o r  t h e  geothermal  system 

has  del ta-180 = -15 and de l ta -deuter ium = -112  p e r  m i l .  

p e r c o l a t e s  underground and reacts  w i t h  t h e  r e s e r v o i r  rock t o  form a n  end member 

geothermal  component w i t h  del ta-180 = -13 and de l ta -deuter ium = -112 p e r  m i l .  

Th i s  h o t  end-member t h e n  m i g r a t e s  toward t h e  s u r f a c e  where i t  mixes w i t h  a c o l d ,  

me teo r i c  w a t e r  having de l ta - I80  = -17 and de l ta -deuter ium = -130 p e r  m i l  t o  

produce t h e  mixing t r e n d  observed f o r  t h e  thermal  s p r i n g s  i n  t h e  area. The 

i s o t o p i c  s h i f t  i n  del ta-180 f o r  thermal  s p r i n g s  i n  Long Va l l ey  i s  less t h a n  

f o r  most o t h e r  major  thermal  areas and s u g g e s t s  t h e  ho t  s p r i n g  system i s  

modera te ly  o l d  and h a s  i s o t o p i c a l l y  w e l l  f l u s h e d  condu i t s .  The i s o t o p i c  d a t a  

has  a l s o  been used t o  demonst ra te  t h a t  f o r  s e v e r a l  samples t h e  thermal  

end-member must have b o i l e d  wh i l e  ascending  b e f o r e  mixing w i t h  t h e  c o l d ,  

me teo r i c  end-member. 

The me teo r i c  water 
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The d i s s o l v e d  s u l f a t e - w a t e r  i s o t o p e  geothermometer has  been a p p l i e d  t o  Long 

Va l l ey  waters by McKenzie and T r u e s d e l l  (1975) .  

v a l u e  i s  -7.5 p e r  m i l  and t h e  c a l c u l a t e d  del ta-180 (H20) v a l u e  i s  -13.2 p e r  

m i l .  Using e m p i r i c a l l y  de r ived  r e l a t i o n s  f o r  t h e  t empera tu re  dependence of 

t h e  f r a c t i o n a t i o n  between d i s s o l v e d  s u l f a t e  and water i n d i c a t e s  an  e q u i l i b r a -  

t i o n  a t  268OC, which i s  r easonab ly  c o n s i s t e n t  w i t h  t h e  s i l i c a - d e r i v e d  

a q u i f e r  tempera ture .  

The ave rage  del ta-180 ( S O 4 )  

1 I . C  Hydrothermal a l t e r a t i o n  

Hydrothermal and fumaro l i c  a c t i v i t y  a t  Long Va l l ey  i s  c o n t r o l l e d  by 

c a l d e r a  r i n g  f r a c t u r e s  and young f a u l t s  w i t h i n  t h e  c a l d e r a .  Su r face  m a n i f e s t a t i o n s  

of hydro thermal  a l t e r a t i o n  of c a l d e r a  f i l l  have been reviewed by B a i l e y ,  e t  

a l .  (1976).  Tuffaceous  l a c u s t r i n e  sed iments  on t h e  east  and s o u t h e a s t  f l a n k  

of  t h e  r e s u r g e n t  dome a re  be ing  a r g i l l i z e d  by a c i d  waters a s s o c i a t e d  w i t h  

fumaro l i c  a c t i v i t y .  Ox ida t ion  of fumaro l i c  H2S h a s  produced a c i d  s u l f a t e  

waters t h a t  have r e s u l t e d  i n  i n t e n s e  o p a l i z a t i o n  of sed iments  l o c a l l y .  The 

a l t e r a t i o n  sequence w i t h  i n c r e a s i n g  dep th  and t empera tu re  i n  t h e  s u r f a c e  

c a l d e r a  f i l l  d e p o s i t s  i s  s i l i c i f i c a t i o n ,  a r g i l l i z a t i o n ,  and z e o l i t i z a t i o n .  

Traces of a l u n i t e  and mon tmor i l l on i t e  a re  a l s o  p r e s e n t .  

111. R I O  GRANDE RIFT 

The Rio Grande r i f t  i s  a major  c o n t i n e n t a l  r i f t  c o n s i s t i n g  of a series of 

i n t e r c o n n e c t e d  nor th-south  t r e n d i n g  grabens  and a s s o c i a t e d  f l a n k i n g  u p l i f t s  

t h a t  s t r e t c h  from c e n t r a l  Colorado a c r o s s  New Mexico t o  t h e  v i c i n i t y  of Chi- 

huahua, Mexico and w e s t  Texas. I n  c e n t r a l  and s o u t h e r n  Colorado and n o r t h e r n  

N e w  Mexico, t h e  r i f t  l i e s  between two s a l i e n t s  of t h e  Southern  Rocky Mountain 

phys iog raph ic  province .  From c e n t r a l  N e w  Mexico southward t h e  r i f t  merges 

w i t h  t h e  Bas in  and Range province .  The p r e s e n t  phase of r i f t i n g  began 
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approximate ly  25 m.y. ago. There i s  abundant ev idence  of hydrothermal  a c t i v i t y  

based bo th  on h e a t  f low measurements and h o t  s p r i n g  a c t i v i t y .  

The Jemez Mountains-Valles Caldera  i s  a dominant t e c t o n i c  f e a t u r e  a t  t h e  

i n t e r s e c t i o n  of  t h e  Rio Grande R i f t  and t h e  Jemez l ineament  i n  n o r t h  c e n t r a l  

New Mexico and h a s  been t h e  f o c u s  of i n t e n s e  volcanism throughout  much of t h e  

P l i o c e n e  and Quaternary .  Caldera  c o l l a p s e  a s s o c i a t e d  w i t h  t h e  l a s t  major  l a v a  

f low (1.1 m i l l i o n  y e a r s  B.P.) w a s  fol lowed by r e i n j e c t i o n  of magma t h a t  caused 

r e su rgence  of t h e  c a l d e r a  f l o o r  and fo rma t ion  of r h y o l i t e  domes a long  t h e  

c a l d e r a  margin.  Within t h e  c a l d e r a ,  a major  h igh- tempera ture  hot-water  geo- 

thermal  system i s  capped by a small  vapor-dominated system; r e s e r v o i r  tempera- 

t u r e s  exceed 29OoC. 

p e r a t u r e  hydrothermal  convec t ion  sugges t  t h a t  s t i l l - m o l t e n  magma u n d e r l i e s  t h e  

Val les  Caldera .  Pub l i shed  geophys ica l  surveys  are  incomple te  and t h e  d e p t h  of 

magma i s  u n c e r t a i n ,  bu t  5-8 km i s  a r easonab le  range. 

The recency  of  volcanism and t h e  p re sence  of h igh  t e m -  

1II.A Geochemistry of pr imary v o l c a n i c  rocks  

III.A.l P e t r o l o g y  and pr imary minera logy  

1 I I A . l . a  Jemez Mountains 

The v o l c a n i c  f i e l d  c o n s i s t s  of 4 sequences  ( B a i l e y  e t  a l . ,  1969; Smith e t  

a l . ,  1978):  

Tewa Group 

Keres Group 

4.  

3. Tschicana  Fm. 2 - 7.4 m.y. 

Bande l i e r  sequence 0.1 - 1.5 m.y. 

2. P a l i z e  Canyon Fm. 7 - 9 m.y. 

1. Borrego sequence 9.5 - 10.4 m.y. 

Sequence 1 i s  a bimodal b a s a l t - r h y o l i t e  sequence. Sequences 2 and 3 are  b a s a l t -  
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1 

I 
andes i te -dac i te - rhyol i te  sequences. In sequence 2 andesite is volumetrically 

I 

dominant, whereas in sequenie 3 rhyodacite is the dominant rock type. 

Sequence 4 consists of rhyolitic tuffs associated with two cycles of caldera 

format ion. 

Chemically, the rocks of the Jemez volcanic field are on the alkaline 

side of calc-alkaline and range to alkali-calcic (Bailey et al., 1969). The 

Bandelier tuff approaches peralkaline compositions. Silica content of these 

rocks ranges from 47-77 percent, with a gap between 58 and 60 percent. This 

gap is compatible with preliminary Pb and Sr isotopic data suggesting that 

the mafic rocks have a mantle source and the silicic rocks a crustal source 

(Smith et al., 1978). 

Smith (1979) presented detailed data on Nb concentrations of the Bandelier 

sequence. Silica has only a very narrow range of variation between 68 and 77 

percent. However, Nb varies from a "baseline" level (thought to be close to the 

immediate Bandelier parent composition) of approximately 14 ppm to about 200 

ppm, with most of the variation (50 - 200 ppm) occurring in magmas with >76 

percent Si02. 

Such alternating enrichments and depletions with successive eruptions probably 

reflect gradients in temperature and volatile concentration between the roof 

of the magma chamber and a convecting system that underwent periodic eruption, 

rather than processes of fractional crystallization. In addition, other 

elements such as Ta, U, Th, Cs, Rb, Li, Sn, Be, By W, Mo, F, C1, Pb, Zr, Sm, 

and HREE are concentrated near the top of the magma chamber, whereas Ba, Sr, 

Eu, Ti, Cr, Co, Se, Au, and Cu concentrate downward. 

Fluctuations in Nb do not correlate with silica content. 

c 
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1II.A.lb Basaltic rocks of the Rio Grande Rift 

Volcanic fields of dominantly basaltic rocks include the lavas of the 

Taos Plateau in the southern San Luis Basin; the Cerros del Rio field of the 

Espanola basin; several small lava fields of the Albuquerque-Belen basin; 

and the Elephant Butte, Jornada del Muerto, Carrizozo, and West Potrillo 

Mountains fields of the southern rift. See for example Luedke and Smith 

(1978). All fields are less than about 5 m.y. in age. 

The Taos Plateau lavas consists of a relatively thick pile of low-alkali, 

aluminous olivine tholeiite (Aoki, 1967; Lipman, 1969; Lipman and Mehnert, 

1975). 

pattern, occur on the surface of this pile. Tholeiitic shield volcanoes occur 

in the center of the field, andesitic volcanoes occupy an intermediate position, 

and rhyodacite volcanoes occur farthest out. Two small silicic domes occur 

in the center of the field (Lipman and Mehnert, 1979). A preliminary model 

suggested by Lipman and Mehnert (1979) to explain the composition and 

distribution of the Taos volcanic field involves generation of the tholeiitic 

lavas by large degrees of partial melting at relatively shallow depths within 

an upward bulge of the mantle beneath the rift. The andesitic and rhyodacitic 

lavas represent smaller amounts of partial melting in the mantle or mafic 

lower crust adjacent to the main thermal anomaly. Low pressure fractional 

crystallization appears significant only for the volumetrically minor rhyolite 

and quartz latite. 

At least 35 small central volcanoes, forming an imperfect concentric 

Lavas from the Cerros del Rio volcanic field in the Espanola basin 

include both alkalic and tholeiite basalts, and range to latite-andesites 

(Baldridge, 1979; Aubele, 1979) on the east margin of the Jemez Mountains. 

At least four parental basaltic compositions are present: high-alkali 
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olivine tholeiite, basaltic andesite, alkali olivine basalt, and basanite, 

all erupted approximately penecontemporaneously. Latite-andesite was derived 

from basaltic andesite by subtraction of olivine, pyroxene, and plagioclase, 

and by addition of quartz and sodic plagioclase which occur as xenocrysts in 

the lavas (Baldridge, 1979). Baldridge (1979) suggested that these lavas 

were derived at depths of from greater than 50 km to as shallow as 35 km 

along a major lithospheric fracture zone (Jemez Lineament) that intersects 

the rift in the Jemez Mountains. 

Smaller volcanic fields of the Albuquerque - Belen basin include the 

Santa Ana Mesa field, the Albuquerque Volcanoes, Wind Mesa and Isleta 

volcanoes, the Cat Hills field, Cerro de Los Lunas, and Cerro Tome (Kelley 

and Kudo, 1978; Baldridge, 1979). Kelley and Kudo (1976) point out that in 

contrast to dominantly tholeiitic volcanism in the northern rift (e.g., Taos 

volcanic field) and alkalic volcanism in the southern rift, volcanism in the 

central rift consists of both alkalic and tholeiitic basalts. The Albuquerque 

Volcanoes consist of low-alkali olivine tholeiite (Kelley and Kudo, 1978; 

Aoki and Kudo, 1976; Baldridge, 1979), similar to those of the Taos Plateau. 

Lavas from the Santa Ana Mesa and Cat Hills fields are higher-alkali olivine 

tholeiite, whereas those from the Wind Mesa and Isleta volcanoes consist of 

both tholeiitic and alkalic basalts. Cerro Tome and Cerro de Los Lunas are 

dominantly andesitic in composition. Zimmerman and Kudo (1979) suggest that 

these lavas originate by partial melting of hornblende-bearing upper mantle 

material with superimposed fractional crystallization and crustal contamination. 

