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INTRODUCTION 

The C o l o r a d o  G e o l o g i c a l  Su rvey  i s  i n v o l v e d  i n  an o n g o i n g  i n v e s t i g a t i o n  o f  v a r i o u s  

geo the rma l  r e s e r v o i r s  w i t h i n  t h e  S t a t e  o f  C o l o r a d o  i n  o r d e r  t o  assess  t h e ' >  

geo the rma l  p o t e n t i a l  o f  t h e  S t a t e .  F u n d i n g  f o r  t h i s  i n v e s t i g a t i o n  i s  s u p p l i e d  b y  

t h e  U.S. Depar tment  o f  Energy ,  D i v i s i o n  o f  Geothermal  Energy  t h r o u g h  t h e  S t a t e  

Coup led  Program, C o n t r a c t  Number AS07-77ET23365. T h i s  i s  t h e  f i n a l  r e p o r t  o f  one 

such s t u d y  i n  Pagosa S p r i n g s ,  Co lo rado .  

Pagosa S p r i n g s ,  A r c h u l e t a  County,  Co lo rado ,  i s  l o c a t e d  280 m i  (448  km) s o u t h w e s t  

o f  Denver  and 65 m i  (106 km) e a s t  o f  Durango ( F i g .  1) and has a p o p u l a t i o n  o f  

a b o u t  1325 ( K o u l e t  and Arms t rong ,  1978) .  The a r e a  o f  i n v e s t i g a t i o n  i n c l u d e s  211 

m i 2  ( 5 5 0  km2),  c e n t e r e d  on t h e  c i t y  o f  Pagosa S p r i n g s  ( F i g .  1). Pagosa 

S p r i n g s  i s  l o c a t e d  on t h e  n o r t h e a s t e r n  edge o f  t h e  San J u a n  B a s i n  a p p r o x i m a t e l y  15  

m i  ( 2 4  km) west  o f  t h e  c o n t i n e n t a l  d i v i d e ,  a t  an e l e v a t i o n  o f  7000 f t  ( 2 1 2 1  m ) .  
P r e c i p i t a t i o n ,  65% o f  w h i c h  f a l l s  as snow, r a n g e s  f r o m  49 i n .  (125  cm) a t  h i g h e r  

e l e v a t i o n s  t o  24 i n .  (60  cm) a t  t h e  l o w e r  e l e v a t i o n s .  V e g e t a t i o n  i s  v e r y  dense i n  

much o f  t h e  h i g h e r  e l e v a t i o n s  o f  t h e  a rea ,  b u t  t h i n s  s i g n i f i c a n t l y  a t  l o w e r  

e l  e v a t i  ons , p a r t  i c u l  a r l  y on s o i  1 d e v e l  oped f r o m  t h e  v a r i o u s  s h a l  es. 

Pagosa S p r i  r!gs was s e l e c t e d  f o r  t h i s  s t u d y  because o f  p r o b a b l  e geo the rma l  r e s o u r c e  

p o t e n t i a l  and community i n t e r e s t .  Adequate s u b s u r f a c e  t e m p e r a t u r e  ( B a r r e t t  and 

P e a r l ,  1978)  and measured s u r f a c e  f l o w s  j u s t i f i e d  f u r t h e r  r e s e r v o i r  i n v e s t i g a t i o n .  

I n i t i a l l y ,  a r e s e r v o i r  assessment and c o n f i r m a t i o n  s t u d y  was t o  be used b y  t h e  
l o c a l  schoo l  d i s t r i c t  f o r  a p l a n n e d  new h i g h  s c h o o l .  D u r i n g  t h e  e a r l y  phases of  a 

t h i s  program, a schoo l  bond i s s u e  was d e f e a t e d .  However, community i n t e r e s t  

rema ined  h i g h  f o r  t h e  use o f  t h e  geo the rma l  w a t e r  and i t  was d e c i d e d  t o  c o n t i n u e  
t h e  i n v e s t i g a t i o n .  

A Program O p p o r t u n i t y  N o t i c e  ( P Q N )  was s u b m i t t e d  b y  Pagosa S p r i n g s  i n  J u l y ,  1979 

w i t h  t h e  a i d  o f  t w o  Denver  c o n s u l t i n g  f i r m s  and has s i n c e  been a c c e p t e d  b y  DOE.  
?he P O N  p roposes  t o  e s t a b l i s h  a d i s t r i c t  h e a t i n g  sys tem u t i l i z i n g  t h e  t e s t  w e l l s  

d r i l l e d  b y  t h e  C o l o r a d o  G e o l o g i c a l  Su rvey  ( C G S )  and e x i s t i n g  h o t  w a t e r  w e l l s .  
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GEOLOGY 

I n t r o d u c t i o n  

Pagosa  S p r i n g s  i s  l o c a t e d  on t h e  A r c h u l e t a  a n t i c 1  i n o r i u m  ( R y d e r ,  1 9 7 7 a )  w h i c h  
d i v i d e s  the  San  J u a n  b a s i n  t o  t h e  s o u t h w e s t  f rom t h e  Chama b a s i n  t o  t h e  e a s t  and 
t he  San  J u a n  s a g  t o  t h e  n o r t h e a s t  ( F i g .  2 ) .  A 1 2 , 0 0 0  f t  (3700 m) s e c t i o n  o f  Upper 
T r i a s s i c  t h r o u g h  T e r t i a r y  s e d i m e n t a r y  and  vol  a n i c  r o c k s  unconfor rnably  res ts  on 
P r e c a m b r i a n  basement  r o c k s .  S e v e r a l  normal f a u l t  t r e n d s  and T e r t i a r y  d i k e s  o c c u r  
i n  t h e  mapped a r e a .  

P r e v i o u s  Work 

The Pagosa  S p r i n g s  7 1 / 2 '  Q u a d r a n g l e  was mapped by H a i l  ( 1 9 6 5 )  i n  c o n s i d e r a b l e  
d e t a i l .  The 1 5 '  q u a d r a n g l e s  t o  t h e  s o u t h w e s t ,  s o u t h e a s t ,  and n o r t h e a s t  were 
mapped i n  v a r i o u s  d e g r e e s !  of d e t a i l  by D u n n  ( 1 9 6 4 )  and Wood and o t h e r s  ( 1 9 4 8 ) .  
S t u d i e s  of r e g i o n a l  i n t e r e s t  i n c l u d e  Ryder  ( 1 9 7 7 a  and b ) ,  Read and o t h e r s  ( 1 9 4 9 ) ,  
and S t e v e n  ( 1 9 7 4 ) .  E x c e p t  f o r  t h e  P a g o s a  S p r i n g s  Q u a d r a n g l e ,  t h 2 s 2  maps h a v e  been 
m o d i f i e d  by a i r - p h o t o  i n t e r p r e t a t i o n  and f i e l d  mapping d u r i n g  t h i s  s t u d y .  

S t r a t i g r a p h y  

P r e c a m b r i a n  

Rocks of P r e c a m b r i a n  a g e  h a v e  becn e n c o u n t e r e d  i n  s e v e r a l  w e l l s  i n  s o u t h e r n  
A r c h u l e t a  County (Wood and o t h e r s ,  1 9 4 8 ;  R y d e r ,  1 9 7 7 a  & b; and B a r r c t t  and P e a r l ,  
1 9 7 6 )  ( T a b l e  1 ) .  R,estored s t r a t i g r a p h i c  sec 
o c c u r r e n c e  of P r e c a m b r i  an i gneous  and metamorph 
a l l  o f  s o u t h e a s t e r n  A r c h u l e t a  County .  

. i o n s  by Ryder  ( 1 9 7 7 a )  show t h e  
c r o c k s  a t  s h a l l o w  depths  b e n e a t h  

3 
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Upper T r i a s s i c  and J u r a s s i c  (?l 

I n  t h e  P i e d r a  Canyon, 20 m i  ( 3 2  km) west  f Pagosa S p r i  gs, t h e  D o l o r e s  F o r m a t i o n  

i s  335 f t  (10.2 m) t h i c k  and i s  c o m p r i s e d  o f  r e d ,  b r o w n i s h - r e d ,  g r a y ,  and p u r p l e  

s h a l e ,  sands tone,  and c o n g l o m e r a t e  (Wood and o t h e r s  , ( 1 9 4 8 )  and u n c o n f o r m a b l y  

o v e r l  i e s  t h e  P r e c a m b r i a n  basement. On t h e  Sunetha a n t i c 1  i n e ,  3 m i  ( 5  km) s o u t h w e s t  
of  Pagosa S p r i n g s ,  37 f t  ( 1 1  m) o f  t h e  D o l o r e s  F o r m a t i o n  were e n c o u n t e r e d  i n  a 
W i l d c a t  o i l  w e l l .  The D o l o r e s  F o r m a t i o n  was n o t  seen i n  t h e  CGS t e s t  h o l e s  o r  i n  

8 * a  . 

o u t c r o p s  i n  t h e  map area. 

Upper  J u r a s s i c  

The E n t r a d a  F o r m a t i o n  u n c o n f o r m a b l y  o v e r l  i e s  t h e  D o l o r e s  F o r m a t i o n  and P r e c a m b r i a n  

i g n e o u s  and metamorph ic  r o c k s  i n  t h e  Pagosa Area. Two h u n d r e d  and t h i r t y  f t  (70  

m) of b u f f - ,  g r a y - ,  o r  w h i t e - m o t t l e d ,  m a s s i v e l y  c rossbedded and c l i f f - f o r m i n g  

s a n d s t o n e  i s  exposed i n  P i e d r a  Canyon (Wood and o t h e r s ,  1948) .  The E n t r a d a  

Sandstone i s  1 1 7  f t  ( 3 6  m) t h i c k  on t h e  Sunetha  a n t i c l i n e  and 90 f t  ( 2 7  m) i n  t h e  

CGS t e s t  w e l l .  "Sand g r a i n s  a r e  commonly r o u n d  o r  subround,  f r o s t e d ,  f i n e  t o  

c o a r s e ,  and cemented b y  c a l c i u m  c a r b o n a t e ,  i r o n  c a r b o n a t e ,  and c l a y . "  (Wood and 

o t h e r s ,  1 9 4 8 )  (See T a b l e  1 3 ) .  

The Wanakah F o r m a t i o n  c o n f o r m a b l y  o v e r l  i e s  t h e  E n t r a d a  F o r m a t i o n .  A l o n g  t h e  

P i e d r a  R i v e r ,  t h e  Pony Express  L i m e s t o n e  member c o n s i s t s  o f  26 f t  ( 8  m) o f  t h i n  o r  

p a p e r y - l a m i n a t e d ,  c r i n k l e d ,  f e t i d  l i m e s t o n e  and t h i n  s a n d s t o n e  beds (Wood and 

o t h e r s ,  1948) .  One hundred and seven ft ( 3 3  m) o f  l i m e s t o n e  and gypsum were 
l o g g e d  on t h e  Sunetha a k t i c l i n e  and 96  f t  ( 2 9  m )  i n  t h e  C G S  t e s t  w e l l .  A l o n g  t h e  
P i e d r a  Rive'r;the 1 n d s t o n e  and s h a l e  member c o n s i s t s  o f  70 f t  ( 2 1  m) o f  
r e d '  and p i n k  sand s t o n e ,  and s h a l e  (Wood and o t h e r s ,  1948) .  T h i s  

compares t o  80 f t  (-2Cin) i n  t n e  Sunetha a n t i c l i n e  and 50  f t  ( 1 5  m) i n  t h e  CGS t e s t  

w e l l .  

The M o r r i s o n  F o r m a t i o n ;  w h i c h  i s  d i v i d e d  i n t o  t w o  members, c o n f o r m a b l y  o v e r l  i e s  

t h e  Wanakah F o r m a t i o n .  The w h i t e  sands tone member, o r  "Upper La P l a t a "  member, a 

m a s s i v e  w h i t e  o r  l i g h t - g r a y  sands tone,  v a r i e s  i n  t h i c k n e s s  f r o m  110 f t  ( 3 3  m) 
a l o n g  t h e  P i e d r a  R i v e r ,  t o  218 f t  ( 6 6  m) on t h e  S u n e t h a - a n t i c l i n e ,  and 56 f t  ( 1 7  

. , +  
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m) i n  t h e  CGS t e s t  w e l l .  The o v e r l y i n g  v a r i e g a t e d  sa f i ds toce  and sha le  member i s  

334 f t  ( 1 0 1  m) t h i c k  a l o n g  t h e  P i e d r a  R i v e r ,  420 f t  ( 1 2 7  m) t h i c k  on t h e  Sunetha  

a n t i c l i n e ,  and 519 f t  (157  m) t h i c k  i n  t h e  CGS t e s t  w e l l .  T h i s  member c o n s i s t s  of  

g ray ,  o l i v e ,  brown, red-brown,  and v a r i e g a t e d  s h a l e  i n t e r b e d d e d  w i t h  sands tone .  

/- 

Upper C r e t a c e o u s  

The M o r r i s o n  F o r m a t i o n  i s  d i s c o n f o r m a b l y  o v e r l a i n  by  t h e  117-270 f t  ( 5 5 - 8 3  m )  

t h i c k  Dako ta  Sandstone (Wood and o t h e r s ,  1 9 4 8 ) .  The l o w e r  member i s  b u f f ,  

c ross -bedded ,  massi  ve, medi um- t o  c o a r s e - g r a i  ned, and c o n g l  o m e r a t i  c and i s  

o v e r l a i n  by  a d a r k - g r a y  t o  b u f f ,  carbonaceous,  s i l t y  m i d d l e  s h a l e  member. The 

upper  member i s  a b u f f ,  c ross -bedded ,  mass ive ,  medium- t o  f i n e - g r a i n e d  sands tone  

(Wood and o t h e r s ,  1 9 4 8 )  ( s e e  T a b l e  1 3 ) .  

A l t h o u g h  t h e  Mancos Sha le ,  w h i c h  ove r1  i e s  t h e  Dako ta  Sandstone,  can be s u b d i v i d e d  
into numerous members, for mapping purposes the Mancos is undivided i n  this 
r e p o r t .  H a i l  ( 1 9 6 5 )  ( P l a t e  l ) ,  d i v i d e s  t h e  Mancos i n t o  upper  and l o w e r  p a r t s ,  
based on t h e  amount o f  c a l c a r e o u s  m a t e r i a l  v e r s u s  s h a l e .  The Mancos S h a l e  v a r i e s  

i n  t h i c k n e s s  f r o m  2100 f t  (636  m) t o  2370 f t  (718 m )  and i s  p r e d o m i n a n t l y  

d a r k - g r a y  t o  b l  ack,  carbonaceous,  m o d e r a t e l y  massi ve t o  f i  s s i l  e s h a l e s ,  

i n t e r b e d d e d  w i t h  t h i n  d i s c o n t i n u o u s  sands tones  and b l o c k y ,  f o s s i l i f e r o u s  

l i m e s t o n e s .  

O v e r l y i n g  and i n t e r t o n g u i n g  w i t h  t h e  Mancos S h a l e  i s  t h e  Mesa Verde F o r m a t i o n ,  

w h i c h  i s  composed o f  b u f f  t o  g ray ,  c l i f f - f o r m i n g  sands tones  and i n t e r b e d d e d  g r a y  

s h a l e s .  On t h e  P i e d r a  R i v e r ,  t h e  Mesa Verde F o r m a t i o n  i s  365 f t  ( 1 1 1  m) t h i c k .  

N o r t h e a s t  o f  Pagosa S p r i n g s ,  t h e  Mesa Verde F o r m a t i o n  changes l a t e r a l l y  i n t o  

s h a l e s  and t h i n  sands tone  beds and i t  i s  d i f f i c u l t  t o  d i f f e r e n t i a t e  f r o m  o v e r l y i n g  

and u n d e r l y i n g  s h a l e s  (Wood and o t h e r s ,  1 9 4 8 ) .  

The L e w i s  Sha le ,  c o n s i s t i n g  of  2400 f t  ( 7 2 7  m )  o f  d a r k -  t o  l i g h t - g r a y  s h a l e ,  

o v e r l i e s  and i n t e r t o n g u e s  w i t h  t h e  Mesa Verde F o r m a t i o n .  

C re taceous  and T e r t i a r y  Rocks 

The Animas F o r m a t i o n  c o n s i s t s  o f  g ray ,  b u f f ,  brown, o l i v e ,  and p u r p l e ,  f i n e -  t o  
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c o a r s e - g r a i  ned sands tone  , c o n g l  omera te ,  s h a l e  and s i  1 t s t o n e  400-500 f t  (120-150 m )  

t h i c k .  Pebb les  and c o b b l e s  o f  P a l e o z o i c  and P r e c a m b r i a n  r o c k s  and a n g u l a r  t o  

sub- rounded f r a g m e n t s  o f  v o l c a n i c  g l a s s ,  a n d e s i t e ,  and l a t i t e  a r e  common (Wood and 
o t h e r s  , 1948) .  

B l a n c o  B a s i n  r o c k s ,  up t o  400 f t  ( 1 2 1  m )  t h i c k ,  a r e  s i m i l a r  t o  t h o s e  o f  t h e  Animas 

F o r m a t i o n ;  c o n s i s t i n g  o f  f e l d s p a t h i c  sands tone  and p e b b l e  c o n g l o m e r a t e  and s i 1  t y  

s h a l e .  However, u n l i k e  t h e  Animas F o r m a t i o n ,  metamorph ic  and p l u t o n i c  r o c k  

f r a g m e n t s  a r e  abundant ,  and v o l c a n i c  d e t r i t u s  i s  l a c k i n g  (Dunn, 1964) .  

The Cone jos  Q u a r t z  L a t i t e  i s  t h e  b a s a l  f o r m a t i o n  o f  t h e  P o t o s i  v o l c a n i c  f i e l d  

(Dunn, 1964) .  T h i s  u n i t  r e p r e s e n t s  up t o  5050 f t  (1515 m)  o f  e r r u p t i v e  v o l c a n i c  

and v o l c a n o - c l a s t i c  r o c k s  w h i c h  c o m p r i s e  t h e  m a j o r i t y  o f  l a r g e  r o c k  exposures  on 

t h e  west  s i d e  o f  t h e  San Juan Moun ta ins .  V o l u m e t r i c a l l y ,  t h e  Cone jos  Q u a r t z  

L a t i t e  i s  t h e  l a r g e s t  o f  t h e  San Juan  M o u n t a i n s  v o l c a n i c  u n i t s  (Dunn, 1964) .  

Numerous c o n c o r d a n t  p l  u t o n s  , i n c l  u d i  ng g r a n o d i o r i t e  , d i o r i t e  , and s y e n i t e s  , f o u n d  

i n  t h e  a r e a  a r e  t e n t a t i v e l y  d a t e d  as Cone jos  (Dunn’, 1964) .  N o r t h  o f  Pagosa 

S p r i n g s ,  C re taceous  i n t r u s i v e s  have been e n c o u n t e r e d  i n  d r i l l  h o l e s ;  f o r . e x a m p l e ,  

t h e  o i l  e x p l o r a t i o n  h o l e  BMG 1 Q u a r t z  Creek (T.36N. , R.2E.  , Sec. 5 )  (Ryder ,  1977) .  

These i n t r u s i v e s  may be p a r t  o f  a , s u b v o l c a n i c  b a t h o l i t h  p o s t u l a t e d  b y  L ipman and 
o t h e r s  ( 1 9 7 8 )  t h a t  l i e s  benea th  t h e  San Juan  v o l c a n i c  f i e l d .  

Lamprophyre  and d i a b a s i c  i n t r u s i v e s  o f  L a t e s t  Miocene age o c c u r  t h r o u g h o u t  t h e  

area .  D i k e s  up t o  12  f t  ( 3  m) w i d e  and 8.5 m i  ( 1 4  km) l o n g ,  t r e n d  n o r t h - n o r t h e a s t  
and c o n s t i t u t e  t h e  A r c h u l e t a  d i k e  swarm (Dunn, 1964) .  Bake zones up t o  5 f t  (1.5 

m) w i d e . a r e  p a r t i c u l a r l y  p r o m i n e n t  i n  t h e  Mancos and L e w i s  s h a l e s .  E v i d e n c e  of  

h y d r o t h e r m a l  a l t e r a t i o n  a s s o c i a t e d  w i t h  t h e  d i k e s  i s  n o t  seen (Dunn, 1964) .  

Q u a t e r n a r y  D e p o s i t s  

T e r r a c e s  

Q u a t e r n a r y  g r a v e l s  o c c u r  on s e v e r a l  s u r f a c e s  i n  t h e  a r e a  b u t  a r e  n o t  s u b d i v i d e d  i n  
t h i s  r e p o r t .  These s u r f a c e s  were d e s c r i b e d  b y  Wood and o t h e r s  ( 1 9 4 8 )  as ped imen ts  
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LITHOLOGY DESCRIPTION I 
A*~C?>~~.~~:'.sq 5011, sand. g rave l ,  rounded bou lde rs  

shale. s o f t .  i e r v  dark  browniih g r a J ,  f i i i i l e  
L o c a l l y  conta ins  some d e r r l t d l  sand, f l a k e s  o f  
b i o t i t e .  P y r i t e  7 "  t i n y  ( 0 . 2  m o r  l e i s )  C l u l t e r s  
o f  Cubes a t  105 10 120 ft. Shale Calcdreo~I a t  120 
f t .  and w h l t e  C a l c i t e  v e l n l e t l  120 to  160 ft. 

sandstone w,th c l o t 5  and streak5 o f  ~ a r b m a c e o ~ ~  
m a t t e r  
euhedra l  4udrtL.  I n d  p y r i t e  C r u s t s  U D  t o  1 m t h i c i  on 
fragments o f  I andr tone  and sna le .  Bar i te  c l o t s  occur 
w i t h  p y r i t e  and evhedra l  quar tz .  up  to 1 m long. 

Some sha les  show r l ? c k e n r l d e r .  h y d r o t h e r m l  

Sandstone. q ~ i r t z i t e .  l l g h t  g ray .  medium- t o  coarse- 
gra ined .  I l i g h t l y  d ~ i o l l c .  Spdrie CarbDnlieOUs and 
I h d l y  l a m i n i t i o n i  P y r l t e  on f r d C t U r e i  a'. 399-402 f t .  

F-x-:+] Sandrtone, l l g h t  g reen ish  gray. v e r y  p o o r l y  so r ted .  
poorly rounded. f ros ted  g r a i n s .  Some *bite and l i g h t  

~. green ish  c l a y s .  Sparse d issemina ted  p y r i t e  cubes. 
-.  - -. 

Shale. medium g ray  and medium green ish  gray. soapy. 
r w e l l r  and d i s I n t e g r a t e i  i n  w a t e r  
Sandstone. w h i t e .  w e l l  rounded. f r o s t e d  g r a i n s .  
medrum- to coarse -g ra ined ,  cemented by s o i t  w h i t e  
c l a y  20% c h e r t  pebbles. P y r i t e  c l o t 5  and s i n g l e  
evhedrd l  c r y i i d l i  on f r ' dgwn t5 .  

301 randstone. mnediun-gra,ned. w e l l  so r ted .  calcareovr  
cement 201 sandstone, w h i t e .  ha rd .  cha lcedon ic ( ' )  
cement and a l t e r e d  w h i t e  c h a l k v  1 7 t h i c  w 3 i n * .  501 
r l l t r t o n e .  medium da rk  b rown ish  r e d  

L i t h i c  arenaceow randr:one. f,ne- t o  medium-grained. 
l l g h t  t o  medium b l u i s h  g r a y i s h  green ,  $me gray  and 
r e d d i s h  brown. Y e l l  so r ted .  r1 ,gh t l y  to ve ry  
C.lCITeDYI 

Sandstone, a r k o s i c .  l l g h t  gray. ned,uin-gralned. w e l l  
so r ted .  S e r i c i t i z e d  f e l d r p a r  and l i t h i c  fragments. 
Euhedral p y r i t e  on f r a c t u r e d  w r f a c e s .  
S i l t s t o n e .  da rk  w r p l i i h  g ray  w i t h  p a l e  green s t reaks .  
p o o r l y  so r ted .  Abundant f i n e - g r a i n e d  m c d  ~n %me 
f r apmen t i  

Imertone-anhy n t e .  Y i t e  C r y l t d  i n e  a n h y d r i t e  ~n 
nodules 2-5 lm w i t h  f e t i d  medium to  da rk  gray f i n e l y  
c r y s t a l l i n e  l i n e s f o n e .  Awe. 4 0 1  a n h y d n t e .  1128- 
!?33 f t .  60-70Z a n h y d r i t e  

Sandstone, l i g h t  g-ay, f i n e -  to  coarse -g ra ined .  ve ry  
p o o r l y  sor ted .  w e l l  roanded, h i g h  r p h e n r i t ) .  f r o s t e d  
g ra ins .  CaICareouI. A t  1288 ft. rock  l r  p a l e  p l n k .  
b r k u I I c .  v e r y  hard. nom-c i l ra reour .  Roct i s  
CdrbOnaCeOui a t  I218 ft. P y r i t e  I S  f w n o  I S  t i n y  
d i ssemina ted  c r y i t a l s .  ~ n t e r ~ f i f ~ a l  g r a i n s  and 1-2 m 
thick p y r i t e  i e ~ n l e t r  from 1228 t o  1258 i t  1258- 
1368 f t .  r a r e  d l r r m i n a t e d  c r y s t i l s .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  _.i..: 

p n 0 orange 0 re rn ICT0C ,ne a n  ~ 

p l a g l o c l a r e .  l o c ~ l l y  i e r i c i t i z e d .  202 c l e a r .  g l a s s y  
q u a r t z  i n  sma l l  g r a i n s  ~n b i o t i t e .  Red a p l l f e  at 

Figure 3 - Stratigraphic Section from Test Well P - I ,  Pagosa Springs, Colorado 
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b u t  have been s u b s e q u e n t l y  re fe r red  t o  a s  t e r r a c e s  by D u n n  ( 1 9 6 4 ) .  T h i s  a u t h o r  
a g r e e s  w i t h  t h e  l a t t e r  i n t e r p r e t a t i o n  b e c a u s e  these  f e a t u r e s  do n o t  have  t he  
geomorphic  c h a r a c t e r i s t i c s  of  a p e d i m e n t .  

A1 1 u v i  um 

A l l  a l l u v i a l  d e p o s i t s  a l o n g  t h e  m a j o r  r i v e r  v a l l e y s  and many t r i b u t a r i e s  and d e e p  
surf i c i a l  m a t e r i  a1 on b r o a d  up1 and a r e a s  a r e  mapped a s  recent a1 1 u v i  um (P1 a t e  1 ) .  

S e e  D u n n  ( 1 9 6 4 )  f o r  d e t a i l e d  l i t h o l o g i c  and s t r a t i g r a p h i c  d e s c r i p t i o n s  of 
p r e c e e d i  ng f o r m a t  i o n s .  

S t r u c t u r e  

R e g i o n a l  

The name A r c h u l e t a  a n t i c l i n o r i u m  was f i r s t  a p p l i e d  t o  t h e  s t r u c t u r a l  d i v i d e  
between t h e  San J u a n  and Chama b a s i n s ,  t h e  m a j o r  s t ruc tu res  o f  t h i s  r e g i o n ,  by 
Wood and o t h e r s  ( 1 9 4 8 ) ( F i g .  2 ) .  The term h a s  s i n c e  been u s e d  by D u n n  ( 1 9 6 4 )  and 
Ryder  (1977 a and b ) .  "The A r c h u l e t a  a n t i c l i n o r i u m  i s  c h a r a c t e r i z e d  by 1 )  west- 
t o  n o r t h w e s t - t r e n d i n g ,  u p r i g h t  and i n c l i n e d ,  p l u n g i n g ,  cy1 i n d r i c a l  f o l d s ,  2 )  
n o r t h w e s t - t r e n d i n g ,  l o n g i t u d i n a l  f a u l t s ,  and 3 )  n o r t h e a s t - t r e n d i n g  t r a n s v e r s e  
f a u l t s . "  ( R y d e r ,  1 9 7 7 b ) .  The a n t i c l i n o r i u m  i s  7 5  mi ( 1 2 1  m )  l o n g  and 6 t o  1 6  m i  
( 1 0  t o  26 km) wide  ( K e l l y  and C l i n t o n ,  1 9 6 0 ) .  Th i s  complex z o n e  o f  f a u l t s  and 
f o l d i n g  i s  t h e  n o r t h w a r d  c o n t i n u a t i o n  o f  t h e  basement  c o r e d  N a c i m i e n t o  and San  
P e d r o  M o u n t a i n s  of New Mexico (Wood and o t h e r s ,  1 9 4 8  and R y d e r ,  1 9 7 7 b )  ( F i g .  2 ) .  

Except f o r  minor s t ruc tura i  growth  d u r i n g  P a l e o z o i c  t ime,  Ryder  ( 1 9 7 7 b )  a t t r i b u t e s  
most of  these s t ructures  t o  L a r a m i d e  a c t i v i t y ,  which was s t r o n g l y  i n f l u e n c e d  by 
d i f f e r e n t i a l  movement o f  f a u l t e d  P r e c a m b r i a n  b a s e m e n t .  Many o f  t hese  s t ruc tu res  
were p r o b a b l y  r e j u v e n a t e d  d u r  ng Middle  t o  L a t e  T e r t i a r y  u p l i f t i n g  and t i l t i n g  
(Ryder  , 1 9 7 7 b ) .  
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L o c a l  

F a u l t i n g  

The dominan t  f a u l t  t r e n d  i n  t h e  Pagosa a r e a  i s  N 4 O " Y  and v e r t i c a l .  M i n o r  f a u l t i n g  

o c c u r s  i n  e a s t - w e s t  and n o r t h - s o u t h  d i r e c t i o n s .  3 i  p - s e p a r a t i o n s  r a n g e  f r o m  a h i g h  

o f  300 f t  (100 m) t o  l e s s  t h a n  10  f t  ( 3  m), w h i c h  a r e  r e l a t i v e l y  s m a l l  compared t o  

t h e  l e n g t h s  o f  t h e s e  f a u l t s  ( P l a t e  1). The m a j o r  f a u l t  i n  t h e  Pagosa S p r i n g s  a r e a  

i s  a n o r t h w e s t - t r e n d i n g  normal  f a u l t  w i t h  300 f t  (109 m )  o f  v e r t i c a l  d i s p l a c e m e n t  
( P l a t e  1 and F i g .  4 ) .  The f a u l t  t r a c e  i s  r e l a t i v e l y  u n a f f e c t e d  b y  t o p o g r a p h y ,  

s u g g e s t i n g  t h e  f a u l t  i s  n e a r l y  v e r t i c a l .  T h i s  f a u l t  i s  h e r e  named t h e  E i g h t  M i l e  

Mesa f a u l t ,  a f t e r  t h e  p r o m i n e n t  mesa w h i c h  i s  t r a n s e c t e d  b y  t h i s  f a u l t  ( P l a t e  1). 

Dunn ( 1 9 6 4 )  a t t r i b u t e s  t h e  f a u l t i n g  t o  f l e x i n g  o f  b r i t t l e  beds o v e r  t h e  c r e s t  o f  

t h e  A r c h u l e t a  a n t i c l i n o r i u m  w h i c h  i s  t h o u g h t  t o  have grown a f t e r  t h e  d e p o s i t i o n  o f  

t h e  Eocene(? )  B l a n c o  Bas i r !  F o r m a t i o n .  T h i s  i m p l i e s  t h a t  f a u l t i n g  o c c u r r e d  d u r i n g  

L a t e  Eocene t i m e .  Many o f  t h e  f a u l t s  d i s p l a c e  d i k e s  o f  L a t e  Miocene age and o t h e r  

f a u l t s  c r o s s - c u t ,  b u t  do n o t  d i s p l a c e  d i k e s ,  mak ing  some o f  t h e  f a u l t i n g  o f  L a t e  

Miocene age. 

F o l d s  

The Sunetha  and S t i n k i n g  S p r i n g s  a n t i c l i n e s ,  t r e n d i n g  N40"W, a r e  t h e  o n l y  named 

f o l d s  i n  t h e  mapped a r e a s . '  Two o t h e r  a n t i c l i n e s ,  t r e n d i n g  N60"W, o c c u r  n e a r  

P o r d o n i a  P o i n t  and Oak B r u s h  H i l l  i n  t h e  s o u t h w e s t  c o r n e r  o f  t h e  map a rea  ( P l a t e  

1). A t h i r d  a n t i c l i n e ,  t r e n d i n g  N45"W, o c c u r s  on t h e  e a s t e r n  edge o f  t h e  map. 

R e l i e f  on t h e  b o t t o m  o f  t h e  Dako ta  Sandstone i s  5 2 5  f t  (160 m) f o r  t h e  Sunetha  

a n t i c l i n e  and 225 f t  ( 7 0  m) f o r  t h e  S t i n k i n g  S p r i n g s  a n t i c l i n e  ( F i g .  4 ) .  

GEOPHYSICS 

I n t r o d u c t  i on 

S e v e r a l  g e o p h y s i c a l  s u r v e y s  were r u n  i n  t h e  Pagosa S p r i n g s  a r e a  d u r i n g  t h e  
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summer of 1977 by G e o p h y s i c s  Fund,  I n c .  ( G F I )  of  t h e  C o l o r a d o  School  of  Mines f o r  
t h e  CGS. These i n c l u d e d  two r e s i s t i v i t y  s u r v e y s ,  a s e i s m i c  r e f l e c t i o n  s u r v e y ,  and  
a s o i l  m e r c u r y  s u r v e y .  U n f o r t u n a t e l y ,  none o f  these  methods  s u c c e s s f u l l y  d e f i n e d  
subsurf a c e  c o n d i  t i o n s .  However , t h e  d i  pol  e and bi  pol  e s u r v e y s  d i d  d e l  i n e a t e  t h e  
same n e a r - s u r f a c e  anomaly a s , t h e  h o t  w a t e r  w e l l  d a t a .  

S e i  smi c Ref 1 e c t  i on S u r v e y  

U s i n g  a v i b r a t o r  s o u r c e ,  GFI r a n  t h r e e  l i n e s  t h r o u g h  t h e  P a g o s a  a r e a  ( F i g .  5 ) .  

U t i l i z i n g  a s t r a t i g r a p h i c  s e c t i o n  f r o m  the  Gramps O i l  F i e l d ,  l o c a t e d  20 m i  ( 3 2  k m )  
s o u t h e a s t  o f  P a g o s a  S p r i n g s ,  t h r e e  m a r k e r  h o r i z o n s  were p i c k e d :  P r e c a m b r i a n  t o p  
4000 f t  ( 1 2 1 2  m ) ,  Dakota S a n d s t o n e  t o p  1600 f t  ( 4 8 5  m ) ,  and t h e  Mancos - Mesa 
Verde  m a r k e r  400-500 f t  (121-152 m ) .  L a t e r  f i e l d  work,  a d d i t i o n a l  d a t a  f r o m  o i l  
and w a t e r  w e l l s ,  and c o n f i r m a t i o n  by t h e  g e o t h e r m a l  t e s t  h o l e  i n d i c a t e  t h e  D a k o t a  
m a r k e r  t o  b e  a t  a p p r o x i m a t e l y  400-500 f t  and t h e  P r e c a m b r i a n  a t  1400-1500 f t .  

