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ABSTRACT 

Logging o f  d r i l l  c u t t i n g s  f rom Union O i l  
Company's Baca geothermal p r o j e c t  has 
r e s u l t e d  i n  a d e t a i l e d  geo log ic  p i c t u r e  o f  
t h e  Baca geothermal r e s e r v o i r .  The r e s e r v o i r  
i s  l o c a t e d  i n  a complex geo log ic  environment 
w i t h  b o t h  f r a c t u r e  and s t r a t i g r a p h i c  permea- 
b i l i t y ,  which have been m o d i f i e d  ( l a r g e l y  
reduced) by hydrothermal a l t e r a t i o n .  The 
geothermal system i s  p r i n c i p a l l y  hosted by 
ash - f l ow  t u f f s  and v o l c a n i c l a s t i c  rocks  asso- 
c i a t e d  w i t h  t h e  development o f  t h e  V a l l e s  and 
To1 edo c a l  deras and precedi  ng exp l  os i ve rhyo-  
l i t i c  e rup t i ons .  The c o o l i n g  h i s t o r y  o f  
t hese  rocks  has produced non-welded t u f f s ,  
w i t h  cons ide rab le  i n t e r g r a n u l a r  permeabi 1 i ty  
and e x t e n s i v e  hydrothermal  a l t e r a t i o n ,  
t h rough  densely welded a s h - f l  ow t u f f s  w i t h  
1 i t t l  e i n t r i n s i c  permeabi 1 i ty.  L i t h o l o g i c  
u n i t s  beneath t h e  a s h - f l  ow t u f f  sequence a r e  
commonly a l t e r e d  and metamorphosed b u t  con- 
t a i n  few ho t -wa te r  e n t r i e s ,  a l t hough  some, 

such as t h e  Madera Limestone, a r e  r e g i o n a l  
groundwater a q u i f e r s  o u t s i d e  t h e  c a l d e r a .  

P rev ious  workers have r e p o r t e d  t h a t  t h e  Baca 
f i e l d  has a p e r m e a b i l i t y - t h i c k n e s s  product  o f  
about 6,000 md-f t ,  which i s  l ow  compared w i t h  
o t h e r  producing geothermal areas. A model 
f o r  t h e  development o f  t h e  Redondo Creek 
resu rgen t  dome, w i t h i n  which t h e  Baca f i e l d  
i s  l oca ted ,  e x p l a i n s  these  low  p e r m e a b i l i t i e s  
by emphasiz ing t h e  n a t u r e  o f  s t r a i n  and 
r e s u l t i n g  f r a c t u r e  p e r m e a b i l i t y  i n  t h e  hos t  
l i t h o l o g i e s .  The model a l s o  h e l p s  emphasize 
t h e  impor tance o f  i n h e r i t e d  s t r u c t u r e s  i n  t h e  
format ion of  t h e  dome and suggests t h a t  t h e s e  
f a u l t s  may be t h e  p r i n c i p a l  c o n d u i t s  f o r  
geothermal f l u i d s  f rom depth i n  t h e  system. 
Another imp1 i c a t i o n  o f  model i ng dome develop-  
ment i s  t h a t  t h e  magmatic heat  source f o r  t h e  
geothermal system l i e s  beneath present  d r i l l -  
i n g  depths.  
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F i g u r e  1. Index map showing l o c a t i o n  o f  t h e  Va l l es -To ledo  c a l d e r a  complex. 
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The s t r a t i g r a p h i c  and s t r u c t u r a l  hydrothermal 
f l u i d  paths a t  Baca can be c h a r a c t e r i z e d  as 
f o l l o w s :  1) those  sealed by a l t e r a t i o n ,  2) 
t hose  which do n o t  produce f l u i d s  b u t  do 
accept  f l u i d s ,  and 3 )  t hose  which produce 
geothermal f 1 u ids .  