Most basaltic rocks from the southern Rio Grande rift are alkalic in 

composition - e.g., the Elephant Butte, Jornada del Muerto, and West Potrillo 

Mountains fields (Aoki and Kudo, 1976; Renault, 1970). The Carrizozo field 

is exceptional in that it is olivine tholeiite (Renault, 1970). 
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L a t e  Cenozoic v o l c a n i c  rocks  from t h e  Jemez l ineament  ( g e n e r a l l y  con- 

s i d e r e d  t o  belong t o  t h e  Rio Grande r i f t ,  b roadly  d e f i n e d )  i n c l u d e  n e p h e l i n i t e s ,  

a l k a l i  o l i v i n e  b a s a l t s ,  m u g e a r i t e s ,  t r a c h y t e s ,  o l i v i n e  t h o l e i i t e s ,  and b a s a l t i c  

a n d e s i t e s  (e .g . ,  Stormer,  1972a, b; Lipman and Mehnert, 1972; Crumpler, 1980)  

g e n e r a l l y ,  however, v o l c a n i c  rocks  l y i n g  a long  t h i s  l ineament  are p e t r o l o g i c a l l y  

and chemica l ly  n o t  w e l l  c h a r a c t e r i z e d .  

I n  summary, a s i n g l e  p e t r o g e n e t i c  model f o r  t h e  o r i g i n  of b a s a l t i c  l a v a s  

i n  t h e  Rio Grande r i f t  does n o t  e x i s t .  Most of t h e  l a v a s  were c l e a r l y  

d e r i v e d  from t h e  mantle .  S ince  none have t r u l y  p r i m i t i v e  composi t ions ,  a l l  

have undergone a t  l ea s t  some m o d i f i c a t i o n  i n  t h e  c r u s t .  Lavas such as t h e  

more s i l i c i c  b a s a l t i c  a n d e s i t e s  and l a t i t e - a n d e s i t e s  of t h e  Cerros  d e l  Rio 

probably  have s u b s t a n t i a l  r e s i d e n c e  times i n  t h e  c r u s t  where f r a c t i o n a l  

c r y s t a l l i z a t i o n  and a s s i m i l a t i o n  of x e n o c r y t i c  m a t e r i a l  occur .  

1 I I . A .  2 Geochemistry 

Geochemical d a t a  ( n o n - i s o t o p i c )  on b a s a l t i c  rocks  from t h e  Rio Grande 

r i f t  are  s p a r s e .  Lipman and Mehnert (1979) p r e s e n t  rare e a r t h  e lement  (REE) 

da t a  f r o m  r o c k s  from t h e  Taos P l a t e a u .  They show (1) t h a t  a l l  a re  l i g h t  REE 

e n r i c h e d ,  and ( 2 )  t h a t  t o t a l  REE c o n c e n t r a t i o n s  g e n e r a l l y  i n c r e a s e  from 

b a s a l t i c  t o  a n d e s i t i c  composi t ions ,  t h e n  d e c r e a s e  w i t h  f u r t h e r  i n c r e a s e s  i n  

s i l i c a  c o n t e n t  from a n d e s i t e  t o  r h y o l i t e .  They conclude t h a t  t h o l e i i t i c  

magmas of t h e  Taos P l a t e a u  were g e n e r a t e d  from m a t e r i a l  i n  which heavy-REE- 

r e t a i n i n g  phases  ( g a r n e t  o r  hornblende)  were a b s e n t  i n  t h e  residuum. Other  

maf ic  l a v a s ,  w i t h  l a r g e r  r a t i o s  of l i g h t  t o  heavy REE, r e s u l t e d  from smaller 

p r o p o r t i o n s  of m e l t i n g  where g a r n e t  o r  hornblende were s t a b l e  r e s i d u a l  phases .  
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Limited trace element  ( i n c l u d i n g  REE) d a t a  f o r  s i l i c i c  rocks from t h e  

Taos P l a t e a u ,  Cer ros  d e l  Rio ,  and Cerro Tome were p r e s e n t e d  by Zimmerman and 

Kudo (1979).  A l l  r o c k s  are  LREE e n r i c h e d ,  s u g g e s t i n g  t h a t  t h e s e  magmas were 

g e n e r a t e d  from a s o u r c e  w i t h  r e s i d u a l  g a r n e t  o r ,  more probably ,  hornblende. 

Both Eu d e p l e t i o n  ( f o r  a Taos P l a t e a u  r h y o l i t e )  and enrichment  ( C e r r o s  d e l  R i  

and Tome a n d e s i t e )  i n d i c a t e  t h e  impor tan t  superimposed e f f e c t  of p l a g i o c l a s e .  

Using S r  i s o t o p e  abundance Kudo e t  a l .  (1972) have o f f e r e d  a n  e x p l a n a t i o n  

f o r  t h e  d i v e r s e  o r i g i n s  of t h e  nephel ine-normative a l k a l i  b a s a l t  and t h e  

o l i v i n e  t h o l e i t e .  They observed t h a t  t h e  n e p h e l i n e  normative b a s a l t s  have a 

v e r y  r e s t r i c t e d  range  i n  87Sr/86Sr r a t i o s ,  be ing  s i m i l a r  t o  oceanic  b a s a l t  

(0.703-0.704), b u t  t h e  hypersthene-normative b a s a l t s  have r a t i o s  tha t  range 

from 0.703 t o  as h i g h  as 0.708. Furthermore,  a n  i n v e r s e  h y p e r b o l i c  r e l a t i o n -  

s h i p  e x i s t s  between S r  c o n t e n t  and S r  i s o t o p i c  r a t i o ,  which i s  a s e n s i t i v e  

i n d i c a t o r  of c r u s t a l  contaminat ion .  Because of i t s  h i g h  S r  c o n t e n t ,  t h e  

n e p h e l i n e  normative b a s a l t  o r i g i n a t i n g  deep i n  t h e  mant le  cannot  be t h e  

p a r e n t  magma which becomes contaminated t o  form t h e  h y p e r s t h e n e  normative 

b a s a l t ;  r a t h e r  a b a s a l t  lower i n  S r  t h a n  t h e  hypersthene-normative b a s a l t  must 

be i t s  p a r e n t .  Such a magma could  f r a c t i o n a t e  d i r e c t l y  from t h e  mant le  a t  a 

s h a l l o w e r  depth .  I t  i s  p o s s i b l e  t h a t  t h e  low S r  b a s a l t  which gave r i se  t o  

t h e  hypersthene-normative b a s a l t  could  be contaminated i n  t h e  sha l low magma 

chambers w i t h i n  t h e  Precambrian g r a n i t i c  c r u s t .  

De Paolo  e t  a l .  (1976) have used v a r i a t i o n s  i n  t h e  i s o t o p i c  r a t i o  143Nd/ 

144Nd i n  v o l c a n i c s  t o  make i n f e r e n c e s  about  t h e i r  magma s o u r c e  and t h e  mant le  

s t r u c t u r e .  They observed t h a t ,  based s t r i c t l y  on t h e  Nd i s o t o p i c  r e s u l t s ,  t h e  
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c o n t i n e n t a l  f l o o d  b a s a l t s  and o t h e r  young v o l c a n i c s  could  be d i s t i n g u i s h e d  

from o c e a n i c  b a s a l t s .  The r e s u l t s  imply t h e  e x i s t e n c e  of a t  l e a s t  two d i s t i n c t  

a n c i e n t  magma s o u r c e s  t o  supply oceanic  and c o n t i n e n t a l  b a s a l t s .  

1 I I . B  F l u i d  geochemistry 

Although t h e  Rio Grande R i f t  h a s  been shown by h e a t  f low measurements t o  

be a s i t e  of a pronounced geothermal  anomaly, o n l y  a few of t h e  a s s o c i a t e d  

thermal  s p r i n g s  have been i n v e s t i g a t e d  i n  d e t a i l .  

shown t h a t  f o r  t h e  e n t i r e  r i f t  system, t h e r e  i s  a l i n e a r  r e l a t i o n s h i p  between 

tempera ture  based on s i l i c a  c o n t e n t  of groundwater and t h e  r e g i o n a l  h e a t  f low 

measurements. The R i o  Grande R i f t  a s  a whole i s  c h a r a c t e r i z e d  by a r i b b o n  of 

h i g h  s i l i c a  geotemperatures .  I n  g e n e r a l ,  s p r i n g s  occur  n e a r  t h e  margins  of 

t h e  r i f t  a t  r e l a t i v e l y  h igh  a l t i t u d e s .  Sources  of thermal  waters may be 

c o n s i d e r a b l e  d i s t a n c e s  from t h e  s p r i n g s .  

Swanberg (1976, 1979) h a s  

I I I . B . l  V a l l e s  Caldera  - Jemez Mountains 

The most d e t a i l e d  work on t h e  aqueous geochemistry h a s  been a s s o c i a t e d  

w i t h  t h e  Valles Caldera-Jemez Mountains r e g i o n s  a t  t h e  w e s t e r n  margin of t h e  

R i o  Grande R i f t .  These waters have g e n e r a l l y  be c l a s s i f i e d  as fo l lows .  

1II.B.la Vapor dominated systems 

T r a i n i e r  (1974) d e s c r i b e s  a s m a l l  number of s p r i n g s  w i t h i n  t h e  V a l l e s  

Caldera  which are low i n  pH and c h l o r i d e ,  h i g h  i n  s u l f a t e ,  and release H2S 

and C02.  Spr ings  such as Sulphur  Spr ings  (72OC) are  i n d i c a t i v e  of a l o c a l  

vapor  dominated r e s e r v o i r  of t h e  type  d e s c r i b e d  by White and o t h e r s  (1971).  

However, t h e  r e s e r v o i r  a p p e a r s  t o  be of l i m i t e d  p o t e n t i a l  and e x t e n t .  

. 
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1II.B.lb Hot Water Systems 

Trainer (1975) classified these waters as sodium chloride types which 

originate in the hydrothermal reservoir in the Valles Caldera and have 

drained laterally outward along faults and fractures. These waters contain 

significant concentrations of lithium, bromide and boron. Deep thermal waters 

from the Valles Caldera yield calculated Na-K-Ca temperatures of 28OoC, 

close to known reservoir temperatures of about 266OC. 

In addition to these deep reservoir waters, Trainer (1974) described 

several warm springs in rhyolite within the ring-fracture zone of the caldera. 

These waters are of a much more dilute sodium chloride composition suggesting 

that they have not circulated to great depth and have not mixed with water in 

or from the main geothermal reservoir beneath the caldera. 

III.B.lc Carbonate groundwater 

Calcium carbonate waters are associated with the Pennsylvanian and Permian 

Magdalena carbonate rocks. 

limestone beneath the volcanic rocks in the sunken block of the caldera. If 

limestone is present it may play a significant role in the development of poro- 

sity because of its susceptibility to attack by hot C02-rich volcanic water 

(Trainier, 1974). Additional calcium carbonate is apparently dissolved as the 

reservoir waters move outside the confines of the caldera through San Diego 

Canyon. 

concentrations are indicative of extensive dissolution of limestone up-gradient 

in the flow path. 

Smith and others (1978) suggest the presence of 

Travertine deposition at or near Soda Dam coupled with high bicarbonate 
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1II .B. ld  Groundwater i n  v o l c a n i c  rocks  

Cold, d i l u t e ,  sodium-calcium b i c a r b o n a t e  waters a r e  a s s o c i a t e d  w i t h  perched 

groundwaters  i n  t h e  T e r t i a r y  v o l c a n i c s .  

I n  g e n e r a l ,  t h e  l a r g e  w a r m  s p r i n g s  l o c a t e d  i n  t h e  s o u t h e r n  Jemez mountains 

and s t u d i e d  by T r a i n e r  (1974, 19751, T r a i n e r  and Lyford (1979) ,  and Goff e t  a l .  

(19801, r e p r e s e n t  m i x t u r e s  of t h e  hydrothermal  and m e t e o r i c  waters. 

r a t i o s  of t h e s e  mixed waters resemble t h o s e  c a l c u l a t e d  from deep thermal  

waters. 

o r i g i n a t e  from t h r e e  s o u r c e s :  H2S o x i d i z a t i o n ,  o x i d i z a t i o n  of p y r i t e ,  and 

r e a c t i o n  of thermal  waters w i t h  o r g a n i c  s u l f u r  c o n t a i n e d  i n  c a r b o n a t e  and 

s h a l e  u n i t s .  

t h e  e x t e n t  of mixing v a r i e d  between 1 and 1 2  p a r t s  c o l d  m e t e o r i c  water t o  1 

p a r t  thermal  water. Est imated tempera tures  of t h e  water i n  t h e  r e s e r v o i r  

based on a mixing model u s i n g  t h e  s i l i c a  geothermometer w a s  169OC. 

