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HYDROTHERMAL ALTERATION PIINERALS OF THE GEYSERS STEAPI FIELD, 

CALIFORNIA AND THEIR POTENTIAL USE I N  EXPLORATION 

Diane Moore, U. S. Geo log ica l  Survey, Menlo Park, C a l i f o r n i a  

INTRODUCTION 

L i t t l e  i n f o r m a t i o n  has been p u b l i s h e d  on t h e  hydrothermal  
a l t e r a t i o n  m i n e r a l s  o c c u r r i n g  a t  depth i n  t h e  Geysers steam 
f i e l d ,  C a l i f o r n i a .  S t e i n e r  (1958) r e p o r t e d  t h e  occurrence of 
w a i r a k i t e  f rom a w e l l ;  M c N i t t  (1964) i d e n t i f i e d  p y r i t e ,  s e r i c i t e ,  
c a l c i t e ,  q u a r t z ,  s i d e r i t e ,  a p a t i t e  and c h l o r i t e  i n  cores of Fran- 
c i s c a n  graywacke and greenstone. Recent ly ,  Union O i l  Geothermal 
D i v i s i o n  f u r n i s h e d  a s e t  o f  w e l l  cores f rom t h e  cap r o c k  o v e r l y -  
i n g  thesteam r e s e r v o i r  f o r  geophysica l  s t u d i e s  (Lockner  -- e t  a l .  , 
1980); sample l o c a l i t i e s  a r e  shown i n  F i g u r e  1. Cores o f  meta- 
graywacke and greenstone f rom 4 we1 l s---Thermal 10 (TH10) , Lakoma 
Fame 6 (LF6),  D & V 1 (DV1) and Horner S t a t e  (HS1)---were compa- 
r e d  t o  una1 t e r e d  Franc iscan metagraywacke (GP5) f rom s u r f a c e  ex- 
posures (Table 1 ) .  Several  p r e v i o u s l y  un repor ted  a1 t e r a t i o n  mine- 
r a l s  were found i n  t h e  cored rocks,  i n c l u d i n g  ep ido te ,  t r e m o l i t e -  
a c t i n o l i t e ,  p r e h n i t e  and tou rma l ine .  T h i s  n o t e  desc r ibes  t h e  ob- 
served a l t e r a t i o n  m i n e r a l s  and some o f  t h e  f a c t o r s  t h a t  c o n t r o l l e d  
t h e i r  growth.  

SAMPLE DESCRIPTIONS 

GP5 -- Outcrops o f  Franc iscan r o c k  i n  t h e  Geysers area 
c o n s i x f  massive, f i n e - g r a i n e d  metagraywacke w i t h  t h e  m i n e r a l  
assemblage q u a r t z  + a l b i t e  + c h l o r i t e  + p h e n g i t e  + p u m p e l l y i t e  + 
sphene + c a l c i t e .  GP5 c o n t a i n s  some r e l i c t  d e t r i t a l  ep ido te ,  
t h a t  occurs as rounded g r a i n s  o r  as p a r t  o f  s c h i s t o s e  metamorphic 
r o c k  f ragments.  These p a r t l y  a l t e r e d  r e l i c s  a r e  r e a d i l y  d i s t i n -  
gu ishedfrom t h e  hydrothermal e p i d o t e  o f  some cores.  

HS1  -- The Horner S t a t e  w e l l  i s  l o c a t e d  near  t h e  n o r t h e r n  
l i m i t o f  d r i l l i n g  o p e r a t i o n s  i n  t h e  Geysers steam f i e l d  ( F i g .  1 ) .  
Metagraywacke a t  1478 m depth i s  n e a r l y  i d e n t i c a l  t o  GP5, except  
f o r  thepresence i n  H S 1  o f  narrow v e i n s  o f  c a l c i t e  + p y r i t e .  A l -  
though c a , l c i t e  i s  a s s o c i a t e d  w i t h  b o t h  t h e  i n i t i a l ,  Franc iscan 
metamorphism and l a t e r  hydrothermal  a c t i v i t y ,  p y r i t e  i s  e x c l u -  
s i v e l y  a hydrothermal m i n e r a l .  Therefore,  t hese  v e i n s  a r e  c o r r e -  
l a t e d  w i t h  events r e l a t e d  t o  t h e  steam f i e l d .  