A m a j o r  e a s t - w e s t - t r e n d i n g  f a u l t  p o s t u l a t e d  by GFI t o  be j u s t  n o r t h  of  t h e  h o t  
s p r i n g  c a n n o t  be s u b s t a n t i a t e d .  T h e  o n l y  n o r t h - s o u t h  v i b r o s e i s  l i n e  was s h i f t e d  
a b o u t  o n e - q u a r t e r  mile ( . 4  k m )  ( F i g .  5 ) a l o n g  n e a r l y  t he  same e a s t - w e s t  l i n e  a s  
t h e  p o s t u l a t e d  f a u l t .  A l s o ,  s u b s u r f a c e  d a t a  f r o m  w a t e r  w e l l s  d o  n o t  i n d i c a t e  any  
d i s p l a c e m e n t s  o v e r  2 5  f t  (8  m) o f  t he  s e d i m e n t a r y  u n i t s  a c r o s s  t h e  P a g o s a  a r e a .  

Resi s t  i v i  t y  

D i p o l e - B i p o l e  S u r v e y  ( d e p t h  o f  p e n e t r a t i o n  u p  t o  1000 m) 

2 2 
( 3 2  km ) c e n t e r e d  on P a g o s a  S p r i n g s .  T h i s  s u r v e y  c o v e r e d  a p p r o x i m a t e l y  1 2  m i  

The b i p o l e  s o u r c e  was l o c a t e d  1 . 5  m i  ( 2 . 4  k m )  s o u t h - s o u t h e a s t  o f  t h e  town a l o n g  
U.S. Highway 84 and  was 2500 f t  ( 7 5 0  m )  l o n g  ( F i g .  5 ) .  

Background r e s i s t i v i t i e s  r a n g e  f r o m  150-400 ohm-meters  i n  t h e  P a g o s a  S p r i n g s  a r e a  
( F i g .  5 ) .  Any a r e a  w i t h i n  t h e  1 0 0  ohm-meter c o n t o u r s  sh.ould be c o n s i d e r e d  
anomal o u s  and p r o b a b l y  represent  t h e r m a l  r e s e r v o i r s  a t  d e p t h  ( K e l l  e r  , 1 9 7 7 ) .  The 
s i  g n i  f i c a n c e  o f  some o f  these anomal ous a r e a s ,  however  , c a n  be d i  s c o u n t e d  b e c a u s e  
of the  f o l l o w i n g  o b s e r v a t i o n s .  The anomaly n o r t h e a s t  o f  P a g o s a  S p r i n g s  a l o n g  t h e  
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San Juan R i v e r  i s  d e f i n e d  b y  a s i n g l e  low r e a d i n g .  A l s o ,  h e a t  f l o w  f r o m  t w o  CGS 
w e l l s  w i t h i n  1 m i  (1.6 km) were t h e  l o w e s t  i n  t h e  a r e a ,  2.15 and 3.05 H.F.U. 

( P l a t e  2 ) .  The l a r g e  anomaly 2.5 m i  ( 4  kin) n o r t h w e s t  o f  Pagosa S p r i n g s  i s  l o c a t e d  

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

and n o r t h w e s t  o f  t h e  m a j o r  s p r i n g  anomaly c a n n o t  be e x p l a i n e d  as e a s i l y  ( F i g .  5 ) .  
I t  i s  n o t  known w h e t h e r  t h e y  r e p r e s e n t  h o t  w a t e r  a t  d e p t h  o r  a r e  due t o  some 
l i t h o l o g i c  o r  c u l t u r a l  e f f e c t s ,  b u t  s h a l l o w  w e l l s  d r i l l e d  i n  t h e s e  a r e a s  d i d  n o t  

e n c o u n t e r  h o t  w a t e r .  The main  anomaly i s  c e n t e r e d  o v e r  t h e  s p r i n g  a r e a  ( F i g .  5 ) .  

The l o w e s t  r e s i s t i v i t y  v a l u e s  h e r e  a r e  j u s t  s o u t h  o f  t h e  s p r i n g  v e n t ,  s u g g e s t i n g  

e i t h e r  d o w n - g r a d i e n t  d i s c h a r g e  t o  t h e  s o u t h  o r  t h e  main  r e s e r v o i r  i s  s o u t h  o f  t h e  

s p r i n g  v e n t .  

The shape o f  t h e  s o u t h w a r d  e x t e n s i o n  o f  t h i s  anomaly does s u g g e s t  d o w n - g r a d i e n t  

d ischarge,  The r e s i s t i v i t y  gh w h i c h  p a r t i a l l y  d i v i d e s  t h e  m a j o r  anomaly i n t o  

t w o  s e c t i o n s  has ,not  been e x p l a i n e d .  These r e a d i n g s  c o u l d  be i n  e r r o r  because of 

t h e  d i f f i c u l t y  i n  mak ing  good ground c o n t a c t  on t h e  t r a v e r t i n e  mound, o r  i t  c o u l d  
r e p r e s e n t  an i n f l u x  o f  c o l d  w a t e r  i n t o  and m i x i n g  w i t h  t h e  t h e r m a l  w a t e r .  More 

p o i n t s  a round t h e  s p r i n g  may h.ave been u s e f u l .  

D i p o l e - D i p o l e  S u r v e y  - ( d e p t h  o f  p e n e t r a t i o n  up t o  60 m )  

The l o w  r e s i s t i v i t y  v a l u e s  f r o m  t h i s  s u r v e y  appear  t o  c e n t e r  a round t h e  known h o t  

s p r i n g s  ( F i g .  6 ) .  T h i s  i m p l i e s  (1) t h e  c o n d u i t  i s  r e s t r i c t e d  i o  a we 1 d e f i n e d  

a r e a  b e n e a t h  t h e  s p r i n g ,  o r  ( 2 )  t h e  deep s u r v e y  f a i l e d  t o  p e n e t r a t e  b e n e a t h  t h e  

h i g h l y  c o n d u c t i v e  h o t  w a t e r  zone and t h e r e f o r e  t h e  d i p o l e - b i p o l e  c o n t o u r  p a t t e r n  

i s  a c t u a l l y  d e s c r i b i n g  t h e  n e a r - s u r f a c e  c o n d i t i o n s .  

S o i l  M e r c u r y  S u r v e y  

The s o i l  m e r c u r y  s u r v e y  f a i l e d  t o  d e l i n e a t e  any anomalous a r e a s  and w i l l  n o t  be 

d i s c u s s e d  h e r e .  



Figure 6 - Dipole - Dipole Resistivity, Pagosa Springs, Colorado 
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I n t  r o d u c t  i on 

G E O T H E R M A L  

The c i t i z e n s  o f  Pagosa S p r i n g s  have used t h e r m a l  w a t e r  s i n c e  t h e  , a t e  8 

/- 

s. As 

many as 30 w e l l s  have been d r i l l e d  t o  p r o v i d e  t h e r m a l  w a t e r  i n  h e a t i n g  sys tems and 

r e c r e a t i o n .  However , due t o  c o r r i  s i  on p r o b l  ems and p l e n t i f u l  and i n e x p e n s i v e  

n a t u r a l  gas, many o f  t h e  w e l l s  were abandoned. Now, i n c r e a s e s  i n  ene rgy  c o s t s  
CGS 

n a  

have made geo the rma l  e n e r g y  more a p p e a l i n g .  A s  an i n d i r e c t  outcome o f  t h e  

s t u d y ,  Pagosa S p r i n g s  has been awarded a g r a n t  t o  use t h e  t h e r m a l  w a t e r  

d i s t r i c t  hea t i  rig system. 

I n  a d d i t i o n  t o  t h e  geo the rma l  t e s t  w e l l ,  a h e a t  f l o w  s t u d y  and a s u r v e y  o f  

e x i s t i n g  s p r i n g s  and h o t  w e l l s  were c a r r i e d  o u t .  These s t u d i e s  w i l l  be d i s c u s s e d  

i n  t h i s  sec t ion . ,  

P r e v i o u s  work 

E x c e p t  f o r  b r i e f  geochemica l  and geo the rmomet ry  s t u d i e s ,  such as B a r r e t t  and P e a r l  

( 1 9 7 7 )  and W h i t e  and o t h e r s  ( 1 9 7 6 ) ,  v e r y  l i t t l e  p u b l i s h e d  work has been done on 

t h e  t h e r m a l  sys tem a t  Pagosa S p r i n g s .  

H o t  S p r i n g s  

The ma in  t h e r m a l  s p r i n g ,  " A " ,  i s  l o c a t e d  n e a r  t h e  t o p  o f  a f a i r l y  l a r g e  t r a v e r t i n e  

mound on t h e  e a s t  s i d e  o f  t h e  San Juan  R i v e r  ( P l a t e  1 ) .  The mound c o v e r s  an a r e a  

o f  a p p r o x i m a t e l y  0.03 m i  (0.07 km ) m o s t l y  on one s i d e  o f  t h e  r i v e r .  A f e w  

l a r g e  t r a v e r t i n e  b l o c k s  can be f o u n d  on t h e  o t h e r  s i d e  o f  t h e  r i v e r ,  b u t  i t  i s  n o t  
known if t h e y  a r e  i n  p l a c e .  E l e v a t i o n  o f  t h e  mound ranges  f r o m  7055 f t  ( 2 1 5 1  m )  

a t  t h e  r i v e r  t o  7 C 7 7  f t  (2158 m )  n e a r  t h e  a c t u a l  p o o l .  The main  s p r i n g  o r  p o o l  

i s  a b o u t  25-35 f t  (8 -10  m )  i n  d i a m e t e r  and o f  unknown dep th .  I t  has been r e p o r t e d  

t h a t  t h e  s p r i n g  has been p robed  t o  100 f t  (38  m )  (Crouse,  1977, o r a l  comm.) and 

850 f t  (260  m)  ( V a i l  , 1896)  w i t h o u t  f i n d i n g  t h e  bo t tom.  The v a l i d i t y  o f  t h e  l a s t  

p r o b e  i s  u n c e r t a i n .  A t  one t i m e  t h e  s p r i n g  may have d i s c h a r g e d  a l a r g e  q u a n t i t y  
o f  w a t e r  o v e r  t h e  s u r f a c e  o f  t h e  mound ( V a i l  , 1896)  , b u t  s i n c e  w e l l s  have been 

2 2 
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d r i l l e d  in the  a rea ,  the  water level appears t o  have dropped. Present ly ,  the  
spring discharges t h r o u g h  f r a c t u r e s  a n d  caverns below the  sur face  a n d  apparently 
feeds spr ings located a t  the  periphery of t he  mound ( P l a t e  2 ) .  Numerous o u t l e t s  
leading in to  the  mound can be seen a r o u n d  the  edge of t he  natural  pool. 
Temperatures, discharge d a t a ,  a n d  chemical analyses a re  l i s t e d  i n  Tables 2 a n d  3. 

Thermal We1 1 s 

There a re  27  k n o w n  h o t  wel ls  t h a t  have been d r i l l e d  s ince  the  ea r ly  1900’s  i n  
Pagosa Springs (Table 4 ) ,  and  only a b o u t  half  of these  a re  in operat ion today. 
All o f  the  wel ls  present ly  in use, a n d  presumably those which have been abandoned, 
a re  a r t e s i a n .  Piezometric pressures have been measured on only t w o  o f  t hese  wel ls  
(Table 4 )  because of p o o r  well head condi t ions.  The corrosiveness  o f  t he  water 
made work on most well heads r isky.  

2 2 The areal extent  o f  h o t  wel ls  i s  l imi ted  t o  0 .04 mi (0 .1  km ) ( P l a t e  2 ) .  On 

the  f r inges  of t h i s  a r ea ,  warm water was encountered i n  wel ls  13DBAC ( 1 8 ) ,  13CBDC 
( 1 7 ) ,  a n d  13DCCC ( 2 5 )  ( P l a t e  2 ) .  Outside t h i s  f r i n g e  a rea ,  only cold water was 
encountered ( P l a t e  2 ) .  

Complete chemical analyses a re  ava i l ab le  f o r  only t w o  wel l s ,  1 3  C A D C l  a n d  13 D B C D l  
(Table 5 ) .  There seems t o  be no s i g n i f i c a n t  d i f fe rence  between the  water of these  
wel ls  and  the spr ing water. 

Heat F 1  ow S t u d y  

Six 300 f t  (100 m )  deep holes were d r i l l e d  s’y G . F . I .  a r o u n d  t he  Pagosa Springs 
area t o  a i d  in i n t e r p r e t a t i o n  of the  geophysical d a t a  a n d  in s e l ec t ion  of a t e s t  
d r i l l i n g  s i t e .  These holes were located a t  a b o u t  t he  same e leva t ion  a n d  purposely 
kept from flowing h o t  and cold water areas  t o  increase  the  r e l i a b i l i t y  of the  
readings.  

All holes were cased with 2-inch PVC and  sealed a t  t he  bo t tom.  The casing was 
f i l l e d  with water a n d  the  hole backf i l led .  After  s t a b i l i z a t i o n ,  t he  grad ien ts  
were measured a t  10  f t  ( 3  m )  i n t e r v a l s ,  using a Gearhart-Owen temperature probe. 
Thermal conduc t iv i t i e s  were estimated by A r t h u r  L .  Lange of Amax Inc. Gradients 

measured by Amax co r re l a t ed  extremely well with CGS d a t a  (Table 6 ) .  

< 
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TABLE 1. W e l l s  Which Have E n c o u n t e r e d  P r e c a m b r i a n  Rock, A r c h u l e t a  County ,  C o l o r a d o  
L 

ELEVATION DEPT!i P R E -  
DEPTH ( f t )  
THERMAL WATER I 

( f t  above TO P C  CAMBR I AN WATER TEMP. 
WELL NAME LOCAT I ON MSL) ( f t )  LITHOLOGY ENCOUNTERED -( "C) 

W i r t - F r a n k l i n  No. 35N02W 28 7580 
1 - S u l l e n b e r g e r  

P h i l l i p s  No. 1 32N01E 12 7672 
Crow l  e y  

Cameron No. 1 
Bramwe l l  

Hughes No. 5 1  
Gramp' s 

33N01E 8000 

33N02E 24 8100 

1323 G r a n i t e  

1515 Q u a r t z i t e  

2300 

2217 

D u t c h  Crowl  e y  32N02E 7752 1732 Q u a r t z i t e  1732-1741 70 
A r t e s i a n  We1 1 19ADD 

Hughs No. 1 32N03E 2 9010 4148 
Johnny  M i  1 1 er 

E o f f '  A r t e s i a n  34N01W 7160 1303 Q u a r t z i t e  1313-1327 39 
We1 1 18AB 

i P - 1  35N02W 7060 1371  G r a n i t e /  1371-1483 44 
( C G S  T e s t  W e l l )  13CADC5 Q u a r t z i t e  

1 TABLE 2. I n v e n t o r y  o f  Thermal  S p r i n g  V e n t s ,  Pagosa S p r i n g s ,  C o l o r a d o  

Vent  Temp. D i s c h a r g e  E l e v a t i o n  Conductance pH 
Number ( " C )  (gpm) ( f t )  (mmhos/cm) 
Vent  Temp. D i s c h a r g e  E l e v a t i o n  Conductance pH 
Number ( " C )  (gpm) ( f t )  (mmhos/cm) 

A 55 0 7077 4200 6.5 

B 44 50-75 7065 4050 

C 4 1  25-35 7060 4150 

I 

D 43-49 l e s s  t h a n  7063 
1 gpm f o r  
each v e n t  

E 55 7073 

18 



1 

T A B L E  3. Chemical A n a l y s i s  o f  Hot S p r i n g  Vent A ,  Pagosa  S p r i n g s ,  C o l o r a d o  

I 

C o n s t i t u e n t s  Concen t  r a t  i on 
( M g / l )  

A r s e n i c  (As) .1 

Cadium (Cd)  0 
Boron ( 9 )  2 .3  

Ca lc ium ( C a )  230 
Chl o r i  de ( C 1  ) 180 
F l u o r i d e  ( F )  4 .8  

L i t h i u m  ( L i )  2.9 
Magnesi um (Mg) 24 

I r o n  ( F e )  .02 

Manganese ( M n )  200 
Mercury  ( H g )  0 
N i t r o g e n  ( N )  0.01  
P h o s p h a t e  ( P O 4 )  

P o t a s s i u m  ( K )  85 

O r t h o  d i s s .  a s  P. 0 .07 
O r t h o  0.21 

S e l  e n i  um ( S e )  0 
S i 1  i c a  ( S i 0 2 )  59 
Sodium (Na)  730 
S u l f a t e  (SO4) 1 , 3 0 0  
Z i n c  ( z n )  . O l  

A1 kal  i ni  t y  
As Cal c i  urn C a r b o n a t e  702 
As B i c a r b o n a t e  856 

H a r d n e s s  
N o n c a r b o n a t e  
T o t a l  

0 
670 

S p e c i f i c  c o n d u c t a n c e  
(Micrornohs) :  4 , 340 

T o t a l  d i  ssol ved 
s o l i d s  (TDS) 3 , 040 

I 

pH, F i e l d  6.5 

D i s c h a r g e  ( g p r n ) :  260 

T e m p e r a t u r e  ( " C )  : 54 

From B a r r e t t  and P e a r l  ( 1 9 7 6 )  
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w 
0 

TABLE 4. Thermal We1 1 I n v e n t o r y ,  Pagosa  S p r i n g s ,  C o l o r a d o  

WATER LEVEL 
ELEVATION WELL C A S I N G  PRESSURE DATE ELEVATION DATE DRILLED 

WELL TEMP. ( f t  a b o v e  DEPTH D I A .  ( P S I ) *  MEAS. ( f t  above YIELD O R  ABANDONED 
- LOCAT I ON ( ' C )  MSL) ( f t )  ( i n )  MSL ) USE (GPM) A Q U I F E R  OWNER 

35N02W - 
1. 13CAAC 
2. 13CAAD1 
3. 13CAAD2 
4. 13CAAD3 
5. 13CACD 
6. 13CADA1 
7.  13CADA2 
8. 13CAOB1 
9. 13CADB2 

10. 13CADB3 
11. 13CADB4 
12. 13CADB5 
13. 13CADC1 
14. 13CADC2 
15. 13CADC3 
16. 13CADC4 
17. 13CBDC 
18. 13DBAC 
19. 13DBBB1 
20. 13DBBB2 
21. 13DBCC1 
22. 13DBC01 
23. 13DBCD3 
24. 13DBCD2 
25. 13DCCC 
26. 24BCOD 
P - 1  
13ACDC5 
0-2  
13ACDC6 
32N01E 
19ADD 
34N01W 
7CDD 

- 

- 

56 
58 

54 

59 

54 

54-67 ( ? )  
56 
56 
44+ 
57 
3 1  
34 
5 1  

46 
43 
52 
22 

2 

44 

44 

70 

39 

7100 
7090 
7090 
7085 
7075 
7078 
7078 
7079 
7080 
7080 
7080 
7080 
7063 
7063 
7063 
7065 
7100 
7065 
7109 
7100 
7065 
7065 
7065 
7065 
7080 
7030 

7060 

7060 

7742 

7120 

340 8 
384 6 

301 

282 4.5 
35 
8 5  
8 5  
8 5  

468 4 

385 
400+ 

400+ 
213 
500 

1483 6 

780 6.5 

1 7 4 1  8 

1 3 3 1  8 

F1 owi  ng  
F1 owi  ng  

F1 o w i  n g  

36.5 9 / 1 8 / 7 8  7163 
F1 owi  ng  
F1 owi  ng  
F1 o w i  n q  
FI owi  n i  
36.5 9/ .18/78 7147 
F1 o w i n g  
F1 o w i n g  
F1 owi  ng  
F1 o w i n g  
F1 o w i n g  
F1 o w i n g  

F1 o w i n g  
F1 o w i n g  
F1 o w i n g  
F1 o w i n g  
F l o w i n g  1 2 / 1 4 / 7 3  7120 
F1  o w i n g  

60  8 / 1 5 / 7 8  7199 

F1 owi  ng 

F1 owi  ng  

1. H 
2. H . 
3. A 
4. A 
5. H 
6. T I M  
7. A 
8. H 
9. u 

10. H 
11. H 
12. H 
13.  H 
14. A 
15. U 
16. H 
17.  U 
18. M 
19. M 
20. A 
21. u 
22. R 
23. R 
2 4 . '  R 
25. S 
26. A 

U 

U 

I 

I 

30 
4490 ( ? )  

400 

140 ( ? )  
3 -500 

100 

50-100 

45 

200 

500 

225 

300 

M I D  
D 

M ? / D  

M?/D 
M 
M 
M 

D / M r  

D 
D?/Mr 

D?/Mr. 
M?/D? 
D?/Mr. 

PC 

D / M r .  

PC 

P C  

E x p l a n a t i o n :  

w c o s  S h a l e  
USE 
T- H e a t i n g  M - M e l t i n g  Snow 

A - Abandoned R - R e c r e a t i o n  D - D a k o t a  S a n d s t o n e  
U - Unused I - I r r i g a t i o n  M r  - M o r r i s o n  F o r m a t i o n  
T - T o u r i s t  A t t r a c t i o n  S - S t o c k  pC - P r e c a m b r i a n  Basement 

* P r e s s u r e s  were  n o t  measured on m o s t  w e l l s .  R e f e r  t o  t e x t .  
S e q u e n t i a l  numbers r e f e r  t o  w e l l  l o c a t i o n s  on P l a t e  2. 

1968; M e t h o d i s t  C h u r c h  
1 9 2 0 ' s ;  S u p e r i o r  A u t o  
1975; U n i v e r s a l  T e l e p h o n e  
1964;  R e x a l l  D r u g  
V i c  Poma 
1954; Pagosa S p r i n g s  
Pagosa S p r i n g s  
1955; B u h l e r  
C i t i z e n ' s  Bank 
1 9 0 0 ' s ;  Adobe I n n  
Mark  W i l s e y  
1921; G l e n  Edmonds 
1930;  A r c h u l e t a  C b u n t y  
1920; A r c h u l e t a  C o u n t y  
1935; A r c h u l e t a  C o u n t y  
V i c  Poma 
A r c h u l e t a  C o u n t y  
1960; O.L. S a n d e r s  
S c h o o l  D i s t r i c t  No. 50 
S c h o o l  D i s t r i c t  No. 50 
S p r i n g  I n n  
M i k e  G i  o r d a n o  
1954;  M i k e  G i o r d a n o  
M i k e  G i  o r d a n o  
Morgan 
S c h o o l  D i s t r i c t  No. 50 

1978;  C G S  ( T e m p o r a r y )  

1978;  CGS ( T e m p o r a r y )  

Crow1 ey  

G r i f f i t h  



T A B L E  5. Chemical  a n a l y s e s  of  w a t e r  f r o m  t h e r m a l  w e l l s ,  
P a g o s a  S p r i  n g s  , Col o r a d o  

CONCENTRATIONS ( M g / l )  
C o n s t i t u e n t s  35N02W13CADCl 35N02W13DBCDl 34NOlW18AB 

Arenic (As) .09 

Cadium (Cd)  0 

F l u o r i d e  ( F )  4 .5  
I r o n  ( F e )  .02 
L i t h i u m  ( L i )  2 .8  

Manganese (Mn) .27 
Mercury  (Hg) 0 
N i t r o g e n  (N) 0.01 

Boron ( B )  1.8 

C a l c i u m  ( C a )  250 
C h l o r i d e  ( C l )  170  

Magnesium (Mg) 25 

P h o s h a t e  (PH4) 

P o t a s s i  um ( K )  8 9  

S i 1  i c a  (siO2) 52 
Sodium (Na)  780 
S u l f a t e  ( S O 4 )  1 , 5 0 0  
Zinc ( Z n )  . O l  
A1 ka l  i n i  t y  

As Cal c i  um C a r b o n a t e  704 
As B i c a r b o n a t e  8 5 8  

H a r d n e s s  
N o n c a r b o n a t e  23  
T o t  a1 730 

S p e c i f i c  c o n d u c t a n c e  
( M i c r o m o h s ) :  6 , 3 0 0  
T o t a l  d i s s o l  ved 
s o l i d s  (TDS) 3 , 3 2 0  
ph, F i e l d  6.5 
D i s c h a r g e  (gpm) :  30 
T e m p e r a t u r e  ( " C ) :  56 

From B a r r e t t  and P e a r l  ( 1 9 7 6 )  

O r t h o  d i s s .  as P 0.05 
O r t h o  0.15 

S e l  en i  um ( s e )  0 

.08  
1 . 9  
0 

230 
160  

4.4 

2.9 
.21  

24 

0 
0 

. 2 5  

0.04 
0.12 

9 1  
0 

51  
780 

1 , 6 0 0  
. O l  

6 1 8  
753 

56 
670 

6 , 0 0 0  

3 , 3 2 0  
6 . 5  

53 

.02 

.45 
0 

640 
20 

2.6 
3.0 

. 4  

.22 
29 

0 

22 
0 

45  
1 6 0  

1 , 8 0 0  
. 0 3  

1 7 5  
213 

1 , 5 0 0  

2 , 500 

2 , 830 

50 
39 

7 . 0  

-21 



Table 6. Geothermal Gradients  and Heat Flow 

Formation Gradient  Gr8dient Gr d i e n t  Grgdient Heat Flow 8 Hole Total  
Number Depth(M) a t -T .D .  l,OC/km(l) ' 2, C / k m  3, C/km 4, C / k m  (H.F.U.)(2) 

G- 1 48 Dakota 158.9 
Sands tone 158.8 

127.5 
130.8 

58.3 
78.0 

4.76 

6-2 87 Mancos 114.1 52.0 200.3 132.7 4.17 
Shale 78.0 rn 146.4 113.4 

G- 3 86 Dakota 55.6 230.7 101.7 
Sands tone 37.8 159.0 96.6 
(8 

6-4 84 Dakota 110.7 
Sandstone 99.8 
(3 

66.0 153.8 
59.0 128.0 

G- 5 88 Mancos 
Shale 

G- 6 87 Mancos 
S h a l e  

83.2 
83.2 

78.9 59.9 
71.0 58.7 

( 1 )  

( 2 )  

Numerator i s  CGS d a t a ,  denominator i s  Amax Inc. da t a  
Gradients  1-4 r e f e r  t o  s t r a i g h t - l i n e  segments o f  temperature versus  
d e p t h  curves .  
Heat flow c a l c u l a t i o n s  a r e  from Arthur L .  Lange o f  Amax Inc. 
Refer t o  P l a t e  2 for  hole l o c a t i o n s .  

Depth i nc reases  from 1-4. 

3.59 

2.97 

3.05 

2.15 



Calculated heat flows show a progression of low t o  high from e a s t  t o  west across  
the  Pagosa Springs area ( P l a t e  2 ) .  However, t he  v a l i d i t y  of hole G - 1  i s  
quest ionable  because i t  i s  only 154 f t  ( 4 7  m )  deep, compared t o  approximately 300 
f t  (100 m )  for the  other  5 holes.  The G F I  d r i l l  r i g  could n o t  pene t ra te  t he  
Dakota  Sandstone, which was encountered a t  a depth of 154 f t  ( 4 7  m ) .  

H Y D R O L O G Y  

Introduct ion 

The near surface groundwater regime i s  dominated by the  San  Juan River and  i t s  
t r i b u t a r i e s  and  by local s t r u c t u r e s .  As a consequence, t he  r e l a t i v e l y  a b u n d a n t  
sur face  water and poor  qua l i t y  water in the  shallow aqu i fe r s ,  has  l imi ted  
groundwater development. The varying geology and s c a r c i t y  of d a t a  make any a t t e m p t  
a t  system d e f i n i t i o n  a genera l iza t ion  a t  bes t .  

The t w o  main aqui fe rs  exploi ted in t h e  P a g o s a  a r ea ,  a re  t h e  Mancos Shale a n d  
Dakota  Sandstone, however, a few wells have been d r i l l e d  in  t h e  Morrison 
Formation. Hot water wel ls  were discussed above a n d  wil l  n o t  be included here. 
The h o t  water - cold water r e l a t ionsh ip  will  be discussed in the  conclusions.  

Previous Work 

No k n o w n  published work discusses  the hydrogeology of t he  Pagosa area.  Pearl 
( 1 9 7 2 )  b r i e f l y  comments on t he  groundwater a v a i  1 a b i  1 i t y  i n  southern Archul e t a  and  

Hinsdale count ies .  An unpublished U.S. Soil Conservation Service (SCS)  map ( 1 9 6 9 )  
gives a few well loca t ions  and  water l e v e l s  a r o u n d  Archuleta County. Iorns and  
o thers  ( 1 9 6 5 )  discuss  the  sur face  hydrology, including water q u a l i t y ,  of t he  S a n  
Juan River drainage basin. 

Aquifers 

A 1  1 uvi um 

The extent  and thickness  of alluvium in the  P a g o s a  area i s  b o t h  l imi ted  a n d  
vari ab1  e .  As in the  1 i t h o 1  ogic descr i  p t  i o n ,  a1 1 uvi um i ncl udes a1 1 sur f  i c i  a1 
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depos i t s  of Holocene age. Many wel ls  in the  Pagosa area a re  completed in  t h e  
alluvium because of i t s  water bearing c h a r a c t e r t i s t i c s  and  shallowness. 
Groundwater occurs general ly  under water- table  condi t ions ,  b u t  may be l o c a l l y  
semi-confined. Yields range from 5 gpm ( . 3  1 / s )  t o  60 gpm ( 4  l / s )  with s p e c i f i c  
c a p a c i t i e s  of .1 t o  600 gpm/ft (Table 7 ) .  This gives estimated c o e f f i c i e n t s  of 
t r ansmiss iv i ty  ranging from 1000 gpd/f t  t o  60,000 gpd/ f t .  

Groundwater in the  alluvium i s  general ly  good q u a l i t y  due t o  recharge by the  
various streams and r i v e r s  during high flows. Alluvial  groundwaters in the  P a g o s a  
area tend t o  be a calcium bicarbonate type (Iorns and o the r s ,  1 9 6 5 ) .  However, in 
i r r i g a t e d  a reas ,  water returned t o  t he  streams via the  alluvium tends t o  be of 
poorer qua l i t y ;  higher in dissolved s o l i d s ,  p a r t i c u l a r l y  s u l f a t e .  

Mancos Shale 

The Mancos Shale i s  exposed over much of t he  mapped a rea ,  p a r t i c u l a r l y  a r o u n d  
Pagosa  Springs ( P l a t e  1 ) .  Most of the  wel ls  in t h i s  a r ea ,  a re  completed in  e i t h e r  
t he  Mancos or t he  Mancos and overlying alluvium and  a re  a s  much as 200 f t  (60  m )  
deep (Table 7 ) .  

\ 

Groundwater flow in the Mancos Shale" i s  t he  r e s u l t  of b o t h  f r a c t u r e  a n d  
i n t e rg ranu la r  porosi ty .  Many of t he  di scont i  nuous  sands y i e l d  moderate amounts of 
water under semi-confined condi t ions .  Without being able  t o  i d e n t i f y  and  
c o r r e l a t e  s p e c i f i c  aqu i f e r s ,  t he  construct ion of water level  or piezometric 
sur face  maps from well d a t a  i s  very d i f f i c u l t .  Also, because the  water level  d a t a  
a r e  d i s t r i b u t e d  over a 20 year  period, t he  water sur face  map should be inconsisent  
a n d  somewhat random. However, in p l o t t i n g  the  d a t a ,  i t  became apparent t h a t  t he  
d a t a  a re  more regular  t h a n  expected and  t he  r e s u l t a n t  contour pa t te rn  f i t s  
reasonably well with k n o w n  sur face  hydrologic condi t ions ( P l a t e  3 ,  Fig. 1 ) .  This 
may be due t o  a pervasive f r a c t u r e  network superimposed over the  porous  un i t s .  
The f r a c t u r e s  may interconnect  i so l a t ed  porous un i t s  s u f f i c i e n t l y  t o  l'smooth o u t "  
water pressures within the  numerous Mancos aqu i f e r s ,  a1 lowi ng  t he  formation t o  
become, in a sense,  homogeneous. Also, seasonal and  annual f luc tu 'a t ions  ma'y not  
be s i g n i f i c a n t  with respect  t o  the  contour in te rva l  chosen ( P l a t e  3 ,  Fig. 1) .  
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The water surface map ( P l a t e  3 ,  Fig. 1)  suggests areas  of local  recharge t o  the  
west, n o r t h ,  and  eas t  of 2agosa Springs. This may o r  may n o t  include the  area of 
Mancos exposure adjacent t o  the  Eight Mile Mesa f a u l t  southwest of P a g o s a  Springs.  
A local discharge area occurs a b o u t  2 k m  south of Pagosa Springs along the  S a n  
Juan River. Recharge t o  the  San Juan River may occur along much of i t s  course 
t h r o u g h  the  Mancos Shale ,  b u t  because of l imi ted  d a t a ,  t h i s  i s  n o t  apparent in 
P la t e  3 ,  F i g .  1. These areas  of recharge and  discharge c o r r e l a t e  very well with 
geologic and  topographic condi t ions.  

Yields and  s p e c i f i c  capac i t i e s  of wel ls  in the  Mancos Shale a re  highly var iab le .  
Yields range from 1 - 2  gpm (.06-.12 1 / s )  t o  20-30 gpm (1.3-2 l / s ) .  Spec i f i c  

capac i t i e s  range from .01 t o  200 gpm/ft and  average .4 gpm/ft. Many of t he  higher 
values are  due t o  reported drawdowns of zero,  which may be in e r r o r .  Estimated 
c o e f f i c i e n t s  of t r ansmiss iv i ty ,  assuming a s torage  c o e f f i c i e n t  of 0 . 2 ,  range from 
l e s s  t h a n  100 gpd/f t  t o  30,000 gpd/ f t .  Some of the  wel ls  with high s p e c i f i c  
c a p a c i t i e s  may a1 so be p a r t  i a1 1 y compl e ted in a1 1 uvi um.  

Groundwater qua l i t y  of the Mancos Shale i s  general ly  poor .  Total dissolved s o l i d s  
range from 1000 t o  2500 mg/l, with p a r t i c u l a r l y  high concentrat ions of sodium, 
calcium, i ron ,  a n d  s u l f a t e .  Dissolved hydrogen s u l f i d e  i s  a l s o  common. However, 
t h e r e  a re  undocumented claims of re1 a t i  vely good qual i t y  groundwater from the  
Mancos, and  these  may be from wells  completed i n  r e l a t i v e l y  clean discontinuous 
sands which may be in connection with alluvium. 

D a k o t a  Sandstone 

The D a k o t a  Sandstone i s  exposed along the  c r e s t  of t he  Sunetha a n d  St inking 
Springs a n t i c l i n e s  and  on  the  northeast  s ide  of the  Eight Mile Mesa f a u l t  ( P l a t e  
1 ) .  Generally,  because of economics, wel ls  t h a t  a r e  completed in t h e  D a k o t a  
Sandstone a re  l imited t o  areas  of Dakota  exposure or very t h i n  Mancos Shale ( P l a t e  
3 ,  Fig. 2 ) .  