The B / C 1  

The moderate  SO4 c o n c e n t r a t i o n s  of t h e  mixed w a t e r s  probably 

T r a i n e r  (1975) e s t i m a t e d ,  based on trace element  d i l u t i o n ,  t h a t  

III .B.2 Other  areas i n  t h e  Rio Grande R i f t  

T r a i n e r  and Lyford (1979) made a reconnaissance  s t u d y  of t h e  n o r t h e r n  Rio 

Grande R i f t  southward from t h e  San L u i s  Basin.  

f low i n  t h e  n e a r - s u r f a c e  p a r t s  of b o t h  v a l l e y  f i l l  and v o l c a n i c  rocks  i s  

toward t h e  r e g i o n a l  d r a i n a g e  provided by t h e  Rio Grande. 

i n d i c a t e d  t h a t  v e r y  l a r g e  p r o p o r t i o n s  of c o l d  water were mixed w i t h  thermal  

waters. 

composi t ion t o  t h e  water i n  t h e  Jemez mountains.  

They found t h a t  groundwater 

Mixing models 

B / C 1  and B r / C 1  p l o t s  sugges ted  t h a t  t h e  thermal  water w a s  similar i n  

T r a i n e r  and Lyford (1979) and o t h e r s  have d i s t i n g u i s h e d  two groundwater 

t y p e s  i n  t h e  Lucero U p l i f t  s o u t h e a s t  of Albuquerque. One i s  a m i n e r a l i z e d  

water c o n t a i n i n g  predominant c o n c e n t r a t i o n s  of Na, C 1  and SO4 which are 

d i s c h a r g e d  by numerous s p r i n g s  a t  t h e  e a s t e r n  margin of t h e  u p l i f t .  It i s  
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suggested that this water comes from the west, principally through the Madera 

Limestone (Pennsylvanian). In addition a component of this water may be 

hydrothermal, based on higher-than-ambient temperatures of the springs. The 

less mineralized water occurs in valleys west and north of the eastern edge 

of the uplift and is suggested to have originated largely from local precipitation. 

In the southern Rio Grande Rift near Las Cruces, New Mexico, Swanberg 

(1975)  found that a prominent north-northwest trend of thermal springs paral- 

led the path of a major fault sequence. Based on the Na-K-Ca geothermometer, 

the maximum reservoir temperature was in excess of 20OoC. Temperatures 

estimated by the silica geothermometer were generally lower, suggesting dilution 

by meteoric groundwater (Swanberg, 1975). High concentrations of fluoride and 

boron generally reinforced the pattern of distribution of geothermal waters 

based on the geothemometers. 

1II.C. Hydrothermal alteration 

There is evidence of hydrothermal activity, commonly as hot springs, 

at several locations along the Rio Grande Rift including Taos, O j o  Caliente, 

San Ysidro, Valles Caldera, Lucero Uplift, Socorro, Truth or Consequences, 

Radium Springs, and the Gila Wilderness. With the exception of the Valles 

Caldera, there is virtually no information available on subsurface hydrothermal 

alteration at these sites. 

Information about mineral alteration within the hydrothermal reservoir at 

Valles Caldera is restricted, due to proprietary reasons. At the present time, 

the most complete set of data on subsurface hydrothermal alteration at the 

Valles Caldera is that provided by Lambert and Epstein (1980) in their stable 

isotope investigations of Union Oil Company drill hole cuttings from the 

-36- 



geothermal  system. Samples were s t u d i e d  from t h e  wells Baca No. 4 and Baca 

No. 7.  A cont inuous  sequence of rock t y p e s  encountered i n  Valles Caldera  i s  

t y p i c a l l y  r e p r e s e n t e d  i n  Baca No. 7 ,  a n  almost  comple te ly  sampled w e l l  t h a t  

reached a d e p t h  of 1687 m. 

E p s t e i n  (1980) came from Baca No. 7. P e t r o g r a p h i c  t h i n  s e c t i o n s  and x-ray 

d i f f r a c t i o n  were used t o  i d e n t i f y  m i n e r a l s  and t e x t u r e s  i n  u n a l t e r e d  and 

a l t e r e d  samples.  

and product  phases  were presented .  

A l l  bu t  f i v e  samples analyzed by Lambert and 

No major  element a n a l y s e s  f o r  whole-rock samples o r  r e a c t a n t  

There i s  l i t t l e  ev idence  of hydrothermal  a l t e r a t i o n  - t e x t u r a l l y ,  

m i n e r a l o g i c a l l y ,  o r  i s o t o p i c a l l y  - i n  t h e  upper  600 m of Baca No. 7.  t h e  

s h a l l o w e s t  d e p t h  of hydrothermal  a l t e r a t i o n  i s  between 500 and 700 m (100°C). 

Epidote  w a s  f i r s t  encountered a t  600 m ,  o c c u r r i n g  as pale-green p r i s m a t i c  

c r y s t a l s  a l t e r i n g  calcic f e l d s p a r s  and feromagnesian m i n e r a l s  i n  c a l d e r a  f i l l  

of igneous-der ived material .  The Bandel ie r  Tuff (700 m t o  930 m ,  150°C t o  

180°C) shows p e r v a s i v e  hydrothermal  a l t e r a t i o n  of t h e  o r i g i n a l l y  g l a s s y  

groundmass t o  q u a r t z  and k a o l i n i t e  w i t h  traces of s e r i c i t e  and ca lc i te .  The 

a l t e r a t i o n  of t h e  Bandel ie r  Tuff produced s i m i l a r  products  b u t  was more i n t e n s e  

i n  Baca No. 4 l o c a t e d  n e a r e r  t h e  c e n t e r  of t h e  c a l d e r a .  The S a n t a  Fe Formation 

(930 m t o  1160 m ,  180°C t o  200"C), s t r a t i g r a p h i c a l l y  below t h e  Bandel ie r  T u f f ,  

c o n s i s t s  of v o l c a n i c a l l y - d e r i v e d  t u f f a c e o u s  and a r k o s i c  sands tones .  The 

S a n t a  F e  and Bandel ie r  u n i t s  are  s imilar  m i n e r a l o g i c a l l y  and have exper ienced  

s imilar  d e g r e e s  of hydrothermal  a l t e r a t i o n .  Both u n i t s  have undergone more 

i n t e n s e  a l t e r a t i o n  t h a n  t h e  o v e r l y i n g  v o l c a n i c  rocks  and c a l d e r a  fill a t  Baca 

No. 7.  P y r i t e  i s  f i r s t  observed a t  1130 m i n  S a n t a  Fe Formation i n  Baca No. 7. 

W a i r a k i t e  i s  found below 1420 m (% 220'C) n e a r  t h e  t o p  of a s i l i c i f i e d  l i m e -  

s t o n e  u n i t  where i t  o c c u r s  i n  a m a t r i x  between q u a r t z  c r y s t a l s .  
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IV ROOSEVELT HOT SPRINGS 

Roosevelt Hot Springs is a newly discovered geothermal area located in 

Utah on the western margin of the Mineral Mountains and the eastern boundary 

of the Basin and Range Province. The Mineral Mountains consist dominantly of 

a Tertiary granite pluton with young (.5-.8 M.Y.B.P.) rhyolite volcanism. 

Faults bounding the Milford Valley apparently control the flow of hydrothermal 

water upward from a heat source presumed to lie under the Mineral Mountains. 

Shut-in bottom hole temperatures in the geothermal field have been measured 

at 26OoC. 

1V.A. Geochemistry of primary volcanic rocks 

IV.A.l Petrology, primary mineralogy and geochemistry 

Cenozoic volcanism in the Roosevelt Hot Springs area began 20 m.y. ago 

with eruption of calc-alkalic lavas. Eruption of rhyolitic lavas occurred 

9.7, 8.0, and 2.3 m.y. ago. Basalt, dated as 7.6 m.y old, was extruded on 

the southern flank of the Mineral Mountains, and Quaternary basalt was 

erupted on the northeast flank of the Mineral Mountains. The youngest 

episode of volcanism began 0.8 m.y. ago with extrusion of two rhyolite flows. 

These are overlain by bedded pumice falls and nonwelded ash flows. The 

youngest activity, 0.6 and 0.5 m.y. ago, produced at least ten rhyolite domes 

and small flows of rhyolite distributed along the crust and western flank of 

the Mineral Mountains (Ward et al., 1978). 

The two rhyolite flows extruded at 0.8 m.y. ago are crystal-poor, 

containing less than 0.5 percent total phenocrysts consisting mainly of 

alkali feldspar with trace amounts of oligoclase, biotite, titanomagnetite, 

and ilmenite. The two flows are virtually identical in composition. they 

are typical high-Si02 rhyolites, with 76.5 percent Si02, >9 percent total 

e 
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drs 

. . . . . . . - 

a l k a l i e s ,  and 0.16 p e r c e n t  F. E r u p t i o n  tempera tures  determined from com- 

p o s i t i o n s  of Fe-Ti o x i d e s  and c o e x i s t i n g  p l a g i o c l a s e  and a l k a l i  f e l d s p a r  

range up t o  about  785°C (Lipman e t  a l . ,  1978; Ward e t  a l . ,  1978).  

The dome-forming r h y o l i t e s  (0.5 - 0.6 m.y. ago)  a r e  much more c r y s t a l - r i c h ,  

c o n t a i n i n g  up t o  about  8 p e r c e n t  phenocrys ts  of p l a g i o c l a s e ,  a l k a l i  f e l d s p a r ,  

q u a r t z ,  b i o t i t e ,  and Fe-Ti oxides .  Trace amounts of sphene, a l l a n i t e ,  

hornblende ,  and z i r c o n  occur i n  some of t h e  domes, and topaz o c c u r s  i n  t h e  

l i t h o p h y s a e  i n  c r y s t a l l i n e  r h y o l i t e .  

r h y o l i t e s ,  bu t  compared t o  t h e  ear l ie r  f lows are lower i n  K ,  T i ,  F e ,  C a ,  Ba, 

and S r ,  and h i g h e r  i n  Mg, Mn, Na, F, Nb, and Rb. Magmatic tempera tures  

determined from Fe-Ti o x i d e s  and c o e x i s t i n g  f e l d s p a r s  range  as low as 650°C 

f o r  t h e s e  domes (Ward e t  a l . ,  1978) .  

r h y o l i t e s  i n  t h e s e  f lows and domes are 3.0 and 0.4 Kb, r e s p e c t i v e l y  (Nash and 

Evans, 1977).  

These r h y o l i t e s  are a l s o  high-Si02 

Water f u g a c i t i e s  c a l c u l a t e d  f o r  t h e  

Compared w i t h  t h e  ea r l i e r ,  T e r t i a r y  r h y o l i t e s ,  t h e s e  l a t e s t  r h y o l i t e s  

a re  h i g h e r  i n  S i 0 2  and CaO and lower i n  S r  and Ba (Ward e t  a l . ,  1978).  

REE d a t a  of Lipman e t  a l .  (1978) show t h a t  t h e  P l e i s t o c e n e  r h y o l i t e  

f lows  and domes are LREE enriched.  I n  a d d i t i o n ,  these chondri te-normalized 

d a t a  show s t r o n g  Eu d e p l e t i o n ,  i n d i c a t i n g  major  f e l d s p a r  f r a c t i o n a t i o n .  

I V . A . 2  P e t r o g e n e s i s  of v o l c a n i c  r o c k s  

Not enough p e t r o l o g i c  o r  chemical  d a t a  y e t  ex is t  t o  f o r m u l a t e  an  o v e r a l l  

Lipman e t  a l .  (1978) p e t r o g e n e t i c  model f o r  t h e  Roosevel t  S p r i n g s  volcanism.  

s p e c u l a t e  t h a t  t h e  P l e i s t o c e n e  r h y o l i t e  of t h e  Minera l  Mountains may r e p r e s e n t  

a l a t e  s t a g e  i n  t h e  e v o l u t i o n  of a complex magmatic system t h a t  e a r l i e r  gave 

rise t o  t h e  10-14 m.y. o l d  g r a n i t e  of t h e  Minera l  Mountains,  o r  t h e  r h y o l i t e  
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may simply have been localized where the crust was still hot from an intrusive 

event. This interpretation of a shallow magmatic system is at least compatible 

with REE data indicating that the Pleistocene rhyolite resided in a shallow 

crustal environment sufficiently long to undergo major fractionation of plagio- 

clase. 

1V.B Fluid geochemistry 

The thermal waters associated with Roosevelt Hot Springs are relatively 

dilute (ionic strength 0.1 to 0.2), sodium chloride brines (Table 1, no. 9). 

