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GEOTHERMAL RESOURCE ASSESSMENT OF CANON C I T Y ,  COLORADO A R E A  
b y  

Ted G. Z a c h a r a k i s  and R i c h a r d  Howard P e a r l  

A B S T R A C T  

I n  1979 a p r o g r a m  was i n i t i a t e d  t o  f u l l y  d e f i n e  t h e  g e o t h e r m a l  c o n d i t i o n s  
o f  an  a r e a  e a s t  o f  Canon City, bounded b y  t h e  m o u n t a i n s  on t h e  n o r t h  and w e s t ,  
t h e  A r k a n s a s  R i v e r  on t h e  s o u t h  and C o l o r a d o  H ighway 115 on t h e  e a s t .  W i t h i n  
t h i s  a r e a  a r e  a number o f  t h e r m a l  s p r i n g s  and w e l l s  i n  t w o  d i s t i n c t  g r o u p s .  
The e a s t e r n  g r o u p  c o n s i s t s  o f  5 t h e r m a l  a r t e s i a n  w e l l s  l o c a t e d  w i t h i n  one m i l e  
o f  C o l o r a d o  H ighway 115 f r o m  P e n r o s e  on t h e  n o r t h  t o  t h e  A r k a n s a s  R i v e r  on t h e  
s o u t h .  The w e s t e r n  g r o u p ,  l o c a t e d  i n  and a d j a c e n t  t o  Canon Ci ty,  c o n s i s t s  o f  
one t h e r m a l  s p r i n g  on t h e  s o u t h  bank  o f  t h e  A r k a n s a s  R i v e r  on t h e  w e s t  s i d e  o f  
Canon C i t y ,  a t h e r m a l  w e l l  i n  t h e  n o r t h e a s t  c o r n e r  o f  Canon Ci ty ,  a n o t h e r  w e l l  
a l o n g  t h e  banks  o f  F o u r  M i l e  Creek  e a s t  o f  Canon C i t y  and a w e l l  n o r t h  o f  Canon 
C i t y  on F o u r  M i l e  Creek .  

A l l  t h e  t h e r m a l  w a t e r s  i n  t h e  Canon C i t y  Embayment, o f  w h i c h  t h e  s t u d y  
a r e a  i s  p a r t  o f ,  a r e  f o u n d  i n  t h e  s t u d y  a r e a .  The t h e r m a l  w a t e r s  u n l i k e  t h e  
c o l d  g round  w a t e r s  o f  t h e  Canon C i t y  Embayment , a r e  a c a l c i u m - b i c a r b o n a t e  t y p e  
and r a n g e  i n  t e m p e r a t u r e  f r o m  79°F (26°C)  t o  a h i g h  o f  108°F ( 4 2 ° C ) .  The t o t a l  
combined s u r f a c e  d i s c h a r g e  o f  a l l  t h e  t h e r m a l  w a t e r  i n  t h e  s t u d y  a r e a  i s  i n  
e x c e s s  o f  532 a c r e  f e e t  (A.F.) p e r  y e a r .  

G r a d i e n t s  i n  11 t e m p e r a t u r e  g r a d i e n t  h o l e s  r a n g e d  f r o m  2.17"F/ lOO f t  
(21.8"C/km) t o  a h i g h  o f  4 .92"F/100 f t  (89.7"C/km).  The h i g h e s t  g r a d i e n t s  were  
measured i n  t h e  s o u t h e a s t  p a r t  o f  t h e  s t u d y  a r e a  on t h e  B r u s h  H o l l o w  A n t i c l i n e .  
No h e a t  f l o w  measurements  were made as p a r t  o f  t h e  s t u d y .  However t h e  r e g i o n a l  
h e a t  f l o w  map o f  C o l o r a d o  shows t h a t  t h e  s t u d y  a r e a  has a h e a t  f l o w  o f  90mW/m2, 
a b o u t  no rma l  f o r  t h e  C o l o r a d o  F r o n t  Range. 