Groundwater flow in the Dakota  Sandstone i s  t he  r e s u l t  of f r a c t u r e  porosi ty  a n d  i s  
confined. Individual aqui fe rs  cannot be i d e n t i f i e d  using ava i l ab le  d a t a ,  b u t  i t  
i s  probable t h a t  a t  l e a s t  two semi-independent aqui fe r  ( f r a c t u r e )  systems e x i s t ,  
separated by black shale sequences. 
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i m L t  I 
Well I n v e n t o r y ,  Pagosa  S p r i n g s  A r e a ,  C o l o r a d o  

WATER LEVEL Pumping D a t a  
ELEVATION WELL C A S I N G  DEPTH DATE ELEVATION Spec i f i c 

WELL ( f t  above DEPTH D I A .  ( f t )  MEAS. ( f t  above Y i e l d  Drawdown C a p a c i t y  
LOCATION MSL ) ( f t )  ( i n )  MSL ) USE (GPM) ( f t )  ( g p m / f t )  A q u i f e r  Owner - 
32N - 

01E04DB 
02E03DB 
OlW13BDB 

32N 
8 P h i l l i p  S a y l e s  

F r a n c e s  Bramwel l  
-John A1 b e r t  M a r t i n e z  
Ben F .  T r u j i l l o  
Modesta O r t i z  
C h r i s  Chavez 
E r n e s t  H e r r e r a  
C1 i f f o r d  Sappi  n g t o n  
Denver & R i o  Grande W. RR 
Vernon C l a r k  
W i l l a r d  S e i b e l  

35 5 112 2 6 / 2 / 7 5  32 .25 
0 200 

110 .02 
. 45 .09 

30 .5 
20 . oa 

A 
M? 
A I M  
A 
A / M  
A ?  
A I M ?  
M 
M 
M? 
M? 

45 7 14  9 j i o 1 7 2  
130 4 60 7 / 2 / 7 4  

20 
2 

D 4  
0 15 
D 5  
D 10 

3 
I d  3 
I 12 
c 10 

OlW24DB 
03W 1 1 C D  
04W 1 7 A D  
04W18BB 
05wo4cc 

05W17BA 
I 05W16BCB 

~ 05W17ACD 

57 7 30 9/1D/70 
76 6 518 2a 212  716 7 
65 6 518 40 5 / 4 / 6 7  
a5 6 518 60 1 1 / 1 1 / 6 9  

160 6 50 9 / 2 9 / 7 3  
206 
123 6 518 70 
116 6 518 24 

42 
.07 

1 
I 33N - 

O l E l O C A  
02E13CD 

140 
33N 
12 
20 
20 

- 
130 .09 M? B.C. G i b s o n  

0 200 A Wm. Hughes 
0 200 A Wm. Hughes 

200 .02 M Joseph D o y l e  
James B e r r y  

T.J. Bond 
A? A l w i n  B e v e r  

San Juan R i v e r  Land Dev. A I M  
Juan G a r c i a  

.67 A 

.67 A 

15 

30 

54 .ll M 
0 50 M M a r g a r i t a  G a r c i a  

115 .01  D ? I r a  & J a n i c e  Peacock 

6 60 
4 10 
4 4 
a 12 

8 2 5  
6 518 6 

4 1 ao 

7/18/66 
8 / 1 6 / 7 4  
8 / 6 / 7 4  
5 / 2 5 / 6 6  
9 / 2 5 / 7 5  
5 /6 /66  
7 / 2 9 / 7 2  
7130171 
5 / 1 3 / 7 0  
9 / 1 1 / 1 5  
9 / 1 1 / 7 3  

35 
30 02E24CC 

02WOlBD 
02W01BA 
02w02acc 

25 
225 

50 
35 

0 10 
D 4 
D 20 
D 1 5  
D 5 
0 6 
D 5 

1.5 

02W32AA 
02W32AC 

: cn 03W16AB 
I N  

26 
72 

6 513 10 
6 50 

03W16AA 
07W 1 1 C D  

90 
120 

4 60 
6 70 

34N - 
OlEOlCB 
01E03CD 

34N 
10 
30 

5 
10 

- 
20 

35 

.5 

.14 

A 
A I M ?  
A 
M ?  
A ?  
A? 

M ?  
M 
M 
M 
M 
A 

W i  11 a r d  March 
Char1 es 01 g e s t e p  
R o b e r t  Hand 
U.S. F o r e s t  S e r v i c e  
Ruby S i s s o n  
M.V. B e i g h l e y  
M.V. B e i g h l e y  
V.N. Chameers 
D o r o t h y  Anderson 
D i v i s i o n  o f  F i s h  & Game 
Ken Hambl i n  
D o l o r e s  G e f f e r t  
D.C. S l a d e  
B r i c e  C. F i n l e y  
R o b e r t  B r o o k s  
Edward J. H a r t  
W i l l i a m  Moyers 
B.T. C o l l v e r  
I r v i n  Mathes 

4 1  7 
150 

12 
62 

a 
a 

9 / 1 0 / 7 0  
7 /24 /65  
7 / 2 8 / 6 7  
7 / 2 6 / 7 1  

9 / 1 / 3 8  

6 / 1 3 / 6 3  
5 1 i a m  

OlE12AD 
OlE31AO 
02E06BBC 
02E06AC1 
02E6AC2 
01W05CD 
01W05AC 
01WO6BC 
01W08BD 
OlW16BB 
01W27DCC 
01W28DB 
OlW31AO 
OlW31AA 
01W32BD1 
01W32BD2 
01W32AA 

39 a 
40 6 518 
12 6 
20 36 
80  a 

7440 1 2 1  a 
7240 . 115 6 518 

7400 76 

7240 160 7 
7300, 170 6 

a5 4 

a2 5 112 

35 a 

11 a 

0 
a 

48 
30 

7352 D 
7404 D 
7185 D 
7175 0 
7220 D 

D 
D 
D 
0 
D 
D 
D 

2 
4 
3 

100 

150 
160 

0 
0 
6 

.02 

.02 

.01 
400 

40 
1.67 

36 
55 

6 /10 /67  
411 917 1 
5 / 6 / 7 1  
7120171 

65 
ao 
28 
60 

5 
12 

50 
68 

2 
40 

I 
6 / 1 4 / 6 5  

10128175 4 
10 
10 

2 
10 

A ?  
A 
M? 

6 / 2 7 / 7 1  
9 /27 /72  

A 10 a 
70 6 

l o a  6 
1 0 / 1 0 / 6 7  

8 / 2 / 6 8  
GJ 
96 

.03 

.10 
A 
A 



WATER LEVEL 
DEPTH DATE 
( f t )  MEAS. 

Pum i n  D a t a  6' 
-i f i  c 

Y i e l d  Drawdown C a p a c i t y  
(GPM) ( f t )  ( g p m l f t )  

ELEVATION 
( f t  above 
MSL) 

6690 
6770 
6933 

ELE VAT I ON 
( f t  above 
MSL ) 

6840 
6840 
7000 

WELL C A S I N G  
DEPTH DIA.. 
( f t )  ( i n : i  

232 6 
150 6 !5/8 
117 7 

- 
WELL 

LOCAT I ON 

D l  W32BC1 
01W32BC2 
01W32BA 
01W34AA1 
0 1  W34AA2 
01W35AC 1 
0 1 U35AC 2 
01W35BC 
02W15BC 
02W29DD 
03W01A 
03401CA 
03WOlDO 
03WOlDB 
0 3V 0 3 B B 
03W03BD 
03w11cc 
03W11BD 
03W12BA 
03W12BB 
03W14BB 
03W14BD 
03W15ABB 
03W26CC 
04W14ABB 
04 W 0 7 U D B 
04W08CDC 
07W 15BA 
0 7 Id 1 9c c 

A a u i f e r  Owner USE 

D 
D 
D 

- 
M 
M 
M 
M 
A 
M? 
M 
A 
M 
M 
D 
M 
AIM? 
M 
M 
M 
M 
M 
M 
M 
M 
M 
A 
M 
M 

Qr 
0 

Dean N .  Owens 
B u n l c s o n  T. C o l l v e r  
George B u l  d a i  n 
D e l b e r t  H a r t  
B e v e r l y  M. S t i l l  
F r a n k  F a r r a r  
F r a n k  F a r r a r  
R o b e r t  J e w e t t  
R o b e r t  B l a i r  
F r e d  M a r t i n e z  
Sam 8 Peggy E l  1 i s  
A.B. Granby 
D a v i d  M c N e i l y  
D a v i d  B e l l  
J. R. Welch 
John Welch 
R o b e r t  0. W h i t t i n g t o n  
Tom F i t e  
A r t  H a m i l t o n  
H u b e r t  R e n i c k  
W i l l i a m  Morgan 
R a l p h  Oldham 
R .  L. T i d a y  
M. W. M c G i l v r a y  
Co lo .  D i v .  o f  W i l d l i f e  
S o u t h e r n  U t e  T r i b e  
Char1 es B1 unden 
F l o y d  & A r l e n e  Beaver  
Oonal d Anderson 

150 9 / 1 1 / 6 8  
70 8 / 1 5 / 6 9  
67 9 / 2 5  171 

1 

3 
10  
1 0  

2 
6 
2 

20  

228 

l r )5  
80  

.03 

.13 

.05 

.08 

.33 

.01  

.17 

.04 

.35 

.02 

1.0 

1 .o 

100 6 
20 4 

40 8 j 2 9 j 6 8  
8 6 / 1 6 / 7 6  

18  9 / 1 / 6 9  
15 6 / 2 4 / 7 1  

1 0  
40 50 6 

102 6 
16 6 3  
45 G 

345 5 
100 4 
165 5 112 

80 
6 4 10126174 

20 8 / 2 7 / 6 8  
140 5 / 2 8 / 7 2  

50 11 /24 /73  
48 6 / 2 1 / 7 3  

D 
D 
D 
D 
I) 
D 
D 
D 
D 
D 
D 
D 
D 
0 
D 
D 
D 
D 
0 
C 

71 50 
6780 
7360 

7130 
6640 
7310 

20 
306 

60  
2 

10  
5 
7 

140 
20 23 5 

110 6 
8 11 /16 /73  

20 12 /2 /75  
38 6/65 
81  6 / 2 5 / 6 8  

2 95 
11 
1 0  

49 8 
100 6 518 
140 5 

65 5 
135 5 

70 6 
77 6 

154 6 
40 8 
60 7 

125 6 518 
135 7 
187 7 

10 
6 
9 
4 

108 

67 
64  

.09 

.13 

.06 

60 10 /21 /72  
30 8 / 1 0 / 7 4  
16 10 /5 /72  
43 9 / 2 4 / 7 5  

1 0  
5 

58 
110 

.17 

.05 
30 6 / 1 2 / 7 5  
85 6110175 

60 
1 0  

2.5 
2 

0 
60 

115 

600  
.17 
.02 

15 6 / 1 3 / 6 4  
50 4 /21 /67  
50 11 /24 /73  
38 6 / 5 8  
42 

14  
1 5  

200 7 
95 5 1-12 

115 3 / 3 1 / 7 3  
14 9 / 1 2 / 7 3  52 .29 

35N 
12 
10  

- 35N 
T W  0 5AA 1 

01W05AA2 
8 

12 
12 
20 

4 
12 5 / 2 1 / 7 1  

4 1965 
0 4 / 1 8 / 7 2  
8 

O ( ? )  
10 11 /20 /65  
36 11 /24 /73  
36 
54 4 / 1 5 / 5 9  

0 

7182 
7178 
7138 
7130 
7146 
7148 
7156 

PI v 
M v 
M 
VI 
Iv; 
Ql 

A ?  
0 
QI 
M 
A 
A 
M V / A  
M? 

James W a t k i n s  
James W a t k i n s ;  Ray T. 
V.  A. Poma 
L .  M. A d a m  
J. B. Hersch ,  C. McCoy 
V .  A. Poma 
Joseph H e r s c h  
Ward C a r p e n t e r  
T r o y  B a r b e r  
W .  F. C a r p e n t e r  
P.  W. B i r d s a l l  
Edward Neiman 
Edward Neiman 
P a u l  A. D e c k e r  
H.  C o l e  

7190 
7190 
7150 
7150 
7150 
7160 
,7160 

7180 
7235 

50 
40 
41  
70  

4 1  6 
10  14  

7 3 ( ? )  

6 
15 
15 

6 
15 

30 
4 

10  
34 
15 
12 

OlW7CC1 
0 1 w 7 c c 2 
OlW7CC3 
01W07D01 
01W07002 
D 1 NO 8AB 
01WBCC 
OlW8AB 

27 .22 

220 
72 7172 

7235? 
D 
D 220 

25 8 
74 7 
74 

135 
540 

20  .5 
0 340 

OlW14BBB 
0 1  W158C 

7540 
7195 
7280 

7504 
7141 
7280 ? 

D 0 1 W 1 5 B D 
OlW17BB 
OlW17DB D 



WELL 
LOCAT ION 

0 1  W18DAC 
D l  W 18AA 
OlW18DD 
0 1  w 18DC 
OlW19BA 
OlW19BDC 
0 1  W 19AB 
01W23DD 
01W23DB 
01W30AB 
01W30DD1 
01W30DD2 
01W30AC 
0 1  W 31AOA 
OlW31AD1 
OlW31AA 
0 1 W31 DD 
OlW31DC 
0 1  W3 1 AD3 
01W31DA 
0 1 W3 1AA2 
01W32AA 
01W32BB 
OlW32CC1 
OlW32CC2 
01W32BA 
01W32BB2 

ELEVATION 
( f t  above 
MSL ) 

7180 

7180 
7170 

7170 
7190 
7160 
7170 

7960 
7120 
7220 
7220 
7120 
7240 
7235 
7230 
7260 
7240 
7235 
7235 
7230 
7440 
7240 
7325 
7325 
7360 
7240 

aooo 

OlW32CC3 7325 
OlW32CC4 7325 
01W34AC 7720 
01W36AD 

02w01ccc 
02WO7BB 
02W03DB 
02w1occ 
02W12CB 
02W12BD 
02W 14AAB 
02W14BB 
02W15BD 
02W15BC 
02W 1 5AAA 1 
02W 15ACA 
02W15AAA2 
02W15CB 

7300 
7615 
7520 
7630 
7400 

7240 
7400 
7600 
7595 
7485 
7600 
7485 
7602 

7250 

WELL 
DEPTH 
( f t )  

a 5  

1 a5 
100 

130 
125 
125 

35 
47 

105 
134 

203 
70 

247 
130 

60 
107 
278 
140 

54 

42 
65 

125 
121 
115 
7 50 

97 
145 
100 
113 

150 

170 

125 
80  
47 

124 
50 

46 
67 
65 

122 

a6 

a7 

148 

138 

a5 

TABLE 7 
We1 1 Inven to ry ,  Pagosa Spr ings  Area, Col orado  (con t i  nued) 

WATER LEVEL 
CASING DEPTH DATE ELEVATION 

DIA. ( f t )  MEAS. ( f t  above 
( i n )  MSL ) 

6 27 5/8/65 7153 
6 518 2 8  1 0 / 4 / 6 1  7142 
7 174? 6 / 4 / 6 5  7006 ? 
a 97  6/2D/60 7073 

a 85  1 2 / 1 / 6 0  7075 
7 5 1 1 / 2 0 / 7 1  7165 

5 40  5 / 2 / 7 2  7920 
8 6 5  1 2 / 6 / 6 5  7055 
8 30  7 / 6 / 7 0  7190 
6 6 5  8 / 7 / 7 1  7155 
4 3 0  4 / 1 7 / 7 4  7190 
6 8 9  1973 7151 
a 5 0  1 2 / 2 2 / 6 6  7135 
a 36  1 0 / 1 4 / 6 7  7194 

8 85  12/15/58 

20 8 / 3 / 6 8  7930 

8 38 5 / 2 4 / 6 8  7222 
6 
a 
a 
9 
6 

I 8  
7 
6 
6 
8 
6 
6 
8 
a 

6 3  
97 

20 

3 1  
80 
90 
76 
23 
30  

28 
bo? 

l o ( ? )  

i a  

ao 

4 1 
1 0  F l o w i n g  

6 140 
6 518 32 
4 30  
4 4 
8 35 
8 30 
7 6 
6 518 54 
a 2 8  
a 3a 
a 45 
a 54 

7 j61k7 
1 1 / 2 2 / 6 9  
1 2 / 1 1 / 6 9  

6 / 2 4 / 7 0  
1 1 / 3 0 / 6 6  

6 / 2 3 / 5 9  
1 0 / 1 2 / 7 1  
1 1 / 6 / 7 1  
1 2 / 1 7 / 7 1  
1 1 / 7 / 7 1  
1 1 / 2 5 / 7 1  

5 / 1 5 / 7 2  
9 / 9 / 6 7  

1 0 / 2 7 / 6 7  

1 0 / 1 5 / 7 3  
8 / 1 / 6 6  
6 / 2 1 / 7 1  
9 / 2 4 / 6 2  
8 / 2 5 / 6 4  
8 / 2 9 / 7 3  
5 /65  
1 / 2 5 / 6 6  
9 / 2 7 / 6 2  
8 / 1 2 / 6 4  
8 / 1 3 / 6 5  

1 0 / 2 1 / 6 5  
1111 1 / 6 5  

8 / 2 7 / 6 5  

7172 

7225 
7210 
7422 
7209 
7245 
7245 
7284 
7217 
7295 
7245 
7692 

7138 

7299 
7615 + 
7380 
7598 
7370 
7276 
7205 
7370 
7594 
7541 
7457 
7562 
7440 
7548 

USE 

D 
D 
D 
C 
0 
D 
D 
0 
0 
0 
D 
D 
D 
0 
D 
D 
D 
D 
D 
0 
3 
D 
D 
D 
D 
D 
D 
0 
D 

D 
D 
D 
0 
D 
0 
D 
D 
D 
D 
D 
0 
D 
0 

Pumping D a t a  
b m c i f i c  

Y i e l d  Drawdown C i p a c i t y  
(GPM) ( f t )  ( g p m l f t )  A q u i f e r  Owner 

35 
3 

20 
5 

25 
25 
10  

5 
10 

4 
4 
2 
3 
6 
5 

30 
6 
4 
4 
4 
2 

10 
2 
6 

10 
10  
15 

6 
10  

5 

a 

30 
50 

150 
105 
110 
110 

20 

125 
80 1 
190 

6 3  

120 
62  
90  

2 6 0  
120 

40 
80 
30 
52 

110 
90  
80 
70 
90  

83 
100 

1.17 M 
.Ob M 
.13 M 
.05 M 
.23 M 
.23 M 
.5 M 

A 
Mv? 

.03 M 

.05 N 

. 0 1  M 

.05 M 

.04 %l 

.07 M 

.02 M ? 

.03 M 

.1 M 

.03 M 

.33 A ? 

.04 M 

.05 M 

.ll M 

.13 M 

. 2 1  D 

.03 M 
M 

.13 M 

.05 M V  

.4a M 

San Juan Lumber 
g e l  b e r t  Thayer  
Leon M o n t r o y  
V i c t o r  C o l e  
Leon M o n t r o y  
Leon M o n t r o y  
Leon M o n t r o y  
F e l i p e  Maez 
Tom Read 
John L o r d  
S t a n l e y  Wrobel 
S tan1 ey Andrews 
M. B. L o r d  
Mark 5 m i t h  
0. L. Sanders 
J i m m i  e Cooper 
George Masco 
L i o n e l  Adams 
9. L. Sanders 
F i r s t  B a p t i s t  Church  
V .  Day 
A r c h u l e  
E a r l e  Wise 
A1 b e r t  S c h n e l l  
J i m  B o a t r i g h t  
P o b e r t  Houser  
I l e n e  Moore 
T r o y  B a r b e r  
Hal  F. E i e r  
M i  t c h e l l  Swanson 
R .  0 .  N e l s o n  

15 10  1.5 M N o r b e r t  Buchho l  z 
45 112 .4@ D U.S.O.A. F.S. 
10 0 100 O / M ?  F r e d  E b e l i n g  

3 56 . . 05  D T. L. C a r r i q a n  
M 

5 1 3  .5 M 
1 45 .02 D 
5 92 .05 i) 

10 3 1  322 M 
a 74  .ll 9 

10 38 .26 M 
20 3 8  .53 M 

5 55 .09 M 
5 ' 115 .D4 0 

Edna Turney  
P .  A. Wedemeyer 
E. R .  Crouse 
H a r r y  S m i t h  
T. L .  C o r r i g a n  
U S D A  FS 
Lee V.  Ogden 
Santana L u j a n  
W i l l i a m  F. W i l b e r  
U S O A  FS 



..- 

A 

WATER LEVEL 
ELEVATIbN WELL CASING DEPTH DATE ELEVATION 

WELL ( f t  above DEPTH D I A .  ( f t )  MEAS. ( f t  above Y i e l d  OraNdown C a p a c i t y  
MSL ) USE (GPM)  ( f t )  ( g p m / f t )  A q u i f e r  Owner LOCATION MSL ) ( f t )  ( i n )  

02W15DAA 
02W15DD 
02W15CB2 
02W 15AC 1 
02W15ACA2 
02W15CA 
02W 15AC3 
02w15cc 
02W 150A 
02W15BD2 
02W16BAAA 
02W16ADC 
02W 16DA1 
02W16DA2 
02W20DB1 
02W20DB2 
D2W2ODB3 
02W20DB4 
02W20DC 
02W20DBA 
D2W20DBB 
D2W20CD 
02W320DB5 
02W20DB6 
02W20DB7 
OZWZOBD 
02W20AB 
02W21BCD 
02W21BDB 
02W21AB 
02W21BB 
02w22cc 
02W23AO ' 
02W23A02 
02W23AC 
02W23A01 
02W23DD 
02W23DA 
02W23DB 
02W23AB2 
D2W24DB 
02W24BC 
02W26BD 
02W?6DC 
02W27ADA 
02W29CB 

7580 
7480 
7602 
7620 
7620 
7580 
7600 
7510 
7500 
7 600 
7560 
7610 
7595 
7595 
7 540 
7540 
7540 
7540 
7540 
7529 
7524 
7515 
7540 
7 540 
7540 
7520 
7495 

7517 
7500 
7360 
7140 
7140 
7260 
7260 
7200 
7180 
7210 
7260 

7109 
7 200 
7085 
7160 
7435 

66 

107 
8 1  

170 
73 
7 5  

8 0  
'9 0 
70 

300 
320 
104 
200 
110 

78 
72 

s 93 
70 

200 
82 
66  
70 

125 
73 

135 
35 
35 

200 
42 
46 

130 
50 
52 
25 
53 
2 1  
30 

100 
20 
50 
45 

140 
130 

65 

6 7  

8 4  

8 
8 
3 
a 
3 
a 
3 
a 
4 112 
4 
7 

,6 518 
8 
6 
6 518 
6 518 
6 5 f 8  
8 
6 518 

1 0  
6 
6 
8 

10 
8 
8 
5 

8 
8 
8 

.a 

58 
56 
54 
40 
90 
43 
20 
40 
10 
20 
22 

270 
2 50 

15  
32 
30 
30 
26 
60 

72 
30 
16 
35 
60 
13 
60 

5 
8 

2 / 1 / 6 6  
2 / 1 2 / 6 6  
311  166 
7 /31 /66  
9 /28 /66  
10 /24 /66  
10 /10 /66  
11 /12 /70  
1 2 / 6 / 7 2  
9120175 
6 / 1 4 / 7 2  
6 / 1 9  17.1 
9 /28 /65  
9 / 9 / 7 1  
3128766 
3 /25 /66  
3 /25 /66  
4 / 1 9 / 6 6  
3 /16 /67  

1974 
5 /13 /67  

11 /27 /67  
1111 5 /69  
1 0 / 2 / 6 9  
9 /21 /72  
5 /23 /62  
5 / 2 3 / 6 2  

8/15/67 

7522 
7424 
7548 

7530 
7532 
7580 
7470 
7490 
7513 
7538 
7340 
7345 
7 580 
7 508 
7510 
7510 
7514 
7447 

7452 
7485 
7524 
7505 

7507 
7435 

7480 

D 3 
0 30 
D 1 
D 4 
0 2 
0 4 
D 5 
D 1 
D 15  
D 5 
D 3 
C 1 
I 30 
D 6 
C 5 
0 4 
D 4 
D 10 
D 3 
C 

D 5 
D 6 
D 6 
D 1 0  
D 2 
D 12 
0 4 
D 4 

175 16 /12 /65  7342 D 2 
20 6 / 1 5 / 7 0  7480 D 1 0  

6 F l o w i n g  9 / 2 5 / 7 1  
7 50 618 f 58 
6 23 1 1 / 3 / 6 8  
6 32 11 /16 /78  

8 5 / 8  518 1; 5 /13 /70  

6 6 6 /29 /74  
6 47 9 /6 /73  
6 12 5 /11 /66  
8 22 5 / 1 / 7 0  
8 39 4 / 2 6 / 6 6  
4 85 5/56 
6 114 20 7 /21 /74  

3 / 5 / 7 0  

6 i o  8 / 1 7 / 7 1  

6 45 a130171 

56 
101 
100 

76 
160 

75 
65 
80 
11 
79 

0 
220 

90 
150 

60 
36 
50 
20 

70 
55 
64 
75 
65 
85 

.05 D 

.3 0 
1.01 D 

.05 M ' 

.01  D 

.05 D 

.08 M 

.01 D 
1.36 D 

.07 D 
0 

1 0  0 
.14 D 
.07 D 
.03 D 
- 0 7  D 
.ll D 
.2 D 
.2 D 

D 
.07 3 
.ll D 
.09 D 
.13 D 
.03 D 
.14 D 

A? 
A 

R o b e r t  Snow 
M i l t o n  D. Remey 
G e r a r d  C r i p e  
H e n r y  T r u j  i 11 o 
Santana L u j o n  
F o r r e s t  E. Bozan i  
C. E. Gay 
F r e d  Harmon 
R o b e r t  Snow 
1 s t  Assembly o f  God Ch. 
S t a n l e y  Be lmear  
Over  N i t e r  I n c .  
R. J. S u l l i v a n  
F r e d  E b e l i n g  
N a v a j o  T r a i l  T r u c k - 0 - T e l  
J im Garven 
B e r n i e  H a r r i s  
M ; l r q l  H a r r i s  
M. W. Mendal 
W t .  W i l l i a m s  
E a t o n  I n d u s t r i e s  
F. A. Thompson 
M i l o  S m i t h  
M. T. W i l l i a m s  
M. T. W i l l i a m s  
V e r n  L. S m i t h  
M. W. M e n d e l l  
J.  F. W h i t e f i e l d  
J. F. W h i t e f i e l d  

7360 + 
7090 
7 1 1 7  
7228 
7250 
7195 
7170 
7204 
7213 

7078 
7161 
7000 
7140 
7390 

D 
D 
0 
D 
D 
D 
D 
D 
D 
0 
D 
D 
D 
0 
0 

15  
1 0  

6 
5 

6 
6 
8 
5 
5 

1D 

4 
10 

190 .01 M H e r b e r t  T i s h n e r  
30 .33 M N a v a j o  T r a i l  Corp. 
1 5  
70 
43 
45 

16 
24 
65 
12 
40 
35  

97 
60 

1.0 D 
.14 D 
.14 D 
.ll D 

D 
D 

.38 D 

.25 D 

.12 D 

.42 A 

.13 M 

.29 D 

.04 M 

. 1 7  D 

M ?  

W. W. Scogg ins  
W .  F. W a l l  
Dona1 d M a r t i n e z  
Roger  Sanchez 
Reymundo Maez 
D a v i d  Maez 
Reymundo Maez 
F e l i p e  Maez 
Reymundo Maez 
A.  M. Gomez 
H a r l  and P i e r c e  
J o h n  Snow 
J e a n e t t e  S m i t h  
Wm. V. F l o w e r s  
H a r l e y  M e r r i c k  



TABLE 7 
Idell Inventory, Pagosa Springs Area, Colorado (continued) 

ELEVATION WELL C A S I N G  
WATER LEVEL 

DEPTH DATE 
( f t )  MEAS. 

!3m!@ific 
Y i e l d  Drawdown C a p a c i t y  
(GPM) ( f t)  ( g p m / f t )  A q u i f e r  Owner 

12  110 .ll M F r e d  S m i t h  
6 110 .06 D ?  S t u n t  Dodge 

12 103 .12 D S. E. La Rose Jr. 
2 170 .01 M L.  A. Wunsch 
7 . 170 .04> D / M  C.R.C. Rye 

10  87 .12 M? J a c k  Shoemaker 
5 120 A l l e n  W .  Q i l p i n  

E a t o n  I n d u s t r i e s  

E a t o n  I n t e r n a t i o n a l  

.04 M 

20 90 .22 Co. S t .  Dept .  o f  Highways 
20 0 .20 D Co. S t .  Oept. o f  Highways 
10  202 .05. 0 

6 25 .24 A / M  R o b e r t  Chance 
3 50 .06 M Raymond Baugham 
6 135 .04 M V e r r i t a  Faye Stevens  
8 30 .27 M H a r o l d  A r n o l d s o n  
2 160 .011 M M e l v i n  L a t t i n  
4 26 .15 A? S t e v e  V i d a l  

30 0 300 A F. E. F a r k l e y  
30 0 300 A ?  H. S. W a l l i s  
30 20 1.5 A R i c h a r d  G. Leech 
20 34 .59 A James C. Hayes 
15 70 .21  A Leon R. Lance 
20 ' 55 .36 A M o r r i s  J u s t i c e  
20 0 200 A F r a n c i s  LeBaron 
12 8 1  .15 A Leon R. Lance 
10  23 .44 A F r a n c i s  LeBaron 
10  80 .13  A K. W. Timmerman 
10 A O r i n  J.  M e r r e l l  

10 A 4M E n t e r p r i s e s ,  I n c .  
30 A K. Seaver  
30 A E. E. R i c h a r d s  

9 A X .  V. B e i g h l e y  
4 10 .4 A ? T. S .  McConne l l  

a 20 .4 A R .  L. Read 

ELEVATION 
( f t  above 

7 528 
7470 
7416 
7460 
7575 
7522 
7520 
7324 
7250 
7176 

MSL) 
WELL 

LOCATION 
( f t  above 
MSL) 

DEPTH D I A .  
( f t )  ( i n )  USE 

D 
D 
D 
D 
D 
D 
D 
D 
D 
D 

- 
02W29DD 92 2 /10 /72  

9 0 '  10 /20 /73  
44  10 /12 /72  

160 1 2 / 5 / 7 4  
6 5  1 0 / 2 5 / 7 1  
23 7 /5 /73  

100 1 0 / 2 / 7 5  
236 1974 

70 6/16/,65 
144 8 /31 /67  

7620 
7560 
7460 

182 6 
150 
126 5 
200 4 
200 5 
135 
150 4 
420 6 

194 6 
85 6 5  

02W29dC 
02w29cc 
02W29DD2 
02W32AA 
02W32AC 
02W32AD 
02W33DBD 
02W36AA1 
02W36AA2 
02.5W25AA 
02.5W27AD 
02.5W35AC 
02.5W35AB 
03WOlCD 
01E34DB 
02E20DDA 
02E20DDB 
D2E20DBB 
02E20DDD 
02E20DB1 
D2E20OB2 

0 02E20DB3 
02E20DD1 
02E20D84 
02E20DD2 
D2E20DB5 
02E20DB6 
02E25AA 
02E2888 
02E29AA1 

7670 
7560 
7320 

242 6 80 i i i i Z 1 7 i  D 
35 6 12  9 / 1 7 / 7 5  D 
60 6 44 1 2 / 1 2 / 6 8  D 

170 6 1 0 1  9 / 5 / 7 5  D 
42 5 30 1 0 / 2 1 / 7 1  D 

185 8 150 6 / 3 / 6 9  
42 5 112 24 zj26163 D 
29 7 16  2 / 2 3 / 6 3  D 
80  8 
51  ' 8  
45 8 
8 1  8 
75 8 
22 8 
92 8 
32 8 

6 8  
1 0  
22 
60  
50 
12  
72 
1 5  

7 / 6 / 6 5  
6 / 2 5 / 6 5  
6 / 8 / 6 6  
6 /15 /66 ,  
6 /25 /66  

9 /14 /68  
9 / 2 1 / 6 8  

7 16- 7 167 

118 7 7 1  8 /14 /70  
110 6 518 80  1 1 / 9 / 7 2  

75 7 35 5 / 2 / 6 7  
36 7 20 9 /25 /70  

33 16  2 ) 2 i / 6 3  
31  16  2120163 
14  24 8 5110146 
78 4 6 9 / 1 8 / 7 2  

02E29AA2 
02 E 31AC 
02E31CO 

36N 
T w 2 2 c c  

36N 
7-5- 
35 

5 
5 
4 
4 

15 
6 

30 
5 

M 
350 L 
.ll L 
. 1 4  L 
.08 L 

L 
M 

112 A ?  
.21  O? 
.02 M 

Hanna C o n s t r u c t i o n  
H. C. Carmody I n c .  
C h a r l e s  G o d f r e y  
L o u i s  Poma 
L o u i s  Poma 
L o u i s  Poma 
D a v i d  Goodman 
P e n t a b  P r o p e r t i e s  
U.S.D.A. F.S. 
M a r i o n  S m i t h  

300 6' 518 50 8 / 1 9 / 6 6  
5 1  8 20 9 / 8 / 6 6  01W28AA1 

01W28AA2 
0 

45 
35 
50 

50 
- 142 

210 

8 0  6 518 20 8 / 1 5 / 6 6  
42 8 30 1 1 / 7 / 6 7  
67 8 28 6 / 7 / 7 1  
95 5 16  9 / 2 9 / 7 2  

120 0 2 W l l  ACB 
02W22AC 
02W31DC 
02.5W14AB 

57 6 18 D 
7820 143 6 518 130 8 / 7 / 6 4  7690 D 

300 4 165 1016175 0 



WATER LEVEL Pumping D a t a  
ELEVATION WELL C A S I N G  DEPTH DATE ELEVATION S p e c i f i c  

WELL ( f t  above DEPTH D I A . .  ( f t )  MEAS. ( f t  above Y i e l d  Drawdown C a p a c i t y  
LOCAT I O N  MSL) ( f t )  ( i n )  MSL) USE (GPM) ( f t )  ( g p m f f t )  A q u i f e r  Owner 

03W35BBB 

37N 
m E 1 6 C C  

0 1  E 20AD 
01E29AA 
03E90C 

38N 
m W 1 3 8 D B  

03w17cc 
03W19CO 
03W19CAO 
03W30ACC 
03W30AC 
03W31AA 

E x p l a n a t i o n :  

125  

7000 80 
i a  
3a  

100 

1 3 1  
62 
70 
55 
2a 
28 
5 1  

USE - 
D - D o m e s t i c  
C - Commercial  

I d  - I n d u s t r i a l  

a 

6 518 

a 
a 518 

17  

7 

7 
7 

8 

a 

a 
a 518 

105 

25 
6 

25 
90 

72 
42 
1 5  
12  
23 
1 5  
4 1  

I - I r r i g a t i o n  

10 /20 /64  D 

a / i 2 / 6 6  
10 /4 /74  
11 /21 /67  
6 / 1 0 / 6 1  

8 /10 /64  0 
6 / 2 / 6 0  D 

0 
0 

9 / 1 / 6 0  
9 /5 /60  
6110164 D 
8125-27169 D 
6 /11 /67  D 

AQUIFER 

A - A l l u v i u m  
L - L e w i s  S h a l e  

Mv - Mesaverde F o r m a t i o n  

1 

37N m- 
10 

5 
30 

38N 
3- 

5 
15 
15 
?!I 
10 

4 

125 

45 
6 

35 

a3 

O? 
O? 
O? 