Sulfate concentrations vary between 48 and 120 mg/l. Parry et a1 (1980) 

demonstrate that chemical differences exist between surface and deep thermal 

fluids consisting principally of higher Mg, Ca and SO4 and lower Na, K, Si02 

in surface relative t o  deep water. These differences presumably reflect 

progressive leaching of Mg and Ca by ascending thermal fluids, oxidiz- 

ation of H2S or admixture of oxidized SOq=-rich surface waters, and 

flashing and cooling with subsequent precipitation of opal. The Roosevelt 

Hot Spring thermal fluids are hot-water dominated in the terminology of White 

(1971). Parry et al. (1980) calculated subsurface pH of 6.9 using calcite- 

carbon dioxide-water equilibria and a PC02 of 10-1*19. 

to H2S oxidation. 

This pH is prior 

Applications of the Na-K-Ca and Si02 thermometers to geothermal fluids 

indicate deep water temperatures of 241 to 28OOC respectively which agree 

with downhole measurements. (Ward et al. 1978). Swanberg (1974) earlier 

estimated a temperature of 189OC based on the Na-K-Ca geothermometer. 

studies of soil radon (Nielson, 1978), and helium (Hinkle, 1978) have been used 

to map faults delineating the geothermal field. 

Surface 
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Although an extensive research program is currently being conducted, which 

will include data and modeling of the distribution of light, stable isotopes 

in geothermal fluids, the data are unavailable to the open literature at the 

present time (Ward et al. 1978; Parry et al. 1980) 

1V.C. Hydrothermal alteration 

Hydrothermal alteration at Roosevelt Hot Springs occurs within biotite- 

hornblende Precambrian gneiss, in Tertiary granite-granodioritic intrusions, 

and in alluvium derived from both. Present hydrothermal activity at the sur- 

face is occurring in association with small seeps but opal and alteration 

deposits attest to a more vigorous past activity. 

Hydrothermal alteration at Roosevelt Hot Springs has been investigated 

by Bryant (1977), Dedolph (1977), and by Parry, et al. (1980). The details of 

alteration in the upper 70 m of the thermal area were presented by Parry, et 

al. (1980); studies of samples from depths greater than 2 km are in progress. 

The hot springs deposits consist of opaline sinter and sinter-cemented 

alluvium. Three shallow drill holes show that alluvium, plutonic rocks, and 

amphibolite facies gneiss have been altered by acid sulfate water to alunite 

and opal near the surface, and to alunite, kaolinite, montmorillonite, and 

muscovite at depths to 70 m. Marcasite, pyrite, chlorite, and calcite occur 

below the water table at about 30 m. Parry, et al. (1980) present several 

whole-rock analyses representative of samples at various depths, and they 

also present several weight percent modes for the altered rocks - based on 

mineral compositions, whole-rock analyses, and least squares mass balance 

calculations. The mineral compositions used in the calculations were obtained 

by x-ray diffraction and petrographic examination but were not reported. 

Calculated activities for analyzed solutions from Roosevelt Hot Springs were 
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p l o t t e d  on m i n e r a l  s t a b i l i t y  diagrams and are shown t o  be o u t  of e q u i l i b r i u m  

w i t h  end-member phase composi t ions  a p p r o p r i a t e  f o r  t h e  observed a l t e r a t i o n  

m i n e r a l  assemblages.  P a r r y ,  e t  a l .  (1980) propose t h a t  a deepe r  b r i n e ,  equi -  

l i b r a t e d  w i t h  c h l o r i t e ,  muscov i t e ,  and ca lc i te  a l t e r a t i o n  p roduc t s ,  rises a long  

f r a c t u r e s ,  c o o l s ,  i s  a c i d i f i e d  t o  a s u l f a t e  b r i n e  by o x i d a t i o n  of H2S, and 

t h e n  p e r c o l a t e s  downward t o  produce a l u n i t e ,  k a o l i n i t e ,  and m o n t m o r r i l l o n i t e  

from r e a c t i o n  w i t h  f e l d s p a r  a t  sha l low dep ths .  I r r e v e r s i b l e  mass t r a n s f e r  

c a l c u l a t i o n s  suppor t  t h i s  model. 

1V.D I s o t o p e  geochemis t ry  

The d e t a i l e d  s t u d i e s  be ing  conducted by Ward e t  a l .  (1978) i n c l u d e  an  

analysis of l i g h t ,  s t a b l e  i s o t o p e s  i n  w e l l - c u t t i n g s ;  however, t h e  d a t a  are 

n o t  y e t  a v a i l a b l e .  

H ink le  e t  a l .  (1978) measured t h e  hel ium c o n t e n t  i n  s o i l  samples  t a k e n  

i n  t r a v e r s e s  a c r o s s  t h e  Dome f a u l t  zone of t h e  KGRA. He observed t h a t  t h e  

measurement of he l ium i s  a good t o o l  f o r  e x p l o r a t i o n  i n  known geothermal  

r e s o u r c e  areas. Nie l son  (1978) used radon emanometry as  a geothermal  ex- 

p l o r a t i o n  t echn ique  i n  t h e  Roosevel t  Hot S p r i n g s  KGRA. It was found t h a t  

f a u l t s  and f r a c t u r e  zones i n  t h e  geothermal  area t r a n s p o r t  anomalous amounts 

of radon. However, a r e l a t i v e l y  low re sponse  was d e t e c t e d  over  f a u l t s  which 

were s e a l e d  by t h e  p r e c i p i t a t i o n  of s i l i c a  o r  c l a y s  formed dur ing  hydro thermal  

a l t e r a t i o n .  The h i g h e s t  r e sponse  was i n t e r p r e t e d  as be ing  due t o  a communica- 

t i o n  of t h e  f a u l t  w i t h  t h e  geothermal  r e s e r v o i r  as evidenced by p roduc t ion  

w e l l s  a l o n g  t h e  t r end .  

w i t h  r e s i s t i v i t y  anomalies .  

High radon anomal ies  were r easonab ly  w e l l  c o r r e l a t e d  
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V. SALTON TROUGH 

The S a l t o n  Trough geothermal  system i s  l o c a t e d  p r i n c i p a l l y  i n  t h e  I m p e r i a l  

V a l l e y ,  s o u t h e r n  C a l i f o r n i a ,  where t h e  East P a c i f i c  s p r e a d i n g  c e n t e r  p a s s e s  under 

t h e  Colorado River  d e l t a  and t h e n  i s  o f f s e t  hundreds of k i l o m e t e r s  t o  t h e  nor th-  

w e s t  a long  t h e  San Andreas f a u l t .  The S a l t o n  Trough i s  a r e g i o n  of u n u s u a l l y  

t h i n  c r u s t  a s  i d e n t i f i e d  by an  under ly ing  broad g r a v i t y  maxima and anomalously 

h i g h  h e a t  f low. The geothermal system i s  i n  P l i o c e n e  and Quar te rnary  meta- 

morphosed d e l t a  sediments  and i s  a s s o c i a t e d  w i t h  t h e  young (16,000 y r  o l d )  

r h y o l i t e  domes and abundant s u b s u r f a c e  i n t r u s i v e  rocks  of s i l i c i c  and maf ic  

composi t ion.  S e v e r a l  l o c a l  thermal  anomalies  a r e  found i n  t h e  t rough and 

each may be a s s o c i a t e d  w i t h  l o c a l i z e d  igneous m a t e r i a l  i n t r u d e d  a t  o r  n e a r  

t h e  bottom of t h e  sedimentary s e c t i o n  (6-7 km i n  d e p t h ) .  

V.A. Geochemistry of primary v o l c a n i c  rocks  

S e v e r a l  geothermal  f i e l d s  have been recognized  i n  t h e  I m p e r i a l  V a l l e y  

of Southern  C a l i f o r n i a  and i t s  e x t e n s i o n  southward i n t o  t h e  Mexica l i  V a l l e y ,  

Baja C a l i f o r n i a .  Most d r i l l i n g  t h u s  f a r  h a s  t a k e n  p l a c e  a t  t h e  S a l t o n  Sea,  

Brawley, Heber,  The Dunes, East Mesa, and Cerro P r i e t o .  Because t h e  p o t e n t i a l  

s i t e s  f o r  DOE 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  a c t i v i t i e s  are  r e s t r i c t e d  t o  

the continental U. S., the discussion below is generally limited to sites 

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

V.A.l  P e t r o l o g y  and pr imary mineralogy 

S u r f a c e  v o l c a n i c  rocks  of t h e  S a l t o n  Sea geothermal  f i e l d  c o n s i s t  of 

f i v e  s m a l l  r h y o l i t e  domes ( t h e  S a l t o n  B u t t e s ) .  Two domes are l i n k e d  by 

subaqueous p y r o c l a s t i c  d e p o s i t s ;  t h e  remaining domes are  s i n g l e  e x t r u s i o n s  

w i t h  and w i t h o u t  m a r g i n a l  lava flows. P e t r o g r a p h i c a l l y ,  t h e  domes c o n s i s t  of 

b l a c k  t o  l i g h t  g r a y  o b s i d i a n ,  o r  l i g h t  g r a y  t o  r e d d i s h  g r a y ,  m i c r o - c r y s t a l l i n e  

-4 3- 



rhyolite. Most lavas contain 1-2 percent of phenocrysts of anorthoclase, 

oligoclase, barkevikite, ferroaugite, and iron oxides, with trace amounts of 

quartz, fayalite, and zircon. Phenocryst compositions are presented in 

Robinson et al. (1976). 

alkali rhyolite, intermediate in composition between peralkaline commendite 

and metaluminous rhyolite. No systematic variations occur between individual 

domes. 

Chemically these rhyolitic domes consist of low-calcium 

Basaltic rocks occur as xenoliths in the domes and as subsurface dikes, 

sills, and flows. The xenoliths consist of low-potassium tholeiitic basalt, 

with both normative hypersthene and olivine, and are similar to basalts of 

the East Pacific Rise. They differ from oceanic tholeiite in having slightly 

higher Si02, Na20, and K20, and slightly lower A1203. 

basaltic rocks are mineralogically similar to the xenoliths. They differ 

chemically from them in being strongly enriched in K 2 0 ,  Ti02, and total 

Fe, and depleted in CaO and MgO due to extensive hydrothermal alteration (see 

section on secondary mineralogy and hydrothermal alteration). 

Subsurface 

Granitic xenoliths in the domes are inferred to be fragments of basement 

rather than intrusive equivalents of the rhyolitic magma. These xenoliths 

consist of sodic granite, with higher Si02, CaO, and Na20, and lower total 

Fe than the enclosing rhyolite. They show various degrees of either cotectic 

melting along quartz-feldspar grain boundaries or disequilibrium incongruent 

melting of hydrous ferromagnesian minerals. 

V.A. 2 Elemental geochemistry 

A relatively comprehensive set of chemical data has been published for 

the rhyolitic volcanics and the subsurface silicic rocks of the Salton Sea 

geothermal field (Robinson, et al. 1976). The data include chemical analyses 
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for the residual glasses and characteristic minerals of the rhyolites as well 

as whole-rock analyses for the rhyolites and the altered subsurface silicic 

rocks. The unaltered rhyolite rocks consist of glass, anorthoclase, oligo- 

clase, barkevite, ferroaugite, iron oxides, and traces of quartz, fayalite, 

and zircon. Anorthoclase consists of optically homogeneous phenocrysts with 

a mean composition of Or19Ab75Sn6. Oligoclase crystals are relatively 

(0r5Ab73An22 to Or10Ab7 2An18) and apparently have been 

derived from granite inclusions within the lavas. Barkevite compositions are 

intermediate between ideal barkevite and basaltic hornblende; Robinson et al. 

(1976) class these amphiboles as "barkevite" because of their high iron and low 

magnesium contents. 

SiO3, iron-rich varieties being the most abundant. The subsurface silicic 

rocks are composed chiefly of alkali feldspar and quartz with micro-phenocrysts 

of plagioclase and clinopyroxene. 

Pyroxenes range from (Cae41Fe,33)SiO3 to (Ca.43Fe.40Mg.17)- 

Geochemical data presented by Robinson et al. (1976) show that Sr and Ba 

are strongly depleted in the Salt Buttes rhyolite relative to typical silicic 

rock, yet are higher than values for commendite. Rb, La, Nb, Y and Zr abundances 

average 3 0 ,  70 ,  20, 100, 300 ppm, respectively. 

Robinson et al. (1976) present whole-rock analyses for the low potassium 

tholeiitic xenoliths found in rhyolitic domes and for the subsurface basaltic 

dikes, sills, and flows penetrated by drill holes. Fresh basaltic xenoliths 

consist chiefly of zoned calcic plagioclase (An65-40) and pyroxenes (augite 

and some hypersthene) with lesser amounts of olivine (Fogo), iron oxides, 

and apatite. The subsurface basaltic xenoliths contain glassy and crystalline 

fragments. 
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V.A.3 P e t r o g e n e s i s  of v o l c a n i c  rocks  

The low-potassium, t h o l e i i t i c  b a s a l t s  of t h e  S a l t o n  Sea geothermal  f i e l d  

are  c l o s e l y  r e l a t e d  t o  b a s a l t s  of t h e  East P a c i f i c  R i s e .  

s i t i o n s  sugges t  t h a t  t hey  r e p r e s e n t  magma formed i n  t h e  mant le  a t  an  a c t i v e  

ocean ic  sp read ing  c e n t e r .  The 87Sr /86Sr  r a t i o s  of t h e  o b s i d i a n s  (0.704 - 0.705) 

are c l o s e  t o  t h e  v a l u e s  found f o r  ocean ic  b a s a l t s  (0.702 - 0.704) and w i t h i n  t h e  

range  found f o r  c o n t i n e n t a l  b a s a l t  (0.703 - 0.711). 