I NTRUOUCTION 

The ca l  dera environment rep resen ts  a complex 
i n t e r a c t i o n  o f  vo l can ic ,  s t r u c t u r a l ,  and 
o f t e n ,  hydrothermal processes. As a r e s u l t  
ca lde ras  a r e  o f t e n  t a r g e t s  f o r  geothermal 
exp l  o r a t i o n  and development. From t h e  
s tandpo in t  o f  t h e  r e s e r v o i r  engineer ,  such 
geothermal systems would be hosted by rocks 
t h a t  d i s p l a y  a complex i n t e r p l a y  o f  s t r a t i -  
g raph ic  p e r m e a b i l i t y ,  s t r u c t u r a l  p e r m e a b i l i t y  
( b o t h  f a u l t s ,  f r a c t u r e s  and j o i n t s ) ,  and 
changing p e r m e a b i l i t y  which r e s u l t s  f rom t h e  
process o f  hydrothermal  a l t e r a t i o n  and new 
f r a c t u r e  generat ion.  The purpose o f  t h i s  
paper i s  t o  present  a geo log ic  model of t h e  
Baca geothermal r e s e r v o i r  which i s  s i t u a t e d  
w i t h i n  a smal l  p o r t i o n  o f  t h e  Va l l es  ca lde ra  
i n  New Mexico (F ig .  1.). The geo log ic  h i s -  
t o r y  o f  t h e  Va l l es  c a l d e r a  i s  presented i n  
Smith and B a i l e y  (1968).  The da ta  we present  
i s  l a r g e l y  based on our  s t u d i e s  o f  subsur face 
samples f rom Union O i l  Company's Baca p r o j e c t  
area. A d d i t i o n a l  r e s u l t s  o f  our  work have 
been pub l i shed  p r e v i o u s l y  (Hulen and N ie l son ,  
1982, 1983; N ie l son  and Hulen, i n  p ress ) .  

STRAT I GRAPH Y 

The Precambrian t o  Qua te rna ry  s t r a t i g r a p h i c  
sequence pene t ra ted  by deep Union w e l l s  i n  
t h e  Redondo Creek area o f  t h e  V a l l e s  c a l d e r a  
has been c h a r a c t e r i z e d  i n  t h e  r e p o r t s  c i t e d  
immediate ly  above and t o  which t h e  reader  i s  
guided f o r  more d e t a i l e d  d e s c r i p t i o n  o f  
i n d i v i d u a l  l i t h o l o g i e s .  Th is  paper w i l l  
r e s t r i c t  d i scuss ion  o f  t hese  rocks  mos t l y  t o  
f e a t u r e s  r e l a t e d  t o  s t r u c t u r a l  o r  s t r a t i -  
g raph ic  pe rmeabi 1 i ty. 

The Baca geothermal r e s e r v o i r  i s  hosted 
p r i n c i p a l l y  by a sequence o f  P le i s tocene  
f e l s i c  ash- f low t u f f s  and assoc ia ted  v o l c a n i -  
c l a s t i c  sediments l o c a l l y  exceeding 1800 m i n  
t h i c k n e s s  w i t h i n  t h e  V a l l e s  ca ldera.  The two 
members o f  t h e  B a n d e l i e r  T u f f ,  t h e  Otowi and 
o v e r l y i n g  Tshirege, form t h e  m idd le  p o r t i o n  
o f  t h i s  sequence i F i g .  2) .  The Tsh i rege  i s  
o v e r l a i n  by t h e  Upper T u f f s "  ( N i e l s o n  and 
Hulen, i n  press) ,  dominan t l y  non-welded t o  
p o o r l y  welded f e l s i c  ash- f low t u f f s ;  t h e  
Otowi r e s t s  unconformably on complex ly  
i n t e r s t r a t i f i e d ,  v a r i a b l y  welded f e l s i c  ash- 
f l o w  t u f f s  and sediments o f  l i m i t e d  l o c a l  
e x t e n t  grouped by N ie l son  and Hulen ( i n  
p ress )  as t h e  "Lower T u f f s " .  