A t h i c k  sequence o f  s e d i m e n t a r y ,  g r a n i t i c  and m e t a m o r p h i c  r o c k s  r a n g i n g  i n  
age f rom P r e c a m b r i a n  t o  Recen t  a r e  f o u n d  i n  t h e  s t u d y  a r e a .  The Canon C i t y  
Embayment i s  a s o u t h - s o u t h e a s t w a r d  p l u n g i n g  s y n c l  i n e  and w i t h i n  t h e  embayment 
a r e  a number o f  s m a l l e r  s y n c l  i n e s  and a n t i c l  i n e s .  The most  p r o m i n e n t  a n t i c l  i n e ,  
i s  t h e  n o r t h  t r e n d i n g  B r u s h  H o l l o w  A n t i c l i n e  l o c a t e d  on t h e  e a s t  s i d e  o f  t h e  
s t u d y  a r e a .  P r e l  i m i n a r y  s u b s u r f a c e  g e o l o g i c a l  and g e o p h y s i c a l  e v i d e n c e  
s u g g e s t s  t h a t  t h i s  s t r u c t u r e  i s  a f a u l t e d  h o r s t  b l o c k .  The m a r g i n s  o f  t h e  
embayment a r e  c u t  b y  numerous f a u l t s  and f r a c t u r e s  w i t h  some m i n o r  s u r f a c e  
f a u l t i n g  w i t h i n  t h e  b a s i n .  

The p r i n i c p a l  t h e r m a l  w a t e r  b e a r i n g  b e d r o c k  a q u i f e r s  i n  t h e  s t u d y  a r e a  a r e  
t h e  D a k o t a  Group and t h e  M o r r i s o n  F o r m a t i o n .  

D u r i n g  t h e  c o u r s e  o f  t h i s  i n v e s t i g a t i o n  t h e  f o l l o w i n g .  g e o p h y s i c a l  
i n v e s t  i g a t  i ons were  c o n d u c t e d  : E l  e c t r i  a1 r e s i s t i v i t y ;  t e l l u r i c ;  
a u g i o - m a g n e t o t e l l u r i c ;  and s e i s m i c .  The e l e c t r i c a l  r e s i s t i v i t y  s u r v e y s  were  
e f f e c t i v e  i n  d e l i n e a t i n g  t h e  n e a r  s u r f a c e  p a r t s  o f  t h e  Canon C i t y  Ho t  S p r i n g s  
r e s e r v o i r .  Due t o  l i m i t a t i o n s  o f  t h e  e q u i p m e n t  t h e s e  s u r v e y s  were  l e s s  t h a n  
s a t i s f a c t o r y  i n  t h e  d e e p e r  e a s t e r n  a r t e s i a n  t h e r m a l  w e l l  a r e a .  The t e l l u r i c  
s u r v e y s  were  u s e f u l  i n  f u r t h e r  d e f i n i n g  t h e  s t r u c t u r a l  c o n d i t i o n s  o f  t h e  B r u s h  
H o l l o w  A n t i c l i n e  ( H o r s t ? ) .  The A u d i o - m a g n e t o t e l l u r i c  s u r v e y  i n d i c a t e d  t w o  
p o s s i b l e  g e o t h e r m a l  sys tems ,  one i n  t h e  v i c i n i t y  o f  Canon C i t y  and t h e  o t h e r  i n  
t h e  P e n r o s e  a r e a .  The s e i s m i c  s u r v e y s  t u r n e d  up e v i d e n c e  o f  a deep g e o l o g i c a l  
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s t r u c t u r e .  I t  was suggested t h a t  t h i s  s t r u c t u r e  could be of several  o r i g i n s :  
a n  ove r th rus t  w i t h  subsequent movement; a sub-basement r e f l e c t i o n  within t h e  
basement; or a deep geothermal f r o n t .  