The i r  chemical  compo- 

The o r i g i n  of t h e  r h y o l i t i c  magmas i s  somewhat problemat ic .  Doe e t  

a l .  (1966) found t h a t  t h e  i s o t o p i c  d i f f e r e n c e s  f o r  l e a d  and s t r o n t i u m  between 

t h e  v o l c a n i c  g l a s s e s  and nearby  sed imentary  rocks  prec luded  t h e  p o s s i b i l i t y  

of t h e  v o l c a n i c  rocks  be ing  de r ived  s o l e l y  by complete  m e l t i n g  of sed imentary  

rocks  similar t o  t h o s e  found i n  t h e  upper  1.5 km of t h e  S a l t o n  Basin.  

P a r t i a l  m e l t i n g  of t h e  same sedimentary  rocks  a l s o  appea r s  u n l i k e l y ,  because 

d e t r i t a l  K-fe ldspars  and micas  of any a p p r e c i a b l e  g e o l o g i c  age  would c o n t a i n  

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

K-spars and micas are among t h e  f i r s t  m e l t i n g  f r a c t i o n s  of rocks .  The 

r e s i d u e s  of t h e  sed imentary  r o c k s  are a l s o  t o o  r a d i o g e n i c  (87Sr /86Sr  > 
0.713) t o  y i e l d  t h e  v o l c a n i c s .  

S i m i l a r l y ,  a n  o r i g i n  by f r a c t i o n a l  c r y s t a l l i a t i o n  of b a s a l t i c  magmas i s  

n o t  l i k e l y  s i n c e  rocks  of i n t e r m e d i a t e  composi t ion  are no t  p r e s e n t .  Assuming 

a minimum v a l u e  of 0.700 f o r  87Sr /86Sr  i n  b a s a l t i c - g a b b r o i c  rocks  and 

observed v a l u e s  of 0.713 f o r  sed iments  of t h e  S a l t o n  Trough and 0.705 f o r  t h e  

v o l c a n i c s ,  i t  a p p e a r s  t h a t  no more than  40% of t h e  s t r o n t i u m  i n  t h e  v o l c a n i c s  

cou ld  be d e r i v e d  by a s s i m i l a t i o n  of sed iments .  I f  t h e  lower c r u s t  o r  man t l e  

are i s o t o p i c a l l y  non-uniform, t h e n  i t  i s  p o s s i b l e  t h a t  no upper  c r u s t a l  

component was c o n t r i b u t e d  t o  t h e  v o l c a n i c s .  
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Robinson e t  a l .  (1976) sugges t  a n  o r i g i n  by p a r t i a l  m e l t i n g  of a quar tz -  

normative p a r e n t ,  t h a t  can be r e p r e s e n t e d  i n  t h e  system CaMgSi206-Mg2SiO4 

-SiOq-SiO2, as sugges ted  by Yoder (1973).  

Such p a r t i a l  f u s i o n  presumably o c c u r s  i n  t h e  mantle .  Experimental  c o n f i r m a t i o n  of 

such a n  o r i g i n  does n o t  p r e s e n t l y  e x i s t .  

V.B F l u i d  Chemistry 

The most complete  aqueous chemical  d a t a  are a v a i l a b l e  f o r  t h e  S a l t o n  Sea 

Geothermal area s i t u a t e d  n e a r  t h e  s o u t h  east  s h o r e  of t h e  S a l t o n  Sea. A d d i t i o n a l  

p o t e n t i a l  geothermal  r e s e r v o i r s  u n d e r l i e  t h e  East Mesa anomaly and t h e  Dunes 

anomaly n o r t h  of t h e  U. S. Mexican border .  

V.B. 1 S u r f a c e  s p r i n g s  S u r f a c e  m a n i f e s t a t i o n s  of thermal  a c t i v i t y  i n  

t h e  v i c i n i t y  of t h e  S a l t o n  Sea are  c u r r e n t l y  l i m i t e d  t o  a few p a s s i v e  C02-rich, 

n e u t r a l ,  N a C l  h o t  s p r i n g s  and mud p o t s  (Helgeson 1968a).  (Table  1 c o l .  11) .  A s  

d i s c u s s e d  by M u f f l e r  and White (1968) t h e s e  s p r i n g s  are a l i g n e d  a l o n g  northwest-  

t r e n d i n g  l i n e a m e n t s ,  t h e  n o r t h e a s t  s p r i n g  being on t h e  p r o j e c t i o n  of t h e  San 

Andreas f a u l t .  

V.B. 2 Geothermal b r i n e s  

The geothermal  b r i n e s  a s s o c i a t e d  w i t h  the  S a l t o n  Trough are  unique r e l a t i v e  

t o  p r e v i o u s l y  d e s c r i b e d  c h e m i s t r i e s  ( t a b l e  1 c o l .  10)  due t o  t h e i r  ex t remely  

h i g h  c o n c e n t r a t i o n s  of sodium, potassium, ca lc ium and c h l o r i d e  and concentra-  

t i o n s  of ore-forming heavy e lements  such as s i l ve r ,  z i n c ,  l e a d  and copper.  

The c l o s e s t  chemical  ana log  i s  t h e  Red Sea b r i n e s  ( C r a i g  1969).  I n  many 

cases l a r g e  d i s c r e p a n c i e s  e x i s t  among publ i shed  a n a l y s e s  of t h  S a l t o n  Trough 

f l u i d s  due t o  d i f f i c u l t i e s  i n  o b t a i n i n g  r e p r e s e n t a t i v e  samples from w e l l s  

producing two phase f low as w e l l  as v a r i o u s  a n a l y t i c a l  u n c e r t a i n t i e s  caused 

by unusual  composi t ion e f f e c t s .  
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Sample 10 i n  t a b l e  1 i s  probably a good r e p r e s e n t a t i v e  of b r i n e  composi t ion.  

A s  d i s c u s s e d  by Helgeson (1967) ,  t h e  composi t ion  of t h e  b r i n e  i n  t h e  geothermal  

r e s e r v o i r  v a r i e s  w i t h  d e p t h  and r a d i u s  of t h e  geothermal  system. T o t a l  d i s s o l v e d  

s o l i d s  i n c r e a s e d  from s e v e r a l  thousand p a r t s  p e r  m i l l i o n  c l o s e  t o  t h e  s u r f a c e  

t o  >250,000 ppm a t  d e p t h  g r e a t e r  t h a n  3000m. 

l i n e a r  r e l a t i o n s h i p  between tempera ture  and s a l i n i t y .  

Helgeson (1968a) a l s o  found a d i r e c t ,  

Helgeson (1968a) e s t i m a t e d  t h a t  t h e  f u g a c i t i e s  of s u l f u r ,  oxygen and C02 

a l s o  v a r y  w i t h  t e m p e r a t 3 r e  and t h e r e f o r e  w i t h  d e p t h  and p o s i t i o n  i n  t h e  r e s e r v o i r .  

A t  3000 m a t  a tempera ture  of 3OO0C,  t h e y  are  of t h e  o r d e r  of 

and 2.5 atmospheres  r e s p e c t i v e l y .  

Geochemical and thermodynamic c a l c u l a t i o n s  (Helgeson 1967)  s u g g e s t  t h a t  

r e s e r v o i r  f l u i d s  i n  t h e  b r i n e  system a r e  i n  chemical  e q u i l i b r i u m  w i t h  t h e  

m i n e r a l  assemblage i n  t h e  e n c l o s i n g  rocks  comprised of K-fe ldspar ,  a l b i t e ,  K 

mica, c h l o r i t e ,  q u a r t z ,  e p i d o t e  and c a l c i t e .  Chemical r e a c t i o n  between t h e  

o r i g i n a l  p o r e  f l u i d  i n  t h e  rock  and t h e  sed imentary  m i n e r a l  assemblage h a s  

l e d  t o  a r e l a t i v e l y  low pH and enrichment  of e, Ca* and Fe*. 

C02 a c c o u n t s  f o r  o v e r  90% by volume of t h e  non-condensibles  produced by 

t h e  wells i n  t h e  geothermal  area,  and t h e  remainder  i s  composed p r i m a r i l y  of 

H2S and hydrocarbon gases .  

geothermal  system and i s  l o c a t e d  w i t h i n  t h e  f a u l t  system i n  t h e  S a l t o n  Sea 

geothermal  area. 

of Colorado River Delta sediments ,  p r i n c i p a l l y  c a l c i t e  and dolomite .  Tooms 

(1971) e s t i m a t e d  t h e  areal e x t e n t  of t h e  S a l t o n  Sea b r i n e  f i e l d  a t  about  

30 km2 and a t o t a l  volume of b r i n e  on t h e  o r d e r  of 2-1/2 t o  5 km3. 

A C02 g a s  f i e l d  i s  a l s o  a s s o c i a t e d  w i t h  t h e  

M u f f l e r  and White (1968) a t t r i b u t e d  t h e  C02 t o  metamorphism 
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Swanberg (1974)  a p p l i e d  t h e  Na-K-Ca geothermometer t o  water samples from 

two wel l s  d r i l l e d  i n t o  t h e  East Mesa anomaly. I n  one w e l l  he  found c l o s e  agree-  

ment between t h e  geothermometer and measured w e l l  t empera tu re  of 188 t o  184OC 

but  i n  t h e  second,  t h e  geothermometer p r e d i c t e d  tempera tures  2O-4O0C h i g h e r  than  

measured, s u g g e s t i n g  CaC03 p r e c i p i t a t i o n  i n  t h e  r e s e r v o i r .  

A major  deba te  i n  t h e  l i t e r a t u r e  has  cen te red  around t h e  o r i g i n  of t h e  

S a l t o n  Trough b r i n e s .  The most wide ly  accepted  e x p l a n a t i o n  i s  t h a t  t h e  b r i n e  

o r i g i n a t e d  as  m e t e o r i c  water, p o s s i b l y  from t h e  Colorado R ive r  water, and h a s  

been e x t e n s i v e l y  modi f ied  by r e a c t i o n  wi th  t h e  r e s e r v o i r  a q u i f e r .  Craig (1966) 

compared t h e  c o n c e n t r a t i o n s  of 0 l 8  and D i n  t h e  b r i n e s  and o t h e r  waters i n  t h e  

same area. The v a r i o u s  b r i n e s  he sampled d i sp layed  an  oxygen i s o t o p e  s h i f t ,  

i . e . ,  a n  i n c r e a s e  i n  w i t h  a c o n s t a n t  D r e l a t i v e  t h e  l o c a l  s u r f a c e  water 

va lue .  I s o t o p i c  exchange w i t h  ca rbona te s  and s i l i c a t e s  i n c r e a s e s  t h e  oxygen-18 

c o n t e n t  of t h e  l o c a l  me teo r i c  water, bu t  t h e  deuter ium c o n t e n t  i s  u n a f f e c t e d  

because of t h e  small  amount of hydrogen i n  rocks.  More s p e c i f i c a l l y ,  h e  iden- 

t i f i e d  t h e  s o u r c e  of t h e  b r i n e  as l o c a l  p r e c i p i t a t i o n  (de l ta -018  = -11 p e r  m i l )  

e n t e r i n g  t h e  s u b s u r f a c e  system a long  f a u l t s  a t  t h e  base  of Chocola te  Mountain, 

eas t  of t h e  S a l t o n  Sea. The r e l a t i o n s h i p  between c h l o r i d e  and oxygen-18 

en r i chmen t  i n  these f l u i d s  a l s o  showed t h a t  t h e  p r o g r e s s i v e  i n c r e a s e  w a s  due 

t o  cont inuous  i n t e r a c t i o n  w i t h  sed iments  and no t  s imply a n  i n c r e a s i n g  admixture  

of water from a deep r e s e r v o i r  where i s o t o p e  exchange and s o l u t i o n  begin  

suddenly t o  a f f e c t  i n f lowing  s u r f a c e  water. 

Helgeson (1968a)  has  o f f e r e d  an  a l t e r n a t i v e  e x p l a n a t i o n  i n  which t h e  b r i n e s  

were formed by e v a p o r a t i o n  of d i l u t e  po re  water through g e o l o g i c  t i m e .  Hot 

f l u i d s  would move upward t o  t h e  s u r f a c e  through f r a c t u r e s  o r  i n t e r c o n n e c t e d  

permeable sand l e n s e s  i n  t h e  s h a l e ,  and evapora t e  a t  t h e  s u r f a c e .  The f l u i d  
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phase  would become more s a l i n e  and dense  and would t h e n  c i r c u l a t e  back under- 

ground. 