23 
45 

M - Mancos S h a l e  
D - D a k o t a  Sandstone 

. O l  

.07 

. 1 4  
1.7 

.04 

150 
150 
200 

.44 

.09 

O ?  

A 
A 
A 
M 

M 
M 
M ?  
M? 
A 
A 
A? 

S. G i l b e r t  

C h a r l e s  F e r r i s  
G l e n  H. A r t h u r  
F r a n k  T e a l  
John T a y l o r  

W .  R. Duke 
U.S.O.A. F.S. 
U.S.O.A. F.S. 
U.S.D.A. F.S. 
E m m i t .  Evans 
C. B. N o r t o n  
U.S.D.A. F.S. 



Problems with the  Dakota Sandstone d a t a  a r e  s i m i l a r  t o  those discussed f o r  t h e  
Mancos Shale. As w i t h  t he  Mancos Shale,  the  contours drawn from t h i s  d a t a  seem t o  
f i t  reasonably well with k n o w n  geologic and  hydrologic condi t ions.  

Areas of recharge,  as defined by the  piezometric sur face  map ( P l a t e  3 ,  Fig. 2 ) ,  

correspond extremely well with exposures of Dakota  Sandstone ( P l a t e  1 ) .  P la t e  3 ,  
Figure 2 i nd ica t e s  t h a t  Pagosa Springs may be an area of regional discharge from 
the  Dakota Sandstone. The D a k o t a  i s  n o t  exposed in t h i s  a rea ,  suggesting 
discharge occurs t h r o u g h  f r a c t u r e s  a n d / o r  f a u l t s  i n t o  Mancos Shale and.  possibly 
the  surface.  The de l inea t ion  o f \ t h e  discharge a rea ,  however, does n o t  r e f l e c t  
accurate  measurement of hydraul ic  head on flowing wel ls  within t h i s  area.  

Adequate we1 
f a u l t  on t he  

Water Qual i t  

data  does n o t  e x i s t  t o  determine the  e f f e c t  of the  Eight Mile Mesa 
piezometric surface.  

T h e  qua l i t y  of groundwater from t h e  Dakota Sandstone i s  highly var iab le .  Much of 

t h e  water i s  very s imi l a r  t o  t h a t  of t he  Mancos Shale while some of t he  water i s  
much lower in t o t a l  dissolved s o l i d s  and  meets national drinking water s tandards.  
S u f f i c i e n t  analyses a re  n o t  ava i l ab le  t o  make any genera l iza t ion  as t o  water 
q u a l i t y  d i s t r i b u t i o n .  

Other Aquifers 

S u f f i c i e n t  data  a re  not ava i l ab le  t o  d iscuss  aqui fe rs  below the  Dakota  Sandstone. 

D R I L L I N G  P R O G R A M  

Introduct ion 

The in t en t ion  of t he  CGS t e s t  d r i l l i n g  program a t  Pagosa Springs was t o  confirm 
the  ex is tence  of a thermal r e se rvo i r  a t  depth and  t o  evaluate  the r e se rvo i r  with 
respect  t o  various hydro1 ogic cha rac t e r i  s t i  cs .  Si nce the  intended use of t he  
thermal waters was d i r e c t  app l i ca t ion  purposes, a depth l i m i t  of 2000 f t  (610 m )  
was considered t o  be the  economic l i m i t s  o f  t h i s  type o f  development. 

b 

f 
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L o c a t i n g  t h e  t e s t  w e l l  s i t e s  p r o v e d  t o  be a d i f f i c u l t  p rob lem.  G e o p h y s i c a l ,  

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

t h a t  an a n o m a l l y  d i d  e x i s t  and was r e s t r i c t e d  t o  an a r e a  o f  one s q u a r e  k i l o m e t e r ,  

c e n t e r e d  u n d e r  t h e  downtown a r e a  ( P l a t e  2 ) .  However,  t h e  m a i n  o b s t a c l e s  i n  

l o c a t i n g  a d r i l l i n g  s i t e  were l a n d  o w n e r s h i p  and p h y s i c a l  space t o  d r i l l ;  c o u n t y ,  
c i t y ,  and s c h o o l  d i s t r i c t  l a n d  p a r c e l s  were e i t h e r  t o o  s m a l l  o r  l o c a t e d  on t h e  

f r i n g e s  o f  t h e  a n o m a l l y .  Most o t h e r  l a n d  was p r i v a t e l y  owned. 

F o r t u n a t e l y ,  M r .  B i l l  Lynn,  D i s t r i c t  Water  Commiss ioner ,  C o l o r a d o  D i v i s i o n  Water  

Resources ,  owner o f  t h e  l a n d  between t h e  San Juan R i v e r  and t h e  c o u n t y  c o u r t h o u s e  

a l l o w e d  t h e  use o f  h i s  l a n d  f o r  t e s t  d r i l l i n g .  A l e g a l  agreement  was r e a c h e d  

be tween M r .  Lynn and t h e  c o u n t y ,  c i t y  and s c h o o l  d i s t r i c t  r e g a r d i n g  t h e  o w n e r s h i p  

o f  t h e  w e l l  and t h e  s a l e  and d i s t r i b u t i o n  o f  any p r o d u c e d  w a t e r .  A l t h o u g h  

e q u i  pment movement w o u l d  be somewhat d i f f i c u l t  due t o  s e v e r a l  s a t u r a t e (  a r e a s ,  

t h i s  l a n d  w o u l d  p r o v i d e  easy access  t o  t h e  r i v e r  f o r  b o t h  t h e  d i s p o s a l  and t h e  

pumping o f  w a t e r  needed i n  t h e  d r i l l i n g  program. T h i s  s i t e  a l s o  was s u f f  c i e n t l y  

c l o s e  t o  e x i s t i n g  w e l l s  t o  p e r m i t  p r e s s u r e  m o n i t o r i n g  d u r i n g  d r i l l i n g  and t e s t i n g  

phases. 

A l l  p r e l i m i n a r y  work ,  i n c l u d i n g  w e l l  d e s i g n ,  l o c a t i o n ,  p e r m i t s ,  and c o n t r a c t o r  

s e l e c t i o n ,  s t a r t e d  i n  J a n u a r y ,  1978. S i n c e  p r o j e c t  p r e l i m i n a r i e s  consumed more 

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

d r i l l i n g  was p o s t p o n e d  u n t i l  June 10, 1978. D r i l l i n g  d i f f i c u l t i e s ,  due m o s t l y  t o  

l a r g e  q u a n t i t i e s  o f  f l o w i n g  h o t  w a t e r ,  r e q u i r e d  t h e  e v e n t u a l  c u t b a c k  o f  t h e  

i n t e n d e d  p r o g r a m  and e x t e n s i o n  o f  t h e  e n t i r e  d r i l l i n g  p r o j e c t  s c h e d u l e .  D r i l l i n g  
was f i n a l l y  suspended on September 20, 1978 because o f  a l a c k  o f  f u n d s  and l i t t l e  

i n d i c a t i o n  o f  h i g h e r  t e m p e r a t u r e s  w i t h i n  t h e  t a r g e t e d  d e p t h s ,  2000 f t  ( 6 1 0  m). 

P r e d r i l l i n g  Phase 

U s i n g  U.S. Depar tment  o f  Energy  (DOE) g u i d e 1  i n e s ,  an e n v i r o n m e n t a l  r e p o r t  was 

p r e p a r e d  b y  t h e  Denver  Research  I n t i t u t e  ( K o u l e t  and A r m s t r o n g ,  1 9 7 8 ) .  T h i s  

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

o f  t h e  s i t e .  
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S p e c i  f i c a t  i ons f o r  t h e  d r i  11  i n g  p r o g r a m  were s t a r t e d  i n  e a r l y  J a n u a r y ,  1978. 

E x i s t i n g  w e l l  d a t a  and s u r f a c e  g e o l o g y  were used t o  d e t e r m i n e  e x p e c t e d  d e p t h s  t o  

t h e  v a r i o u s  f o r m a t i o n s .  The s u s p e c t e d  s u b s u r f a c e  g e o l o g y  and meager h y d r o 1  o g i c  

d a t a  were i n c o r p o r a t e d  i n  t h e  w e l l  d e s i g n s  and l o c a t i o n s .  Two s l i m  o b s e r v a t i o n  

h o l e s  were p l a n n e d ,  one 2000 f t  ( 6 1 0  m) deep, t h e  second 400 f t  (123 m) deep. The 

m a i n  t e s t  h o l e  was t o  be 2000 f t  (610 m) deep. The t h r e e  h o l e s  were t o  be l o c a t e d  

w i t h  r e s p e c t  t o  each o t h e r  so as t o  p r o v i d e  t h e  most r e l i a b l e  d a t a  d u r i n g  t h e  I 
r e s e r v o i  r t e s t i  ng phase. 

I 

I 
Because h i g h  volumes o f  t h e r m a l  w a t e r  were  e x p e c t e d ,  d i s c h a r g e  t o  t h e  San J u a n  

R i v e r  was r e q u i r e d  d u r i n g  b o t h  t h e  d r i l l i n g  and t e s t i n g  phases. T h i s  r e q u i r e d  a 

d i s c h a r g e  p e r m i t  f r o m  t h e  C o l o r a d o  D e p a r t m e n t  o f  H e a l t h .  The r e q u e s t  f o r  a p e r m i t  

was s u b m i t t e d  J a n u a r y  16, 1978 and p e r m i s s i o n  g r a n t e d  March 27, 1978. The A i r  

P o l l u t i o n  C o n t r o l  D i v i s i o n  o f  t h e  D e p a r t m e n t  o f  H e a l t h  d e t e r m i n e d  on March 20, 

1978 t h a t  a p e r m i t  was n o t  r e q u i r e d .  

I n  c o m p l i a n c e  w i t h  t h e  C o l o r a d o  Geothermal  A c t  o f  1 9 7 4 ,  a d r i l l i n g  p e r m i t  was 

r e q u i r e d  f r o m  t h e  C o l o r a d o  O i l  and G a s  Commission. A p e r m i t  a p p l i c a t i o n  was 

s u b m i t t e d  F e b r u a r y  8, 1978 and approved b y  t h e  commiss ion  March 20, 1978. P e a r l  

and o t h e r s  ( 1 9 7 8 )  d i s c u s s  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  permi  t t i  ng p r o c e s s .  

The d r i l l i n g  s p e c i f i c a t i o n s  were s u b m i t t e d  t o  15  c a p a b l e  d r i l l i n g  c o n t r a c t o r s  i n  

t h e  Rocky M o u n t a i n  r e g i o n .  O f  t h e s e ,  t h r e e  b i d s  were r e t u r n e d  w i t h i n  t h e  

s p e c i f i e d  t i m e .  The b i d s  f o r  one t e s t  w e l l  and t w o  o b s e r v a t i o n s  h o l e s ,  as s t a t e d  

above , were as f o l  1 ows : 

I 

~ 

~ 

1 )  James D r i l l i n g  Company $167,773.50 

W h e a t r i  dge , C o l o r a d o  

2 )  Layne-Western  Company, I n c .  $310,840.00 

Denver ,  C o l o r a d o  

3 )  XL D r i l l i n g  

M o n t r o s e  , C o l o r a d o  

$508,752.50 
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T h e  c a p a b i l i t i e s  o f  t h e s e  b i d d i n g  c o n t r a c t o r s  were e v a l u a t e d ,  b u t  b e c a u s e  of t h e  
b i d  s p r e a d ,  t h e  u l t i m a t e  d e c i s i o n  had t o  b e  b a s e d  on t h e  l o w e s t  b i d .  I n f d a t i o n  
and t h e  h i g h  demand f o r  r i g s  i n  t h e  Rocky Mounta in  r e g i o n  r e s u l t e d  i n  h igher  b i d s  
t h a n  e x p e c t e d .  

D r i l l i n g  P h a s e  

S i t e  P r e p a r a t i o n  

The i n t e n d e d  s i t e  ( F i g . 7  1 d i d  n o t  r e q u i r e  much p r e p a r a t i o n .  V e g e t a t i o n ,  t r a s h ,  
and l a r g e  c o n c r e t e  s l a b s  were removed and f low-lines and  mud p i t s  were dug.  
O r i g i n a l l y ,  t h e  f lowline was t o  e x t e n d  t o  t h e  San  J u a n  River, b u t  a c h a n g e  i n  
d e s i g n  p l a n s  s t o p p e d  t h e  f l o w l i n e  a b o u t  60 f t  (20  m) s h o r t ,  a l l o w i n g  t h e  w a t e r  t o  
s p r e a d ,  f a c i l i t a t i n g  the c o o l i n g  ( F i g .  7). Water r e q u i r e d  f o r  d r i l l i n g  was 
o b t a i n e d  from t h e  San  J u a n  River. 

O b s e r v a t i  on We1 1 s 

0-1 

T h i s  h o l e  was t o  be a sl im 2000 f t  (610  m )  d e e p  o b s e r v a t i o n  w e l l ,  0-1.  I n f o r m a t i o n  
g a t h e r e d  from t h e  d r i l l i n g  o f  t h i s  h o l e  would a i d  i n  f i n a l i z i n g  t h e  d e s i g n  o f  P - 1 .  

James D r i l l i n g  Company commenced d r i l l i n g  on June 1 0 ,  1 9 7 8 ,  u s i n g  a a S p e e d s t a r  
SS-22 d r i l l i n g  r i g .  L a r g e  b o u l d e r s  a n d  u n c o n s o l i d a t e d  s o i l  and s a n d  and g r a v e l  
r e q u i r e d  i n s t a l l a t i o n  of 23.8 f t  ( 7 . 4  m )  of 10 .75  i n .  c o n d u c t o r  pipe.  D r i l l i n g  
c o n t i n u e d  r a p i d l y  i n  t he  Mancos S h a l e  w i t h  a i r - m i s t  u n t i l  a b o u t  300-500 gpm o f  
56°C w a t e r  was e n c o u n t e r e d  a t  a d e p t h  of  90 f t  ( 2 8  m ) .  D r i l l i n g  c o n t i n u e d ,  u s i n g  
p r o d u c e d  w a t e r ,  t o  the  t o p  o f  the  Dakota  S a n d s t o n e ,  where 235 f t  ( 7 3 . 4  m )  of 8 . 6 2 5  
i n .  s u r f a c e  c a s i n g  was, i n s t a l l e d  and cemented .  A 10 i n .  g a t e  v a l v e  and a s i n g l e  
s t a c k  b lowout  p r e v e n t e r  ( B O P )  were i n s t a l l e d  on t h i s  c a s i n g .  

An a i r - p e r c u s s i o n  hammer*was used  t o  d r i l l  t h r o u g h  t h e  D a k o t a  S a n d s t o n e  and i n t o  
t h e  M o r r i s o n  F o r m a t i o n .  'The a v a i l a b l e  c o m p r e s s e d  a i r  was i n s u f f i c i e n t  t o  l i f t  the  
l a r g e  volumes o f  t h e r m a l  w a t e r  e n c o u n t e r e d  i n  t h e  Dakota  S a n d s t o n e  and  t o  y i e l d  
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f o o t a g e  r a t e s .  After t h e  r e p a i r  o f  t h e  on-board  c o m p r e s s o r  and t h e  a d d i t i o n  of a 
b o o s t e r ,  d r i l l i n g  r a t e s  a g a i n  improved t o  1 - 5  f t / m i n  ( .03-1 .6 /min)  and o n l y  
o c c a s i o n a l l y  a s  low a s  .2 f t / m i n  ( . 0 6  m / m i n ) .  O n  June 3 0 ,  a d e p t h  o f  780 f t  ( 2 4 0  
m) was r e a c h e d ,  b u t  upon e n t e r i n g  t he  h o l e  on J u l y  5 ,  a f t e r  a 4-day  b r e a k ,  t h e  
maximum d e p t h  a c h i e v e d  was 640 f t  ( 2 0 0  m ) .  S e v e r e  c a v i n g  was o c c u r r i n g  be tween 580 
f t  (181 m )  and about-.700 f t  ( 2 1 9  m ) .  After n e a r l y  1 2  h o u r s  a l l  a t t e m p t s  t o  blow 
c a v i n g  m a t e r i a l  f rom the  h o l e  f a i l e d ,  and t he re  was no f u r t h e r  r e c o u r s e  b u t  t o  
abandon 0-1.  Mud c o u l d  n o t  be used  b e c a u s e  o f  t h e  r e l a t i v e l y  h i g h  pressure and 
h i g h  volume t h e r m a l  w a t e r  a t  such s h a l l o w  d e p t h s .  C a s i n g  c o u l d  n o t  be i n s t a l l e d  
b e c a u s e  t he  h o l e  d i a m e t e r  would then be t o o  s m a l l  t o  p r o c e e d  t o  2000 f t  ( 6 1 0  m ) .  

I n s t e a d  of c o m p l e t e l y  a b a n d o n i n g  0 - 1 ,  i t  was d e c i d e d  t o  d e s i g n a t e  i t  0-2 ( F i g .  7 ) ,  
t h e  s h a l l o w  o b s e r v a t i o n  w e l l ,  and p r o c e e d  w i t h  t h e  l a r g e  d i a m e t e r  well ( P - 1 ) ,  
where h o p e f u l l y  t h e  c a v i n g  c o u l d  be h a n d l e d .  The o p t i o n  t o  d r i l l  0-1 
r e s e r v e d ,  d e p e n d e n t  on t he  successful  d r i l l i n g  o f  P - 1  and  f u n d s  r e m a i n  

P - 1  

O n  J u l y  26 ,  1 9 7 8 ,  12 f t  ( 3 . 7 5  m )  o f  22 i n .  c u l v e r t  was i n s t a l l e d  

a t e r  was 

ng 

t o  a v o i d  
p o t e n t  i a1 p r o b l  ems w i t h  unconsol  i d a t e d  g r a v e l  s and boul  d e r s  r e s t i  ng on t h e  Mancos 
S h a l e .  D r i l l i n g  s t a r t e d  J u l y  29 w i t h  a 20 i n .  r o t a r y  b i t .  T h i r t y - f i v e  f e e t  (10 .9  

m )  o f  1 6  i n .  c o n d u c t o r  pipe was i n s t a l l e d  and c e m e n t e d .  When d r i l l i n g  resumed 
a g a i n  on Augus t  1 5 ,  heavy  c o l l a r s ,  a r e a m e r ,  and s t a b i l i z e r  were added  t o  a v o i d  
some of t h e  p r o b l e m s  e n c o u n t e r e d  i n  0-2.  I t  was i n t e n d e d  t o  d r i l l  t h r o u g h  t h e  
c a v i n g  zone  i n  the  M o r r i s b n  F o r m a t i o n ,  c a s e ,  and c o n t i n u e  down t o  t h e  P r e c a m b r i a n  
b a s e m e n t .  However, a t  a d e p t h  o f  250 f t  ( 7 8  m ) ,  a s m a l l - d i s p l a c e m e n t  f a u l t  was 
e n c o u n t e r e d  w h i c h  y i e l d e d  be tween 1500-2000 gpm o f  60°C w a t e r  t o  t h e  s u r f a c e .  
T h i s  f l o w  had such a d r a s t i c  e f f e c t  on e x i s t i n g  wel ls  and t h e  s p r i n g  t h a t  t h e  
w e l l  had t o  be c a s e d  a s  soon  a s  p o s s i b l e ,  p r e c l u d i n g  any  t e s t i n g .  C a s i n g  ( 1 2 . 6 2 5  
i n . )  was r u n  f r o m  the  s u r f a c e  t o  a d e p t h  of 265 f t  (83 m )  ( t h e  i n t e r v a l  between 
265 f t  [83 m] and 3 0 8  f t  [96 m] f i l l e d  w i t h  d e b r i s  f r o m  t h e  f a u l t  z o n e )  and  
cemented .  

After d r i l l i n g  t h r o u g h  the  same c a v i n g  z o n e  a s  e n c o u n t e r e d  i n  0 - 2 ,  t h e  h o l e  was 
c a s e d  w i t h  571 f t  ( 1 7 8  m)  of 8.875 i n .  c a s i n g  and c e m e n t e d .  A 7 .875 i n .  h o l e  was 
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Figure 8 - Well Completion Diagrams of Wells 0 - 2 and P - 1 
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d r i l l e d  t o  t h e  t o p  o f  t h e  P r e c a m b r i a n  a t  1371 f t  ( 4 2 8  m )  where a n o t h e r  l a r g e  f l o w ,  
1000-1500 gpm a t  45"C;was encountered .  A b a c k - o f f  t o o l  was used t o  i n s t a l l  6.625 
i n .  c a s i n g  f r o m  t h e  Precambr ' ian basement t o  w i t h i n  30 f t  ( 9  m) o f  t h e  s u r f a c e  

( F i g .  8). A f t e r  cement ing ,  a 6 i n .  a i r -hammer was used t o  d r i l l  t o  1475 f t  ( 4 6 1  
rn) i n  c r y s t a l l i n e  r o c k .  

A 6 i n .  d iamond c o r e  b i - t  was worn o u t  i n  l e s s  t h a n  1 f t  i n  an a t t e m p t  t o  c o r e  f r o m  

1,475 f t  ( 4 6 1  m )  because o f  a t i g h t  h o l e  and s l i g h t  d o g - l e g s .  A 5.5 i n .  d iamond 
c o r e  b i t  was used f r o m  1475-1483 f t  (461-463 m ) ,  where e i t h e r  as a r e s u l t  o f  p o o r  

b i t  d e s i g n  a n d / o r  f r a c t u r e s ,  a l l  t h e  diamonds around a l i p  on t h e  c i r c u m f e r e n c e  of  

t h e  b i t  were worn o f f ,  c a u s i n g  t h e  a i r  sys tem t o  p r e s s u r e - u p .  C o r i n g  was 

t e r m i n a t e d  a t  1483 f t  (463 m ) .  Core r e c o v e r y  o f  o n l y  a b o u t  75% was p r o b a b l y  due 

t o  t h e  i n t e n s e  f r a c t u r i n g .  

A s e r i e s  o f  t e m p e r a t u r e  sur'ireys r u n  u n d e r  f l o w i n g  c o n d i t i o n s ,  d i d  n o t  r e v e a l  any 
i n c r e a s e s  i n  b o t t o m - h o l e  t e m p e r a t u r e s .  . I n  l i g h t  o f  t h e  l o w e r  t e m p e r a t u r e s  (45"C) ,  

l a t e n e s s  of t h e  season ( p e o p l e  were s t a r t i n g  t o  depend on t h e i r  w e l l s  f o r  h e a t ) ,  

and t h e  l a c k  of funds,  i t  was d e c i d e d  t o  t e r m i n a t e  t h e  d r i l l i n g  on September 20, 

1978. 

Subsequent  t e m p e r a t u r e  s u r v e y s  r u n  i n  November, 1978, u n d e r  s h u t - i n  cond 

n o t  show any e l e v a t e d  t e m p e r a t u r e s  ( F i g .  1 3 ) .  
t i o n s  d i d  

Prob lems 

One of t h e  most d i f f i c u l t  and e x p e n s i v e  p r o b l e m s  was c e m e n t i n g  t h e  v a r i o u s  c a s i n g  
s t r i n g s .  Hal  i b u r t o n  I n c .  p r o v i d e d -  c e m e n t i n g  s e r v i c e s  t h r o u g h o u t  t h e  p r o j e c t .  

A f t e r  t h e  f i r s t  t w o  a t t e m p t s  a t  200 sacks  each c o m p l e t e l y  washed o u t  a f  t h e  h o l e ,  

a " h o t "  (CaC1) ,* w e i g h t e d  cement was used a f t e r  c o o l i n g '  t h e  ' h o l e  w i t h  r i v e r  w a t e r  

f o r  s e v e r a l  h o u r s .  

The cement p r o b l e m s  were n e v e r  r e a l l y  s o l v e d  b u t  were m i n i m i z e d  'by  a p r o c e d u r e  

d e v e l  oped b y  M r .  L o y d  Fr*anzen ( s e e  Recommendat ions) . B o t h  cGment o v e r r u n s ,  w h i c h  

were t y p i c a l l y " 1 0 0 - 4 0 0 % ,  and,  e x t r a  r i g  t i m e  amounted ' t o  a  significant c o s t  

i n c r e a s e  ( s e e  Cost  Anal  y i i  s )  . 

-. 
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1 

d Another .problem encountered d u r i n g  the  l a t t e r  p a r t  of the  project  was cement which 
would n o t  s e t  properly. H a l i b u r t o n  
attempted w i t h o u t  much success t o  l oca t e  a b e t t e r  source of cement. . 

Large volumes of flowing thermal water created numerous problems. Before the  BOP 
a n d  r o t a t i n g  head were i n s t a l l e d ,  wash o u t s  a r o u n d  t he  r i g  a n d  burns t o  the  
d r i l l e r  and  helpers  were time consuming a n d  annoying, respec t ive ly .  Steam on cold 
morn ings ,  hydrogen s u l f i d e  gas,  corrosion of metal p a r t s ,  b a k i n g  of l u b r i c a t i o n  
from various threaded j o i n t s  a l l  contr ibuted t o  t he  j o b  d i f f i c u l t y .  O n  several  
occasions,  high f l o w s .  increased the  a i r  demand s u f f i c i e n t l y  t o  requi re  t h e  
addi t ion of more compressors a n d  a booster.  

The re1 a t i  vely h i  gh  water pressure a t  such sha l l  ow depths hindered cementi n g ,  
casing i n s t a l l a t i o n ,  and the  a b i l i t y  t o  shut the  well i n ,  pr ior  t o , t h e  BOP a n d  
valve i n s t a l l a t i o n .  

This was a t t r i b u t e d  t o  poor  qua l i t y  cement. 

Equipment f a i l u r e s  a re  common t o  any d r i l l i n g  program and a f a i r  share  of  
equipment breakdown occurred during t h e  d r i l l i n g  of these two holes.  Some of t he  
breakdowns can be a t t r i b u t e d  t o  t he  d i f f i c u l t  d r i l l i n g  condi t ions.  

D i f f i c u l t  hole condi t ions ,  such a s  f r ac tu red  zones, very h a r d ,  s i l i c i f i e d  
sandstones,  and caving contr ibuted s i g n i f i c a n t l y  t o  increased d r i l l i n g  time and 
equipment f a i  1 ures.  

Recommendations 

The procedure developed by Mr. Loyd Franzen, involves s taging t h e  cement r a t h e r  
t h a n  i n j ec t ing  a ca lcu la ted  amount plus a l a rge  overrun. I t  was found t h a t  a 
smaller  amoun t  of cement was required i f  i t  were pumped i n t o  the  well i n  s t ages ,  

I f  t he  
" h o t "  cement was pumped t h r o u g h  a s  slowly as poss ib le ,  f r a c t u r e s  wou ld  be f i l l e d ,  
with some los s  a t  the  surface.  I t  i s  not k n o w n  whether each s tage  reduced the  
t o t a l  water flow, b u t  t h e  s t a g i n g  method seemed t o  allow the  f i n a l  cement 
i n j e c t i o n  t o  s t o p  t he  f l o w  e a s i e r  t h a n  one or  two la rge  in j ec t ions  of cement, 
while using l e s s  t o t a l  cement. 

allowing each s tage  adequate time t o  s e t  p r io r  t o  i n j e c t i n g  the  next s tage.  1 

r 
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This procedure may be a s i g n i f i c a n t  cont r ibu t ion  t o  work under f r ac tu red  rock a n d  
flowing water condi t ions.  The method, however, should be t e s t e d  under more 
q u a n t i t a t i v e l y  cont ro l led  condi t ions t o  more f u l l y  evaluate  the  procedure. 

The use of a l a r g e r  r i g  may have eliminated much of the  t ime-loss  due t o  wash-out 
beneath the  t i r e s  of the  Speedstar SS-22 r i g .  Wash-outs would s t i l l  occur,  b u t  
would have l i t t l e  a f f e c t  on a l a rge r  r ig .  Also, a l a rge r  r i g  would have 
f a c i l i t a t e d  the i n s t a l l a t i o n ,  a n d  in several  ca ses ,  the  r epa i r  of t h e  BOP and  
1 arge diameter val ve. 

Cost Analysis 

The maximum contracted amount f o r  t he  completion o f  t h r e e  wel l s ,  two a t  2000 f t  
( 6 1 0  m )  a n d  one a t  400 f t  (122  m )  deep, was $167,773.50. This f i g u r e  was 
pr imari ly  based on various footage r a t e s  f o r  d r i l l i n g  and  casing i n s t a l l a t i o n .  

Despite the p a r t i a l  completion of t he  pro jec t  ( P - 1  t o  1483 f t : ,  0-2 t o  780  ft.), 
t h e  t o t a l  amount expended, excluding d i r e c t  borehole.geophysica1 logging cos ts ,  
was $163,588.82. 

The major  cost  ca tegor ies  and  percentages o f  t he  t o t a l  a r e  given below. The 
numerator i s  the  actual amoun t  spent and  the  denominator i s  t he  amount  a t t r i b u t e d  
t o  d r i l l i n g  problems, as discussed above. 

Percentage of 
cos t  Total Cos t  

Mobilization and  Demobilization $ 10,000 6.1% 

Direct  D r i l l i n g  Costs 7 1  774 
815,089 

43.9% 

Casi  n g ,  Cement, We1 1 head 
Equi pment $ 72,454.82 44.3% 

8 26,511.60 

Cori ng  $ 8,190.00 5.0% 

Geophysical Logging ( S t a n d b y  Time) $ 1,170.00 0.7% 

/ ,830.00 

Total Spent $163,588.82 - 100%. 
5 .  Total Spent Due t o  

Problems ( a s  discussed above) $ 49,430.60 30% 
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TESTiNG 

cl The t e s t i n g  phase of the  pro jec t  can be divided 
c o l l e c t i o n  and ana lys i s  and  2 )  i n s i t u  t e s t i n g .  
i ncl udes the  fo l  1 owi n g  : 

Sampl e Col 1 e c t  i on 
1. d r i l l  c u t t i n g s  

2 .  core 

3. water 

n t o  two ca tegor ies :  1 )  sample 
Sample col 1 e c t i  on and analysi  s 

Analysis 
Thi n sec t  i o n ,  X-ray, 
some f l u i d  incl usion 

Thin s e c t i o n ,  X-ray, 
f l u i d  inc lus ion ,  and  age da te  

S t a n d a r d  ana lys i s .  t r a c e  
elements, t r i t i u m ,  and 
018/D 

I n s i t u  t e s t i n g  . 

1. r e se rvo i r  t e s t i n g  ( aqu i f e r  t e s t s )  
2 .  d r i l l  stem t e s t i n g  
3 .  pressure monitoring of e x i s t i n g  wel ls  
4. semi-continuous monitoring of temperature,  pH, conduct iv i ty ,  

and  discharge 
5. borehol e geophysi c s  

All of the  items under sample c o l l e c t i o n  a n d  ana lys i s  have been performed. 
However, f o r  several  reasons,  as wil l  be discussed,  some items under i n s i t u  
t e s t i n g  were e i t h e r  deleted or postponed. 

Sample Collect ion and Analysis 

Dr i l l  Cut t ings and Core 

Dri 11 c u t t i n g s  and  core were col 1 ected a n d  described during d r i  11 i ng .  Because 
d e t a i l e d  desc r ip t ions  were performed in the  labora tory  (Tables 13 a n d  1 4 ) ,  t he  
f i e l d  desc r ip t ions  wil l  n o t  be reported and  a r e  on f i l e  with CGS. Dr i l l  c u t t i n g s  
were co l l ec t ed  every 20 f t  ( 6  m )  and  more f requent ly  when required by l i t h o l o g i c  
changes. Approximately 8 f t  (2.5 rn) of core were recovered from a depth of 1 4 7 5  
t o  1483 f t  (450 t o  452 m ) .  
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S t a n d a r d  A n a l y s e s  

Water samples f o r  t h e  s t a n d a r d  a n a l y s e s  were c o l l e c t e d  i n  a c c o r d a n c e  w i t h  methods 

o u t l i n e d  b y  t h e  U.S. G e o l o g i c a l  Survey.  V a r i o u s  a q u i f e r s  t h a t  were e n c o u n t e r e d  i n  

b o t h  P - 1  and 0-2 were sampled a f t e r  i s o l a t i o n  b y  c a s i n g  ( T a b l e  8 ) .  

The a n a l y s e s  o f  w a t e r  f r o m  P - 1  and 0-2 t e s t  w e l l s  a r e  s u r p r i s i n g l y  s i m i l a r  t o  

a n a l y s e s  o f  e x i s t i n g  s h a l l o w  w e l l s  and s p r i n g s ,  l i s t e d  i n  T a b l e s  3 and 5. The 

t o t a l  d i s s o l v e d  s o l i d s  o f  w a t e r s  i s s u i n g  f r o m  t h e  basement and t h e  s h a l l o w  

a q u i f e r s  and h o t  s p r i n g s  do n o t  v a r y  b y  more t h a n  200 m g / l .  T h e r e  a r e ,  however,  

s l i g h t  d i f f e r e n c e s  i n  w a t e r  c h e m i s t r y  between t h e s e  zones. When t h e  a n a l y s e s  a r e  
p l o t t e d  on a t r i l i n e a r  d iagram,  t h e  d a t a  p o i n t s  l i e  a l o n g  a l i n e a r  t r e n d  i n  t h e  

diamond f i e l d  ( F i g .  9 ) .  T h i s  i n d i c a t e s  t h a t  one s o u r c e  o f  w a t e r  undergoes  base 

exchange w i t h  v a r i o u s  c l a y s ,  e x c h a n g i n g  sodium f o r  c a l c i u m  as t h e  w a t e r  ascends 

t h r o u g h  v a r i o u s  a q u i f e r s ,  w h i l e  m a i n t a i n i n g  t h e  same t o t a l  d i s s o l v e d  s o l i d  

c o n c e n t r a t i o n .  P o i n t s  1, 4, and 8, a r e  a n a l y s e s  o f  w a t e r  f r o m  t h e  basement r o c k s  

and i n d i c a t e  a c a l c i u m  s u l f a t e  w a t e r  t y p e .  