- D V 1  -- I n  c o n t r a s t  t o  t h e  t e x t u r a l l y  unmod i f i ed  GP5 and H S 1  
metagraywackes, t h e  D V 1  c o r e  i s  a s e m i s c h i s t  w i t h  p a r t i a l  segre- 
g a t i o n  o f  q u a r t z o f e l d s p a t h i c  and c h l o r i t e - r i c h  l a y e r s .  
t h e  quar t zose  l a y e r s  have been fragmented and t h e  p ieces  randomly 
o r i e n t e d  i n  t h e  c h l o r i t i c  bands. T h i s  fragmented, s c h i s t o s e  t e x -  
t u r e  p robab ly  o r i g i n a t e d  d u r i n g  Franc iscan metamorphism and d e f o r  

Some o f  
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mat ion; the v e i n s  a s s o c i a t e d  w i t h  t h e  hydrothermal  even ts  i n  D V l  
c u t  ac ross  a l l  t h e  d e f o r m a t i o n  f e a t u r e s .  

A l a r g e  number o f  hydrothermal  v e i n  m i n e r a l s  occu r  i n  D V 1  
( T a b l e  1); c a l c i t e  a l o n e  i s  n o t a b l y  absent.  
c o n t a i n s  t h e  assemblage e p i d o t e  + c a l c i c  amphibole + c h l o r i t e  + 
a d u l a r i a  + p y r i t e .  C h l o r i t e  g e n e r a l l y  l i n e s  t h e  w a l l s  o f  such 
ve ins ,  and euhedra l  e p i d o t e  and a d u l a r i a  extend i n t o  t h e  v e i n s  
f r o m  t h e  marg ins.  The p a l e  green c a l c i c  amphibole i s  p r o b a b l y  
t r e m o l i t e  o r  a c t i n o l i t e  i n  compos i t i on .  Wider v e i n s  i n  DV1,  
t h a t  c r o s s - c u t  t h e  e p i d o t e  and a c t i n o l i t e - b e a r i n g  ve ins ,  con- 
s i s t  o f c o a r s e - g r a i n e d  a d u l a r i a  + q u a r t z  + p y r i t e  + p r e h n i t e  + 
c h l o r i t e .  The p r e h n i t e  i n  t h e  l a r g e  v e i n s  i s  an i n t e r s t i t i a l  
m i n e r a l a n d  t h e  q u a r t z  occu rs  as euhedra l  c r y s t a l s  t h a t  a r e  enve- 
l oped  by coarse-gra ined,  anhedra l  a d u l a r i a .  

Other  than  v e i n  development, t h e  D V 1  metagraywacke e x h i b i t s  
few e f f e c t s  o f  hydrothermal  a l t e r a t i o n .  M ino r  amounts o f  e p i d o t e  
and a c t i n o l i t e  a r e  found  i n  t h e  w a l l  r o c k  a d j a c e n t  t o  t h e  e p i d o t e -  
b e a r i n g v e i n s .  D V 1  a l s o  c o n t a i n s  a c o n s i d e r a b l e  amount o f  green, 
b lue-green,  o r  brown t o u r m a l i n e  t h a t  has a p p a r e n t l y  c r y s t a l 1  i z e d  
i n  response t o  t h e  hydrothermal  a c t i v i t y .  The t o u r m a l i n e  occu rs  
as aggregates of  i r r e g u l a r l y  shaped t o  t a b u l a r  c r y s t a l s  i n  t h e  
c h l o r i t e - r i c h  bands. 

One s e t  o f  v e i n s  

THlO -- T h i s  metagraywacke a l s o  shows a h i g h  degree of t e x -  
t u r a l  r e c o n s t i t u t i o n ,  i n  t h i s  case owing t o  r e c r y s t a l l i z a t i o n  
d u r i n g  hydrothermal  a l t e r a t i o n  r a t h e r  than  t o  d e f o r m a t i o n  accom- 
pany ing  F ranc i scan  metamorphism. I n  p l a c e s  t h i s  a l t e r a t i o n  has 
d e s t r o y e d  t h e  sedimentary f a b r i c ,  p roduc ing  a f i n e - g r a i n e d ,  non- 
f o l i a t e d  mosaic o f  q u a r t z  + f e l d s p a r  + c h l o r i t e  + w h i t e  mica. 
The a l t e r a t i o n  i s  c h a r a c t e r i z e d  by t h e  i n t r o d u c t i o n  o f  potass ium 
and s u l f u r ,  and t h e  loss o f  sodium. A l l  f e l d s p a r s  i n  TH10, t h a t  
p r e v i o u s l y  had been a l b i t i z e d  d u r i n g  F ranc i scan  metamorphism, 
have been r e p l a c e d  by a d u l a r i a  w i t h  a t i l e - l i k e  t e x t u r e  i d e n t i c a l  
t o  t h a t  o f  t h e  a d u l a r i a  a t  Wa i rake i ,  New Zealand ( S t e i n e r ,  1970).  
E x t e n s i v e  p y r i t e  m i n e r a l i z a t i o n  a l s o  has taken  p lace ,  w i t h  s u l -  
f i d e s  c o n c e n t r a t e d  i n  some s h a l e  and v o l c a n i c  r o c k  f ragments and 
i n  t h e  metagraywacke m a t r i x .  