Cra ig  (1969)  argued a g a i n s t  t h i s  h y p o t h e s i s  by showing t h a t  n e i t h e r  b a t c h  nor  

con t inuous  e v a p o r a t i o n  p r o c e s s e s  o p e r a t i n g  on o r i g i n a l  i n t e r s t i t i a l  water of 

p r e s e n t  day Colorado R ive r  i s o t o p i c  composi t ion can  produce t h e  geothermal  

b r i n e  oxygen-18 and deuter ium v a l u e s  observed today.  

A c losed  system of r e c i r c u l a t i n g  po re  f l u i d  would be e s t a b l i s h e d .  

Berry (1967)  has  sugges ted  t h a t  t h e  b r i n e s  achieved  t h e i r  h igh  s a l i n i t i e s  

as a r e s u l t  of h y p e r f i l t r a t i o n  through semipermeable s h a l e s  i n  t h e  s t ra t i -  

g r a p h i c  s e c t i o n .  The l i m i t i n g  c o n d i t i o n  f o r  t h e  p rocess  i s  t h e  e s t a b l i s h m e n t  

of a s o l v e n t  p r e s s u r e  e q u i l i b r i u m  between t h e  ho t  concen t r a t ed  b r i n e  and t h e  

c o l d  d i l u t e  po re  waters i n  t h e  sur rounding  sed iments .  

A r a d i o g e n i c  t racer  s t u d y  of l e a d  and s t r o n t i u m  i n  t h e  b r i n e s  i n d i c a t e s  

t h a t  t h e  bu lk  of t h e s e  t race e lements  a re  acqu i red  by l e a c h i n g  du r ing  metamor- 

phism of t h e  h o s t  sed iments  i n  t h e  thermal  environment (Doe e t  a l . ,  1966).  

S e l e c t i v e  c o n c e n t r a t i o n  of many d i s s o l v e d  c o n s t i t u e n t s  of ocean water cannot  

produce t h e  b r i n e s  because  ocean water i s  i s o t o p i c a l l y  q u i t e  d i s t i n c t  from t h e  

b r i n e s  i n  terms of bo th  l e a d  i s o t o p e s  and s t r o n t i u m  i s o t o p e s .  S i m i l a r l y ,  t h e  

b r i n e  l e a d  and s t r o n t i u m  i s o t o p e s  cannot  be  d e r i v e d  from t h e  i s o t o p i c a l l y  

d i s t i n c t  magmas which produced t h e  r h y o l i t e  g l a s s e s  i n  t h e  Quaternary  r h y o l i t e  

domes ( t h e  S a l t o n  B u t t e s ) .  A magmatic sou rce  a t  d e p t h  w i t h  a d i f f e r e n t  s t r o n -  

t ium i s o t o p i c  composi t ion  from t h e  r h y o l i t e  g l a s s e s  cou ld  be p o s t u l a t e d ,  bu t  

igneous  rocks  w i t h  v a l u e s  of 87Sr/86Sr equa l  t o  0.711 ( t h e  g r a n i t e  composi t ion)  

a re  q u i t e  rare. 

Coplen (1973)  ana lyzed  ove r  200 w e l l  and s p r i n g  geothermal  water samples from 

the I m p e r i a l  Va l l ey  and concluded t h a t  most of  t h e  s u r f a c e  water i s  d e r i v e d  from 

t h e  Colorado River .  c 
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V.C. Hydrothermal alteration 

The reservoir rocks for the hydrothermal fluids of the Salton Trough 

consist of up to 7000 m of poorly sorted Colorado River detritus forming 

sandstones, shales, siltstones, and conglomerates (Muffler and Doe, 1968). 

The assemblages comprising these rocks, which have been described elsewhere 

in this report, provide the reactant phases for the major hydrothernal 

alteration processes occurring within the Salton Trough. Hydrothermal 

alteration has also been observed in small rhyolitic and basaltic intrusions 

penetrated during drilling at the Salton Sea (Robinson et al., 1976) and 

Heber (Browne and Elders, 1976; Browne, 1977). Most hydrothermal 

alteration studies of the Salton Trough hydrothermal system have focused on 

alteration of the Colorado River detritus. The results of these studies are 

summarized below for various areas, after which a summary of available 

information for the altered intrusive rocks is given. 

v.c.1 Salton Sea geothermal field 

The chemistry of the alteration assemblages in the Salton Sea field has 

been the object of several investigations over the past 15 years (Helgeson, 

1967, 1968b; Skinner, et al. 1967; Muffler and White, 1968, 1969; Keith et 

al., 1968; Kendall, 1976; Robinson, et al., 1976; Elders e t  al., 1977; Elders, 

1978; Tewhey, 1977; McDowell and McCurry, 1977; McDowell and Elders, 1978, 

1979). These studies, based largely on cuttings from several drill holes and 

to a lesser extent on drill cores, represent a major contribution to the under- 

standing of hydrothermal alteration processes in the continental crust. 

Detailed subsurface mapping of hydrothermal alteration utilizing cuttings 

from deep drill holes has revealed a very complex metasomatic mineral zoning 

that can be correlated with measurable parameters such as depth, temperature, 

fracture density, permeability, and sedimentary textures and fabrics. Alteration 
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th roughout  t h e  system i s  predominant ly  of t h e  p e r v a s i v e  type ,  but  some m i n e r a l s  

( e s p e c i a l l y  e p i d o t e )  are  a l s o  p r e s e n t  a long  f r a c t u r e s  a t  depth .  

minera logy  w i t h  d e p t h  are no t  i n  g e n e r a l  r e l a t e d  t o  o r i g i n a l  d i f f e r e n c e s  i n  t h e  

minera logy/chemis t ry  of  t h e  Colorado River  sediments .  To a f i r s t  approximat ion ,  

t h e  changes i n  a l t e r a t i o n  minera logy  c o r r e l a t e  p r i m a r i l y  wi th  tempera ture  and 

s e c o n d a r i l y  w i t h  o t h e r  v a r i a b l e s  (Muf f l e r  and White,  1969; E l d e r s ,  1977). I n  

a l l  r e p o r t s  t o  d a t e ,  changes i n  minera logy  and m i n e r a l  chemis t ry  a re  p r o g r e s s i v e  

w i t h  i n c r e a s i n g  t empera tu re ,  and t h e  sequence of changes t e n d s  t o  be s imi la r  i n  

a l l  w e l l s .  Changes i n  p e r m e a b i l i t y  a re ,  n e v e r t h e l e s s ,  i n c r e a s i n g l y  be ing  recog- 

n i zed  as s i g n i f i c a n t  d e t e r m i n a n t s  and p r o d u c t s  of hydrothermal  a l t e r a t i o n  

(Kenda l l ,  1976; Tewhey, 1977; E l d e r s ,  1977, 1978).  Dramatic changes i n  t h e  

d e n s i t y ,  p o r o s i t y ,  and p e r m e a b i l i t y  o f  r e s e r v o i r  rocks ,  caused by water / rock  

i n t e r a c t i o n s ,  have been documented i n  s t r a t a  w i t h  t empera tu res  r ang ing  from 

100°C t o  365OC. More permeable r e s e r v o i r  rocks  have been p r e f e r e n t i a l l y  

s u b j e c t e d  t o  hydro thermal  a l t e r a t i o n  and s t a b l e  i s o t o p e  exchange (Kenda l l ,  1976) ,  

w i t h  t h e  r e s u l t  t h a t  t he i r  p o r o s i t y  and p e r m e a b i l i t y  have been reduced ,  i n  some 

i n s t a n c e s  t o  t h e  p o i n t  of  forming s e l f - s e a l e d  cap rocks  (Tewhey, 1977)) .  Hence, 

d i f f e r e n c e s  between t h e  hydro thermal  a l t e r a t i o n  p r o d u c t s  i n  s t r a t a  a t  similar 

t empera tu res  a re  o f t e n  a r e f l e c t i o n  of p e r m e a b i l i t y  d i f f e r e n c e s .  I n  some cases, 

however,  t h e s e  d i f f e r e n c e s  r e c o r d  t h e  e f f e c t s  of  d i f f e r e n t  thermal  p u l s e s  as 

E l d e r s  (1977)  h a s  shown from m i n e r a l  i s o g r a d  and f l u i d  i n c l u s i o n  d a t a .  Retro- 

g rade  metamorphism cou ld  a l s o  be invo lved ,  bu t  ev idence  o f  i t  i s  n o t  e x t e n s i v e .  

Changes i n  

The o r i g i n a l  phases  of  t h e  d e l t a i c  and l a c u s t r i n e  sed iments  c o n s i s t  of 

d e t r i t a l  q u a r t z ,  c a l c i t e ,  K-fe ldspar ,  p l a g i o c l a s e ,  m o n t m o r i l l o n i t e ,  i l l i t e ,  

do lomi te ,  k a o l i n i t e ,  gypsum, and a n h y d r i t e .  According t o  E l d e r s  (1977) ,  t h e  

p r o g r e s s i v e  s t a g e s  i n b  t h e  hydro thermal  a l t e r a t i o n  of t h e s e  assemblages inc lude :  

( 1 )  rep lacement  of k a o l i n i t e  and mon tmor i l l on i t e  t o  form i l l i t e  and t h e n  
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s e r i c i t e - p h e n g i t e ;  ( 2 )  s o l u t i o n  of s i l i c a t e s  and p r e c i p i t a t i o n  of c a l c i t e ;  

( 3 )  rep lacement  of ca rbona te s  and fo rma t ion  of q u a r t z ,  a d u l a r i a ,  a l b i t e ,  

e p i d o t e ,  c h l o r i t e ,  t r e m o l i t e ,  small  amounts of t a l c ,  a n h y d r i t e ,  p y r i t e ,  and 

hemat i t e ;  and ( 4 )  d i sappea rance  of a n h y d r i t e ,  h e m a t i t e ,  and t a l c  from t h e  

above assemblage,  replacement  of c h l o r i t e  by b i o t i t e ,  and fo rma t ion  of 

anhydi  te.  

Muf f l e r  and White (1969) were a b l e  t o  es t imate  tempera tures  f o r  a number 

of metamorphic r e a c t i o n s  i n f e r r e d  from c u t t i n g s  of t h e  wells I . I . D .  No. 1 and 

Sportsman No. 1 ,  which are  on t h e  o r d e r  of 1500 m deep and n o r t h  of t h e  t h e r -  

m a l ,  g r a v i t y ,  and magnet ic  anomaly c e n t e r s  f o r  t h e  f i e l d .  D e t r i t a l  montmoril- 

l o n i t e  c o n v e r t s  t o  i l l i t e - m o n t m o r i l l o n i t e  below 100°C; t h e  l a t t e r  c o n v e r t s  

t o  K-mica a t  tempera tures  below 210°C. 

c a l c i t e  and /o r  do lomi te  a t  tempera tures  as low as  100°C. 

k a o l i n i t e ,  and Fe+2 (from b r i n e )  react t o  produce c h l o r i t e ,  c a l c i t e ,  and 

C02 a t  t empera tu res  of 1 8 O O c  and p o s s i b l y  a s  low as  125OC. 

Anker i t e  forms by conve r s ion  of 

Dolomite,  a n k e r i t e ,  

A t  tempera- 

t u r e s  g r e a t e r  t han  29OoC t o  31OoC, c a l c i t e ,  K - m i c a ,  q u a r t z ,  and F e  + 2  

react t o  form Fe-epidote  and K-fe ldspar  w i t h  f u r t h e r  l i b e r a t i o n  of C02. 

M u f f l e r  and White (1968)  have i n t e r p r e t e d  these r e a c t i o n s  o c c u r r i n g  a t  dep th  

as  t h e  sou rces  of l a r g e  amounts of co2  a t  sha l low l e v e l s  i n  t h e  now-abandoned 

I m p e r i a l  Carbon Dioxide Gas F i e l d ,  and they  have sugges ted  (Muff le r  and 

White,  1969) t h a t  t h e  h igh  CO2 a c t i v i t y  r e l a t i v e  t o  H20 a c t i v i t y  prec luded  

z e o l i t e  format ion  i n  t h e  S a l t o n  Sea f i e l d .  

m i n e r a l  assemblage r e p o r t e d  by Muf f l e r  and White (1969) i s  q u a r t z  + Fe-epidote  

+ c h l o r i t e  + K-feldspar+ a l b i t e  + K-mica w i t h  s p o r a d i c  p y r i t e  and hemat i t e .  

They n o t e  t h a t  Na-Ca p l a g i o c l a s e  p e r s i s t s  th roughout  t h e  explored  system. 

Above 3 O O 0 C ,  t h e  most common 
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Detailed chemical studies of alteration minerals in the Salton Sea 

geothermal field have been carried out by Keith et al. (1968), McDowell and 

McCurry (1977), and McDowell and Elders (1978). 