P o i n t s  2, 3 ,  5, 6 and 7 on F i g u r e  9 a r e  a sodium s u l f a t e  w a t e r  and a r e  f r o m  t h e  

s h a l l o w  a q u i f e r s  and t h e  h o t  s p r i n g s .  T h e r e  i s  a s l i g h t  d e c r e a s e  i n  s u l f a t e  and 

i n c r e a s e  i n  b i c a r b o n a t e  as t h e  w a t e r  ascends,  b u t  i s  y e t  u n e x p l a i n e d  ( F i g .  9 ). 
P o i n t s  9, 10,  and 11 a r e  a n a l y s e s  o f  n o n t h e r m a l  w a t e r  f r o m  t h e  D a k o t a  Sandstone,  

Mancos, and L e w i s  s h a l e s ,  r e s p e c t i v e l y .  The v a l i d i t y  o f  number 10, however,  i s  

u n c e r t a i n .  Number 12  i s  a sample f r o m  t h e  San Juan R i v e r  n e a r  Pagosa S p r i n g s  and 
has l e s s  t h a n  100 mg/ l  t o t a l  d i s s o l v e d  s o l i d s .  

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

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

f o u n d  i n  a l l  t h e  t h e r m a l  w a t e r  samples (Hem, 1 9 7 0 )  ( T a b l e  8 ) .  The c o n c e n t r a t i o n s  

o f  t h e s e  same c o n s t i t u e n b s  a r e  much l o w e r  o r  do n o t  o c c u r  i n  a n a l y s e s  of l o c a l  

g roundwater .  The h i g h  c o n c e n t r a t i o n s  o f  l e a d  may be a s s o c i a t e d  w i t h  t h e  v a r i o u s  

r e d u c e d  s u l f i d e  s p e c i e s ,  b u t  t h e  u l t i m a t e  s o u r c e  w i t h i n  t h i s  sys tem i s  unknown. 
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E x p l a n a t i o n  f o r  Figure 9 ,  T r i l  i n e a r  Diagram o f  W a t e r s  f rom 
t h e  Pagosa  S p r i n g s  Area 

Sample  Numbers L o c a t i o n  

J 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
1 2  

P - 1 ,  1375-1475 f t  ( P C )  
P - 1 ,  250-585 f t  (Kd,  Jm) 
0 - 2 ,  230-572 f t  (Kd and Jm) 

P - 1 ,  580-1371 f t  (Kd t h r o u g h  P C )  
S p r i n g  Vent A (ma in  s p r i n g )  
C o u r t h o u s e  Well ( 1 3 C A D C 1 )  85-90  f t  
Spa Motel Well (13CBCD1) (Km?, Kd, Jm) 
Eof f  Well 1313-1327 f t  ( P C )  399 f t  (Kd)  
T a c k e t t  Well (34NOlW8DBA) 388 f t  (Kd)  
T a c k e t t  Well (34NOlW8DBA) 263  f t  ( K m )  
Ebel i ng We1 1 (34N03W22CBC) ( K 1  ) 
Middl e Fork  P i e d r a  River n e a r  

Pagosa  S p r i n g s  ( 0 9 3 4 7 2 0 0 )  
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TABLE 8. Chemica l  A n a l y s e s  o f  Therma l  Wate rs  f r o m  t h e  C G S  T e s t  W e l l s  

- CONCENTRATIONS (Mg/L)  
W e l l  Number 0-2 P - 1  P - 1  P - 1  

CONSTITUENTS D e p t h  of Sample 230-572 f t  250-585 f t  580-1371 f t  1375-1475 f t  

As 

B i c a r b o n a t e ,  as CaCO 
3 

B i  

B r  
B 

Ca 

Carbon  

A1 k a l  i n i t y ,  T o t a l ,  as CaCO 500 
A l k a l i n i t y ,  P h e n o l ,  as CaCO LT 5 

3 
3 

LT  0.01 

t e ,  as CaCO 
3 

c1 
F 

H a r d n e s s  as  CaCO 

Fe 
Pb 

3 

L i  

Mn 

* Mg 

Hg 
NO 

P,  T o t a l  

K 

3 

S i l i c a ,  as S i 0  

Na 

S o l  i d s ,  d i  s s o l  ved  

so 
Zn 

2 

4 

LT: l e s s  t h a n  

500 
0.19 

LT  0.1 

390 

LT 5 
100 

1 . 7  

1080 
58  

0 .08  
2 . 1  
0 .78 

39 

LT  0.0002 

LT 0.01 
0.9 

65 

18 .0  
600 

3400 

1770 
0.08 

46 

540 
LT 5 

0.14 
540 

0.17 

LT 0.1 

340 

LT  5 
120 

1 .4  

864 
0 .8  
0.06 
2.4 
0.37 

35 

LT  0.0002 

LT 0.01 
0.1 

7 1  

20.7 
640 

3430 

1720 
0.03 

310 
LT 5 0 

0.01 
310 

LT 0.1 

0.15 
580 

LT 5 
50 

2.6 

1550 
2.5 
0.06 , 

1 . 2  
0.11 

47 

LT 0.0002 

0.7 
LT 0.2 
44 

40 
360 

3690 

1990 
0.02 

.i 
270 

LT 5 
0.02 

270 
LT 0.1 

0.15 
565 

LT  5 
91 

2.3 

1580 
2.5 
0.08 
1.1 
0.13 

42 

LT  0.0002 

0.7 
LT 0.2 
42 

46 
340 

3600 

1860 
0.02 



Oxygen-it3 and  Ileuteri  um 

TWO i so top ic  determinat ions f o r  oxygen 18 ani, deuterium were done on t h e  thermal 
water from the  t e s t  wel ls .  The determinat ions fo r  b o t h  t he  shallow water a n d  the  
water i s su ing  from the  Precambrian basement were near ly  iden t i ca l  (Table 9 ) .  

T A B L E  9. S tab le  Isotope Rat io  Analyses 

P - 1 ,  571-1068' -101 -13.7 
P - 1 ,  1375-1475" -99 -13.9 
estimated e r r o r  i s  +2 o /oo  

I 

I f  values a re  p lo t ted  on a g r a p h ,  where 0 l 8  i s  the  abscissa  and  D i s  t he  
o rd ina te ,  points  f a l l  on the  t rend of meteoric and  s l i g h t l y  heated groundwaters, 
as defined by Craig (1965)  ind ica t ing  these  waters a re  o f  meteoric o r ig in .  

Tri t i  u m  Anal vses 

The r e s u l t s  of t r i t i u m  ana lys is  of a l l  samples from P - 1  a n d  0-2 show the  waters t o  
be "dead" with respect  t o  t r i t i u m .  This implies an age of 25  years  or g rea t e r  ( G .  
W .  Gross, wr i t t en  comm., March, 1 9 7 9 ) .  These analyses d o  n o t  r u l e  o u t  t h e  
p o s s i b i l i t y  of mixing young water with l a rge  q u a n t i t i e s  of old water. 

Reservoir C h a r a c t e r i s t i c s  

A s i x  t o  ten day r e se rvo i r  t e s t  was t o  be run w h e n  d r i l l i n g  was completed. The 
t e s t  was t o  include the  monitoring of several  r ep resen ta t ive  h o t  wel l s ,  0 - 2 ,  a n d  
t he  pumping well P - 1 .  Unfortynately,  because of t he  d i s rup t ive  nature  of flows 
from the  upper port ion of the  hole ,  only one shor t  t e s t  during d r i l l i n g  a t  t he  

90-100 f t  (28-31 m )  level was r u n .  The m a j o r  t e s t  of t he  Precambrian basement was 
postponed unt i l  summer 1 9 7 9  due t o  the  l a t eness  o f  t he  season (September 2 0 ) .  The 
use of ex i s t ing  h o t  wel ls  by the  owners f o r  space heating precluded t h e i r  being 
used as observation wel ls  and  would introduce se r ious  e r r o r s  because of 
cummul a t  i ve d r a w d o w n .  
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Aquifer Test  

The courthouse well (13CADC1), completed in the  Mancos Shale ,  and  0 - 2 ,  comp eted 
in  the  D a k o t a  Sandstone and  Morrison F o r m a t i o n  were used as observation wel ls  f o r  
"pumping" from P - 1  (Fig.  7 ) .  The uppermost h o t  water zone, in t h 2  Mancos Shale ,  
was t e s t e d  by a i r - d r i l l i n g  i n t o  a n d  t h r o u g h  the  producing zone. Thts procedure 
may have r e su l t ed  in some e r r o r s  because f u l l  pene t ra t ion  of t he  zone was n o t  
ins tantaneous ,, b u t  r a t h e r  duci n g  a several  minute period. Because discharge 
varied considerably,  due t o  b o t h  d r i l l i n g  operat ions and  a pressure d r o p  within 
the  aqui fe r  adjacent t o  the  hole ,  discharge was monitored along with t h e  pressure  
in the  observation wel ls .  

I n  Figure 1 0 , t h e  drawdown in psi divided by discharge in  gpm i s  p lo t ted  versus 
time on '  semi-log pa'per f o r  t he  Courthouse well .  The semi-log plot  shows some 
s c a t t e r i n g  of d a t a  which i s  probably due t o  e r r o r s  in reading the  pressure guage 
and  f l  uctuat ions in discharge because of of  d r i  11 i n g  operat ions.  Figure 10 shows a 
general f l a t t e n i n g  of the  curve a n d  t he re fo re  increases  in T values with respect  
t o  time from 5400 t o  24 ,000  gpd/ f t  (Table 1 0 ) .  However, a f t e r  50-60 minutes of  
"pumping" the  curve s teepens a n d  t he  t r ansmiss iv i ty  decreases t o  8000 gpd/ f t .  The 
in f l ex ions  probably represent  various boundary condi t ions ,  speci f i cal l y  
interconnected f r a c t u r e s ,  each with i t s  own 
s t o r a t i  v i t y  Val ues cal cul ated from the  semi-1 o 

10-3. 

The s t r a i g h t l i n e  method of ana lys i s  ( F i g .  10) 

t h a n  .01 ( L o h m a n ,  1 9 7 2 ) ,  where 

hydraul i c cha rac t e r i  s t i  cs .  . T h e  
plot  range from .15 x 10-3 t o  6 

s i nva l id  f o r  valves of u g r ea t e r  

u = - -  r 2 S  r = radius  t o  pumped well 
4 T t  S = S t o r a t i v i t y  

T = Transmisivi ty  
t = time (days)  

Since t i s  genera l ly  the  only va r i ab le  which can be con t ro l l ed  in a n  aqui fe r  t e s t ,  
t he  u' value i s  m o s t  dependent on time o r  length of t he  t e s t .  Assuming reasonable 

I 
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. . I  . .. . 
values of T .e ani S ,  t h e  u, c a l cu la t ed  , _  w*ith r a n d  ue-s from t h u s  _. t e s t  , s " l e s s  
t h a n  -01 a n d  i t ' i s  t h e r e f o r e  va l id  t o  use t h e  s t r a i g h t l i n e  or Aron-Scott method 

a n  and  de Ridder, 1 9 7 0 ) .  r 

i 

Figure' 11 i s  a log-log p lo t  of drawdown versus time f o r  b o t  observat i on we1 1 s 
Theis a n d  Hantush-Jacob methods were used t o  c a l c u l a t e  T nd S values ,  which a r e  
summarized in Table 10. The Theis values f o r  T a n d  S r t h e  courthouse we1 1 

-5 -7 ' 
t o  1.3 x '10 ge f rom 2400 t o  8400 GPD/ft and  1.1 x 1 0  

u e s - f o r  0-2 a r e  54,000 GPD/ft a n d  8.3 x 1 0  . A singl'e v a  ue cal cul ated by 
-, r e spec t ive ly .  

-3 

Ha{ntush-Jacob method i s  600 GPD/ft. 

1 f a c t o r s  reduce t h e  confidence in  t h e  accuracy of the- ca lcu la ted  T a n d  S 

values.  The t e s t  condi t ions ,  as  discussed above, a r e  a source of cons ide rab le  
e r r o r .  In addi t ion , -  t h e  accuracy of ca l cu la t ed  values i s  dependent upon t h e  

cep t s  of t h e  aqu i f e r  system. 

r e  i s  a considerable  range i n  values between t h e  t h r e e  methods of analy 
T values ca l cu la t ed  .by t h e  Theis method a re  comparable t o  those of * I  

n-Scott method, b u t  t h e  Theis S values a r e  a t  l e a s t  2 o rders  of magnitude 
er. '  Confined a q u  ' f e r s  genera l ly .  have S values of 10 t o  l o m 5 .  The -' 

tush-Jacob T'value of 600 GPD/ft i s  s i g n i f i c a n t l y  lower t h a n  any of t h e  o ther  

i 

- 4  

drawdown was observed in  o the r  aqu i f e r s  during t h e  t e s t  (Fig.  11)  a n d  a 
h degree of hydrologic interconnect ion was-noted during d r i l l i n g ;  t h e  r e s u l t s  
the- t e s t  a r e  d i f f i c u l t  t o  i n t e r p r e t .  I f  t h e  in t e rconnec t iv i ty  reponds a s  a 

leaky confined a q u i f e r ,  then t h e  Hantush-Jacob T value i s  t h e  most va l id .  
ever ,  i f  t h e  f a u l t  system which in te rconnec ts  t h e  var ious aqu i f e r s  i s  extremely 

pervasive,  t h e  f r a c t u r e  system would respond as a s i n g l e  an i so t rop ic  confined 
aqui f e r .  

. .  ~. . . . . .  . . _ . .  . . .  
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Figure 11 - Time - Drawdown Curves [ log - log I of Observation Wells 



U n f o r t u n a t e l y ,  t h e  s , , n p l  i c  
q u a n t i f i c a t i o n  of  t h i s  - s y s t e m .  

t y  o f  t h i s  t e s t  d o e s  n o t  a l l o w  f 

A r o n - S c o t t  

T = 264 

[ S W / Q )  

S = . 3 T . ( t / r 2  ) w o  

Thei s 

T = 114.6 ( Q )  w ( u )  
S 

S = T t u  
1 .87r '  

H a n t u s h - J a c o b  

T = Q L ( u , v )  
4 S 

E q u a t i o n s  used f o r  A n a l y s e s  

Where: 

r f u r t h e r  

T = T r a n s m i s s i v i t y  ( G P D / f t )  

S = S t o r a t i v i t y  . 

( 0  i mens i on1 e s s 1 

Q = Flow R a t e  ( G P M )  

s = Drawdown ( f t )  
W = r a d i u s  o f  w e l l  ( f t )  

r = d i s t a n c e  t o  pumped 
w e l l  ( f t )  

t = t i m e  ( d a y s )  
w ( u )  = w e l l  f u n c t i o n  of  u 
u = r 2 S / 4 T t  

= L e a k a n c e  f u n c t i o n  
o f  u and v 

S = 4T - t / r 2  
1 / U  
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Temperature, pH, Conductivity,  and  Discharge 

Tables 11 a n d  1 2  summarize temperature,  pH, conduct iv i ty ,  a n d  flow d a t a  c o l l e c t e d  
during d r i l l n g  from 0-2 a n d  P - 1 ,  r e spec t ive ly .  B o t h  temperature a n d  conduct iv i ty  
reach a peak in  t h e  D a k o t a  Sandstone a n d  show a gradual decrease with depth. pH 
did n o t  vary by more t h a n  a few t en ths  of  a un i t .  Flow d a t a  l i s t e d  in  Tables 11 
a n d  1 2  a r e  cumulative,  except when casing was s e t .  The 40% increase  in  flow a t  
1370 f t  (418 m )  in P - 1  was due t o  poss ib le  downhole f r a c t u r i n g .  
mud was used t o  s t o p  flow f o r  casing a n d  cementing, b u t  was ins tead  taken u p  by 
u n k n o w n  formations as t he  mud was pumped i n t o  t h e  hole under pressure.  When 
pressure was re leased  a t  t he  sur face  a n d  t he  well was allowed t o  flow again,  mud 
was washed from the  hole and  flow h a d  s i g n i f i c a n t l y  increased.  

A heavy ( b a r i t e )  . 

Borehole Geophysics 

I t  was intended t h a t  t he  e n t i r e  hole be geophysically logged, b u t  because of high 
flows an3 associated problems, t h e  upper 571 f t  ( 1 7 4  m) were cased p r i o r  t o  
logging. Selected commercial logs a r e  presented in Figure 12 .  The complete 
o r ig ina l  s u i t e  of logs a r e  o n  f i l e  with CGS. I n  addi t ion  t o  t he  commercial logs ,  
temperature logs were measured on ‘several  occassions,  using CGS equipment. 
Selected temperature logs a r e  reported in  Figure 13. 

Commerci a1 Logs 

Cal iper  Log:  The c a l i p e r  log shows t h e  hole t o  be r e l a t i v e l y  smooth walled and  
f r e e  of w a s h - o u t s  (Fig.  1 2 ) .  This i s  probably due more t o  d r i l l  ing equi pment used 
r a t h e r  t h a n  t h e  l i t ho logy .  Because o f  problems encountered in 0-2 a n d  t he  upper 
port ions of P - 1 ,  i t  was decided t o  use a reamer a n d  s t a b i l i z e r  f o r  t h e  remainder 
of P-1 .  

The m a j o r  exceptions t o  t he  hole uniformity a r e  t h e  l a r g e  washout  beneath t h e  
casing a t  571 f t  ( 1 7 4  m) and  a s l i g h t  ledge a t  1250 f t  (380 m ) .  The water 
producing z moderately we1 1 with s indicated by t h e  
c a l i p e r  log (Fig.  12 ) .  

I , - .  
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260 340 467 514 650 898 1400 

Figure 12 - Geophysical Logs of P - 1  
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T A B L E  10 .  C a l c u l a t e d  V a l u e s  of T r a n s m i s s i v i t y  a n d  S t o r a t i v i t y  

O b s e r v a t i o n  
Method Hole Cour thouse  0-2 
of A n a l y s i s  T ( g p d / f t )  S T ( g p d / f t )  S 

Aron-Sco t t  T1= 5400 S 1 = . 1 5 ~ 1 0 - ~  
T2=11,500 S =6 3 O j 3  T3=24,000 S 2=. 3 x f b -  

Thei s 
55,000 8 . 3 ~ 1 0 - 3  

T2=8 ,400 S 2 = 1 . 3 ~ 1 0 ' ~  
Hant u s h -  J acob  600 8x10-5 

I .  

T A B L E  11. Summary T a b l e  of P h y s i c a l  P a r a m e t e r s  from 0-2  

DEPTH ( f t )  TEMP. CONDUCT1 VITY FLOW 
(mmhos) P h  (gpm) COMMENTS ( f t )  ( " C )  

8 5  
90 

105  

120  
180 
235 
237 
244 
256 
264 
284 
304 
324 
344 
364 
384 

424 
444 
464 
464 
504 
524 
544 
564 
604 
624 
644 
664 
704 
724 

7 80 

25 
56 
56 

56 
56 
56 
50 

55  

55 
55 

54 

55 

53  
53  
53  
55 

52 

52 

52 

50 

3150 
4100 
3900 

3900 
4100 
4100 
3900 

4700 

4600 
4200 

4500 

4400 
4300 

3950 

3900 

3700 

3550 

8 . 9  
6 .5 
6.0 

6.3 
6.4 
6 .4  
6.5 

6 .3  

6.4 
6.6 

6 .5  

6 .3  
6.4 

6.0 

6 .3  

6 .5  

6 .1  

57 

20 
305 

30 
70 

120  
100 

85  
100 
190 
100  
105 
150 

20 0 
200 
290 
2 90 
2 90 
470 
47 0 
470 
470 
470 
49 0 
490 
480 
480 
640 

470 

i n j e c t e d  w a t e r  ~ 

f l  ume washed 
o u t  

c a s i n g  s e t  

d u r i n g  d r i  11 i ng 

200 G P M  next 
morni n g  

temp. a t  f l ume  
11 11 

II I I  I I  

a f t e r  one day  
o f  no 
d r i l l i n g  
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T A B L E  12. Summary Table of Physical Parameters from P - 1  

DEPTH TEMP. CONDUCTIVITY FLOW 
(mmhos) P h  ( g p m )  COMMENTS 

a t  410 

( f t )  ( " C )  

1 0 1  56 610 s t a b i  1 i zed 

145  60 410 
180  410 
240 60 3900 6.5 550 
255 60 3900 6.5 810  
270 60 1 5 0 0  2000 during 

dr i l l  i ng 
casing s e t  

337 50 0 
380 600  
585 57 700 casing s e t  
5 90 30 1 0  i n j ec t ed  water 
869 47 32 50 6.5 260 
889 47 3400 6.4 340  
910 46 150 330 during 

d r i l l  i n g  
970 47 20 0 

1030 47 310  
1070 46 470 
1090 46 5 1  5 
1116 46 43 5 
1205 3 50 
1245 45 650 
1270 8 90 
1290 45 3300 6.5 
1310 890 
1330 890  
1370 45 1015  
1370 45 32 50 6.5 1 4 0 0  a f t e r  heavy mud 

1370 45 1400 n e x t  day 
1385 4 0  casing set  
1475 44 3300  6.5 1 9 0  

washed from 
hole 
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N a t u r a l  Gamma: The gamma l o g  shows t h e  a l t e r n a t i n g  sands tone,  s i l t s t o n e ,  s h a l e  

sequences o f  t h e  M o r r i s o n , F o r m a t i o n  ( F i g .  12 ) .  A s e c t i o n  o f  t h i s  c u r v e  be tween 

1020 and 1070 f t  (310-325 m) c o r r e l a t e s  v e r y  w e l l  w i t h  t h e  i n c r e a s i n g  d o l o m i t e  

c o n t e n t ,  as d e s c r i b e d  i n  T a b l e  13. The gamma c u r v e  a l s o  c o r r e l a t e s  w e l l  w i t h  

l i m e s t o n e - a n h y d r i t e  o f  t h e  Wanakah F o r m a t i o n  ( F i g .  12 ) .  

N e u t r o n / B u l k  D e n s i t y :  The a l t e r n a t i n g  n a t u r e  o f  t h e  M o r r i s o n  F o r m a t i o n  i s  

d e p i c t e d  by  t h e s e  l o g s  ( F i g .  1 2 ) .  The s h a r p  c o n t a c t s  o f  t h e  Wanakah F o r m a t i o n  a r e  

a l s o  e a s i l y  seen i n  t h o s e  c u r v e s .  A t  t h e  base o f  t h e  M o r r i s o n  and t h e  c o n t a c t  

be tween t h e  E n t r a d a  F o r m a t i  on and t h e  P r e c a m b r i a n  basement, t h e s e  c u r v e s  show 

d e f i n i t e , p o r o s i t y  i n c r e a s e s ,  w h i c h  c o r r e l a t e  w e l l  w i t h  p r o d u c i n g  zones. 

R e s i s t i v i t y :  

and t h e  l i t h o l o g y .  

The r e s i s t i v i t y  c u r v e  c o r r e l a t e s  w e l l  w i t h  t h e  l o g s  d i s c u s s e d  above 

S o n i c :  The p r i m a r y  f e a t u r e s  o f  t . h i s  c u r v e  a r e  f r a c t u r e s  between 1200 and 1250 f t  

(365-380 m) i n  t h e  E n t r a d a  F o r m a t i o n  and t h e  c y c l e  s k i p p i n g  a t  t h e  t o p  o f  t h e  

Wanakah F o r m a t i o n  ( F i g .  12 ) .  The c y c l e  s k i  p p i  ng u s u a l l y  i n d i c a t e s  f r a c t u r e s ;  

however,  t h e r e  were no o t h e r  f r a c t u r e  i n d i c a t o r s  a t  t h i s  dep th .  They may be  due 

t o  t h e  s h a r p  i n t e r f a c e  between t h e  M o r r i s o n  and Wanakah F o r m a t i o n s .  

Q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  t h e s e  l o g s  was a t t e m p t e d ,  b u t  t h e  r e s u l t s  were 

i n c o n c l u s i v e  and w i l l  n o t  be  r e p o r t e d .  

T e m p e r a t u r e  Logs:  Numerous t e m p e r a t u r e  l o g s  were r u n  a t  v a r i o u s  s t a g e s  o f  t h e  

d r i l l i n g  t o  d e l i n e a t e  p r o d u c i n g  zones and d i s t i n g u  sh be tween t h e r m a l  and 

n o n t h e r m a l  zones. S e l e c t e d  p r o f i l e s  a r e  shown i n  F i g u r e  13. 

The p r o f i l e s  i n  F i g u r e  13 were  r u n  u n d e r  s h u t - i n  c o n d i t i o n s  a f t e r  t h e  h o l e  was 

a1 1 owed t o  s t a b i  1 i ze f o r  s e v e r a l  weeks. 

e n c o u n t e r e d  i n  t h e  Mancos S h a l e  

t o  45°C a f t e r  r e a c h i n g  a peak 

Sandstone and becomes i s o t h e r m a  

The P - 1  p r o f i l e  shows t w o  d i s t i n c t  t h e r m a l  zones w h i c h  c o r r e l a t e  w i t h  h o t  w a t e r  

and D a k o t a  Sandstone.  The t e m p e r a t u r e  d e c r e a s e s  
o f  61OC o p p o s i t e  t h e  f a u l t  zone i n  t h e  Dakota  

b y  a b o u t  800 f t  (243 m). I s o t h e r m a l  c o n d i t i o n s  
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c o n t i  flue t h r o u g h  t h e  Wanakah and E n t r a d a  F c r m a t i 2 n s  and i n t o  t h e  P r e c a m b r i a n  

basement. U n f o r t u n a t e l y ,  s l i g h t  d o g l e g s  i n  t h e  h o l e  a t  a b o u t  1455 f t  ( 4 4 2  m)  
p r e v e n t e d  t e m p e r a t u r e  measurements t o  t h e  t o t a l  dep th .  

I n  c o n t r a s t ,  t h e  0-2  p r o f i l e ,  t a k e n  J u l y  29, 1978,  shows o n l y  one t h e r m a l  zone 

be tween t h e  s u r f a c e  and 572 f t  (174  m ) ,  w h i c h  i s  i n  t h e  Mancos S h a l e  a t  a b o u t  

85-95 f t  (26 -29  in). 

We1 1 P r e s s u r e  Changes D u r i n g  D r i  11 i n g  

F o u r - i n c h  0-60 p s i  and 0-120 p s i  M a r s h a l l t o w n  p r e s s u r e  gauges were  i n s t a l l e d  on 

t h e  c o u r t h o u s e  w e l l  ( 1 3  CADCl), B u h l e r s  w e l l  ( 1 3  C A D B l ) ,  and 0-2  ( w h i l e  d r i l l i n g  

P-1)  ( F i g .  7 ) .  A f o u r t h  gauge was used t o  meagure s h u t - i n  p r e s s u r e  o f  P - 1  

whenever p o s s i b l e .  A c a l i b r a t e d  r o d  was used t o  m o n i t o r  a p p r o x i m a t e  w a t e r  l e v e l s  

i n  t h e  m a i n  s p r i n g  v e n t ,  A. 

A l t h o u g h  t h e  d a t a  were n o t  r e c o r d e d  c o n t i n u o u s l y ,  t h e  p r e s s u r e  f l u c t u a t i o n s  g i v e  a 

good i n d i c a t i o n  of  t h e  response  o f  v a r i o u s  w e l l s  and t h e  s p r i n g  ( F i g .  14 ) .  As c a n  

b e  seen i n  F i g u r e  14, B u h l e r ' s  w e l l  and t h e  c o u r t h o u s e  w e l l  r e s p o n d  r a p i d l y  t o  t h e  

o p e n i n g  and c l o s i n g  o f  t h e  1 0 - i n c h  g a t e  v a l v e  on 0 -2 ;  one 1 2 - h o u r  s h i f t  was used  

f o r  d r i l l i n g ,  a l l o w i n g  t h e  w e l l  t o  b e  s h u t - i n  f o r  1 2  h o u r s .  

. 

On August  16, t h e  h i g h  f l o w  w i t h i n  t h e  Mancos S h a l e  was e n c o u n t e r e d  a t  100 f t  ( 3 1  

m)  i n  P - 1  a f f e c t i n g  t h e  p r e s s u r e s  on 0-2, B u h l e r ' s  and t h e  c o u r t h o u s e  w e l l  ( F i g .  

14 ) . P r e s s u r e  i n  t h e  c o u r t h o u s e  w e l l  d r o p p e d  t o  z e r o  b y  t h e  1 7 t h .  
U n f o r t u n a t e l y ,  t h e  gauge on B u h l e r ' s  w e l l  jammed sometime on t h e  1 6 t h .  0-2 showed 

m i n i m a l  p r e s s u r e  d rop ,  f r o m  60 t o  52 p s i ,  due t o  f l o w  f r o m  t h i s  u p p e r  zone, b u t  

d ropped  d r a s t i c a l l y ,  t o  38 p s i ,  when t h e  f a u l t  zone a t  255 f t  ( 8 0  m)  was 

e n c o u n t e r e d .  The p r e s s u r e  o f  t h e  c o u r t h o u s e  r e m a i n e d  n e a r  z e r o  and t h e  s p r i n g  
l e v e l  d ropped  26 i n .  (22.5 cm) , a maximum d r o p  ( F i g .  14 ). The p r e s s u r e  o f  o t h e r  

w e l l s  i n  town,  as f a r  away as 1000 f t  (300  m ) ,  a l s o  went  t o  ze ro .  The c o u r t h o u s e  

w e l l ,  0-2, and t h e  s p r i n g  l e v e l  began t o  r e c o v e r  when t h e  h o l e  was cased, b u t  t h e  

p r e s s u r e  o f  0-2 d ropped  t o - a - m i n i m u m  o f  32 p s i  as  d r i l l i n g  c o n t i n u e d  i n  t h e  Dako ta  

Sandstone and t h e  M o r r i s o n  F o r m a t i o n  ( F i g .  1 4 ) .  P r e s s u r e s  and t h e  s p r i n g  l e v e l  

r e c o v e r e d  and s t a b i l i z e d  a f t e r  c a s i n g  was i n s t a l l e d ,  and l o w e r  zones were  

e n c o u n t e r e d  and t h e  d r i l l i n g  c o n t i n u e d  i n t o  t h e  P r e c a m b r i a n  basement. 
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D I S C U S S I O N  AND CONCLUSION 

Genera l  N a t u r e  o f  t h e  Pagosa S p r i n g s  Geothermal  Sys tem 

T h e r e  a r e  no g e o l o g i c  i n d i c a t i o n s  o f  i n t r u s i v e s  p r o v i d i n g  h e a t  t o  t h e  Pagosa 

geothermal  system. The y o u n g e s t  known i n t r u s i v e s  a r e  t h e  l a t e s t  Miocene d i k e s  o f  

t h e  A r c h u l e t a  d i k e  swarm and t h e  26-28 m.y. o l d  s u b v o l c a n i c  b a t h o l i t h  p o s t u l a t e d  

b y  L ipman and o t h e r s  ( 1 9 7 8 ) .  The l a c k  o f  a d e q u a t e l y  young i n t r u s i v e s  s u g g e s t s  

t h a t  h e a t  i s  p r o v i d e d  t o  t h e  g e o t h e r m a l  sys tem b y  a s l i g h t l y  enhanced r e g i o n a l  

geothermal  g r a d i e n t .  

Assuming a t w i c e  normal  g e o t h e r m a l  g r a d i e n t  o f  60°C/km i n  t h e  Pagosa a r e a  ( B a r r e t t  

and o t h e r s ,  1976; and Edwards and o t h e r s ,  1 9 7 8 ) ,  m e t e o r i c  w a t e r  w o u l d  have t o  

c i r c u l a t e  down 1 t o  2 k i l o m e t e r s  (6500 f t )  t o  a c q u i r e  e i t h e r  t h e  o b s e r v e d  o r  

c a l c u l a t e d  t e m p e r a t u r e .  T h i s  r e q u i r e d  d e p t h  o f  c i r c u l a t i o n  s u g g e s t s  t h a t  t h e  

c r y s t a l 1  i n e  r o c k  o f  t h e  P r e c a m b r i a n  basement i s  t h e  p r i m a r y  g e o t h e r m a l  r e s e r v o i r .  

An argument  o f t e n  used a g a i n s t  such deep c i r c u l a t  

f r a c t u r e s  c l o s e  w i t h  d e p t h  and, t h e r e f o r e ,  permeabi  

on o f  m e t e o r i c  w a t e r  i s  t h a t  
i t i e s  and p o r o s i t i e s  a p p r o a c h  

z e r o .  However, numerous t u n n e l ,  m ine ,  and d r i l l  i n g  o p e r a t i o n s  have shown t h e  

e x i s t e n c e  o f  permeab le  zones a t  d e p t h s  o f  s e v e r a l  t h o u s a n d  m e t e r s ,  most  o f  w h i c h  

' -  a r e  a s s o c i a t e d  w i t h  f a u l t i n g  ( D a v i s  and T u r k ,  1964) .  I n  one example,  B a t z l e  and 

o t h e r s  ( 1 9 7 8 )  show t h a t  p o r o s i t y  i n c r e a s e s  w i t h  d e p t h  f r o m  5 x t o  25 x 

i n  c o r e  f r o m  t h e  M a r y s v i l l e ,  Montana, g e o t h e r m a l  t e s t  w e l l .  A l s o ,  t h e y  
show m a t r i x  p e r m e a b i l i t y  i n c r e a s e s  as much as 2 o r d e r s  o f  m a g n i t u d e  b e l o w  1200 

m e t e r s .  G a l l o w a y  ( 1 9 7 7 )  p o s t u l a t e d  t h a t  i n  most  cases ,  deep c i r c u l a t i o n  and 

subsequent  h e a t i n g  r e q u i r e s  t h e  i n t e r s e c t i o n  o f  m a j o r  s t r u c t u r e s  w i t h  c r y s t a l  1 i n e  

r o c k s ,  such as b a t h o l i t h s  o r  P r e c a m b r i a n  complexes.  I n  t h e  n o r t h e r n  Rocky 

M o u n t a i n s ,  h o t  s p r i  ngs  a r e  o v e r w h e l m i n g l y  a s s o c i a t e d  w i t h  c r y s t a l  1 i ne r o c k s  

( G a l l o w a y ,  1 9 7 7 ) .  

The w a t e r  c h e m i s t r y ,  i n c l u d i n g  i s o t o p e  a n a l y s e s ,  s u p p o r t  t h e  i d e a  o f  m e t e o r i c  

w a t e r  c i r c u l a t i o n .  It i s  u n l i k e l y  t h a t  w a t e r  o r i g i n a t i n g  w i t h i n  t h e  c r y s t a l l i n e  

r o c k s  w o u l d  have such h i g h  t o t a l  d i s s o l v e d  s o l i d s ,  p a r t i c u l a r l y  h i g h  s u l f a t e s .  