The s o i l  mercury geochemical sampl i n g  p r o g r a m  was conducted in  thr'ee 
a r e a s :  Around t h e  Penrose Artesian Thermal Well; on t h e  grounds of t h e  C o l o r a d o  
Dept. of Cor rec t ions ;  a n d  ad jacent  t o  t h e  C a n o n  Ci ty  Hot Springs.  Due t o  
unfavorable geological  cond i t ions  a n d  contamination of t h e  su r face  by t h e  
a c t i v i t i e s  of man  these  surveys were u n s a t i s f a c t o r y  in  de f in ing  t h e  geothermal 
condi t ions  of t h e  s tudy a r e a .  

Examination of geological  a n d  hydrogeological d a t a  sugges ts  t h a t  t h e  
o r i g i n  of t h e  thermal waters i s  due t o  a combination of favorable  geological  
condi t ions  p l u s  decay of r a d i a o c t i v e  minerals .  The thermal ground waters of t h e  
s tudy area conta in  l a r g e  amounts of r a d i o a c t i v e  mineral d e p o s i t s .  Overlying 
these  aqu i f e r s  i s  a t h i c k  sequence of P i e r r e  Shale ,  a good i n s u l a t i n g  b lanket .  
This un i t  t raps  and  r e t a i n s  t h e  heat given of f  by decaying r a d i o a c t i v e  minerals  
which then hea ts  t h e  recharging g r o u n d  waters .  

The thermal resources  of t h e  Canon City a rea  appear t o  be l a r g e .  I t  i s  
c a l c u l a t e d . t h a t  in excess  of 532 Acre Feet (A.F.) /year  of thermal waters  a r e  
c u r r e n t l y  being discharged t o  t h e  su r face .  I n  add i t ion  i t  i s  es t imated  t h a t  
t h e r e  a r e  approximately 2 6 4 , 0 0 0  A . F .  of thermal waters  t h a t  could be recovered 
i n  t h e  s tudy area .  While these  resources  a r e  l a r g e  t h e i r  development wi l l  be 
l i m i t e d  by t h e  depth a t  which t h e y  a r e  f o u n d .  I n  some p a r t s  o f  t h e  s t u d y  a r e a ,  
e s p e c i a l l y  t h e  e a s t e r n  p a r t ,  t h e  waters  a r e  found a t  shallow dep th ,  while  i n  
o t h e r s  they a r e  f o u n d  a t  g r e a t  depths .  

Presented in  t h e  appendices a r e  t a b l e s  showing t h e  d isso lved  mine ra l s ,  
t r a c e  elements a n d  r a d i o a c t i v t y  l e v e l s  found in t h e  thermal waters  of t h e  s tudy 
a r e a .  Also presented a r e  a complete d e s c r i p t i o n  of t h e  f a c t o r s  a f f e c t i n g  t h e  
e l e c t r i c a l  r e s i s t i v i t y  measurements , a d e s c r i p t i o n  o f  t h e  e l e c t r i c a l  
r e s i s t i v i t y  equipment used, a n d  t h e  r e s i s t i v i t y  f i e l d  procedures.  E l e c t r i c a l  
r e s i s t i v i t y  c a l c u l a t i o n s  a r e  a1 so enclosed.  Complete copies  of two r e p o r t s  
d e t a i l i n g  f i n d i n g s  o f  t h e  t e l l u r i c  a n d  seismic geophysical s t u d i e s  a r e  a l s o  
encl osed. 

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

I n  1 9 7 9 ,  t h e  Colorado Geological Survey, in cooperat ion with t h e  U.S.  
Dept. of Energy, Divis ion of Geothermal Energy, under Contract  No. 
DE-AS07-77ET28365 , i n i t i a t e d  a p r o g r a m  t o  del i n e a t e  t h e  geological  f e a t u r e s  
cont ro l  1 i n g  t he  occurrence of t.hose geothermal resources  in  C o l o r a d o  bel ieved 
t o  have a h i g h  p o t e n t i a l  f o r  near term development. This e f f o r t  cons is ted  of a 
1 i t e r a t u r e  sea rch ,  geologic  and  hydrogeological mapping, geophysical a n d  
geochemical surveys ,  a n d  d r i l l  ing of temperature  grad ien t  ho les .  