P e r m e a b i l i t y  (and former p e r m e a b i l i t y )  i n  t h e  
f e l s i c  t u f f  sequence a t  Redondo Creek i s  b o t h  
s t r u c t u r a l  and s t r a t i g r a p h i c .  S t r a t i g r a p h i c  
p e r m e a b i l i t y  i s  c o n t r o l l e d  by t h i n ,  i n t r a -  
t u f f  sandstones , d i s c r e t e ,  non-welded t u f f  

ho r i zons  and perhaps a i  r - f a l l  pumice beds 
(Hulen and Nielson, 1982). S t r u c t u r a l  
p e r m e a b i l i t y  i s  developed a long  h igh -ang le  
normal f a u l t s  d i s r u p t i n g  t h e  f e l s i c  t u f f  
sequence as w e l l  as u n d e r l y i n g  u n i t s .  We 
b e l i e v e  these  f a u l t s  t o  be t h e  p r i n c i p a l  
paths a long which thermal  f l u i d s  ascend. 
Once w i t h i n  t h e  f e l s i c  t u f f  sequence, how- 
ever ,  t h e  f l u i d s  appear t o  be d i v e r t e d  i n  
p a r t  i n t o  i n t r a - t u f f  s t r a t i g r a p h i c  a q u i f e r s  
(F ig .  2) ,  c r e a t i n g  an i n t r i c a t e  c i r c u l a t i o n  
system r e q u i r i n g  much more c a u t i o n  i n  t a r -  
g e t i n g  f rom t h e  su r face  than  a f a u l t - c o n -  
t r o l l e d  system alone. 

The Otowi and Tshi rege Members o f  t h e  
B a n d e l i e r  T u f f  (F ig .  2) ,  i n i t i a l l y  depos i ted  
as t h i c k ,  ho t  (600-7OO0C) ash f lows,  have 
undergone profound compaction, weld ing,  
d e v i t r i f i c a t i o n  (a  process by which s i l i c a  
m ine ra l s  and f e l d s p a r  nuc lea te  f rom t h e  g l a s s  
i n i t i a l l y  p resen t )  and widespread granophyr ic  
c r y s t a l l i z a t i o n .  As a r e s u l t ,  b o t h  members, 
g e n e r a l l y  exceeding 300 m i n  t h i c k n e s s  i n  t h e  
Redondo Creek w e l l s ,  a r e  t y p i c a l l y  dense and 
impermahle except where f a u l t e d  o r  f r a c t u r e d  
o r  where t h e y  i n c l u d e  t h i n  permeable 
s t r a t a .  The Otowi and Tshi rege,  i n  f a c t ,  may 
serve a s  l o c a l  caprocks above geothermal 
f l u i d s  c i r c u l a t i n g  i n  t h e  Lower T u f f s  and 
u n d e r l y i n g  rocks.  

Several  p r o d u c t i v e  thermal f l u i d  e n t r i e s  have 
been encountered i n  t h e  P a l i z a  Canyon Forma- 
t i o n ,  a sequence o f  P l i ocene  in te rmed ia te -  
composi t ion f l o w s  , t u f f s ,  subvol  c a n i c  i n t r u -  
s i v e s  ( ? )  and v o l a n i c l a s t i c  rocks beneath t h e  
"Lower T u f f s " .  The P a l i z a  Canyon has n o t  
been s u f f i c i e n t l y  i n v e s t i g a t e d  t o  s t a t e  w i t h  
c e r t a i n t y  t h a t  t h e  e n t r i e s  a r e  s t r a t i -  
g r a p h i c a l l y  o r  s t r u c t u r a l l y  c o n t r o l l e d .  
Furthermore, one o f  t h e  most p r o d u c t i v e  
P a l i z a  Canyon e n t r i e s  occurs a t  t h e  bot tom of 
w e l l  8-24, where t h e  n a t u r e  o f  p e r m e a b i l i t y  
c o n t r o l  cannot be ascer ta ined.  