A l s o ,  i t  i s  u n l i k e l y  t h a t  w a t e r  f l p w i n g  e n t i r e l y  w i t h i n  t h e  s e d i m e n t a r y  u n i t s  
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im,  boron, a n d  f l u o r i d e ,  a s  do  t hese  geothermal f l u i d s .  The 
most probable flow regime would include s i g n i f i c a n t  con t r ibu t ions  of various 
parameters t o  meteoric %water by b o t h  sedimentary and  c r y s t a l  1 ine  rocks. The 
oxygen 18-deuterium r a t i o s  a l so  s u p p o r t  t h e  idea of a completely meteoric water 
source. 

Description of C i rcu la t ion  System 

One of the m a j o r  quest ions regarding the  nature  of t h i s  sytem i s  whether the  
thermal water i s  flowing l a t e r a l l y  t h r o u g h  the  Dakota Sandstone or i s  fed 
v e r t i c a l l y  t o  t h e  Dakota  Sandstone by a v e r t i c a l  f e a t u r e .  Information co l l ec t ed  
during t h i s  study supports t he  l a t t e r  concept. 

The configurat ion a n d  loca t ions  of k n o w n  h o t  water wel ls  i nd ica t e  the  l a t e r a l  
qxtent of the  thermal water i s  l imi ted  ( P l a t e  2 ) .  Wells which have encountered 
cold t o  warm water have been d r i l l e d  on the  periphery of t he  downtown area.  One 
of these wel ls  (13 C B D C )  completely pene t ra tes  t he  D a k o t a  Sandstone. Other wel ls  
completed in the  D a k o t a  Sandstone in the  Pagosa area have encountered cold 
groundwater. 

r, 

The t w o  r e s i s t i v i t y  maps (F igs .  5 a n d  6 )  mimic the  l imi ted  area o f  k n o w n  h o t  
water. Lateral  flows would have been well within t h e  depth range of t he  
dipole-bipole  survey and  with i t s  con t r a s t ing  water chem 
detected.  

The pressure response o f  wel ls  completed i n  v a r i o u s  un 

s t r y ,  should have been 

t s  and  changes i n  t he  
spr ing level i nd ica t e  a high degree of interconnect ion between a l l  t he  u n i t s ,  
except the  basement rocks ( a t  l e a s t  within the  time frame of t he  d r i l l i n g ) .  
However, the  potent iometr ic  pressure o f  the  thermal water increases  from 35 psi i n  
t he  Mancos Shale t o  85 psi in t he  Precambrian basement, suggesting t h i s  i s  a 
discharge area f o r  t he  %thermal water system, which includes a l l  t he  rock un i t s  
beneath Pagosa Springs.  

The high degree of i n t e rconnec t iv i ty  of t he  rock u n i t s  i s  supported by t he  t, ,ermal 
water chemistry. Analyses from various we l l s ,  sp r ings ,  a n d  t he  t e s t  ho les ,  from 
a l l  depths,  a re  very near ly  the  same (Tables 3 ,  5 ,  and  8 ) .  The only d i f f e rence ,  
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r e l a t i v e  calcium and sodium percentages,  shows a l i n e a r  r e l a t ionsh ip  with respec t  
t o  depth (Fig.  9 )  without any s i g n i f i c a n t  changes in t o t a l  dissolved s o l i d s ,  
suggesting the  waters a re  the  same. - 

Another strong argument f o r  a system cont ro l led  by a ve r t i ca l  f e a t u r e  i s  t he  high 
flow encountered in the  Dakota  Sandstone in  P - 1 ,  b u t  n o t  in 0 - 2 ,  93 f e e t  (28 m )  
from P - 1 .  The v e r t i c a l  f e a t u r e  encountered in P - 1  i s  probably a small 
displacement v e r t i c a l  f a u l t  which may be e i t h e r  t he  m a j o r  condui t ,  a s  suggested by 
i t s  s t r o n g  control over pressures  in a l l  thermal wel ls  and  spr ings ,  o r  i s  one of 
many r e l a t e d ,  interconnected v e r t i c a l  f a u l t s .  I f  t h i s  type of f a u l t  were t o  
continue well i n t o  the  basement, i t  would explain why high, h o t  flows were n o t  
encountered in basement rocks. The high volume, hot water might be r e s t r i c t e d  t o  
f a u l t  zone(s)  and mixes with cold groundwater over l a r g e r  volumes of t h e  aqu i f e r s .  
This i s  supported by t he  lack o f  hydrothermal minera l iza t ion  and  a l t e r a t i o n  noted 
i n t h e  Precambri a n  rocks,  whereas a1 t e r a t  i on and  mi neral i z a t  i on becomes more% 
i n t e n s e  c l o s e r  t o  t h e  f a u l t  zone  a t  255 f t  ( 7 7  m ) .  

Age of t h e  Thermal System 
6 1  

No clean-cut answer i s  ava i l ab le  concerning t h e  age of t h i s  system. Atkinson 
suggests a ca l cu lab le  minimum age i f  erosion d a t a  were a v a i l a b l e ,  assuming 
800-1000 f t  (241-301 m )  of overburden have been s t r  pped off  s ince  the  system 
reached a maximum temperature of a b o u t  230°C. However, a good es t imate  of erosion 
r a t e s  i s  n o t  k n o w n  a t  t h i s  time. 
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M I N E R A L O G I C A L  A N D  P E T R O G R A P H I C  INVESTIGATION OF 

SAMPLES FROM G E O T H E R M A L  WELLS 0-1 A N D  P - 1 ,  
P A G O S A  SPRINGS, C O L O R A D O  

by 
W . W .  Atkinson, J r .  

Introduct ion 

Samples of c u t t i n g s  a n d  d r i l l  core were subjected t o  several  types of examination: 
visual s tudy,  x-ray d i f f r a c t i o n ,  t h i n  sec t ions  and  f l u i d  inc lus ion  observat ions.  
This work provided information on the  nature  of the  rocks within the  geothermal 
system, as well as on minerals deposited by t he  system, a n d  temperatures i t  
a t t a ined  during deposi t ion.  

Mr. Paul Boni a s s i s t e d  with the  x-ray s tud ie s .  Mr. Gary Mitch ca r r i ed  o u t  t h i n  
sec t ion  s tud ie s  on the  sedimentary rocks. This a s s i s t ance  i s  g r a t e f u l l y  
acknowledged. 

Visual .Examination 

Each of t he  110 samples of c u t t i n g s  recovered was examined under a binocular 
microscope. Charac t e r i s t i c s  of t he  c u t t i n g s  such as co lo r ,  g ra in  s i z e ,  roundness, 
sort i ng and mi neral proport i ons  were estimated vi sua1 1 y. Sampl es  were washed and  
examined wet for c l a r i t y ,  and  the  d i s i n t e g r a t i o n  of c lays  in  water could be 
observed. Each sample was' t e s t e d  f o r  c a l c i t e  with d i l u t e  hydrochloric acid.  
Resul ts  of t h i s  study a re  summarized in Table 1 3 .  I n  genera l ,  most of t he  samples 
appeared t o  cons i s t  pr imari ly  of c u t t i n g s  taken from t h e  sample i n t e r v a l ,  with 
only small proportions of caved c u t t i n g s  from higher in t h e  hole. Where some 
d o u b t  ex is ted  as t o  the  depth of o r i g i n ,  each l i t ho logy  in a sample and i t s  
approximate percentage of c u t t i n g s  i s  given. 

Eight f t  of core from t h e  bottom of the  hole were examined with a h a n d  l ens  a n d  
microscopically.  These r e s u l t s  a r e  summarized in Table 14 .  
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A. Well 0-1  
D e p t h  o f  s a m p l e s  

( f e e t  ) 

0-160 

241 -284 

299-402 

419-422 

459-464 

479-484 

T a b l e  1 3  

Vi s u a 1  D e s c r i p t i o n s  of  We1 1 C u t t i  ngs  

Descri p t i  on 

S h a l e ,  s o f t ,  v e r y  d a r k  b r o w n i s h  g r a y ,  f i s s i l e .  
L o c a l l y  c o n t a i n s  some d e t r i t a l  s a n d ,  f l a k e s  o f  
b i o t i t e .  P y r i t e  i n  t i n y  ( 0 . 2  mm o r  l e s s )  c l u s t e r s  
of  c u b e s  a t  1 0 5  and 1 2 0 .  S h a l e  c a l c a r e o u s  a t  1 2 0 ,  
and white  c a l c i t e  v e i n l e t s  1 2 0  t o  160 .  

S h a l e ,  s o f t ,  medium b r o w n i s h  g r a y ,  n o n c a l c e r o u s ,  w i t h  
s a n d s t o n e  l a m i n a t e  1 - 5  mm t h i c k ,  and b e d s  o f  unknown 
t h i c k n e s s .  S a n d s t o n e  i s  f . g .  t o  m.g., w e l l - s o r t e d ,  
a r k o s i c ,  and w i t h  c l o t s  and s t r e a k s  o f  c a r b o n a c e o u s  
m a t t e r .  Some s h a l e  shows s l i c k e n - s i d e s .  

H y d r o t h e r m a l  e u h e d r a l  q u a r t z  and p y r i t e  crusts  up t o  
1 mm t h i c k  c o a t  many f r a g m e n t s  o f  s a n d s t o n e  and 
some s h a l e .  B a r i t e  c l o t s  o c c u r  w i t h  p y r i t e  and 
e u h e d r a l  q u a r t z  c r y s t a l s  u p  t o  1 mm l o n g  on o n e  
f r a g m e n t .  M a t e r i a l  f o r  f l u i d  i n c l u s i o n  s t u d y  came 
f r o m  t h i s  i n t e r v a l .  

S a n d s t o n e ,  q u a r t z i t i c ,  l i g h t  g r a y ,  medium t o  c o a r s e -  
g r a i n e d ,  s l  i g h t l y  a r k o s i c .  S p a r s e  c a r b o n a c e o u s  ' a n d  
s h a l y  l a m i n a t i o n s .  A l i t t l e  p y r i t e  on f r a c t u r e s  
399-402 

Sha 

70% 

e ,  b l a c k ,  w i t h  a b u n d a n t  q u a r t z  s i l t  and s a n d .  

c u t t i n g s  c a v e d  f r o m  above .  30% s a n d s t o n e ,  l i g h t  
g r e e n i s h  g r a y ,  v e r y  p o o r l y  s o r t e d  ( 0 . 1  t o  3 mm), 
p o o r l y  r o u n d e d ,  f r o s t e d  g r a i  ns. Some 1 i g h t  brown 
c h a l c e d o n y  g r a i n s .  Some white  c l a y  c l o t s  2-3 mm. 
10-40% l i g h t  g r e e n i s h  c l a y .  S p a r s e  d i s s e m i n a t e d  
p y r i t e  c u b e s .  

S h a l e ,  medium g r a y  and medium g r e e n i s h  g r a y ,  s o a p y ,  
swells and d i s i n t e g r a t e s  i n  watere IO-2% c l e a r  

' q u a r t z  s a n d ,  p o o r l y  s o r t e d ,  p o o r l y  r o u n d e d .  

A l i t t l e  s a n d s t o n e ,  c o a r s e  g r a i n e d  ( 3 - 3  mm),  p o o r l y  
s o r t e d ,  p o o r l y  r o u n d e d ,  w i t h  c l a y  m a t r i x .  

499-504 S a n d s t o n e ,  whi te ,  w e l l - r o u n d e d ,  f r o s t e d  g r a i n s  0 .3-0 .5  
mm i n  d i a m e t e r ,  h i g h  p o r o s i t y .  About 10% v e r y  
f i n e  g r a i n e d  m a t e r i  a1 be tween g r a i  ns. 

Common t o  a b u n d a n t  e u h e d r a l  p y r i t e  on f r a c t u r e  
s u r f a c e s .  A l i t t l e  e u h e d r a l  q u a r t z .  
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519-524 

539-564 

564-584 

599-604 

655-659 

658-664 

B .  Well P - 1  
Depths of samples 

( f e e t )  

345 

598-601 

601 -608 

.. . .- - . . - .- - - . . . .- . . . . . . . . . . . . . - . . . - . . . - 

Sandstone, white,  well-rounded, f ros t ed  g r a i n s ,  medium- 
t o  coarse-grained cemented by s o f t  white c lay.  
A b o u t  20% che r t  pebbles 0.5-2 m m ,  whi te ,  gray, 
black,  red. A l i t t l e  py r i t e  i n  c l o t s  a n d  s ing le  
euhedral c r y s t a l s  on some fragments. 

l i g h t  blue-greenish g r a y ,  soapy, s o f t ,  1 0 1  very 
c l e a r  q u a r t z  s a n d .  Swells in water. 

- 
20% white sandstone as in  previous sample. Shale ,  

80% sha le  as in previous sample. 5% s h a l e ,  d a r k  
brownish red,  s l i g h t l y  t o  very s i l t y ,  swel ls  in 
water. 15% caved c u t t i n g s  from above. 

75% sandstone, white,  medium-grained, well-rounded, 
f ros t ed  g r a i n s ,  p a r t l y  cemented by white c lay .  
A b u n d a n t  open pore spaces containing p y r i t e  
c r y s t a l s .  10% s i l t s t o n e ,  p a l e  green, swel ls  in 
water. 5% t i n y  disseminated euhedral py r i t e  
cubes. 5% s i l t s t o n e ,  d a r k  brownish red 
a rg i l l aceous ,  and  s i l t y  sha le .  Shale swel ls  in 
water. 10% caved c u t t i n g s  from above. 

Sandstone , pal e ye1 1 ow, f i ne-grai ned , h a r d ,  a b o u t  30% 
c l o t s  of i n t e r s t i a l  white c l ay ,  with some b r i g h t  
green cl o t s  (poss ib ly  cel adoni t e  or c h l o r i t e ) .  

90% s h a l e ,  s o f t ,  soapy, pink, d a r k  reddish brown a n d  
pale green, with 5% q u a r t z  sand. Some fragments 
appear t o  cons i s t  of sand-size l i t h i c  c l a s t s ,  
probably o r i g i n a l l y  tuffaceous.  10% 1 imestone, 
l i g h t  gray, very f i n e  grained. 

Shal e ,  bl ack, carbonaceous, with bl ack waxy p a r t  i ngs 
a n d  lenses  u p  t o  several  mm t h i ck .  Fragments of 
e l o n g a t e d  p y r i t e  c o n c r e t i o n s  u p  t o  a b o u t  5 mm 
diameter ,  with rad ia l  g r o w t h  pa t t e rns .  

85% sandstone, white ,  well so r t ed ,  medium grained. 
A b o u t  40% c l e a r  q u a r t z  and  60% opaque white 
q u a r t z .  Sparse red a n d  green g r a i n s ,  p a r t  of 
which a re  s o f t  c lay.  10% s h a l e ,  l i g h t  blue green, 
with 10% c l e a r  q u a r t z  sand. D i s in t eg ra t e s  in 
water. . I  5% caved c u t t i n g s  from above. 

70% sandstone, white t o  pale pink, as in previous 
sampl e. Red 1 i t h i c  grai  ns more- a b u n d a n t .  
20% s i l t s t o n e  t o  s h a l e ,  medium t o  d a r k  reddish 
brown.  10% l i t h i c  sandstone, medium reddish gray, 
medi um grained,  with 20  t o  4 0 % ~  c l e a r  q u a r t z  grai  ns. 
The remaining gra ins  a re  white,  pink, reddish b rown ,  
a n d  r a r e  green l i t h i c  fragments wel l - sor ted ,  a n d  
which a re  p a r t l y  a l t e r e d  t o  c lay .  
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and r a r e  g r e e n  l i t h i c  f r a g m e n t s  w e l l - s o r t e d ,  and 
w h i c h  a r e  p a r t l y  a l t e r e d  t o  c l a y .  

628  S a n d s t o n e ,  p a l e  p i n k  t o  medium r e d d i s h  brown,  w i t h  
20-70% c l e a r  q u a r t z  g r a i n s ,  and t h e  r e m a i n d e r  
w h i t e ,  p i n k  and r e d d i s h  brown l i t h i c  g r a i n s .  
Medium-gra ined ,  w e l l - s o r t e d ,  e x c e p t ,  f o r  r a r e  
b l a c k  t o  brown che r t  p e b b l e s .  Many c u t t i n g s  
d i s i n t e g r a t e  i n  w a t e r .  C a l c a r e o u s  cement. 

638 30% s a n d s t o n e ,  medium p i n k i s h  g r a y ,  m e d i u m - g r a i n e d ,  
a s  i n  p r e v i o u s  s a m p l e .  20% s a n d s t o n e ,  w h i t e ,  
h a r d ,  w i t h  c h a l c e d o n i c  ( ? )  cement and a l t e r e d  
white  c h a l k y  l i t h i c  g r a i n s .  S i m i l a r  t o  w h i t e  
s a n d s t o n e  598-608.  50% s i l t s t o n e ,  medium d a r k  
b r o w n i s h  r e d .  F a i r l y  h a r d .  

648-718 A r e n a c e o u s  t o  l i t h i c  s a n d s t o n e ,  p i n k i s h  t o  r e d d i s h  
g r a y ,  p a l e  t a n ,  and p a l e  g r e e n i s h  t o  l i g h t  g r e e n ,  
and w h i t e .  1 0  t o  SO% c l e a r  q u a r t z  s a n d ,  a v e r a g e  
33%. Remainder  c o n s i s t s  o f  whi te ,  p a l e  g r a y ,  
b l u e - g r e e n ,  r e d ,  p i n k ,  and b l a c k  and l i t h i c  
f r a g m e n t s  a l t e r e d  t o  c l a y .  C a l c a r e o u s  cement i s  
common, s p a r s e  c a l c i t e  ve in l e t s .  

725 S a n d s t o n e ,  medium t a n n i s h  g r a y ,  m e d i u m - g r a i n e d ,  well-  
s o r t e d ,  a r k o s i c  w i t h  30-40% b l o c k y  w h i t e  f e l d s p a r  
g r a i n s .  

H y d r o t h e r m a l  m i n e r a l s  on f r a c t u r e  s u r f a c e s  on some 
c u t t i n g s .  E u h e d r a l  q u a r t z ,  c a l c i t e  and two t i n y  
g r a i n s  p o s i t i v e l y  i d e n t i f i e d  a s  c h a l c o p y r i t e .  

7 38 - 7 88 L i t h i c  a r e n a c e o u s  s a n d s t o n e ,  f i n e -  t o  m e d i u m - g r a i n e d ,  
d o m i n a n t l y  l i g h t -  t o  m e d i u m - b l u i s h - g r a y i s h  g r e e n ,  
w i t h  some g r a y  and r e d d i s h  brown. 10-60% c l e a r  
q u a r t z  s a n d ,  a v e r a g e  33%. Remainder  c o n s i s t s  of 
p a l e  t o  d a r k  g r e e n ,  g r a y i s h  g r e e n , .  p u r p l i s h  g r a y ,  
w h i t e ,  r e d  and b l a c k  l i t h i c  g r a i n s  a l t e r e d  t o  
c l a y .  S l i g h t l y  t o  v e r y  c a l c a r e o u s .  Well s o r t e d .  

798-808 S a n d s t o n e ,  a r k o s i c ,  l i g h t  g r a y ,  m e d i u m - g r a i n e d ,  
w e l l - s o r t e d .  30-40% s e r i c i t i z e d  f e l d s p a r  and 
l i t h i c  g r a i n s .  

E u h e d r a l  p y r i t e  on some f r a c t u r e  s u r f a c e s .  H y d r o t h e r m a l .  

818 

8 2 8  

838 

S i  1 t s t o n e ,  d a r k - p u r p l  i sh  g r a y  w i t h  pa l  e g r e e n  s t r e a k s .  

S a n d s t o n e ,  a r k o s i c  l i g h t  g r a y ,  medium-gra incd .  About 
20% f e l d s p a r ,  5% m u l t i c o l o r e d  l i t h i c  g r a i n s .  

S i l t s t o n e  t o  s h a l e ,  8 0 %  d a r k  r e d d i s h  brown,  20% l i g h t  
g r a y .  Some f i n e l y  1 a m i n a t e d .  S o f t ,  d i  s i  n t e g r a t e s  
i n  w a t e r .  
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8 4 8  

858 

868-878 

33s 

8 9 8  

928 

938 

948 

958-963 

978- 1 0 6 8  

1078-1108 

11 18- 1198 

1208 

L i t h i c  s a n d s t o n e ,  402 p u r p l i s h  g r a y  and 60% l i g h t  
g r a y  g r e e n ,  m e d i u m - g r a i n e d ,  p o o r l y  s o r t e d ,  20-30% 
c l e a r  q u a r t z  g r a i n s  , 70-80% 1 i t h i c  g r a i  ns p a r t l y  
a l t e r e d  t o  c l a y .  

g r e e n i s h  g r a y  s t r e a k s .  

g l a s s y .  S p a r s e  r e d ,  b l a c k  and g r e e n i s h  g r a i n s .  
10% c h a l k y  cement and c l o t s  ( d o l o m i t e ? ) .  S l i g h t l y  
c a l c a r e o u s .  

S h a l e ,  s i l t y ,  90% d a r k  b r o w n i s h  red w i t h  10% p a l e  

S a n d s t o n e ,  w h i t e ,  medium-gra ined  t o  f i n e - g r a i n e d ,  h a r d ,  

S h a l e ,  s a n d y ,  50% d a r k  p u r p l i s h  g r a y ,  50% medium 
g reen i sh  g r a y ,  c a l c a r e o u s ,  a b o u t  30-40% q u a r t z  
s a n d .  

S a n d s t o n e ,  medium t o  l i g h t  brown,  f i n e - g r a i n e d ,  
w e l l - s o r t e d ,  v e r y  c a l c a r o u s ,  a b u n d a n t  i n t e r s t i - t i a l  
c f  ay .  

S h a l e ,  d a r k  b r o w n i s h  purple  w i t h  a few p a l e  g r e e n  
s t r e a k s .  C a l c a r e o u s .  

S a n d s t o n e ,  l i g h t  t a n  t o  w h i t e ,  medium-gra ined  t o  f i n e -  
g r a i n e d  % h a r d ,  c a l c a r e o u s  , 10% white  c h a l  ky g r a i  ns. 

S a n d s t o n e ,  p u r p l i s h  g r a y ,  m e d i u m - g r a i n e d ,  v e r y  
c a l  c a r e o u s  , v e r y  c l  a y - r i c h .  S p e c k l e d  w i t h  greenish 
g r a y  s p o t s ,  w h i c h  a p p e a r  t o  h a v e  been v o l c a n i -  
c l a s t i c  g r a i n s .  

S h a l e ,  s l i g h t l y  g r e e n i s h  medium t o  d a r k  g r a y .  Very 
c a l c e r o u s .  10% t o  20% f i n e  q u a r t z  s a n d .  Some 
p u r p l i s h  s t r e a k s .  

S a n d s t o n e ,  whi te ,  f i n e - g r a i n e d  t o  medium-gra ined ,  
p o o r l y  s o r t e d ,  10-30% w h i t e  c h a l k y  cement and c l o t s  
( d o l o m i t e ? ) .  A t  9 9 8 ,  v e r y  h a r d .  D e e p e r  s a n d s t o n e  
i s  s o f t  and f r i a b l e  o r  d i s a g g r e g a t e d .  A t  1 0 6 8  f t ,  
c o a r s e  p o i k i l i t i c  d o l o m i t e  cements t h e  rock. 

S h a l e ,  medium- t o  d a r k - r e d d i s h  brown,  10% s i l t  t o  
s a n d ,  sl  i g h t  1 y t o  v e r y  c a l  c a r e o u s .  Cal c i t e  
vei n l  e t s  present a t  t o p .  

L i m e s t o n e - a n h y d r i t e .  White c r y s t a l l i n e  a n h y d r i t e  i n  
n o d u l e s  2-5 m m  d i a m e t e r  w i t h  f e t i d  medium t o  
d a r k  g r a y ,  f i n e l y  c r y s t a l l i n e  l i m e s t o n e  between.  
Average  40% a n h y d r i t e  n o d u l e s .  1128-1138,  60-701 
a n h y d r i t e .  

L i m e s t o n e ,  p l a t y ,  l a m i n a t e d ,  1 - 2  m m ,  b l a c k ,  w i t h  5% 
gypsum n o d u l e s .  A few c o a r s e  ( 1  cm) s e l e n i t e  
(gypsum) c l e a v a g e  f r a g m e n t s .  
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1218-1368 S a n d s t o n e ,  l i g h t  g r a y ,  f i n e - g r a i n e d  t o  c o a r s e - g r a i n e d ,  
v e r y  p o o r l y  s o r t e d ,  w e l l - r o u n d e d ,  h i g h  s p h e r i c i t y ,  
f r o s t e d  g r a i n s ,  c a l c a r e o u s .  M o s t l y  s o f t  t o  
d i s a g g r e g a t e d .  A t  1 2 8 8 ,  r o c k  i s  p a l e  p i n k ,  a r k o s i c ,  
v e r y  h a r d  and n o n - c a l c a r e o u s .  A t  1 2 1 8 ,  r o c k  i s  
c a r b o n a c e o u s .  

P y r i t e  a s  t i n y  d i s e m i n a t e d  c r y s t a l s ,  i n t e r s t i t i a l  
g r a i n s  and 1 - 2  mrn t h i c k  p y r i t e  v e i n l e t s  f r o m  
1 2 8 8  t o  1 2 5 8 .  From 1 2 5 8  t o  1 3 6 8 ,  o n l y  r a r e  t i n y  
d i  ssemi n a t e d  p y r i t e  c r y s t a l  s .  

1371-1475 Gneiss, 4 0 5  f i n e - g r a i n e d  f o l i a t e d  b i o t i t e ,  40% 
f e l  d s p a r  p o r p h y r o b l  a s t s  0 .5-1 rnrn, i ncl udi  ng 
1 0 %  p i n k  t o  o r a n g e  t o  r e d  m i c r o c l i n e  and 30% 
p l a g i o c l a s e ,  w h i c h  i s  l o c a l l y  s e r i c i t i z e d .  20% 
c l e a r  g l a s s y  q u a r t z  i n  s m a l l  g r a i n s  i n  b i o t i t e .  
Red a p l i t e  a t  1390.  

_, 

T a b l e  1 4  

V i s u a l  Log o f  Diamond Dri l l  C o r e  f r o m  

Well P - 1 ,  1475-1483 Feet 

Descri p t  i on 

1475-1475.3  B i o t i t e - f e l d s p a r  g n e i s s ,  f i n e - g r a i n e d ,  a s  i n  

1475-1477.6  G r a n i t e ,  f i n e - g r a i n e d  ( 0 . 5 - 1  m m ) ,  weak f o l i a t i o n .  

i n t  erv a1 1 3 7  1-147 5.  

About 30% q u a r t z ,  50% white  t o  r e d  f e l d s p a r ,  15% 
b i o t i t e ,  5% e p i d a t e .  

1477.6-1479 M i g r n a t i t e ,  Lenses of  p e g m a t i t i c  o r a n g e  m i c r o c l i n e  and 
q u a r t z  i n  b i o t i t e  s c h i s t  and g r a y  g r a n i t e  g n e i s s .  

1479-1483 B i o t i t e  g n e i s s ,  f i n e - g r a i n e d .  80% b i o t i t e  and 20% 
f e l d s p a r  g r a i n s  (1 mm o r  l e s s )  i n  d i s s e m i n a t i o n s  
and s t r e a k s  i n  b i o t i t e .  
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X-Ray Di f f r ac t ion  Study 

Seventy-nine of the  samples were subjected t o  a n  x-ray d i f f r a c t i o n  examination. 
Representat ive port ions of the  c u t t i n g s  were crushed t o  pass 200 mesh and  loaded 
i n t o  an  aluminum sample holder t o  obtain a sample approximately 1 x 1. cm x - 2 mm 

th ick .  The samples were then r u n  on a Norelco d i f f rac tometer .  The following 
operat ing condi t ions were used: C u  r a d i a t i o n ,  35 k V ,  1 7  ma, scan 2 "  per minute, 
char t  speed 1 / 2  i n .  per minute. 

Charts of samples were compared with c h a r t s  of s tandards f o r  i d e n t i f i c a t i o n ,  which 
were compared with powder pa t t e rns  l i s t e d  in t h e  ASTM X-ray Di f f r ac t ion  card f i l e ,  
t o  ensure t h a t  no extraneous peaks were present .  All peaks could be i d e n t i f i e d  
from rocks in the  sedimentary sec t ion .  I n  t he  Precambrian rocks a t  the  b o t t o m  of 
t he  hole ,  a few very minor peaks def ied i d e n t i f i c a t i o n .  I n  order  t o  i den t i fy  such 
minor components, o the r  methods such as t h i n  sec t ion  s tud ie s  are  necessary. This 
i s  because the  complex pa t te rn  of peaks from the  f i v e  o r  more m a j o r  minerals 
e f f e c t i v e l y  masks most of the  p a t t e r n  of a minor cons t i t uen t .  

Resul ts  a re  summarized in Table 15. Only minerals which were pos t ive ly  i d e n t i f i e d  
a re  l i s t e d .  Three ca tegor ies  of concentrat ion a re  given: m a j o r ,  moderate t o  
minor, and  t r a c e .  Due t o  t he  c h a r a c t e r i s t i c s  of each mineral , these  r e l a t i v e  
proportions a re  only very approximate. Proportions o f  c lays  in p a r t i c u l a r  a r e  
d i f f i c u l t  t o  es t imate  from di f f rac tometer  c h a r t s ,  s ince  a poorly c r y s t a l l i z e d  c lay  
may show very low peaks even when pure. Some minerals ,  such as f e ldspa r s ,  have 
major  peaks wh ich  are  masked by q u a r t z .  When potassium fe ldspa r s  a re  minor  
c o n s t i t u e n t s ,  not  enough' of t h e i r  pa t t e rns  a re  v i s i b l e  t o  d i scr imina te  between 
or thoc lase  and  microcl ine.  Consequently, only "K-feldspar" was reported.  A 1  b i  t e ,  
on the  o ther  h a n d ,  can be e a s i l y  d is t inguished .  With t h e  complex mixtures o f  

pat te rns  obtained, micas cannot be discr iminated.  Since b i o t i t e  was v i s i b l e  i n  
the  samples a t  the  b o t t o m  of the  hole ,  peaks f o r  mica were taken t o  i nd ica t e  
b i o t i t e .  However, muscovite in  addi t ion  was seen in  the  t h i n  sec t ions .  

Clay minerals were given special  a t t e n t i o n .  I l l i t e  i s  ind ica ted  in a l a rge  number 
of  samples by a peak near 1 O A  (angstroms) .  This peak va r i e s  considerably in 
q u a l i t y ,  from a somewhat b r o a d  h u m p ,  t o  a f a i r l y  narrow one. I t s  i n t e n s i t y  was 
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usual ly  l e s s  t h a n  10% f u l l  s c a l e  d e f l e c t i o n ,  although in  a few samples i t  ranged 
u p  t o  25%. I n  a few samples a f a i n t  r i s e  a t  14A ind ica t e s  the  presence of 
montmorillonite. Kaol in i te  was ind ica ted  by a f a i r l y  s h a r p  peak a t  7 A ,  although 
the  quant i ty  present was usual ly  small. Chlor i te  occurs in the  Precambrian rocks. 
I t  has  a very poor 14A peak, with a s h a r p ,  much higher 7 A  peak. 

Thirteen samples were se l ec t ed  f o r  g lycola t ion  and  heating t e s t s .  I n  one, ( 0 - 1 ,  
479-484), the montmoril lonite peak c l e a r l y  s h i f t e d  from 14A t o  1 7 A .  I n  o ther  
samples, the  montmoril lonite concent ra t icn  was t o o  low t o  observe peak s h i f t s .  
The i l l i t e  peaks did n o t  s h i f t ,  b u t  dropped s l i g h t l y  in i n t e n s i t y  and  sharped 
somewhat. This suggests t he  presence of small concentrat ions of randomly 
in t e r l aye red  montmoril lonite.  Glycolation did n o t  a f f e c t  7 A  peaks f o r  k a o l i n i t e .  
Heating t o  550°C sharpened i l l i t e  peaks and  caused montmoril lonite and  k a o l i n i t e  
peaks t o  disappear.  These t e s t s ,  which a re  standard f o r  c lay minerals ,  provide 
support f o r  the  i d e n t i f i c a t i o n s  of pa t t e rns  on o ther  cha r t s .  

Fluid Inclusion Study 

I n  several samples, euhodral q u a r t z  and  p y r i t e  were observed 01: f r a c t u r e  sur faces .  
These mineral s have an appearance typ ica l  of c r y s t a l s  deposited by hydrothermal 
f l u i d s .  Other minerals observed l o c a l l y  included c a l c i t e ,  b a r i t e  and  
chal copyri t e .  

Several rock fragments were recovered from 248 f t  depth in well P - 1 .  They were 
' coated wtih drusy, euhedral q u a r t z  a n d  p y r i t e ,  and  one fragment h a d  b a r i t e  as 

well. The thickness  of the  q u a r t z  c r u s t  was a b o u t  1 mm o r  l e s s .  Two of the 
cobbles were se lec ted  f o r  f l u i d  inc lus ion  study. Thin s l i c e s  were c u t ,  then 
g r o u n d  on both s ides  t o  a th ickness  of 0 .2  t o  0 . 4  m m ,  polished on both s i d e s ,  then 
c a r e f u l l y  examined by microscope f o r  f l u i d  inc lus ions .  

The hydrothermal q u a r t z  i s  remarkably c l e a r ,  and  f r e e  of f l u i d  inc lus ions .  After 
a n  ex tens ive  search ,  only t h r e e  were found which were l a rge  enough, a b o u t  10  t o  1 5  
microns in diameter ,  f o r  determination of f i l l i n g  temperatures.  A number of 
o thers  (13)  were f o u n d  which could be measured roughly, and  from which est imates  
of t h e  r a t i o  of volume of the  bubble t o  volume of the  incusion were made. This 
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t y p e  of e s t i m a t e  y i e l d s  r o u g h  f i g u r e s ,  w h i c h  a r e  s u b j e c t  t o  e r r o r s .  The m a i n  

s o u r c e  o f  e r r o r  a r i s e s  f rom t h e  f a c t  t h a t  t h e  t h r e e - d i m e n s i o n a l  shape of t h e  
e n t i r e  i n c l u s i o n  c a n n o t  be seen. U s u a l l y ,  t h e  i n c l u s i o n  i s  assumed t o  have a 

s q u a r e  o r  c i r c u l a r  c r o s s - s e c t i o n  normal  t o  t h e  p l a n e  o f  t h e  p o l i s h e d  s u r f a c e .  I f  
t h e  i n c l u s i o n  i s  a c t u a l l y  l a r g e r ,  t h e  t r u e  b u b b l e  t o  i n c l u s i o n  r a t i o  i s  s m a l l e r ,  

and t h e  e s t i m a t e d  t e m p e r a t u r e  of f i l l i n g  i s  t o o  h i g h .  W i t h  t h e s e  l i m i t a t i o n s  i n  

mind, volume r a t i o s  o f  b u b b l e  t o  e n t i r e  i n c l u s i o n  were f o u n d  t o  r a n g e  f r o m  0.021 

t o  0.18. Assuming t h a t  t h e  l i q u i d  i s  p u r e  w a t e r ,  t h e s e  i n c l u s i o n s  w o u l d  f i l l  a t  

t e m p e r a t u r e s  f rom 7 1  t o  232OC. One i n c l u s i o n  w h i c h  had a l o n g  t u b e - s h a p e d  f o r m  

c o u l d  be f a i r l y  a c c u r a t e l y  measured. I t  y i e l d e d  an e s t i m a t e  o f  198OC. 