THlO i s  e x t e n s i v e l y  c u t  by v e i n s  whose m i n e r a l  assemblages 
d i f f e r  f r o m  D V 1  i n  t h e  absence o f  e p i d o t e  and a c t i n o l i t e  and t h e  
presence o f  c a l c i t e  ( T a b l e  1 ) .  
l a m i n a r  v e i n s  c o n s i s t s  o f  a l t e r n a t i n g  l a y e r s  o f  f i n e - g r a i n e d  
q u a r t z  and c h l o r i t e .  L a t e r ,  w i d e r  v e i n s  composed p r i n c i p a l l y  o f  
q u a r t z  + a d u l a r i a  + p y r i t e  a r e  s i m i l a r  t o  v e i n s  i n  DV1.  Minor ,  
i n t e r s t i t i a l  p r e h n i t e  i n  these  younger v e i n s  i s  p a r t l y  r e p l a c e d  
by c a l c i t e ;  i n  p l a c e s  t h e  v e i n  w a l l s  a r e  l i n e d  w i t h  c h l o r i t e .  

An e a r l y  g e n e r a t i o n  o f  narrow, 

LF6 -- Greenstone samples f r o m  2 depths were examined f r o m  
t h e  Lakoma Fame w e l l .  A t  t h e  deeper, 969 m l e v e l ,  t h e  r o c k  was 
o r i g i n a l l y  an a p h a n i t i c  m e t a b a s a l t  w i t h  s c a t t e r e d  sma l l  p l a g i o -  
c l a s e  l a t h s  and sca rce  r e l i c t  pyroxene phenoc rys ts .  The igneous 
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minerals were replaced by the assemblage a lb i t e  + chlor i te  + 
sphene + white mica during Franciscan metamorphism. 
of a lb i t e  + chlor i te  may also be correlated with the early Fran- 
ci scan metamorphism, for  the fo l l  owing reasons : 1) the a1 bite- 
bearing veins are  cut by veins clearly associated with the steam 
f i e ld ;  and 2 )  the character is t ic  feldspar of the hydrothermal veins 
i s  adularia rather t h a n  a lb i t e .  Later veins consist principally 
of coarse-grai ned chlor i te  + adularia + p.yri t e .  Neither cal c i t e  , 
q u a r t z ,  nor epidote was positively identified in th i s  rock. 
Other t h a n  vein formation, t h i s  greenstone shows no evidence of 
hydrothermal a1 terat ion.  

Narrow veins 

Greenstone a t  the 922-927 m level in LF6 i s  considerably 
coarser-grained and contains many more pyroxene phenocrysts t h a n  
the greenstone a t  greater depth. The 922 m rock also has larger 
veins t h a t  contain ca l c i t e ,  epidote, and ac t ino l i te  in addition 
t o  pyri te ,  adularia,  and chlor i te  (Table 1 ) .  
l a t e  vein mineral t h a t  f i l l s  the centers of some veins and  cuts 
across minerals such as epidote and  adularia. Minor amounts of 
epidote have also crystall ized within the greenstone wall rock. 

The ca l c i t e  i s  a 

CONTROLS - ON MINERAL DISTRIBUTION 

Because of the limited number of cores examined here, gene- 
ra l izat ions a b o u t  mineral distribution a n d  the controls of mine- 
ral occurrence cannot be made. However, variations in mineral 
assemblages have been observed a t  different  depths and locations 
within the Geysers steam f i e ld .  The observed dis t r ibut ions may 
have been influenced by the following factors:  

1) Temperature. The crystal 1 ization of epidote and actino- 
l i t e  in the cores may be most strongly controlled by temperature. 
I n  other geothermal f ie lda ,  epidote a n d  ac t ino l i te  occur a t  tem= 
peratures above a b o u t  220 C .  According t o  White - _  e t  a l .  ( 1 9 7 1 ) ,  
temperatures within the steam reservoir a t  the Geysers are  rela- 
tively uniform at 240 C. T h e  epidote- and actinolite-bearing 
core D V 1  was locat d j u s t  above the steam reservoir,  where tem- 
peratures near 240 C may also have prevailed. Similar tempera- 
tures may have existed a t  depth in the Lakoma Fame well. 
duced temperatures a t  the shallow depths (100 m )  of the THlO core 
may explain the absence of epidote and ac t ino l i te  from t h a t  
thoroughly recrystall ized metagraywacke. 

% 
Re- 

Cored metagraywacke from the Horner State  well was obtained 
a t  the greatest  depth of a l l  examined cores, yet HS1 displays the 
leas t  development of veining and no wall rock al terat ion.  This 
well may have been dr i l led  into low-temperature rock lying out- 
side the influence of the steam reservoir. 