S t  r a  t i graph i c geothermal t a r g e t  s i n s ub- 
P a l i z a  Canyon rocks  i nc luded  f r i a b l e  arkose 
o f  t h e  T e r t i a r y  Santa Fe Sandstone/Abiquiu 
T u f f  (F ig .  2 ) ,  red-bed arkose o f  t h e  Permian 
Aho Format i  on, so l  u t  i o n  vo ids /  k a r s t i c  t e r r a i n  
i n  l imes tone  o f  t h e  Pennsylvanian Madera 
Format ion and gruss developed on deep 
Precambrian g r a n i t i c  rocks.  No thermal  f l u i d  
e n t r i e s  were pene t ra ted  beneath t h e  P a l i z a  
Canyon Format ion. L o s t - c i r c u l a t i o n  zones, 
however, were ve ry  commn (Mo l loy  and 
Laught in ,  1982). Th is  i m p l i e s  l o c a l l y  ade- 
qua te  p e r m e a b i l i t y  i n  these  rocks,  b u t  e i t h e r  
no connect ion w i t h  major  thermal  f l u i d  
condu i t s  o r  perhaps pe rvas i ve  underpressur ing 
o f  t h e  r e s e r v o i r  a t  depth. 

STRUCTURE 

N ie l son  and Hulen ( i n  p ress)  have modeled t h e  
development o f  t h e  Redondo dome f o l l o w i n g  t h e  
ph i l osophy  developed by Johnson (1970) f o r  
t h e  emplacement o f  t h e  Henry Mountains 
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F i g u r e  2. Geologic  c r o s s - s e c t i o n  through t h e  Redondo Creek p r o j e c t  area,  showing p o s s i b l e  thermal  
f l u i d  m i g r a t i o n  channels.  
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l a c c o l i t h  i n  Utah. We d i d  n o t  i n t e n d  t o  
model r i g o r o u s l y  t h e  fo rma t ion  o f  t h e  Redondo 
Dome, b u t  r a t h e r  t o  use t h e o r e t i c a l  concepts 
o f  dome fo rma t ion  t o  h e l p  e x p l a i n  t h e  
p e r m e a b i l i t i e s  found i n  t h e  Baca p r o j e c t  
area. 

Most workers agree t h a t  resu rgen t  domes a re  
formed a f t e r  ca lde ra  c o l l a p s e  by upward 
p ressu re  o f  s t i l l  mol ten magma. T h i s  upward 
pressure r e s u l t s  i n  t h e  fo rma t ion  o f  a 
s t r u c t u r a l  dome, g e n e r a l l y  i n  t h e  c e n t e r  o f  
t h e  ca lde ra .  As a r e s u l t  o f  t h e  doming 
process, t h e  a f f e c t e d  s t r a t a  a r e  sub jec ted  t o  
d i f f e r e n t i a l  s t resses .  I n  t h e  upper p o r t i o n s  
o f  t h e  dome, t h e  rocks a r e  under tens ion.  
T h i s  r e s u l t s  i n  t h e  development o f  f a u l t i n g  
a long  t h e  c r e s t  o f  t h e  dome t h a t  forms most 
o f  t h e  f r a c t u r i n g  t h a t  i s  o f t e n  i d e n t i f i e d  as 
an a p i c a l  graben o f  t h e  dome. Approx imate ly  
h a l f  way down th rough  t h e  dome, a s u r f a c e  
c a l l e d  t h e  n e u t r a l  p lane separates t h e  upper 
t e n s i o n a l  environment f rom a l ower  r e g i o n  
c h a r a c t e r i z e d  by compression. I n  c o n t r a s t  t o  
t h e  normal f a u l t s  above t h e  n e u t r a l  p lane, 
t h e  r e g i o n  below t h e  n e u t r a l  p lane w i l l  be 
c h a r a c t e r i z e d  by t h e  development o f  con juga te  
shears. 