One o f  t h e  regions inves t iga t ed  was t h e  Canon Ci ty  Area, loca ted  in  c e n t r a l  
Fremont County ( F i g .  1 ) .  The Canon Ci ty  Area, which i s  p a r t  of t h e  C a n o n  Ci ty  
Embayment, i s  bounded by t h e  mountains on t h e  n o r t h  a n d  west ,  t h e  Arkansas 
River on t h e  south and  Colorado S t a t e  Highway 115 on t h e  e a s t  ( F i g  2 ) .  This 
a rea  i s  named for  the  community of C a n o n  Ci ty  s i t u a t e d  a t  t h e  western edge o f  
t h e  a r e a .  Within t h i s  area a r e  a number of thermal sp r ings  and  w e l l s ,  found 
i n  two  d i s t i n c t  groups. The eas t e rn  g r o u p  c o n s i s t s  of 5 thermal a r t e s i a n  
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F i g u r e  1. I n d e x  map. 

The second t h e r m a l  a r e a  i s  i n  and a d j a c e n t  t o  Canon C i t y  ( F i g .  2 ) .  T h i s  
a r e a  c o n s i s t s  o f  one s p r i n g  a l o n g  t h e  banks  o f  t h e  A r k a n s a s  R i v e r  on t h e  w e s t  
s i d e  o f  Canon C i t y ,  a t h e r m a l  w e l l  i n  t h e  n o r t h e a s t  c o r n e r  o f  Canon C i t y ,  
a n o t h e r  w e l l  a l o n g  t h e  banks  o f  F o u r  N i l e  Creek  e a s t  o f  Canon C i t y  and a w e l l  
n o r t h  o f  Canon C i t y  on F o u r  M i l e  C reek  ( F i g .  2 ) .  

Geo the rma l  e n e r g y ,  t h e  n a t u r a l  h e a t  o f  t h e  e a r t h  i s  a v i a b l e  a l t e r n a t i v e  
Source  o f  e n e r g y  t h a t  can  be p u t  t o  a w i d e  r a n g e  o f  uses .  Geo the rma l  e n e r g y ,  
n o r i n a l l y  i s  e i t h e r  t o o  d i f f u s e  o r  f o u n d  a t  s u c h  g r e a t  d e p t h s  t o  be o f  p r a c t i c a l  
V a l  ue. However ,  i n  some i n s t a n c e s  i t  i s  o c c u r s  c l o s e  t o  t h e  s u r f a c e ,  where  i t  
does  i t  c a n  b e  d e v e l o p e d  and p u t  t o  p r a c t i c a l  use.  The t e c h n i q u e s  and 
equ ipmen t  f o r  d e v e l o p i n g  and u s i n g  g e o t h e r m a l  e n e r g y  a r e  r e a d i l y  a v a i l a b l e .  A 
b r i e f  d e s c r i p t i o n  o f  g e o t h e r m a l  e n e r g y  and some o f  t h e  uses  i t  c a n  be  p u t  t o  
a r e  p r e s e n t e d  i n  Append ix  A a t  t h e  end o f  t h e  p a p e r .  

n 
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T H E R M A L  CONDITIONS OF T H E  C A N O N  C I T Y  A R E A  

Thermal Waters 

In t roduct ion  

With a few excep t ions ,  a l l  the  thermal waters  f o u n d  in Fremont a n d  Pueblo 
Counties a r e  r e s t r i c t e d  t o  t he  study a rea .  Vinckier (1978 a n d  1982) in h i s  
hydrogeological s tudy of t h e  C a n o n  C i t y  Embayment in Fremont a n d  Pueblo 
Counties noted t h a t  thermal waters a r e  o n l y  found n o r t h  o f  t h e  Arkansas River 
and  west of Penrose. 