F i l l i n g  t e m p e r a t u r e s  o f  f l u i d  i n c l u s i o n s  were measured on a Chaix-Meca (Nancy, 

F r a n c e )  h e a t i n g  s t a g e .  The a p p a r a t u s  was c a l i b r a t e d  w i t h  s u b s t a n c e s  w i t h  known 

m e l t i n g  p o i n t s .  The c a l i b r a t i o n  r u n s  s u g g e s t  an a c c u r a c y  o f  - t 1 ° C .  

B e f o r e  f i  11 i ng t e m p e r a t u r e s  were measured i n  h y d r o t h e r m a l  q u a r t z ,  t w o  i n c l  u s i  ons 
i n  h e a t e d  f r a c t u r e s  i n  s a n d s t o n e  g r a i n s  were s t u d i e d .  The f i r s t  f i l l e d  a t  

171.2OCY w i t h  a p r e c i s i o n  of  + l . O ° C ,  u s i n g  f o u r  measurements.  The second f i l l e d  

a t  161.8OC. O n l y  one measurement was made. 

O f  t h e  t h r e e  i n c l u s i o n s  i n  a h y d r o t h e r m a l  q u a r t z  c r y s t a l ,  one l e a k e d  a t  184OC. 

The second f i l l e d  a t  252.1OC. When an a t t e m p t  was made t o  r e p e a t  t h e  measurement,  

i t , t o o ,  l e a k e d .  A t h i r d  i n c l u s i o n  f i l l e d  a t  230.5OC. T h i s  was t h e  l o w e s t  of  

f o u r  r e p e a t s ,  w h i c h  gave r e s u l t s  i n  sequence of  231.5, 234.5, 230.5, and 231.5. 
The second o f  t h e  g r o u p  appeared t o  be i n  e r r o r  due t o  a p o o r  o b s e r v a t i o n .  

A n o t h e r  s i x  measurements were made, w h i c h  gave t h e  f o l l o w i n g  r e s u l t s  i n  sequence: 
236.5, 237.5, 236.5, 239.2, and 240.2. These r e s u l t s  a r e  s i g n i f i c a n t l y  h i g h e r  

t h a n  t h e  f i r s t  f o u r ,  and appeared t o  be s y s t e m a t i c a l l y  i n c r e a s i n g  w i t h  each c y c l e  

of  h e a t i n g  and c o o l i n g .  A l e a k  was t h e r e f o r e  s u s p e c t e d ,  and t h e  f i r s t  f o u r  

measurements a r e  p r o b a b l y  t h e  o n l y  v a l i d  ones. 

The r a n g e  o f  t e m p e r a t u r e s  r o b a b l y  r e f l e c t  d i f f e r e n t  s t a g e s  o f  deve lopment  i n  t h e  
h o t  s p r i n g  system. The h e a t i n g  measurements a c t u a l l y  show f a i r l y  good agreement 

w i t h  t h e  measurements o f  ' i n c l u s i o n  and b u b b l e  s i z e s ,  and subsequent  e s t i m a t e d  
f i l l i n g  t e m p e r a t u r e s .  
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TABLE 15 

Mineralogy of 0-1 and P - 1  Well C u t t i n g s  Determined by X-ray n i f f r ac tomete r  

c/ 
Sample quartz i 11 i t e  c a l c i t e  dolomite a1 b i t e  K-fel d- Kao- pyr i te  o the r  

spar  1 i n i  t e  

WELL 0-1 
100 X X X X X tr .  mont. 
105 X X X X X t r .  mont. 
120 X X X t r  X t r  X tr. mont. 

140-1 60 X X X X t r  X X x mont .  
241 -244 X X 

264 X X 
284 X X X X tr.  mont. 

2 99- 304 X t r  
31 9-322 X X 
339-342 X t r  

399-402 X X t r  
41 9-422 X X X 
459-464 X X 
479-484 X X tr.  mont. 
499-504 X X t r  

51 9-524 X X t r  
539-564 X X tr 
579-584 X X t r  
599-604 X X X 
655-659 X X X t r  X 

658-664 X X t r  X t r  t r  t r  

WELL P-1 
248-268 ba r i t e  

345 X t r  X 
598-601 X X X X X 

668 X t r  t r  X X t r .  mont .  
678 X X t r  X t r  

~~ 

688 X X X X X 
708 X X X X t r  
71 8 X X X X t r  
728 X t r  X X 
7 38 X t r  X X t r  

748 X X t r  X t r  t r  t r  
758 X X X t r  
768 X X X X t r  t r  
778 X X X X t r  t r  t r  
788 X X X X X t r  

798 X X t r  
808 X t r  X 
81 8 X X X 
828 X t r  t r  
838 X X 

X 
X 
X 
X 
t r  ' 

X X 
t r  t r  
X X'  
X X t r  

848 X X t r  X t r  t r  
X X X X t r  t r  858 

868 X X X X X 
- x  X X t r  t r  

888 X X X X t r  t r  
878 

t r  
t r  , 

-~ 

Notes: X = major component x = moderate t o  minor component t r  = t r ace  mont.  = montmorillonite 
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TABLE 15 

Mi neril ogy o f  0- 1 and P- 1 We! 1 C u t t i n g s  Determi ned by X-ray D i  f f r a c t o m e t e r  (cont inued!  

Sample quartz i l l i t e  c a l c i t e  dolomite a1 b i  t e  K-fel d- 
spar 

Kao- 
1 i n i  t e  p y r i t e  o ther  

~ 

aga X X X tr tr tr 
908 X X X X tr tr 
928 X X X X 
948 X X X X tr 
968 X X X X tr 

tr 

~~ -~ 

988 X X X X tr 
1 ooa X X X X 
1028 X - x  X tr 
1048 X tr tr X 
1068 X tr X 

1 oaa X X tr X tr tr 
i i o a  X X tr X tr tr 
1128 X X anh. 
1148 X X anh. 
1158 tr X X anh. 

1168 X X anh. 
1188 tr X X anh. 

x anh. I x gypsum 
1208 tr X 

1228 X X X tr 

1248 X tr X X tr 
1268 X X X tr tr 
1288 X X X X tr tr 
1308 X X X X tr tr 
1328 X X tr tr 

1338 X tr tr 
1348 X tr X x tr tr 
1368 X X X X tr 
1371 X X X 

X x gypsum 
X bio. 

x gypsum 

1385 X 

1405 X 

1425 X 

X X 

X X 

tr. X 

X b io .  
tr. chl .  

X b i o .  
tr. ch l .  

X bio. 
tr. ch l .  

~~ ~ 

1445 X tr X X b io .  
x bio.  

tr. ch l .  
1465 X X X 

x bio. 
{ tr. ch l .  

1475 X X X 

Notes: X = major component . x  = moderate t o  minor component tr = t race .mont. = montmori l lonite 
ahn. = anhydrite bio. = b i o t i t e  ch l .  = c h l o r i t e .  

Most samples from 1371 
no t  possible t o  d iscr iminate orthoclase from microc l ine,  so tha 
as K-feldspar. I n  a few cases the x-ray pa t te rn  ind icated mic r  
discriminated from b i o t i t e  i n  samples 1371-1475 due t o  i n t e r f e r i n g  peaks. 
f o r  addi t ional  mineralogical information. 

475 contain traces t o  minor amounts o f  epidote. '  In'most cases i t  was 
he presence of e i t h e r  i s  given 
ine. Muscovite could not  be 

See sample descr ip t ions 
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Th.in Sec t ions  

Seventeen t h i n  sec t ions  of sedimentary rocks,  pr imari ly  sandstones,  were s tud ied  
by Gary Mitch. His r e s u l t s  a r e  given in  d e t a i l  in Table 16 .  Additional d a t a  on 
mineralogy i s  provided by t h i s  study. I n  some cases  minerals which could n o t  be 
detected in the  x-ray study were found in t h i n  sec t ion .  The study a l so  provides 
information on the  d iagenet ic  h i s t o r y  of t he  sediments. 

Three t h i n  sec t ions  of Precambrian metamorphic and  igneous rocks from t h e  b o t t o m  
- of  t he  hole were a l s o  s tudied .  Data  on t hese  samples i s  summarized in Table 1 7 .  

Discussion of Resul ts  

Hydrothermal Act i vi t y  
1 .  . 

Information on hydrothermal a c t i v i t y  of t , , e  geot he primary 
i n r e r e s t  in the  present work. Much of t he  information obtained i s  unfortunately 
noC d iagnos t ic  of hydrothermal a c t i v i t y .  This i s  pr imari ly  because d iagenet ic  
processes produce mineralogy and t e x t u r e s  s imi l a r  t o  those produced by 
hydrothermal f l u i d s .  Examples of these  s o r t s  of f e a t u r e s  include a1 t e r a t i o n  of 
f e ldspa r s  t o  k a o l i n i t e  and s e r i c i t e ,  q u a r t z  overgrowths on sand g ra ins ,  and  
carbonate cement. Even the  c r u s t s  of euhedral p y r i t e  and  q u a r t z  in veins a r e ,  by 

. themselves, n o t  conclusively i n d i c a t i v e  of h o t  water ,  b u t  requi re  proof in the  
F ina l ly ,  d iagenet ic  i l l i t e  a n d  k a o l i n i t e  a r e  iden t i ca l  form o f  f l u i d  inc lus ions .  

with -hydrothermal s e r i c i t e  and  k a o l i n i t e .  

The occurrence of b a r i t e  and  cha lcopyr i te  a r e  suggest ive of hydrothermal a c t i v i t y .  
Bar i te  occurs as a d iagenet ic  mineral only very r a r e l y ,  and in such cases  forms 
spheroidal concret ions of r a d i a l l y  f ibrous  c r y s t a l s .  Chalcopyri te  has been 
reported as a mineral produced by supergene processes in copper depos i t s ,  b u t  t he  
s i n g l e ,  euhedral c r y s t a l s  observed in well P - 1  a t  728 f t  depth must be regarded a s  
hydrothermal. The habi t  of q u a r t z  c r y s t a l  s observed i s  e longated,  with prominent 
prism faces .  .This  i s  t yp ica l  of hydrothermal ve ins ,  whereas q u a r t z  formed a t  low 
temperatures by s u r f i c i a l  processes t y p i c a l l y  grow in r ad ia l  c l u s t e r s ,  with only 
rhombohedral faces  exposed. This includes geodes and c r u s t s  on f r a c t u r e s .  Such 
information i s  only q u a l i t a t i v e ,  of course,  and  does not give much ind ica t ion  of 

how high temperatures may have been. 

/ 
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The most important information was obtained from f l u i d  inc lus ions  in the  
hydrothermal q u a r t z  from the  sample a t  248 f t .  I t  i s  probable t h a t  t he  thermal 
h i s to ry  of t he  system i s  recorded in inc lus ions ,  w i t h  some trapped a t  t he  maximum 
temperature,  and  many during the  period of cooling. Those trapped during r i s i n g  
temperatures might be expected t o  leak due t o  r i s i n g  in t e rna l  pressure and  be 
sealed again l a t e r .  When temperatures ceased r i s i n g ,  t h e  tendency t o  rup ture  
would s top ,  and  f l u i d  would be trapped a t  t he  maximum temperature ,  o r  during t h e  
cool i n y  peri od .  

The maximum temperature obtained, 252.1"C, may n o t  be r e l i a b l e ,  s ince t h e  
inclusion leaked afterward. The f i l l i n g  temperature of 230.5"C i s  probably good ,  
s ince  i t  was r ep l i ca t ed  four  times before the  inc lus ion  may have begun t o  leak.  
The maximum temperature estimated from r a t i o s  of volumes of t he  bubble t o  t o t a l  
inclusion was 232°C. The agreement between the  two d a t a  i s  welcome, b u t  s ince so 
few inc lus ions  were found which could be measured, t h i s  may n o t  be r ep resen ta t ive  
of the  m a x i m u m  temperature a t t a ined  by t he  system a t  t h e  depth sampled. 

Water a t  a temperature of 230°C must be confined by a pressure of a t  l e a s t  28 
kg/cm2, or i t  wi l l  bo i l .  I t  i s  probable t h a t  t h e  geothermal system a t  Pagosa 
Springs has been open t o  t he  sur face  f o r  most of i t s  h i s t o r y ,  so  t h a t  t h i s  
pressure was applied by a hydros ta t ic  head alone. T h a t  i s ,  t he  system was not 
subjec t  t o  l i t h o s t a t i c  pressure.  If  t h i s  i s  t r u e ,  t he  minimum depth of formation 
of t h e  f l u i d  inc lus ions  c a n  be ca lcu la ted .  I f  the  overlying column of water were 
a l l  a t  25"C, t h i s  would provide the  maximum dens i ty  t o  contain the  pressure,  a n d  
hence a m i n i m u m  depth. A column of water 1087 f t  above the  inc lus ions  would 
provide a pressure of 28 
was en t i  r e l y  t h i s  cool ,  ti ver. Another p o s s i b i l i t y  i s  t h a t  from the  surface t o  
t he  s i t e  of inclusion entrapment, a l l  t he  water i s  a t  the  boi l ing  temperature. 
This would provide t h  t poss ib le  water dens i ty .  The depth from the  surface 
would be a b o u t  1 y amoun t  of cooler  water cou be present ,  so t h a t  a 
column of water i between 1087 and 1260 f t  co provide the  pressure.  
A t h i r d  p o s s i b i l i t y  t he  pressure was a c t u a l l y  -h igher ,  a n d  the  depth i s  
g r e a t e r ,  b u t  indetermihate.. This l a s t  p o s s i b i l i t y  i s  more probable, s ince no 
evidence of boi l ing was observed. The inc lus ions  s tudied occurred a t  a depth of 
only 248 f t .  Since the  minimum possible  depth of o r ig in  l i e s  between 1087 a n d  

cm2- I t  i s  n o t  too  l i k e l y  t h a t  t h e  overlying water 
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1260 f t ,  t h i s  means t h a t  a t  l e a s t  800 t o  1000 f t  of overburden have eroded off  
s ince the  inc lus ions  were trapped. This f u r t h e r  suggests a minimum age of t he  
system, based on the  r a t e  of erosion.  

The occurrence of p y r i t e  and  euhedral vein q u a r t z  shows a r e l a t i o n  t o  l i t ho logy  of 
t he  h o s t  rocks. All were sandstones,  mostly with a low c lay  content .  The rocks 
were the re fo re  e i t h e r  permeable o r  b r i t t l e ,  capable of maintaining open f r a c t u r e s .  
Quartz and py r i t e  were observed in t h e  Dakota  Sandstone a t  2 4 1 ,  2 6 4 ,  339, and  399 
f t .  I n  t he  Morrison Formation, which c o n s i s t s  mostly of c lay- r ich  beds, quar tz  
and  py r i t e  occur only in r e l a t i v e l y  t h i n  sandstone beds, a t  depths of 499,  599, 
655, 728 (cha1.copyrite h e r e ) ,  and 798 f t .  The Wanakah c o n s i s t s  of limestone and  

' anhydri te ,  and apparent ly  was impermeable. Below, a l i t t l e  p y r i t e  was observed 
iu  t h e  E n t r a d a  Sandstone a t  1 2 2 8  and 1308 f t .  A t  1258, p y r i t e  occurred in 1 - 2  mm 
t h i ck  ve in l e t s .  

I t  appears t h a t  the  wel ls  0-1 and P - 1  were n o t  within the  cen t r a l  p a r t  of t he  
hydrothermal system a t  depth,  although t h i s  loca t ion  was within reach of t h e  
mineral iz ing water. Resul ts  wil l  have t o  be obtained from o the r  wel ls  in  the  
f u t u r e  t o  l oca t e  t h e  cen t r a l  p a r t  of the  system. 

Li t h o 1  ogy 

. Information obtained from visual logging, x-ray work, a n d  t h i n  sec t ion  s t u d i e s  may 
be helpful t o  o ther  workers regarding the  l i t h o l o g i e s  and  th icknesses  of rocks 
d r i l l e d .  

From the  samples of c u t t i n g s ,  some l i m i t s  may be placed on the  depths of 
sedimentary contac ts .  A t  284 f t ,  the  rock i s  sha le  with sandy l enses ,  whereas a t  
299 f t  the  rock i s  sandstone. The base of t h e  Dakota  appears t o  l i e  between 422  
and 459, t he  l a t t e r  depth a t  which c lay- r ich  sandy rocks f i r s t  appear. The base 
of the  Morrison occurs between 1108 and  1118, while t he  base of t h e  limestone in 
the  Wanakah was observed between 1208 and 1218. No st rong l i t h o l o g i c  d i f f e rence  
was noted  between the  sandstone in t h e  in t e rna l  1218-1278 and t h a t  below from 1298 
t o  1368. B o t h  i n t e r v a l s  may belong t o  t h e  E n t r a d a .  A t  1371, t h e  t o p  of t he  
Precambrian was encountered. 
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W i t h i n  t h e  M o r r i s o n  F o r m a t i o n  many s a n p l e s  c o n s i s t e d  o f  c l a y  w i t h  v a r i a b l e  amounts 

o f  q u a r t z  sand. C l o s e  e x a m i n a t i o n  of t h e s e  samples r e v e a l e d  a g r a n u l a r  s t r u c t u r e  

i n  t h e  c l a y ,  on t h e  same s c a l e  as t h e  q u a r t z  g r a i n s .  It appears  t h a t  t h e  c l a y  

o r i g i n a l l y  c o n s i s t e d  of l i t h i c  f r a g m e n t s ,  p r o b a b l y  o f  v o l c a n i c  o r i g i n .  The 

abundance o f  f e l d s p a r  i n  t h e  c l a y  i s  a l s o  s u g g e s t i v e  o f  such o r i g i n .  These r o c k s  

have been te rmed " l i t h i c  s a n d s t o n e s "  i n  t h e  l o g g i n g  n o t e s ,  b u t  m i g h t  a l s o  be 

c a l l  ed " d i a g e n e t i c  s h a l  e s "  , i n  accordance w i t h  t h e i  r p r e s e n t  p r o p e r t i e s .  C 

P r e c a m b r i a n  r o c k s  a t  t h e  b o t t o m  o f  t h e  h o l e  e x h i b i t  normal  m i n e r a l o g y  f o r  r o c k s  o f  

t h i s  age i n  t h e  Rocky M o u n t a i n  area.  Weak a l t e r a t i o n  o b s e r v e d  i n  t h i n  s e c t i o n  o f  

1479 and 1481 i s  t y p i c a l  of  metamorph ic  e f f e c t s ,  and n o t  t h a t  a s s o c i a t e d  w i t h  

h y d r o t h e r m a l  a l t e r a t i o n .  The l a t t e r  i s  t y p i c a l l y  g u i d e d  b y  f r a c t u r e s ,  and 

d e s t r o y s  f e l  d s p a r s  , p a r t  i c u l  a r l  y p l  a g i  o c l  ase, and b i  o t  i t e .  

The v e r y  s t r o n g  a l t e r a t i o n  a t  1371 may be due t o  p r e - E n t r a d a  w e a t h e r i n g .  T h i s  i s  
p a r t i c u l a r l y  s u g g e s t e d  by t h e  r e p l a c e m e n t  o f  b i o t i t e  b y  h e m a t i t e .  E l s e w h e r e  i n  

t h e  w e l l ,  where h y d r o t h e r m a l  m i n e r a l s  o c c u r r e d ,  h e m a t i t e  was n o t  observed.  The 

most p r e v a l e n t  h y d r o t h e r m a l  m i n e r a l  , p y r i t e ,  does n o t  o c c u r  a t  1371. It appears ,  

t h e n ,  t h a t  t h e  a l t e r a t i o n  a t  t h i s  d e p t h  i s  n o t  h y d r o t h e r m a l ,  and t h a t  t h e  

g e o t h e r m a l  sys tem d i d  n o t  r e a c h  t h i s  p o i n t  i n  t h e  w e l l :  

Po tass ium-Argon D a t e  on P r e c a m b r i a n  Rocks 

A p o t a s s i u m - A r g o n  d a t e  was o b t a i n e d  on b i o t i t e  f r o m  t h e  g r a n i t e  c o r e d  i n  We1 P - 1  
between 1475.3 and 1477.6 f e e t .  The e n t i r e  g r a n i t e  i n t e r v a l  was s p l i t  and h a l f  

was s u b m i t t e d  t o  Geochron L a b o r a t o r i e s  D i v i s i o n  o f  K r u e g e r  E n t e r p r i s e s ,  I n c . ,  i n  

Cambridge, Mass. There,  t h e  r o c k  was c r u s h e d  and b i o t i t e  s e p a r a t e d  f o r  t h e  

d e t e r m i n a t i o n .  The age o b t a i n e d  was 1152 + 39 m i l l i o n  y e a r s .  It i s  P r e c a m b r i a n ,  - 
as e x p e c t e d  f r o m  t h e  l i t h o l o g y .  

P r e c a m b r i a n  r o c k s  f rom t h e  s o u t h e r n  Rocky M o u n t a i n s  r e g i o n  t y p i c a l l y  r e f l e c t  a 

h i s t o r y  o f  f o l d i n g ,  metamorphism and i n t r u s i o n  b y  g r a n i t i c  r o c k s  a b o u t  1700 

m i l l i o n  y e a r s  ago, and a second e v e n t  c h a r a c t e r i z e d  b y  g r a n i t i c  i n t r u s i o n s  a b o u t  

1400 m.y. L o c a l l y ,  l a t e r  e v e n t s ,  such as t h e  i n t r u s i o n  o f  P i k e ' s  Peak g r a n i t e  

(1015 m.y.) l o w e r e d  t h e  m i c a  ages o r  r o c k s  (Hedge, e t  a l . ,  1968; Hansen and 

. G i f f i n  and K u l p  ( 1 9 6 0 )  d e t e r m i n e d  p o t a s s i u m - a r g o n  ages o f  Peterman , 1968 
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P r e c a m b r i a n  r o c k s  i n  s o u t h - c e n t r a l  C o l o r a d o ,  o b t a i n i n g  numbers f r o m  980 t o  1540 

m.y. One specimen, a b i o t i t e  g n e i s s ,  y i e l d e d  a d a t e  o f  1130 m.y., v e r y  c l o s e  t o  

t h e  age o f  t h e  Pagosa S p r i n g s  g r a n i t e  sample. The b i o t i t e  g n e i s s  was c o l l e c t e d  
between C i m a r r o n  and S a p i n e r o ,  j u s t  west  o f  Gunnison,  and a b o u t  85 m i l e s  n o r t h  o f  

Pagosa S p r i n g s .  Hansen and Peterman ( 1 9 6 8 )  o b t a i n e d  Rb-Sr d a t e s  o f  1190 - + 60 m.y. 

on t w o  q u a r t z  m o n z o n i t e s  f r o m  t h e  B l a c k  Canyon o f  t h e  Gunnison,  a l t h o u g h  a K - A r  
d a t e  on one o f  t h e  .specimens was 1220 - + 40 m.y. These r e s u l t s  s u g g e s t  t h a t  t h e  

d a t e  on t h e  Pagosa S p r i n g s  sample i s  n o t  anomalous, and has n o t  been r e - s e t  b y  

h y d r o t h e r m a l  a c t i v i t y  f r o m  t h e  h o t  s p r i n g s .  T h i s  i s  t h e  o p i n i o n  o f  C a r l  Hedge, 

U.S. G e o l o g i c a l  Survey ,  Denver  ( p e r s o n a l  c o m m u n i c a t i o n ) ,  w i t h  whom t h e  w r i t e r  

c o n c u r s .  

0 
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Table 16  

Thin S e c t i o n  Studies  of Sedimentary Rocks 

by Gary Mitch 

Sample No.: 

Rock Name: 

Composi t i  on : 

Texture: 

A1  t e r a t  i ons : 

Sample No.: 

Rock Name: 

Composi t i on :  

Texture : 

A1 t e r a t i  ons : 

Sample No.: 

Rock Name: 

0-1, 0-20' ("A")-  

Shaly s i  1 t s t o n e  

Too f ine-grained f o r  accurate  point counting. 
mode i s  70% s i l i c a t e  s i l t ,  30% matrix c lay.  S i l i c a t e s  
a r e  mostly q u a r t z ,  some fe ldspa r s  and  shreds of b i o t i t e c .  
Matrix i s  a network o f  mixed l aye r  c lays  and  spot ty  

- c h l o r i t i c  patches a l l  laced with s e r i c i t e .  Small 
a m o u n t s  o f  r e l a t i v e l y  pure k a o l i n i t e  a r e  derived from 
i n - s i t u  a l t e r a t i o n  of p lag ioc lase  ( ? ) .  Matrix i s  
shrouded in a n  i ron- r ich  vei l  of decomposition products. 
Di ssemi nated py r i t e  i s  present as s ca t t e r ed  euhedra 
( t o  .003 mm) and botryoidal c l u s t e r s .  

No bedding laminations seen in t h i n  sec t ion .  S i l t  ranges 
u p  t o  .06 mm, averages = .03 mm, a n d  i s  subrounded t o  
angular.  Sort ing i s  good. 

Estimated 

Much overgrowth s i l i c a  i s  a l t e r i n g  t o  che r t  and  can be 
t raced t h r o u g h  many t r a n s i t i o n a l  s tages .  

0-1, 241-244 

s i l t y  sha le  with sandy laminae 

Too f ine-grained f o r  modal ana lys i s .  S i l t  general ly  looks 
quartzose.  Matrix c lays  a r e  heavi ly  coated with i ron 
oxides a n d  an aggregate ex t inc t ion  i s  present .  Matrix 
i s  peppered with py r i t e  which, except f o r  veins ( see  
below), shows a weak alinement within bedding or no 
s i t e  preference a t  a1 1.  

Laminae in the  sample a re  a b o u t  1 / 4  mm th ick  and  a r e  
apparent from concentrat ions of f i n e  s a n d ,  coarse  s i l t  
o r  l ayers  unusually r ich  in i ron oxides or carbonaceous . Frac tu res ,  f a i r l y  cons i s t en t  a t  50 '  t o  

e present and  f i l l e d  with euhedral q u a r t z  and 
py r i t e .  

Other t h a n  vein f i l l i n g s ,  the  s i l i c a t e  s i l t  i s  per iphe ra l ly  
a l t e r i n g  t o  matrix c lays .  Al te ra t ion  of p y r i t e  l i k e l y  
con t r ibu te s  much of t he  matrix i ron oxides. 

0 - i ,  264 . 

q u a r t z  wacke 
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C o m p o s i t i o n :  -, 

T e x t u r e :  

A1 t e r a t  i ons : 

Sample No.: 

Rock Name: 

Composi t i  on : 

. .  

T e x t u r e  : 

Frameworks 70 m a t r i x  28 o t h e r  2 ( r o c k  f r a g m e n t s ,  p y r i t e ) .  
Framework f r a c t i o n  i s  v i r t u a l l y  a l l  q u a r t z .  These 
g r a i n s  a r e  v a r i a b l y  s t r a i n e d  and c o n t a i n  p l u t o n i c  
a c c e s s o r y  m i n e r a l  s. Rock f r a g m e n t s  a r e  u s u a l l y  c h e r t .  
P y r i t e  i s  s c a t t e r e d  t h r o u g h o u t  and i s  o c c a s i o n a l  l y  
i n  s t r e a k y  l a m i n e a - l i k e  l a y e r s .  M a t r i x  i s  composed o f  
m i x e d  l a y e r  c l a y  assemblages l a c e d  w i t h  s e r i c i t e  o r  i l l i t e .  

Amount o f  m a t r i x  a1 t e r n a t e s  between c r u d e  1 a y e r s .  
M a t r i x - p o o r  zones show e a r l y  c o m p a c t i o n  e f f e c t s  o f  l o n g  
and s u t u r e d  g r a i n  c o n t a c t s  and many q u a r t z  o v e r g r o w t h s .  
M a t r i  x - r i c h  zones g e n e r a l  l y  r e t a i n  a g r a i n  s u p p o r t  
f a b r i c  and s t i l l  show s i g n i f i c a n t  o v e r g r o w t h  r i m s  and 
s u t u r i n g  between g r a i n s .  Q u a r t z  g r a i  ns a r e  q u i t e  v a r i a b l e  
i n .  shape ( a n g u l a r  t o  r o u n d )  b u t  f a i r l y  c o n s i s t e n t  i n  s i  ze, 
a v e r a g i n g  1 / 1 0  mm ( v e r y  f i n e  sand) .  

Framework g r a i n - m a t r i x  b o r d e r s  i n  t h e  m a t r i x  p o o r  zones 
are ,  complex,  w i t h  p e r i p h e r a l  a l t e r a t i o n  t o  t h e  m a t r i x  
c l a y s .  S u t u r e d  a g g r e g a t e s  o f  g r a i n s  i n  t h e s e  a r e a s  
a r e  u n d e r g o i n g  d i s s e g r e g a t i o n  f r o m  c l a y s  w o r k i n g  i n  .. 
a l o n g  i n t e r n a l  g r a i n  c o n t a c t s .  These a1 t e r a t i o n s  a r e  
more advanced i n , t h e  m a t r i x  r i c h  a r e a s ,  w h i c h  a c c o u n t s  f o r  
t h e  i n c r e a s e d  amount o f  c l a y s .  M a t r . i x  s u p p o r t e d ,  s u t u r e d  
g r a i n  a g g r e g a t e s  a l s o  s u p p o r t  a d i a g e n e t i c  o r i g i n  f o r  
t h i s  c l a y  p r o d u c t .  7Thus t h e  m a t r i x  r i c h  and m a t r i x  
p o o r  zones l i k e l y  r e f l e c t  d i f f e r e n t  s t a g e s  o f  d i a g e n e s i s .  

0-1,  319-322 

q u a r t z  a l r e n i t e  cemented w i t h  q u a r t z  

Q u a r t z  95  g r a i n s  8 0  cement 15 o t h e r  5 ( r o c k  f r a g m e n t s  
b f e l d s p a r ,  opaques) .  M i n e r a l o g i c a l l y  q u i t e  s i m p l e  

~ i n s t h a t  v i r t u a l l y  a l l  g r a i n s  a r e  q u a r t z  sand. Remainder  
i s  q u a n t i t a t i v e l y  m i n o r  r o c k  f r a g m e n t s  and a few f e l d s p a r  
g r a i n s .  T r a c e  amounts o f  i l m e n i t e  ( a l t e r e d  t o  l e u c o x e n e )  
and p y r i t e  a t  p r e s e n t .  Q u a r t z  cement i s  p r e s e n t  as 
s y n t a x i  a1 o v e r g r o w t h s  on g r a i  ns.  

Q u a r t z  g r a i n s  a r e  t i g h t  and i n t e r l o c k i n g  r e f l e c t i n g  a 
p o r o s i t y ,  d e c r e a s e  d u r i  ng i n i t  i a1 c o m p a c t i o n  w i t h  
r e s u l t i n g  p r e s s u r e  w e l d i n g  and p r e c i p i t a t i o n  o f  t h e  
o v e r g r o w t h s .  Q u a r t z  g r a i n s  a r e  i n  t h e  f i n e  sand f r a c t i o n  
(1 /8  - 1 / 4  mm). O r i g i n a l  g r a i n  b o u n d a r i e s  a t  t h e  base 
o f  t h e  o v e r g r o w t h s  show t h e  q u a r t z  t o  have been w e l l  
r o u n d e d  and w e l l  s o r t e d .  F e l d s p a r s  and r o c k  f r a g m e n t s  
were compacted and s u t u r e d  w i t h  t h e  q u a r t z .  Some o f  t h e s e  
g r a i  ns were a1 so a p p a r e n t l y  squashed be tween c o m p a c t i  ng 
q u a r t z  g r a i n s . .  

A1 t e r a t  i ons : V i r t u a l l y  a l l  t h e  f e l d s p a r  and r o c k  f r a g m e n t s  have a l t , e r e d  
t o  c l a y s  and s e r i c i t e .  These p r o d u c t s  a r e  o b s e r v e d  I 
o c c u p y i  n g  d i s p e r s e d  g r a i  n p o s i t i o n s .  Re1 i c t  p l  a g i o c l  ase 
t w i n s  and a l t e r a t i o n  p r o d u c t  i n h o m o g e n e i t i e s  i n d i c a t e  t h e  
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Sample No.: 

Rock Name: 

Compos i t i on : 

T e x t u r e  : 

A1 t e r a t  i o n s  : 

Sample  No.: 

Rock Name: 

Composi t i o n :  

Texture : 

former p r e s e n c e  o f  f e l d s p a r  and  r o c k  f r a g m e n t s  
r e s p e c t  i v e l y .  Dark c o l o r e d  m a t e r i  a1 b e a r i n g  o p a q u e s  
( p y r i t e ,  h e m a - t i t e )  o c c u r s  a l o n g  some g r a i n  b o r d e r s .  

0-1, 399-402 

q u a r t z  a r e n i  t e  

Q u a r t z  9 0  o t h e r  1 0  ( c h e r t ,  c l a y ,  p y r i t e ,  r o c k  f r a g m e n t s ,  
v o i d s )  . Q u a r t z  g r a i  ns show v a r i  ab1 e s t r a i  n and i n h e r i t e d  
i n c l u s i o n s  and  a r e  c e m e n t e d  from p r e s s u r e  w e l d i n g  and  
o p t i c a l l y  c o n t i n u o u s  o v e r g r o w t h s .  Rock f r a g m e n t s  a r e  
1 a r g e l y  a1 t e red  t o  m i  xed 1 a y e r  c l  a y  a s sembl  a g e s .  P y r i t e  
f i l l s  v o i d s ,  l i n e s  che r t  and  c l a y  pseudomorphs  of 
f r amework  g r a i n s ,  r e p l a c e s  i n t o  them and o c c u r s  a l o n g  
i n t a c t  g r a i n  b o u n d a r i e s .  

G r a i n  f a b r i c  i s  t i g h t  and i n t e r l o c k i n g  f rom p r e s s u r e  
SO: UtS on resul t i  ng i n  suturi  ng of g r a i n s  and p r e c i p i t a t i o n  
o f  o v e r g r o w t h s .  The v o i d s  present c o u l d  b e  f r o m  f l u s h i n g  
o f  p o s t - d e p o s i t i o n a l  c l a y  pseudomorphs  o f  u n s t a b l e  
f r ameworks .  O r i g i n a l  q u a r t z  b o r d e r s  be low o v e r g r o w t h s  
show t h a t  t he  g r a i n s ,  b e f o r e  c o m p a c t i o n ,  were g e n e r a l l y  
v e r y  r o u n d ,  r a n g e d  f r o m  1/3-1/2 mm i n  s i z e  (medium s a n d )  
and were well s o r t e d .  