On t h e  b a s i s  o f  c o n s i d e r a t i o n  o f  t h e  dome 
development process, N i  e l  son and Hulen ( i  n 
p r e s s )  concluded t h a t  t h e  i d e a l i z e d  model o f  
dome development was m o d i f i e d  by t h e  r e a c t i -  
v a t i o n  o f  o l d e r  s t r u c t u r e s  assoc ia ted  w i t h  
t h e  Jemez f a u l t  (F ig .  1). These s t r u c t u r e s  
were steep, throughgoing f a u l t  zones p r i o r  t o  
t h e  fo rma t ion  o f  t h e  Redondo dome, and t h e y  
have cont inued t o  m a i n t a i n  t h a t  c h a r a c t e r  
d u r i n g  and a f t e r  t h e  fo rma t ion  o f  t h e  dome. 
These f a u l t s  may extend t o  depths where they  
i n t e r s e c t  c r y s t a l l i z e d  magma which i s  t h e  
cause o f  t h e  s t r u c t u r a l  doming. It i s  our 
o p i n i o n  t h a t  t hese  r e a c t i v a t e d  f a u l t s  a r e  t h e  
p r i n c i p a l  c o n d u i t s  o f  u p w e l l i n g  hydrothermal 
f l u i d s ,  and t h a t  success fu l  w e l l s  i n  t h e  
f i e l d  i n t e r s e c t  t hese  f r a c t u r e s ,  o r  f r a c t u r e s  
o r  s t r a t i g r a p h i c  ho r i zons  which communicate 
w i t h  these p r i n c i p a l  f l u i d  condu i t s .  

I n  c o n j u n c t i o n  w i t h  i n j e c t i o n  s t u d i e s  a t  
Baca, Riney and Garg (1982) have commented on 
t h e  a b i l i t y  o f  some permeable zones t o  se rve  
as f l u i d  producers w h i l e  o t h e r  zones i n  t h e  
same w e l l  se rve  as f l u i d  acceptors .  It i s  
c l e a r l y  p o s s i b l e  t h a t  t h e  zones which serve 
as f l u i d  acceptors  were f r a c t u r e s  formed 
s o l e l y  as a r e s u l t  o f  dome f o r m a t i o n  w h i l e  
t h o s e  t h a t  a c t  as f l u i d  producers a r e  p a r t  
of, o r  connect w i t h ,  t h e  r e a c t i v a t e d  
s t r u c t u r e s  which we f e e l  a r e  t r a n s p o r t i n g  t h e  
geothermal f l u i d s  f rom depth. 

The c o n c e p t u a l i z a t i o n  o f  t h e  s t r e s s  f i e l d s  
and r e l a t e d  f a u l t i n g  and f r a c t u r i n g  i s  a l s o  
impor tan t  i n  t h e  p l a n n i n g  and implementat ion 
o f  s t i m u l a t i o n  exper iments.  The f r a c t u r i n g  
o f  t h e  r e g i o n  around t h e  w e l l  bo re  w i l l  n o t  
n e c e s s a r i l y  r e s u l t  i n  sus ta ined  increased 
p roduc t i on  unless t h a t  a r t i f i c i a l  f r a c t u r i n g  

i s  ab le  t o  i n t e r s e c t  t h e  p r i n c i p a l  f r a c t u r e  
zones which c a r r y  t h e  geothermal f l u i d s .  I n  
a d d i t i o n ,  i n  t h e  s t r e s s  f i e l d  above t h e  
n e u t r a l  p lane, i t  i s  probable t h a t  s t imu-  
l a t i o n  w i l l  open f r a c t u r e s  which a r e  asso- 
c i a t e d  w i t h  ex tens ion  a long  t h e  t o p  of t h e  
domed s t r u c t u r e  r a t h e r  than  t h e  r e a c t i v a t e d  
s t r u c t u r e s  which we f e e l  may be t h e  more 
impor tan t  geothermal condu i t s .  