McDowell and ElcCurry (1977) reported detailed mineral-chemical changes 

as a function of depth and temperature in mineralized sandstones from the 

Elmore No. 1 well. This well is located near the center of the thermal, 

gravitational, and magnetic anomalies that characterize the Salton Sea 

geothermal field. 

characteristic mineral zones in the sandstones: a chlorite + calcite zone from 

600 m to 1100 m (25OoC to 325OC); a biotite zone from 1100 m to 2150 m 

(325Oc to 3 6 O O C ) ;  and a garnet zone at depths greater than 2150 m (> 36OOC). 

All mineral zones contain albite, quartz, pyrite, and solid solutions of epidote. 

The sandstone is altered texturally from a porous, weakly cemented, little 

altered, angular detrital aggregate at depths less than 600 m (<  25OOC) 

to a dense, tightly cemented, completely recrystallized granoblastic mozaic 

at depths greater than 990 m (> 315OC). 

According to McDowell and McCurry (1977), there are three 

Clayton et al. (1968) have shown that the sub-surface sediments of the 

Salton Sea area show the expected reverse oxygen isotope shift with depletion 

of oxygen-18 which has enriched the circulating thermal waters. 

A study was made of the petrology and stable isotope geochemistry of 

cuttings recovered from three wells in the Buttes area of the SSGF. Kendall, 

(1976)  she found that extensive oxygen and carbon isotope exchange has 

occurred between geothermal brines and country rocks. Detrital and diagenetic 

carbonates have exchanged with the brines at temperatures as low as 100-150°C. 

Both detrital and authigenic quartz in dense, highly altered and mineralized 

sandstones have completely or almost completely exchanged at temperatures as 
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low as  290OC.  

4 p e r  m i l  l i g h t e r  t han  c o e x i s t i n g  q u a r t z .  

oxygen i s o t o p i c  e q u i l i b r i u m  wi th  q u a r t z  a t  measured borehole  t empera tu res  ('L 

3 0 O O C ) .  Superimposed on t h e  g r o s s  t r end  of lower d e l t a  v a l u e s  a t  i n c r e a s i n g  

t empera tu re  i s  a n o t h e r  impor tan t  e f f e c t  due t o  p e r m e a b i l i t y  v a r i a t i o n s  i n  t h e  

r e s e r v o i r  rocks .  Aqu i fe r s  are  c h a r a c t e r i z e d  by low d e l t a  v a l u e s ,  and a q u i t a r d s  

by h igh  v a l u e s .  The oxygen d e l t a  v a l u e s  of v e i n  c a l c i t e  are  0-1 p e r  m i l  l i g h t e r  

t h a n  those  of c a l c i t e  cement i n  sands tones ,  which i n  t u r n  are  1-7 p e r  m i l  l i g h t e r  

t han  those  of c a l c i t e  i n  s h a l e .  Hydrothermal a l t e r a t i o n  i s  more e x t e n s i v e  i n  

zones c h a r a c t e r i z e d  by low d e l t a  v a l u e s ,  and d i f f e r s  s i g n i f i c a n t l y  from t h e  

a l t e r a t i o n  assemblages i n  less  permeable ho r i zons .  Aqui fer  p e r m e a b i l i t y  i s  

predominant ly  secondary and l i t h o l o g i c  v a r i a t i o n  has  a s t r o n g  e f f e c t  on t h e  

c r e a t i o n  of m i c r o f r a c t u r e s .  Water c i r c u l a t i o n  i s  l a r g e l y  r e s t r i c t e d  t o  

h o r i z o n t a l  a q u i f e r s  which have been c o r r e l a t e d  between we l l s  u s ing  d e l t a  

va lues .  F l u i d s  w i t h i n  v e i n l e t s  a re  l o c a l l y  de r ived  and v e r t i c a l  f r a c t u r e s  

have been r e l a t i v e l y  unimpor tan t  as c i r c u l a t i o n  channels .  

Hydrothermal e p i d o t e  oxygen del ta-180 v a l u e s  are  approximate ly  

Hydrothermal h e m a t i t e  i s  i n  appa ren t  

Although t h e  p o t e n t i a l  s i t e s  f o r  t h e  CSDP a re  r e s t r i c t e d  t o  t h e  c o n t i n e n t a l  

U . S . ,  s o m e  r e c e n t  w o r k  a t  Cerro P r i e t o ,  Mexico, which a l s o  l i e s  i n  t he  S a l t o n  

Trough, b e a r s  some d i s c u s s i o n .  Olson e t  a l .  (1976)  found t h a t  f o r  a lmost  a l l  

S a l t o n  Trough geothermal  f i e l d s  t h e  oxygen d e l t a  v a l u e  i s  n o t  j u s t  a f u n c t i o n  of 

t empera tu re  because of g r e a t  v a r i a t i o n s  i n  water-rock r a t i o s ,  even on a v e r y  

l o c a l  scale.  For example, t h e  d e l t a  v a l u e s  f o r  ca l c i t e s  a t  Cerro  P r i e t o  between 

2000 and 220 m. dep th  have a range of a lmost  20 p e r  m i l .  Vein c a l c i t e  i s  

s y s t e m a t i c a l l y  t h e  l i g h t e s t ,  s ands tone  and s i l t s t o n e  are i n t e r m e d i a t e ,  and 

s h a l e  has  t h e  h e a v i e s t  d e l t a  va lues .  Because of t h i s  low p e r m e a b i l i t y  t h e  

s h a l e s  have l i m i t e d  i n t e r a c t i o n  w i t h  geothermal  f l u i d s  and so p r e s e r v e  
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d e t r i t a l  d i a g e n e t i c  d e l t a  v a l u e s .  Vein c a l c i t e ,  however, i s  p r e c i p i t a t e d  

d i r e c t l y  from hydrothermal  f l u i d s  and i s  t h u s  i n  e q u i l i b r i u m  w i t h  h o t  water. 

T h i s  range  i n  d e l t a  v a l u e s  r e p r e s e n t s  a spectrum of i n c r e a s i n g  water / rock  

r a t i o s  from s h a l e  t o  v e i n  ca l c i t e .  T h e r e f o r e ,  t empera ture  estimates based 

on v e i n  m i n e r a l s  are t h e  most l i k e l y  i n d i c a t o r s  of t h e  r e s e r v o i r  c o n d i t i o n s .  

Olson e t  a l .  a l s o  noted t h a t  i n  t h e  SSGF w e l l s  n e a r  t h e  c e n t e r  of t h e  f i e l d  

showed a heavy i s o t o p e  s h i f t  and a much narrower spread  of d e l t a  v a l u e s  t h a n  

w e l l s  n e a r  t h e  margins  of t h e  f i e l d .  This  would i n d i c a t e  h igh  tempera tures  

and h i g h  w a t e r / r o c k  r a t i o s .  I n  a n o t h e r  p a r t  of t h i s  same s t u d y ,  E l d e r s  e t  

a l .  (1978)  documented l a r g e  temporal  f l u c t u a t i o n s  i n  tempera ture  on t h e  

f l a n k s  of t h e  geothermal  system a t  Cerro P r i e t o .  

3 4  Helium measurements and H e /  H e  i s o t o p e  measurements w e r e  used i n  

t h e  S a l t o n  Trough f o r  s u r f a c e  e x p l o r a t i o n  of p o t e n t i a l  geothermal  f i e l d s .  

( R e i n e r ,  1976; R o b e r t s ,  1975; and Welhan e t  a l . ,  1978).  The observed ' e x c e s s "  

3He p r e s e n t  i n  t h e  d i s s o l v e d  g a s e s  i n  t h e  b r i n e s  and i n  s o i l  g a s e s  have 

been s u p p l i e d  by t h e  mant le  t o  t h e  t h i n ,  e x t e n s i o n a l  c r u s t  o v e r l y i n g  i t .  

M u f f l e r  and Doe.(1968) used l e a d  and s t r o n t i u m  i s o t o p e s  t o  de te rmine  

t h e  mean age  of Colorado R i v e r  d e t r i t u s  forming up t o  7000 m of s a n d s t o n e s ,  

s h a l e s ,  s i l s t o n e s ,  and conglomerates  i n  t h e  S a l t o n  Trough. Lead i s o t o p e  

d a t a  from t h e  a c i d - i n s o l u b l e  f r a c t i o n  of Colorado River  d e l t a  samples from 

t h e  t r o u g h  i n d i c a t e  t h a t  t h e  mean age of t h e  d e t r i t u s  i s  1700 m.y., and 

S r  i s o t o p e  d a t a  i n d i c a t e d  a mean age  of g r e a t e r  t h a n  500 m.y. This  l a t e r  

mean age r e p r e s e n t s  t h e  t i m e  s i n c e  i s o t o p i c  homogenization by igneous o r  

metamorphic p r o c e s s e s ,  and c o n t r a s t s  w i t h  t h e  Cenozoic age  of t h e  d e l t a  and 

t h e  Mesozoic age  of t h e  rocks  of t h e  Colorado P l a t e a u  from which t h e  d e t r i t u s  

-56- 

e 



- . . . ... . - .  .. . . . . . . . . . . .. . . . . . . . .... - . .~ 

dominant ly  d e r i v e d .  A s m a l l  f r a c t i o n  of t h e  a c i d - i n s o l u b l e  d e t r i t u s  of t h e  

Colorado River  d e l t a  i n  t h e  S a l t o n  Trough probably was d e r i v e d  by d i r e c t  

e r o s i o n  of Precambrian rocks ;  however, t h e  bulk of t h e  a c i d - i n s o l u b l e  d e t r i t u s  

probably compr ises  reworked d e t r i t u s  of Precambrian age p r e v i o u s l y  i n c o r p o r a t e d  

i n  Mesozoic and P a l e o z o i c  sediments .  The i s o t o p i c  d a t a  prec lude  any a p p r e c i a b l e  

component of  d e t r i t u s  d e r i v e d  from t h e  mountains a d j a c e n t  t o  t h e  S a l t o n  Basin 

which are l a r g e l y  igneous and metamorphic rocks  of Mesozoic (and P a l e o z o i c ? )  

age.  

V.C. 2 East Mesa geothermal  f i e l d  

P e t r o l o g i c  s t u d i e s  of w e l l  c u t t i n g s  from borehole  Mesa 6-2 p e n e t r a t i n g  

1830 m of i n t e r b e d d e d  sands tone  and f ine-gra ined  sediment of t h e  Colorado River  

show t h a t  t h e  v e r t i c a l  e x t e n t  of t h e  hydrothermal  r e s e r v o i r  can be d e f i n e d  by 

t h e  d i s t r i b u t i o n  of hydrothermal  a l t e r a t i o n  products  (Hoagland, 1976a; Hoagland 

and E l d e r s ,  1978a and 1978b; Hoagland and E l d e r s ,  1977). A d i f f u s e  upper 

boundary of hydrothermal  a l t e r a t i o n  u n d e r l i e s  a t h i c k  s e c t i o n  of c l a y - r i c h  

sediment and i s  a s s o c i a t e d  w i t h  a change i n  thermal  g r a d i e n t  from . 1 3 O C / m  

t o  .02'C/rn, i n d i c a t i n g  t h e  c l a y - r i c h  r o c k s  form a b a r r i e r  t o  f low of 

hydro the rma l  f l u i d s .  

Lack of e q u i l i b r i u m  between t h e  p r e s e n t  day b r i n e  ( a  sodium c h l o r i d e  and 

b i c a r b o n a t e  b r i n e  c o n t a i n i n g  2380 mg/l t o t a l  d i s s o l v e d  s o l i d s )  and t h e  hydro- 

thermal  a l t e r a t i o n  p r o d u c t s  i n  t h e  East Mesa system h a s  been used t o  demon- 

strate t h a t  t h e  system exper ienced  a s i g n i f i c a n t  change i n  i t s  hydrology 

(Hoagland, 1976a; Hoagland and E l d e r s ,  1978). F l u i d  i n c l u s i o n  measurements 

i n d i c a t e  an  ear l ie r  regime w i t h  tempera tures  15OC t o  2OoC above p r e s e n t  

tempera ture .  During a n  ear l ie r  e v e n t ,  q u a r t z ,  p y r i t e ,  i l l i t e ,  F e - c h l o r i t e ,  

6Id 
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and a d u l a r i a  were d e p o s i t e d  i n  t h e  sands tones ;  l e s s  porous s i l t s t o n e s  and 

s h a l e s  a l t e r e d  t o  i l l i t e  and c h l o r i t e .  Montmor i l lon i te ,  k a o l i n i t e ,  and 

c a r b o n a t e s  were d e s t r o y e d  and f e l d s p a r  was a l t e r e d  i n c i p i e n t l y  t o  K - m i c a  and 

q u a r t z .  

and s i l i c a  t o  t h e  rocks  and a n e t  l o s s  of H+ t o  t h e  f l u i d .  S i l i c i f i c a t i o n  

of t h e  r e s e r v o i r  i n h i b i t e d  cont inued  i n f l u x  of t h e  e a r l i e r  f l u i d s .  Later,  

c o l d e r  w a t e r  e n t e r e d  t h e  system l a t e r a l l y ,  p a r t l y  d i s s o l v e d  s i l i c a t e s ,  and 

p r e c i p i t a t e d  abundant ca lc i te .  Thermochemical c a l c u l a t i o n s  of t h e  c h a r a c t e r i -  

s t ics  of t h e  f l u i d s  based on thermodynamic d a t a  f o r  aqueous s p e c i e s  and t h e  

observed sequence of a l t e r a t i o n  phases  i n d i c a t e  t h e  ear l ie r  f l u i d  was d i s t i n c t l y  

d i f f e r e n t  from t h e  f l u i d  p r e s e n t l y  b e i n g  d i s c h a r g e d  from the  system. 