2 )  Pressure. According t o  Browne (1978), pressure has l i t t l e  
d i rec t  e f fec t  on hydrothermal a l terat ion.  However, changes in 
f luid pressure, such as those produced by boiling, may a l t e r  the 
f luid composition and thus promote crystal l izat ion of certain 
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v e i n  minera ls .  B o i l i n g  and subsequent l o s s  o f  CO may have r e -  
s u l t e d  i n  t h e  d e p o s i t i o n  o f  c a l c i t e ,  q u a r t z  and a g u l a r i a  i n  some 
cores.  I n  c o n t r a s t ,  n o n - b o i l i n g  o f  t h e  hydrothermal f l u i d  a t  D V 1  
i s  a p o s s i b l e  e x p l a n a t i o n  f o r  t h e  absence o f  c a l c i t e  f rom t h a t  
core.  

3)  P e r m e a b i l i t y .  P e r m e a b i l i t y  i s  an i m p o r t a n t  f a c t o r  i n  t h e  
amount o f  r o c k  a l t e r a t i o n  a t t a i n e d  w i t h i n  a geothermal f i e l d .  I n  
r o c k s  o f  low p e r m e a b i l i t y ,  i n t e r a c t i o n  between t h e  r o c k  and a hy- 
drothermal  f l u i d  i s  s l i g h t  and e q u i l i b r i u m  i s  c e r t a i n l y  n o t  a t -  
ta ined.  A t  t h e  Ohaki-Broadlands geothermal area i n  New Zealand, 
t h e  replacement o f  p l a g i o c l a s e  by a d u l a r i a  i n  t h e  r e s e r v o i r  
rocks  i s  r o u g h l y  c o r r e l a t e d  w i t h  an i n c r e a s e  i n  t h e  measured w e l l  
p e r m e a b i l i t y  (Browne, 1970). O f  t h e  Geysers cores s tud ied ,  THlO 
may have been t h e  most permeable; t h e  abundance o f  p y r i t e  and 
a d u l a r i a  i n d i c a t e  t h a t  a s i g n i f i c a n t  amount o f  chemical exchange 
has taken p lace.  I n  c o n t r a s t ,  LF6 and DV1 show l i t t l e  r o c k  a l -  
t e r a t i o n ,  most o f  which i s  concent ra ted  near  ve ins .  

4 )  Rock Type. A t  low temperatures,  t h e  compos i t ion  o f  t h e  
r e s e r v o i r  and cap rocks  may i n f l u e n c e  t h e  a l t e r a t i o n  m i n e r a l s  ob- 
served (Browne, 1978). The c o n c e n t r a t i o n  o f  c h l o r i t e ,  c a l c i c  
amphibole, and e p i d o t e  a long t h e  v e i n  w a l l s  suggest t h a t  some o f  
t h e  i r o n  and magnesium r e q u i r e d  f o r  t h e i r  c r y s t a l l i z a t i o n  was 
prov ided by t h e  h o s t  rock ,  th rough exchange r e a c t i o n s  w i t h  t h e  
hydrothermal f l u i d .  Had o t h e r  'rock types o f  d i f f e r e n t  compo- 
s i t i o n s  been present ,  d i f f e r e n t  v e i n  m i n e r a l s  m i g h t  have formed. 

POTENTIAL -- USE OF ALTERATION PIINERALS I N  EXPLORATION 

U n l i k e  hot -water  systems, t h e  m i n e r a l  r e l a t i o n s h i p s  o f  
vapor-dominated geothermal systems have n o t  been i n v e s t i g a t e d  i n  
any d e t a i l  (White,  1970). However, o f  t h e  above parameters, t h e  
r e l a t i o n s h i p s  between temperature and m i n e r a l  occurrence may 
prove u s e f u l  i n  e v a l u a t i n g  t h e  steam-producing p o t e n t i a l  o f  d i f -  
f e r e n t  w e l l s .  I n  p a r t i c u l a r ,  t h e  occurrence o f  e p i d o t e  and 
a c t i n o l i t e  i n  cap rocks  o f  v a r i o u s  composi t ions i n d i c a t e s  t h a t  
temperatures approaching those o f  t h e  steam r e s e r v o i r  have been 
a t t a i n e d .  S i m i l a r l y ,  t h e  borders o f  vapor-dominated systems may 
be i d e n t i f i e d  by t h e  absence o f  h igh- temperature m i n e r a l  assem- 
blages even a t  g r e a t  depth.  
t h e  c a p m c k  may prove i m p o r t a n t  i n  e v a l u a t i n g  t h e  e f f e c t i v e n e s s  
of t h e  sea l  t h a t  produces a vapor-dominated system. 

Knowledge o f  t h e  p e r m e a b i l i t y  o f  
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Figure I .  

S i t e s  of w e l l s  and sampling areas a t  
The Geysers 
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