One c o n c l u s i o n  from our  s t r u c t u r a l  work a t  
t h e  Baca p r o j e c t  area has been t h a t  resu rgen t  
domes a r e  i n h e r e n t l y  impermeable due t o  t h e i r  
mode o f  s t r u c t u r a l  development. Observat ions 
o f  o t h e r  resu rgen t  dome f e a t u r e s  t e n d  t o  
suppor t  t h i s  conclus ion.  I n  most 
hyd ro the rma l l y  a c t i v e  c a l d e r a  systems (such 
as Yel lowstone) ,  h o t  s p r i n g  and f u m a r o l i c  
a c t i v i t y  a r e  s p a t i a l l y  assoc ia ted  w i t h  t h e  
margins o f  resu rgen t  domes, where these  dome 
s t r u c t u r e s  a r e  though t  t o  i n t e r s e c t  t h e  r i n g  
f r a c t u r e  system o f  t h e  ca ldera.  Very l i t t l e  
ho t  s p r i n g  o r  f u m a r o l i c  a c t i v i t y  i s  present  
on t h e  dome i t s e l f .  T h i s  c o n c l u s i o n  seems 
a l s o  t o  be borne o u t  i n  o l d e r  ca lde ras  which 
have been d i ssec ted  by eros ion,  such as t h e  
Creede ca lde ra .  I n  t h e s e  ins tances ,  
h y d r o t  herma1 m i  n e r a l  i z a t  i o n  i s  marg i  na l  t o  
t h e  resu rgen t  dome o r  even o u t s i d e  t h e  
ca lde ra  s t r u c t u r e .  

Another i n t e r e s t i n g  r e s u l t  i s  t h a t  t h e  
s t r u c t u r a l  m d e l  can be used t o  p r e d i c t  t h e  
depth t o  t h e  magma body which produced t h e  
resu rgen t  doming (Johnson, 1970). I f  t h e  
Redondo dome i s  approximated by a c i r c u l a r  
f e a t u r e  w i t h  a d iameter  o f  10,900 m, t h e  
depth t o  t h e  t o p  o f  t h e  i n t r u s i v e  i s  appro- 
x i m a t e l y  4,700 m. The deepest h o l e  i n  t h e  
f i e l d  i s  Baca-12 which i s  3,242 m deep and 
bot toms i n  Precambrian g r a n i t e .  N e i t h e r  
Baca-12 n o r  any o f  t h e  o t h e r  ho les  i n  t h e  
f i e l d  i n t e r s e c t  s i g n i f i c a n t  amounts o f  
i n t r u s i v e  rock  which can be r e l a t e d  t o  t h e  
resu rgen t  doming process. 

HYDROTHERMAL ALTERATION AND ITS INFLUENCE 
ON PERMEABILITY 

Beneath a zone o f  h i g h - l e v e l  c l a y  a l t e r a t i o n ,  
t h e  t h i c k  f e l s i c  t u f f  sequence which i n c l u d e s  
t h e  B a n d e l i e r  T u f f  w i t h i n  t h e  p r o j e c t  area i s  
l a r g e l y  una l te red .  However, r e s t r i c t e d  f r a c -  
t u r e  zones, f a u l t s ,  and some s t r a t i g r a p h i c  
ho r i zons  a r e  p e r v a s i v e l y  a l t e r e d .  I n  pa r -  
t i c u l a r ,  non-welded ash- f low t u f f s  and 
vo l  can i c 1 a s t  i c sed i  men t s a r e  common1 y h i g h l  y 
a l t e r e d ,  i n d i c a t i n g  t h e  passage o f  hydro- 
thermal  s o l u t i o n s .  Ffany o f  t hese  zones a r e  
n o t  f l u i d  producers a t  t h e  p resen t  t ime,  t h e  
most obv ious reason be ing  t h a t  t h e  a l t e r a t i o n  
has reduced p e r m e a b i l i t y  and choked o f f  t h e  
hydrothermal channels.  A l t e r a t i o n  
assemblages w i t h i n  t h e  B a n d e l i e r  t u f f  a r e  
dominated by i l l i t e ,  suggest ing t h e  f i x a t i o n  
o f  potassium and t h e  re lease  o f  sodium d u r i n g  
t h e  a l t e r a t i o n  process. 