These w a t e r l r o c k  i n t e r a c t i o n s  r e s u l t e d  i n  a n e t  a d d i t i o n  of potassium 

v.c.3 The Dunes geothermal  f i e l d  

A 612 m w e l l  a t  t h e  margin of t h e  Dunes thermal  a r e a  p r o v i d e s  a good 

example of p e r m e a b i l i t y  d e c r e a s e s  and s e l f - s e a l i n g  r e s u l t i n g  from hydrothermal  

a l t e r a t i o n  and d e p o s i t i o n  ( B i r d  and E l d e r s ,  1973, 1975; E l d e r s  and Bird 1973).  

The w e l l  t e m p e r a t u r e  p r o f i l e  shows a maximum of 104OC a t  285 m y  and a 

t e m p e r a t u r e  r e v e r s a l  below t h i s  depth.  The format ion  f l u i d  i s  a d i l u t e  NaCl 

s o l u t i o n  w i t h  l ess  t h a n  4000 ppm t o t a l  d i s s o l v e d  s o l i d s .  

The u n a l t e r e d  r o c k s  i n  t h e  d r i l l  h o l e  c o n s i s t  of t e r r i g i n o u s  d e t r i t u s  of 

t h e  Colorado R i v e r  Delta, p r i m a r i l y  medium t o  f i n e  a renaceous  sands  and s i l t y  

s a n d s ,  w i t h  pebble ,  g r a n u l e ,  and c l a y  s i z e  f r a c t i o n s  t o g e t h e r  c o n s t i t u t i n g  

approximate ly  15% of t h e  s e c t i o n .  Four d i s t i n c t  sed imentary  f a c i e s  are 

p r e s e n t :  d e l t a i c  sand ,  c h a n n e l - f i l l ,  beach-dune, and l a c u s t r i n e  f a c i e s .  
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S t r a t i g r a p h i c  c o n t r o l  of hydrothermal  water-rock i n t e r a c t i o n s  has  l e d  t o  

t h e  fo rma t ion  of seven  zones of i n t e n s i v e l y  s i l i c i f i e d  sands  and conglomerates  

i n  t h e  upper  318 m of d r i l l  h o l e  s e c t i o n .  These zones range from 5 t o  35 m 

t h i c k  and occur  p r i m a r i l y  w i t h i n  t h e  o r i g i n a l l y  more permeable s t r a t a  of t h e  

dune-braided stream and c h a n n e l - f i l l  f a c i e s .  Sha le  beds of low p e r m e a b i l i t y  

s e p a r a t e  t h e  s i l i c i f i e d  zones from poor ly  indura t ed  sands tones  cemented by 

va ry ing  amounts of  h e m a t i t e ,  c a l c i t e ,  gypsum, and montmori l lonoid c l ays .  The 

potass ium and s i l i c a  m i n e r a l i z a t i o n  occur s  as i n t e r s t i t i a l  pore  cements ,  as  

l a t e r  f r a c t u r e  f i l l i n g s ,  and as replacement  metasomatism. The degree  of  

m i n e r a l i z a t i o n  i n c r e a s e s  w i t h  s o r t i n g  of sands ,  and i t  i s  u s u a l l y  g r e a t e s t  

immediately below t h e  low p e r m e a b i l i t y  s h a l e s .  

The a u t h i g e n i c  m i n e r a l  phases  depos i t ed  w i t h i n  t h e  s i l i c i f i e d  zones 

c o n s i s t  of q u a r t z ,  a d u l a r i a ,  hydromuscovi te ,  i l l i t e  and p y r i t e .  Ca lc i t e ,  

k a o l i n i t e ,  f e r r i c  ox ide ,  and mon tmor i l l on i t e  r e a c t a n t  phases  are  absen t  i n  

t h e  s i l i c i f i e d  u n i t s .  There a re ,  however, o c c a s i o n a l  examples of r e t r o g r a d e  

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

c l a s t i c  sed iments  i s  accompanied by a d e c r e a s e  i n  t h e  p o r o s i t y  t o  as low as 

3 t o  4% and a n  i n c r e a s e d  i n  d e n s i t y  t o  as much as 2.55 g /cc .  These changes 

are  p r i m a r i l y  t h e  r e s u l t  of q u a r t z  and a d u l a r i a  p r e c i p i t a t i o n  w i t h i n  po res  

and vo ids  of  t h e  c l a s t i c  sediments .  There has  been a t  l ea s t  two ep i sodes  of 

f r a c t u r i n g  w i t h i n  t h e  s p e c i f i e d  zones,  and many e a r l i e r  f r a c t u r e s  are complete- 

l y  s e a l e d  by assemblages similar t o  t h o s e  formed i n t e r s t i t i a l l y  i n  a d j a c e n t  

s t ra ta .  The f r a c t u r e  m i n e r a l i z a t i o n  c o n s i s t s  of q u a r t z ,  h e m a t i t e  ( f rom 

o x i d a t i o n  of a u t h i g e n i c  p y r i t e ) ,  p y r i t e ,  a d u l a r i a ,  and ca l c i t e .  Seve ra l  

whole-rock a n a l y s e s  of t h e  s i l i c i f i e d  sed iments  are p resen ted  by Bird and 

E l d e r s  (1975) .  
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The hydrothermally altered sands have undergone a net gain in Si02 and 

K20; they have lost CaO, Np20, Fe2O3, and MgO. 

Si02 and K20 are the result of additions of authigenic silica, adularia, 

and potassium phyllosilicates. Dissolution of calcite causes depletion in 

CaO, and the loss of Na20, Fe2O3, and ElgO is attributed to the breakdown 

of smectites. 

The increase in 

Bird and Elders (1975) characterized the hydrothermal alteration processes 

at the Dunes as the addition of silica and potassium by precipitation of void- 

filling quartz and adularia. These reactions would be favored by the decrease 

in silica solubility with falling temperature upon migration of hot brine into 

a cooler environment. The absence of montmorillonite, kaolinite, and calcite 

together with the replacement fabric of adularia, quartz and hydromuscovite 

can be interpreted as the result of metasomatic addition of potassium and loss 

of hydrogen. 

v.c.4 Hydrothermal alteration of volcanic rocks. 

Alteration minerals associated with the rhyolites exposed at the surface 

include secondary amphibole, secondary mica, chlorite, epidote, and pyrite. 

The principal reactant phase is augite altering to epidote and amphibole. 

Compared with the rhyolite domes, the subsurface silicic rocks have markedly 

higher K20, CaO, MgO, Ti02, and total iron, but lower Si02 and Na20. 

Ferromagnesian trace elements (Cr, Ni, V, Cu, and Mo) are significantly 

enriched in the subsurface rocks; Ba and Sr are strongly enriched, sym- 

phathetically with K20 and CaO. Robinson et al. (1976)  assume that the 

rhyolite domes and subsurface silicic rocks formed from the same lava and 

that the present composition differences result from intense hydrothermal 
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Hydrothermal a l t e r a t i o n  h a s  a l s o  been d e s c r i b e d  i n  a d i a b a s e  d i k e  p e n e t r a t e d  

from 1335 m t o  1365 m i n  Ho l t z  # l ,  a 1570 m w e l l  i n t o  t h e  Heber geothermal  f i e l d  

(Browne and E l d e r s ,  1976; Browne, 1977).  Both t h e  d i a b a s e  and h o s t  rock  sed iments  

have r e a c t e d  w i t h  hydro thermal  f l u i d s  d u r i n g  coo l ing  of t h e  i n t r u s i o n .  Pr imary  
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abundant p y r i t e ,  and t h e  h igh  K 2 0  t o  t h e  presence  of secondary mica. 

High F e  i n  t h e  d r i l l  c u t t i n g s  can  be r e l a t e d  t o  

Secondary amphibole and e p i d o t e  are  probably  r e s p o n s i b l e  f o r  t h e  i n c r e a s e d  

CaO. The lower S i 0 2  and N a 9  are  i n t e r p r e t e d  as  r e l a t i v e  r e d u c t i o n s  

caused by l a r g e  i n c r e a s e s  i n  o t h e r  ox ides .  The composi t ion  of t h e  s u b s u r f a c e  

s i l i c i c  materials a re  q u a l i t a t i v e l y  compat ib le  w i t h  t h e  S a l t o n  Sea geothermal  

b r i n e  (Helgeson,  1968b),  which are v e r y  r i c h  i n  potassium, ca lc ium,  bar ium, 

s t r o n t i u m ,  and i r o n  -- a l l  e lements  r e l a t i v e l y  en r i ched  i n  t h e  d r i l l  c u t t i n g .  

The g l a s s y  f ragments  i n  t h e  b a s a l t i c  x e n o l i t h s  tend  t o  be i n c i p i e n t l y  d e v i t r i -  

f i e d  t o  c l inopyroxene  and p a r t l y  r ep laced  by K-mica. Secondary K - m i c a  i s  

abundant  and may comple te ly  r e p l a c e  a u g i t e  i n  samples.  Most samples a l s o  

c o n t a i n  c a r b o n a t e ,  c h l o r i t e ,  and secondary amphibole,  t o g e t h e r  w i t h  small  

amounts of e p i d o t e ,  p y r i t e ,  and K-feldspar .  The e x t e n s i v e  a l t e r a t i o n  of t h e  

s u b s u r f a c e  b a s a l t i c  rocks  i s  r e f l e c t e d  i n  t he i r  whole rock  a n a l y s e s  which, 

compared w i t h  t h e  composi t ions  of b a s a l t i c  x e n o l i t h s ,  a r e  s t r o n g l y  en r i ched  

i n  K20, Ti02 ,  and t o t a l  i r o n  wh i l e  d e p l e t e d  i n  C a O  and MgO. Enrichment 

i n  a l k a l i e s ,  e s p e c i a l l y  K 2 0 ,  i s  s u f f i c i e n t  t o  a l low small  q u a n t i t i e s  of 

normative n e p h e l i n e  i n  m o s t  of these rocks.  Some c u t t i n g s  of s u b s u r f a c e  basalt  

are  en r i ched  i n  S i 0 2  r e l a t i v e  t o  t h e  x e n o l i t h s ,  a f e a t u r e  probably  due t o  

a l t e r a t i o n  but  p o s s i b l y  t h e  r e s u l t  of con tamina t ion  of t h e  c u t t i n g s  by 

sed iments .  



m i n e r a l s  of t h e  d i a b a s e  are a u g i t e  (En44,5W044~5Fsl l  .Oto En33,0W038.5F~28.5) 

p l a g i o c l a s e  (An15 t o  An76, zoned) ,  o l i v i n e ,  and a c c e s s o r y  magne t i t e  and 

i l m e n i t e .  C h l o r i t e  i s  t h e  most abundant  secondary m i n e r a l  i n  t h e  d i a b a s e ,  

and i t  r e p l a c e d  o l i v i n e  and p l a g i o c l a s e .  P r e h n i t e ,  w i t h  up t o  6 w t . %  FeO, 

t y p i c a l l y  r e p l a c e s  p l a g i o c l a s e  and a l s o  occur s  i n  v e s i c l e s .  C a l c i c  p l a g i o c l a s e  

i s  l o c a l l y  a l t e r e d  t o  ca lc i te  o r  s o d i c  a l b i t e .  Magnet i te  and i l m e n i t e  are p a r t l y  

a l t e r e d  t o  sphene o r  minor p y r i t e .  I r o n - r i c h  e p i d o t e  , o l i g o c l a s e ,  a l b i t e ,  

a n h y d r i t e ,  q u a r t z  ( r a r e ) ,  and w a i r a k i t e  occur  i n  v e i n s  o r  vugs. Potass ium 

m i n e r a l s  are  absen t .  Ground mass a u g i t e  has  a l t e r e d  t o  f e r r o a u g i t e  (up  t o  

Fs57) ,  a p p a r e n t l y  i n  r e sponse  t o  hydro thermal  r e a c t i o n .  
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