U n s t a b l e  f ramework g r a i  ns h a v e  a1 t e r e d  t o  cl  a y s  w h i c h  
c o r r o d e d  a d j a c e n t  q u a r t z  g r a i n s .  Many q u a r t z  o v e r g r o w t h s  
and  g r a i n s  a r e  d e g r a d i n g  t o  che r t .  These p r o c e s s e s  h a v e  . 
p r o d u c e d  c l a y  and che r t  pseudomorphs  o f  f r a m e w o r k s .  
P y r i t e  h a s  moved i n  a l o n g  f r a c t u r e s  and g r a i n  b o u n d a r i e s ,  
f i l l e d  v o i d s  ( f r o m  f l u s h i n g  o f  p seudomorphs  ( ? )  and 
l o c a l i z e d  a r o u n d  pseudomorphs.  

0-1, 499-504 

f e l d s p a t h i c  wacke 

Q u a r t z  and f e l d p s a r  58 c l a y s  28 c a r b o n a t e  13  o t h e r  1 
( m u s c o v i t e ,  p y r i t e ,  r o c k  f r a g m e n t s ) .  D i s t i n g u i s h i n g  
f e l d s p a r  and q u a r t z  was n o t  a t t e m p t e d  a s  m u c h  of t h e  
p l a g i o c l a s e  a s  u n t w i  nned.  Both mic ro1  i ne and  pl  a g i  oca1  se  
a r e  p r e s e n t .  Q u a r t z  i s  t y p i c a l l y  c l e a r ,  somewhat s t r a i n e d ,  
and  b e a r s  s y t n a x i a l  o v e r g r o w t h s .  A s m a l l  amount of 
p y r i t e  - no s p e c i f i c  d i s t r i b u t i o n  - i s  p r e s e n t ,  a s  a r e  some 
s h r e d s  of d e t r i t a l  m u s c o v i t e  c l a y s  a r e  k a o l i n i t i c  and  
a u t h i g e n i c .  T h e  c a r b o n a t e  ( c a l c i t e  ? )  a p p e a r s  t o  b e  
a l a t e  cement. 

M a j o r  f ramework g r a i n s  a v e r a g e  0.2 mm ( f i n e  s a n d )  i n  
d i a m e t e r .  S o r t i n g  and  g r a i n  r o u n d n e s s  h a v e  been  
d e g r a d e d  by d i a g e n e t i c  a l t e r a t i o n s .  T h e  p r e s e n c e  o f  
s y n t a x i a l  o v e r g r o w t h s  and sutures on f l o a t i n g  g r a i n s  
a l l u d e s  t o  an  e a r l y  c o m p a c t i o n  h i s t o r y .  The g r a i n  
d i s p e r s a l  we see now i s  d u e  t o  c l a y  p r o d u c t i o n  t h r o u g h  
a1 t e r a t i  on of  g r a i  ns. 
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A1 t e r a t  i ons : 

Sample  No.: 

Rock Name: 

Composi t i  on : 

T e x t u r e  : 

A1 t e r a t  i o n s  : 

. .  1 .  

Sample  No.: 

Rock Name: 

Composi t i  on : 

T e x t u r e  : 

The c l  a y  p r e s e n t  i s  d e r i  ved f rom a1 t e r a t i  o n .  o f  f ramework 
g r a i n s ,  p a r t i c u l a r l y  f e l d s p a r s ,  rock f r a g m e n t s  and 
s y n t a x i a l  o v e r g r o w t h s .  The c l a y  p r o d u c t i o n  d i s a g g r e g a t e s  
g r a i n s  and  d i s p e r s e s  t he  f r amework ;  The c a r b o n a t e  p r e s e n t  
i s  b e l i e v e d  t o  be a l a t e  i n t r o d u c e d  cement a s  i t  a p p e a r s  
t o  t r a n s e c t  a l l  t he  t ex tu res  and  ernbays a l l  s a m p l e  
c o n s t i t u e n t s .  

c . -- 

0 - 1 ,  655-659 

f el  d s p a t h i  c wacke 

Frameworks 4 6  c a r b o n a t e  2 8  c l a y s  26  t r .  o p a q u e s ,  
t o u r m a l i n e .  Owing t o  d i f f i c u l t y  i n  d i s t i n g u i s h i n g  
u n t w i n n e d  p l a g i o c l a s e ,  f e l d s p a r s  were n o t  t a b u 1  a t e d  
s e p a r a t e l y  b u t  combined w i t h  q u a r t z  i n  the  framework 
coun t .  T h i s  f r a c t i o n  i s  e s t i m a t e d  a t  8 5 %  q u a r t z ,  
15% f e l d s p a r s .  - Frameworks a r e  a1 1 v a r i a b l y  a1 t e r e d .  
C l a y  i s  p r o b a b l y  a l l  a u t h i g e n i c  and  c o n t a i n s  some 
a r e a s  o f  r e l a t i v e l y  p u r e  k a o l i n i t e  b u t  i n c l u d e s  much 
mixed l a y e r  t y p e s  and  i l l i t e  o r  s e r c i t e .  I n  l i g h t  o f  
t he  a1 t e r a t i o n s ,  modal f e l d s p a r  h a s  d i m i n i s h e d  t h r o u g h  
time. D o l o m i t e  i s  p r e s e n t  a s  a l a t e  ( ? )  cement. 

Frameworks a p p e a r  m o d e r a t e l y  s o r t e d  and  o f  very f i n e  s a n d  
(1/10 mm) s i z e .  G r a i n  s h a p e s  v a r y  w i d e l y  ( a n g u l a r  t o  
r o u n d )  b u t  t h i s  i s  p a r t i a l l y  d u e  t o  t h e  w h o l e s a l e  g r a i n  
a l t e r a t i o n s  ( t o  c l a y s )  t h a t  a r e  t e n d i n g  t o  d i s p e r s e  t h e  
f r amework .  P r e c i p i t a t e d  s y n t a x i a l  o v e r g r o w t h s  and  we lded  
g r a i  n c o n t a c t s  a r e  s t i  11  present  and  t h e i r  d i s t r i b u t i o n  
and  occurrence i n d i c a t e  a t i g h t l y  we lded  f r amework  
f o l l  owing i n i  t i  a1 c o m p a c t i o n .  

V i r t u a l l y  a l l  g r a i n s ,  b u t  p a r t i c u l a r l y  f e l d s p a r s ,  a r e  
q l t e r i n g  t o  c l a y s  - some t o  n e a r  o b l i t e r a t i o n .  G r a i n s  
a r e  f o u n d  i n  a l l  s t a g e s  o f  a l t e r a t i o n  f r o m  p e r i p h e r a l  
d e g r a d a t i o n  t o  m 
c l a y  p a t c h e s .  C 
a p p e a r s  t o  be  a 
a1 t e r a t  i on - b u t  
p a t c h e s  a r e  t u r b  

P - 1 ,  7 2 8  

nute r emnan t  g r a i n  s h r e d s  i n  g r a i  n-si zed  
a y . p s e u d o m o r p h s  a r e  p r e s e n t .  C a r b o n a t e  
a t e  cement, p o s t - d a t i n g  much  o f  t h e  
t h i s  i s  u n c l e a r  a s  c a r b o n a t e  cement 
d and v e i l e d .  

s u b  ' f e l d s p a t h i c  a r e n i  t e  

Q u a r t z  67 f e l d s p a r  9 cement ( s i l i c a )  8 cement ( c a r b o n a t e )  
16 .  Q u a r t z  g r a i n s  a r e  v a r i a b l y  s t r a i n e d  and  commonly b e a r  
s y n t a x i  a1 o v e r g r o w t h s .  Fel d s p a r s  i ncl ude  b o t h  pl  a g i o c l  a s e  
and  m i c r o c l i n e  and  show some a l t e r a t i o n s  b u t  a r e  g e n e r a l l y  
i n t a c t .  Some o f  t h i s  a l t e r a t i o n  i s  l i k e l y  t o  b e  s o u r c e  
a r e a  w e a t h e r i n g .  C a r b o n a t e  cement i s  d o l o m i t e .  

Framework q u a r t z  i s  s u b r o u n d e d  and  a v e r a g i n g  1 1 4  m m  
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A 1  t e r a t  i ons : 

Sample No.: 

Rock Name: 

Composi t i  on : 

Texture : 

A1 t e r a t  i ons  : 

Sample No.: 

Rock Name: 

Composi t i o n :  

Texture : 

g r a i  n diameters ( f  i ne sand) .  Feldspars a re  simi 1 a r y  s i  zed 
b u t  a re  more angular owing t o  cleavage. The sample i s  
we1 1 sor ted  and  t he  carbonate cement poi ki 1 o topical  l y  
encl oses framework gra ins .  

Frameworks a re  a1 1 re1 a t  i vel y i n tac t  b u t  undergoi n g  
peripheral  ' etching by the  carbonate cement. I n  some 
i nstances ,almost en t i  r e  gra ins  have been ob1 i t e r a t e d .  
Syntaxial overgrowths show more ex tens ive  replacement by 
t h e  carbonate.  

P - 1 ,  828 

f e ldspa th i c  wacke 

Q u a r t z  46 f e ldspa r  1 9  c lays  1 5  carbonbate 20. Q u a r t z  
g ra ins  are  var iabley s t r a ined  and  commonly have 
s y n t a x i  2 1 ,  cvergrowths. Trace amounts of d e t r i t a l  opaques 
a re  present a1 ong  with some di ssemi nated authogeni c 
hematite. Carbonate cement c ross  cu t s  most g ra ins .  

Frameworks range fromn s i l t  t o  1 / 2  rnm b u t  average 
i n  the  f i n e  sand grade (1/8-14 mm). Grains a re  subangular 
t o  subrounded a n d  the  sample looks well sor ted .  Grains 
shapes a re  modified by peripheral  a1 t e r a t i  ons. Modal 
f e ldspa r  i s  being decreased by a l t e r a t i o n  t o  c lay a n d  
t h i s  increases  the  amount of m a t r i x  present as grains  
a re  repl aced a n d  disaggregated. 

The f e ldspa r  grain i n t e r i o r s  preserve w h a t  might be 
minor source area weathering. Borders of these  and  
q u a r t z  g ra ins  and  overgrowths a re  being repl aced, i n - s i t u  , 
by c lays .  All s tages  of a l t e r a t i o n  can be seen. Trace 
opaques have oxidized. Carbonate-clay r e l a t i o n s  a re  
unclear ;  t he  carbonate appears t o  postdate  major  c lay 
a1 t e r a t  i ons . 
P - 1 ,  878 

q u a r t z  areni t e  

3 ,carbonate  2 1  c l a y s ,  mica 1 2  o ther  4 
paques). Framework f e ldspa r  a re  of ten 
agments or whole gra ins  d i f f i c u l t  t o  
om q u a r t z  except f o r  microcline.  Clay matrix 

c h l o r i t e ,  s e r i c i t e  ? )  in a network around 
r i x  contains  much disseminated hematite. 
ment i s  cloudy. 

r e  well sor ted  a n d ,  grai- i z e s  range from s i l t  
veraging about 1 /10  mrn ry f i n e  s a n d ) .  These 
a r  t o  subrounded. C a r b  t e  cement i s  patchy 
these  and  t h e i r  c l ay -  pseudomorphs. A more 

incl  udes-some kaol i ni t e  a n d  much mixed 1 ayer types with 

extensi  v e  mixed-1 ayer cl ay assembl a g e  ' a n d  micormica 
network pervade the  framework and appear t o  enclose 
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c a r b o n a t e  p a t c h e s  t o o .  - S p o r a d i c a l l y  p r e s e r v e d  g r a i n  
' o v e r g r o w t h s  and  su tured  and l o n g  g r a i n  c o n t a c t s  i n d i c a t e  

A1 t e r a t  i ons : 

Sample  No.: 

Rock Name: 

C o m p o s i t i o n :  

T e x t u r e  : 

A1 t e f a t i  o n s :  

Sample  No.: 

Rock Name: 

an  e a r l y  c o m p a c t i o n .  

E a r l y  f e l  d s p a r  a1 t e r a t  i on i s  p r e s e r v e d  a s  kao l  i n i  t i  c 
p a t c h e s .  C a r b o n a t e  cement a p p e a r s  t o  have  been i n t r o d u c e d  . 
l a t e r ,  and  h a s  e t c h e d  and embayed framework g r a i n s .  L a t e r  
a e v e l o p m e n t  o f  mixed l a y e r  c l a y  a s s e m b l a g e s  a p p e a r  t o  
c o r r o d e  a l l  c o n s t i t u e n t s  and  t he  l a t e  m i c r o m i c a  ne twork  
f o l l o w s  manmy i n t e r g r a i n  b o r d e r s  and  a p p e a r s  t o  even 
s u r r o u n d  some c a r b o n a t e  cement p a t c h e s .  

c 

P - 1 ,  888 

q u a r t z o s e  si 1 t s t o n e  

S i l t  70 m a t r i x  30 ( v i s u a l  e s t i m a t i o n ) .  S i l t  c o n s i s t s  ' 

1 a r g e l  y o f  q u a r t z ;  microcl i ne and pl  a g i  o c l  a s e  a r e  p r e s e n t  
a l s o  and  show a s  t w i n n e d  g r a i n s  and  c l e a v e d  f r a g m e n t s .  
Some che r t  f r a g m e n t s ' a n d  d e t r i t a l  heavy  m i n e r a l s  a r e  
p r e s e n t .  M a t r i x  a p p e a r s  t o  be  l a r g e l y  a m i x e d - l a y e r  
c l a y  a s s e m b l a g e  w i t h  p o r t i o n s  w h i c h  h a v e  much  m i c r o m i c a  
( c h l  o r i  te., Lseri c-i t e )  . 
h e m a t i t e .  Some c a r b o n a t e  o c c u r s  i n  t he  m a t r i x .  

T e x t u r a l  r e 1  a t i  o n s .  a r e  1 a r g e l y  vei 1 ed by t h e  m a t r i x  
impur i t i e s .  S i l t  ave rages  1 / 2 5  mm i n  g r a i n  d i a m e t e r  
(med ium-coa r se  s i l t )  and  i s  s u b r o u n d e d  t o  a n g u l a r  i n  
s h a p e ;  many g r a i n s  a r e  c l e a v a g e  f r a g m e n t s .  S o r t i n g  i n  
t h e  s i l t  i s  p o o r  t o  m o d e r a t e .  

S i l t  i s  b e i n g  p e r h i p h e r a l l y  a l t e r e d  t o  m a t r i x  c l a y s  b u t  
t h i s  i s  n o t  l i k e l y  t o  be e x t e n s i v e .  T h e  c a r b o n a t e  may 
be r e c o n s t i t u t e d  d e t r i t u s ,  b u t  i s  q u a n t i t a t i v e l y  m i n o r .  

M a t r i  x c0nta . i  ns much  d i s s e m i n a t e d  

P - 1 ,  9 0 8  

f e l d s p a t h i c  a r e n i t e  . .  

Compos i t i on : Q u a r t z  5 1  f e d  1 4  c a r b  2 8  c1,ay 5 o t h e r  2 ( r o c k  
f r a g m e n t s ,  2 i r o n ) .  Q u a r t z  o c c u r s  a s  s i n g l e  g r a i n s ,  
v a r i a b l y  s t r a i n e d  and  r u t i l a t e d , a n d  p o l y c r y s t a l l i n e  . g r a i n s ,  
c h e r t , * a n d  * m e t a - q u a r t z  r o c k  f r a g m e n t s .  F e l d s p a r  f r a c t i o n  
incl-udes b o t h  m i c r o c l i n e  ( 7 5 % )  and  % p l a g i o c l a s e  ( 2 5 % ) .  
C1 a y  i ncl udes k a o l  i n a t e  and mi xed 1 a y e r  - assembl  a g e s .  

d i s s e m i n a t e d  t h r o u g h o u t .  

g r a i n s .  Frameworks r a n g e  f r o m  f i n e  s i l t  t o  1/8 mm i n  

G r a i n  s h a  es v a r y  f r o m  s u b a n g u l a r  t o  a n g u l a r  w i t h  few 

h a s  been  a1 t e red  somewhat by, t h e  c a r b o n a t e .  cement e t c h i n g  

t r  - 
T i l .  The c a r b o n a t e  o c c u r s  a s  a cement.  and h e m a t i t e  i s  

Texture : C a r b o n a t e  cement po i  k i  1 o t o p i c a 1 , l y  encl o s e s  f r amework  

t . g r a i n  d i a m e t e r s  ( v e r y  f i n e  s a n d )  and. a r e  well s o r t e d .  

- l a r g e r  .su r o u n d e d  q u a r t z  g r a i n s .  G r a i n  s i z e  and s h a p e  

p e r i  p h e r i  es.  . . .  
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A 1  t e r a t  i ons  : The carbonate cement, an  e a r l y  void f i l l e r ,  has etched a n d  
Y corroded the  framework gra ins  i t  encloses .  Subsequent 

kao l in i za t ion  of f e ldspa r s  h a s  l e f t  cement enclosed 
clay patches.  These have etched back i n t o  the  carbonate 
along with mixed layer  c lays  which may represent  a l t e r e d  
rock fragments. Late peripheral  a1 t e r a t i o n  has produced 
mi cromica "networks a1 o n g  grai  n boundaries and  these  
appear t o  enclose some carbonate cement a l so .  

1 Sample NO.: P - 1 ,  988 

' 1 Rock Name: S u b  f e l d s p a t h i c  t o  q u a r t z  a r e n i t e  
I 

Composi t i on:  Q u a r t z  43 carbonate 40 f e ldspar  10 c lay  5-8 o ther  1 
(rock fragments).  Quar t z  i s  var iab ly  s t r a ined  and  
corroded by the  carbonate ,  which i s  t he  m a j o r  binder 
in  the  sample. Overgrowths on  g ra ins  a re  n o t  extensive.  
C 1  ays i ncl ude kaol i n i t  i c and  mixed-1 ayer assembl ages. 
Feldspars include b o t h  p lag ioc lase  and  microcline.  

g ranoblas t ic  and  i t  embays most gra ins  and i s  tending 
t o  d i spe r se  the  framework. Frameworks a r e  in t h e  f i n e  
sand range (1/8-1/4 mm) b u t  grain s i z e  a n d  shape a re  
e f f e c t i v e l y  a1 t e red  from peripheral  repl acement by 
carbonate.  

I 

Texture : Carbonate dominates the  sample. I t s  t e x t u r e  i s  

A 1  t e r a t i  ons : The high modal per cent ( 4 0 )  of carbonate cement and  i t s  
g ranob las t i c  t e x t u r e  suggest i t  t o  be a l a t e  replacement. 
I t  corrodes,  embays , and  has f a i r l y  ex tens ive ly  repl aced 
many framework gra ins .  I t  i s  as l i k e l y ,  though l e s s  c l e a r ,  
t h a t  the  carbonate i s  a l so  engulfing c l ays  produced from 
a l t e r a t i o n  of a once g rea t e r  f e ldspa r  f r a c t i o n .  

Sample No.: P - 1 ,  1018 

Rock Name: f el dspat hi c Wac ke 

Composi t i  o n :  Frameworks 70 mica & clay 1 5  carbonate 1 2  o ther  3 ( c h e r t ,  
rock fragments, hornblende, zi reon) .  Q u a r t z  f e ldspa r  
a re  d is t inguished  with d i f f i c u l t y ,  owing t o  untwinned 
p lag ioc lase .  Much of t he  f e ldspa r  i s  more a l t e r e d  
and  cleav'ed r e l a t i v e  t o  q u a r t z  and  a visual es t imat ion 
places f e l s p a r  in excess of 10% rock volume. This may be 
a l l  p lag ioc lase .  No microcline was seen. Matrix c lays  
a re  authigenic  and  have k a o l i n i t i c  patches b u t  a re  
s t rongly  i l l i t i c  ( ? ) .  Many frameworks have mica 
envelopes which, owing t o  t he  long f l a k e  dimensions, 
i t  judged t o  be s e r i c i t i c  muscovite. The carbonate i s  
l a t e  ceme 

Texture : Framework gra ins  range 1 / 4  - 1 /10  rnm and  average within 
' t he  f ine-sand  f r a c t i o n  (1 /5  - 1/10  mm). The sample i s  

well sor ted  and grain shapes a re  subrounded t o  
subangular,  excluding obvious cleavage fragments which a re  
d i s t i n c t l y  angular.  Grain boundary su tures  a n d  overgrowths 
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A 1  t e r a t  i ons  : 

Sample No.: 

Rock Name: 

Compos i t i on : 

Texture : 

A 1  t e r a t  i ons  : 

Sample No;: 

Rock Name: 

Composi t i  on :  

Texture:  

A 1  t e r a t  i ons: 

Sample No.: 

Rock Name: 

Compos i t i  on : 

a t t e s t  t o  e a r l y  compaction b u t  the  t e x t u r e  i s  dominated 
by the  authigenic  c l a y s ,  micas a n d  carbonate cemen;. 

Matrix c lays  can be seen t o  accumulate from i n - s i t u  
breakdown of f e ldspa r s .  The carbonate cement corrodes and  
embays most framework gra ins  and  appears t o  be encroaching 
on t he  authigenic  c lays  b u t  t h i s  cannot be determined 
with c e r t a i n t y .  Late r e c r y s t a l l i z a t i o n  has  produced the  
mica envelopes on frameworks a n d  t h i s  does appear t o  
enclose carbonate a1 so.  

i 

P - 1 ,  1078A 

S i l t y  s h a l e ,  some sca t t e red  sand 

Sample i s  t o o  f i n e  grained f o r  modal ana lys i s  b u t  v isual  
es t imat ion places the  s a n d / s i l t  f r ac t io r ;  a t  302. This 
s a n d  and  s i l t  i s  l a r g e l y  q u a r t z  with l e s s e r  f e ldspa r  
a n d  i s  enclosed in a brownish clay matrix t h a t  i s  
heavi ly  oxidized b u t  can be seen t o  s t i l l  contain 
disseminated py r i t e  in desc re t e  euhedra and  small c l u s t e r s .  
Disseminated and  blebby hematite account f o r  t he  reddish 
brown co lor .  Trace amounts of o ther  s i l i c a t e s  (e .g . ,  
tourmaline)  a re  present .  Some carbonate i s  present .  

No obvious s t r a t i f i c a t i o n  i s  present in t h i n  sec t ion .  
Carbonate occurs a s  vein f i l l e r  a n d  i n  d i s c r e t e  patches 
t h a t  may be r econs t i t u t ed  d e t r i t u s .  

Matrix c lays  a re  oxidized,  s i l t  a n d  sand gra ins  a re  
pe r iphe ra l ly  a l t e r e d  t o  matrix c lays  b u t  t he  ex ten t  of 
t h i s  cannot be determined. 

P - 1 ,  1078B 

shaly s i  1 t s t o n e ,  quartzose 

Too f ine-grained f o r  modal ana lys i s .  S i l t  f r a c t i o n  
comprises over 50% of t he  sample and  contains  v i r t u a l l y  
a l l  q u a r t z  and f e ldspa r .  This i s  bound i n  a heterogeneous 
clay matrix carrying small amounts of d e t r i t a l  b i o t i t e ,  
dispersed hemati te ,  s e r i c i t e ,  i l l i t e  and  s t r i n g e r s  a n d  8 

patches of t u rb id  hemati t ic  carbonate cement. 

S i l t  g ra ins  a re  subangular t o  subrounded and a re  
moderately-to-we1 1 - sor ted .  Textural r ea t ions  are  
genera l ly  clouded by dispersed oxides and  other  impur i t ies  
in the  bi nders.  

Most s i l t  i s  corroded and  embayed by t he  binding mater ia l .  

P - 1 ,  1258 

subfe ldspa th ic  areni t e  

Q u a r t z  59 f e l d s p a r  7 carbonate 2 1  c lay  8 o ther  5 (rock 
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Texture : 

fragments, p y r i t e )  . Q u a r t z  i s  vari  ab1 e a n d  i ncl udes s i  ngl e 
grai  ns with o p t  i c a l l  y cont i nuous overgrowths and 
po lyc rys t a l l i ne  gra ins .  Chert rock fragments a r e  present .  
Feldspar includes s i g n i f i c a n t  p lag ioc lase ,  much of which 
i s  untwinned. Clay i s  authigenic  and  occurs as grain s i z e  
patches derived from a1 t e r ed  framework gra ins  ( f e l d s p a r s  
a n d  rock fragments).  Carbonate appears t o  be an  e a r l y  
cement. Si gni f i cant  euhedral and  subhedral p y r i t e  i s  
s ca t t e r ed  a b o u t  b u t  except f o r  a few concent ra t ions  on 
c e r t a i n  rock fragments, i t  shows no s i t e  preference.  

Carbonate cement poi ki 1 o topical  l y  encloses  many framework 
gra ins  and i s  i n t e rp re t ed  as a n  e a r l y  void f i l l i n g  cement. 
Grain overgrowths a n d  long grain contac ts  point t o  a n  
e a r l y  compaction event b u t  a g a i n ,  t he  carbonate 
s i g n i f i e s  preservat ion of s i g n i f i c a n t  void space 
fo l  1 o w i  n g  t h i s .  Grai n di ameters range from coarse 
s i l t  t o  314 m m  and  average a b o u t  1 / 4  mm (fine-medium 
sand) .  Sort ing i s  moderate, g ra in  shapes a re  subrounded, 
b u t  etching by cement has increased angu la r i ty  on many. 

A 1  t e r a t  i ons : The carbgnate cement has ex tens ive ly  etched or corroded 
the  framework grai ns. Kaol i n i  t e  patches encl osed by t h i s  
cement suggest t h a t  f e ld spa r  a1 t e r a t i  on f o l l  owed 
cementation b u t  subsequent clay-carbonate r e l a t i o n s  a re  
problematical .  I n  some cases ,  t he  carbonate appears 
t o  have l a t e r  been corroded back by the  authigenic  c lay.  
I n  o ther  g ra ins ,  t he  replacement c lay appears t o  merely 
a b u t  the  cement f a b r i c .  Micromica envelopes a r o u n d  many 
gra ins  a re  the  r e s u l t  of a l a t e  r e c r y s t a l l i z a t i o n  of 
matrix cl ays. 

Sample No.: P - 1 ,  1268  

Rock Name: subfe ldspa th ic  a r e n i t e  grading t o  subfe ldspa th ic  wacke 

Composi t i  on : Q u a r t z  53 f e ldspa r  11 carbonate 1 5  c lays  14-18  other  3 
(rock fragments, p y r i t e )  
Sample i s  e s s e n t i a l l y  the  same as P - 1 ,  1258  b u t  with 
t h e  following d i f f e rences :  

s s i g n i f i c a n t  microcline 
e ,  more c lay  in t h i s  sample, 

3 )  i l l i t e  appears b e t t e r  developed here in the  matrix 

Textural re1 a t  i ons and a1 t e r a t  i ons a r e  essent  i a1 1 y t he  
same. 

and on' f e ldspa r s  

# 
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T a b l e  1 7  

T h i n  S e c t i o n  S t u d i e s  o f  Pre-Cambr ian  

M e t a m o r p h i c  and I g n e o u s  Rocks 

P - 1 ,  1371 
M i n e r a l o g y :  

q u a r t z ,  a b o u t  20% 
b i o t i t e ,  a b o u t  10% 
a l t e r e d  p l a g i o c l a s e ,  a b o u t  60% I 

m i c r o c l  i ne , a b o u t  10% 

T e x t u r e :  e q u i  g r a n u l  a r  , xenomorphi  c 

Remarks : 
P l a g i o c l a s e  i s  c o m p l e t e l y  a l t e r e d  t o  a m i x t u r e  o f  c a r b o n a t e  

B i o t i t e  i s  p a r t l y  a l t e r e d  t o  h e m a t i t e .  

Rock Type: g r a n i t e  g n e i s s ,  o r  g n e i s s i c  g r a n i t e .  

M i n e r a l  ogy:  

and s e r i c i t e .  

P -1 ,  1479 

q u a r t z  47.1% 
m i  c r o c l  i ne 3 13.4% 
p l a g i o c l a s e  (At132) 24.7% 
c o a r s e  m u s c o v i t e  6.6% 
e p i d o t e  2.7% 
a p a t i t e  0.7% 
c h l o r i t e  0.3% 
b i o t i t e  4.5% 
s e r i c i  t e  tr 
z'i r c o n  tr 
m e t a m i c t  a l l a n i t e  ? tr 

100.0% 

T e x t u r e :  e q u i g r a n u l  a r ,  xenomorph ic  

Remarks: 
Q u a r t z  and c o a r s e  m i c r o c l i n e  o c c u r  i n  c l o s t s  s u r r o u n d e d  b y  

a m i x t u r e  o f  c o a r s e  p l a g i o c l a s e ,  b i o t i t e ,  f i n e - g r a i n e d  
q u a r t z  and e p i d o t e .  

M i c r o l i n e  i s  s l i g h t l y  p e r t h i t i c .  
i n t e r g r o w t h s  w i t h  q u a r t z .  

. P l a g i o c l a s e  l o c a l l y  shows a l b i t e  - t w i n n i n g ,  h e r e  i t  g i v e s  
a C o m P o s i t i o n  of  An32 based on e x t i n c t i o n  a n g l e s .  
E l s e w h e r e  i t  appears  t o  have been r e p l a c e d  by a 
d i r t y - a p p e a r i n g ,  o p t i c a l l y  n e g a t i v e ,  u n t w i n n e d  f e l d s p a r ;  
i n t e r g r o w n  w i t h  b i o t i t e ,  s e r i c i t e ,  c o a r s e  m u s c o v i t e  
and l o c a l l y  b y  e p i d o t e .  No c l e a r  d i f f e r e n c e  i n  i n d e x  
o c c u r s  be tween t h e  two,  however.  

I t  shows r a r e  g r a p h i c  
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1000 poin ts  counted 

Rock Type: Granodior i te  

P - 1 ,  1481 

Mineralogy: 
pl agi ocl a se  (An321 37.3% 
bi o t i  t e  36.2% 
coarse muscovite 3.8% 
s e r i c i  t e  9.3% 
carbonate 3.6% 
epidote  7.8% 
c h l o r i t e  2 Z.,O% 

100.0% 

Texture: gne i s s i c  t o  sch i s tose  

Remarks : 
B i o t i t e  i s  euhedral., w i t h  a s t rong  f o l i a t i o n  
P1 agi ocl ase  i s 1 argel y u n t w i  nned ,  opt i c a l l  y negati  ve, and 

gives a composition of An.32 based on :extinc-tion angles.  
I t  i s  randomly replaced by epidote .  
randomly p a r t l y  s e r i c i  t i z e d .  

coarse  muscovite a n d  carbonate ,  with p ' lacioclase mostly 
atbsent or  rep1 aced.. 
c l o t s ,  s o  i t  appears t h a t  deformation i s  p a r t l y  p o s t -  
a l t e r a t i o n ,  and ,probably pre-Cambri an i n  age. 

Elsewhere i t  i s  

'Epidote occurs in  c l o t s  u p  t o  .several mm diameter w i t h  

Fol'i a t  i on i s def 1 ected around these  

1000 poi nts countled. 

Rock Type: .Bio t i te  pla.gioc'lase s c h i s t .  
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PLATE 1 OF 3 

EXPLANATION 

Alluvium 
Gravel, sand, and silt 

: 

Travertine Deposits 
Calcium carbonate, deposited by 

hot springs 

Terrace Deposits 
We1 I- rounded gravel and sand 

: 
UNCONFORMITY 

Dikes 
Lamprophyre and diabase 

Sills and Lacoliths of Conejos Age 
- Y 

B 
Chiefly granodiorite and syenite porphyry 

e 

Upper Member 
Flow rock, flow breccia, and tuff, 

ranging from basalt to rhyolite 

Lower Member 
Gravel, sand, and silt; 

largely derived from volcanic rocks 

UNCONFORMITY 
: 

Blanco Basin Formation 
Sandstone and arkosic pebble conglomerate 

chiefly derived from Precambrian plutonic 
b igneous and metamorphic' rocks 
I 

UNCONFORMITY 
b 
I 

Animas Formation 
Shale and sandstone containing 

much volcanic debris 

3 UNCONFORMITY? 

m 
Lewis Shale 

Dark, bentonitic, marine shale 

Mesaverde Group undivided 
Massive sandstone to interbedded 

sandstone and shale 

El 
Mancos Shale undivided 
Dark, marine shale with some 

sandstone and limestone 

m 
U 

Dakota Sandstone 
Quartz sandstone with some dark 

carbonaceous shale 

UNCONFORMITY 
b 
t 

1 Jmwl 

Morrison and Wanakah Formations, 
Undifferentiated 

Variegated sandstone, siltstone, mudstone, 
and shale, and laminated brown to black 

gypsiferous limestone, respectively 
b 

Contact 
Dashed where doubtful, 
Dotted where concealed 

dc --.... . 

- a.... Normal Fault 
Dashed where doubtful, 
Dotted where concealed 
Bar and dot on downthrow side 

Dikes 
Dashed where doubtful, 
Dotted where concealed 

- - -...... 
--111- ------ Axis of Anticline s 

4 
7 Dip and Strike of Beds 

Number indicates degree of dip 

-N -  

I I c 
\ ARCHULETA COUNTY I 

NEW MEXICO 

INDEX MAP 

I 



DEPARTMENT OF NATURAL RESOURCES 
COLORADO GEOLOGICAL SURVEY 
JOHN W. ROLD, DIRECTOR 

GEOTHERMAL MAP OF THE PAGOSA SPRINGS AREA, COLORADO 
by Michael J. Galloway 

COLORADO GEOLOGICAL SURVEY 
SPECIAL PUBLICATION. 10 

PLATE 2 OF 3 

... 

Bare Map from Town of Pagoea Springs 
SCALE 

0 loo 500 loo0 FEET 
1 : : : : -  1 

Drafted by Y. V. Pemichetti 

EXPLANATION - Line of Equal Heat Flow (H. F. U.) 0 20 Hot Well Location and Number 
(See Table 4) - Line of Equal Groundwater Temperature ("C)  --- 

G -1 
0 Heat Flow Hole Location, Number, and Heat Flow 

(See Table 6) 3.00 

0 P-1 C. G. S. Test Well Location and Number 
(See Table 4)  

Hot Spring Vent and Letter 
(See Table 2) 

I 
o a  

-N- a INDEX MAP 



DEPARTMENT OF NATURAL RESOURCES 
COLORADO GEOLOGICAL SURVEY 
JOHN W. ROLD, DIRECTOR 

HYDROLOGIC MAP OF THE PAGOSA  SPRING^ AREA, COLORADO 
t by Michael J. Galloway 

COLORADO GEOLOGICAL SURVEY 
SPECIAL PUBLICATION 10 

PLATE 3 OF 3 

Figure 1 - Elevation of the Water Surface, Mancos Shale, Pagosa Springs Area, Colorado . 
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Figure 2 - Elevation of the Potentiometric Surface, Dakota Sandstone, Pagosa Springs Area, Colorado 
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