S tud ies  by Hulen and N ie l son  (1983) i n  t h e  
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h i g h - l e v e l  c l a y  a l t e r a t i o n  zone i n  t h e  upper 
p o r t i o n  o f  w e l l  Baca-20 have demonstrated t h e  
presence o f  smec t i t e  and a l l e v a r d i t e - o r d e r e d  
i l l i t e - s m e c t i t e  ( I / S )  mixed- layer  c l a y  i n  t h e  
f o r m e r l y  permeable "Upper Tu f f s " .  Present 
temperatures o f  about 30'C i n  t h i s  upper zone 
c o n t r a s t  w i t h  temperatures o f  f o rma t ion  of 
a l l e v a r d i t e - o r d e r e d  I / S  o f  between 100' and 
175°C. Thus, t h i s  pe rvas i ve  c l a y - r i c h  
a l t e r a t i o n  was probably  developed a t  an 
e a r l i e r  s tage i n  t h e  e v o l u t i o n  o f  t h e  hydro- 
thermal  system, when temperatures were h i g h e r  
than  they  a re  a t  t h e  present  t ime.  It was 
a l s o  t h e  suggest ion o f  Hulen and N ie l son  
(1983) t h a t  t h i s  upper l e v e l  a l t e r a t i o n  may 
be t h e  "cap rock "  p o s t u l a t e d  by  H a r t z  (1976) 
and Grant and Garg (1981). It a l s o  
rep resen ts  a zone, which i s  ove r  300 meters 
t h i c k  i n  Baca-20, t h a t  should demonstrate 
r e l a t i v e l y  l ow  e l e c t r i c a l  r e s i s t i v i t y .  Th i s  
o v e r l i e s  t h e  r e s e r v o i r  zone i t s e l f  which 
should be o f  h i g h e r  e l e c t r i c a l  r e s i s t i v i t y  
due t o  t h e  narrow p r o d u c t i o n  zones w i t h i n  
l a r g e l y  u n a l t e r e d  t h i c k  sequences of  
B a n d e l i e r  T u f f .  The e l e c t r i c a l  r e s i s t i v i t y  
s t r u c t u r e  has impor tan t  i m p l i c a t i o n s  f o r  t h e  
use o f  r e s i s t i v i t y  methods f o r  b o t h  resource 
e x p l o r a t i o n  and development o f  t h e  f i e l d .  

P r o d u c t i v e  thermal  f l u i d  e n t r i e s ,  b o t h  
s t r a t i g r a p h i c a l l y  and s t r u c t u r a l l y  
c o n t r o l l e d ,  a r e  i n v a r i a b l y  assoc iated w i t h  
moderate t o  i n t e n s e  hydrothermal  a l t e r a -  
t i o n .  The a l t e r a t i o n  assemblages, as y e t  
i n c o m p l e t e l y  cha rac te r i zed ,  a r e  apparen t l y  
dependent i n  p a r t  on h o s t  rock  composi t ion.  
F l u i d  e n t r i e s  i n  t h e  f e l s i c  B a n d e l i e r  Tu f f  
and "Lower T u f f s " ,  f o r  example, a r e  
assoc ia ted  w i t h  t h e  assemblage i l l i t e -  
c a l c i t e - p y r i t e  w i t h  c a l c i t e  subord inate.  
A l t e r e d  rock  f rom an unusual e n t r y  o f  t h i s  
t y p e  a t  a depth o f  811 m i n  w e l l  8-17 
con ta ins ,  as i n d i c a t e d  by s e m i - q u a n t i t a t i v e  
XRD, 56% p y r i t e ,  32% i l l i t e  and 9% c a l c i t e  
w i t h  o n l y  a few percent  (presumably) o r i g i n a l  
rock - fo rm ing  q u a r t z  and fe ldspar .  A c l a y  
separate prepared from t h i s  sample con ta ins ,  
i n  a d d i t i o n ,  t r a c e s  o f  s m e c t i t e  and c h l o -  
r i t e .  E n t r i e s  i n  t h e  intermediate-com- 
p o s i t i o n  P a l i z a  Canyon Format ion c o n t a i n  
abundant c h l o r i t e  (and c h l o r i t e - r i c h  mixed- 
l a y e r  c h l o r i t e - s m e c t i t e )  i n  a d d i t i o n  t o  
c a l c i t e ,  i l l i t e ,  p y r i t e  and m ino r  ep ido te ,  
p l a g i o c l a s e  and potassium f e l d s p a r ,  b u t  some 
o r  a l l  of t hese  phases c o u l d  predate t h e  
p resen t  geothermal system. A l t e r a t i o n  zones 
m i n e r a l o g i c a l l y  and t e x t u r a l l y  s i m i l a r  t o  
t h o s e  descr ibed above, b u t  n o t  assoc ia ted  
w i t h  a c t i v e  f l u i d  e n t r i e s ,  a r e  r e l a t i v e l y  
common i n  t h e  Baca w e l l s .  It seems very  
l i k e l y  t h a t  t hese  zones rep resen t  former 
f l u i d  f low channels now complete ly  sealed by 
a l t e r a t i o n .  

Other zones which r e s u l t e d  i n  extreme l o s t  
c i r c u l a t i o n  problems d u r i n g  d r i l l i n g  opera- 
t i o n s  demonstrate l i t t l e  o r  no a l t e r a t i o n  
sugges t ing  l a c k  o f  communication w i t h  t h e  
hyd r o t  hermal sys tern. 

I n  summary, t h e  f l u i d  condu i t s  a t  Baca can be 
ca tegor i zed  i n  t h e  f o l l o w i n g  manner. 

1. Former f l u i d  channels sealed by a l t e r a -  
t i o n .  These i n c l u d e  b o t h  s t r a t i g r a p h i c  
and s t r u c t u r a l l y  c o n t r o l l e d  f l u i d  
e n t r i e s .  

2. Open condu i t s  which do no t  produce geo- 
thermal  f l u i d s .  Again, t hese  a re  b o t h  
s t r a t i g r a p h i c  and s t r u c t u r a l  i n t e r v a l s  
and a r e  c h a r a c t e r i z e d  as l o s t  c i r c u l a t i o n  
zones. These c o n s t i t u t e  t h e  s t r a t -  
i g r a p h i c  and s t r u c t u r a l  i n t e r v a l s  which 
do no t  communicate w i t h  t h e  r e a c t i v a t e d  
f a u l t  zones which a r e  though t  t o  be t h e  
p r i n c i p a l  f l u i d  condu i t s  i n  t h e  system. 

3. Geothermal p roduc t i on  zones. A l l  commer- 
c i a l  p r o d u c t i o n  zones apparen t l y  a r e  
s t r u c t u r a l l y  c o n t r o l l e d  w h i l e  subcommer- 
c i a 1  zones a re  c o n t r o l l e d  by bo th  s t r u c -  
t u r e s  and s t r a t i g r a p h i c  i n t e r v a l s .  

F l u i d  e n t r i e s  have been documented o n l y  
w i t h i n  t h e  B a n d e l i e r  T u f f  and P a l i z a  Canyon 
Format ions, a l t hough  t h i s  may be a f u n c t i o n  
o f  d r i l l i n g  depths w i t h i n  t h e  system. 
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