The thermal cond i t ions  of t h e  Canon Ci ty  area have been discussed a n d  
descr ibed by George a n d  o t h e r s  ( 1 9 2 0 ) ,  B a r r e t t  a n d  Pearl ( 1 9 7 6  a n d  1 9 7 8 ) ,  Berry 
and  o t h e r s  ( 1 9 8 0 ) ,  Lewis ( 1 9 6 6 ) ,  Mallory a n d  Barnet t  ( 1 9 7 3 ) ,  Pearl ( 1 9 7 2  a n d  
1 9 7 9 ) ,  Vinckier (1978 a n d  1982) ,  a n d  W a r i n g  ( 1 9 6 5 ) .  

Canon Ci ty  V i c i n i t y  

The only t r u e  h o t  spr ing  i n  the  study a r e a ,  t h e  C a n o n  Ci ty  Hot Spr ing ,  i s  
loca ted  a t  1400 Rivers ide  Drive on the  south b a n k  of t he  Arkansas River a t  t he  
west s i d e  o f  Canon Ci ty  ( F i g .  2 ) .  The s p r i n g ,  loca ted  next t o  a n  abandoned 
swimming pool,  i s  cased with 6- in  pipe t o  a depth of 50 f t  ( 1 5  m )  ( B a r r e t t  a n d  
P e a r l ,  1978) .  The thermal waters a r e  p re sen t ly  n o t  being used, b u t  t h e  owners 
have s t a t e d  t h a t  they  a r e  g o i n g  t o  renovate the  e x i s t i n g  poo l  a n d  u t i l i z e  the  
waters  for  r e c r e a t i o n  a n d  space heat ing t h e i r  home. The spr ing h a s  a d i scharge  
o f  5 gpm ( g a l l o n s  per minute) a n d  a temperature of 104°F ( 4 O O C )  ( B a r r e t t  a n d  
P e a r l ,  1 9 7 6 ) .  A complete chemical ana lys i s  of t h e  d isso lved  mineral mat te r  
contained in the  C a n o n  Ci ty  Hot Spring i s  presented in Appendix B a t  t he  end o f  
t he  paper. 

Geologica l ly ,  t he  spr ing i s  loca ted  a t  t h e  con tac t  between the  e a s t e r l y  
dipping Fremont 1 imestone a n d  t he  overlying Fountain Formation. While no f a u l t s  
a r e  apparent or have been mapped in the  v i c i n i t y  of t h e  spr ing a v e r t i c a l  f a u l t  
i s  shown by Taylor a n d  o t h e r s  ( 1 9 7 5 ) ,  on a n  east-west  c r o s s  s e c t i o n  
approximately 1 , 5 0 0  f t  ( 4 5 7  m )  south o f  t h e  s p r i n g .  This f a u l t ,  which d o e s  n o t  
extend t o  t he  s u r f a c e ,  t r u n c a t e s  t h e  downdip s i d e  of t h e  Fremont l imestone.  
While t h i s  f a u l t  has no su r face  expression i t  i s  poss ib l e  t h a t  i t  does extend 
t o  the  s u r f a c e ,  because a t h i c k  cover of a l l u v i a l  a n d  c o l l u v i a l  d e p o s i t s  
b lankets  t he  a rea .  

During the  course of t h i s  i n v e s t i g a t i o n  another poss ib l e  h o t  sp r ings  was 
b r o u g h t  t o  t h e  au thors  a t t e n t i o n  by t h e  owner o f  t h e  spr ing .  However, n o  
evidence of t h i s  spr ing  could be f o u n d .  The sp r ings  reported loca t ion  i s  n o r t h  
o f ,  and  across  the  Arkansas River ,  from the  Canon Ci ty  Hot Springs.  Due t o  i t  
l oca t ion  i t  could a l so  be a s soc ia t ed  with the  pos tu la ted  f a u l t .  

East o f  t h e  mountain f r o n t  o t h e r  thermal waters i n  t he  v i c i n i t y  of C a n o n  
Ci ty  a r e  coming from deep water wel l s .  The Fremont Natatorium Ar tes ian  Thermal 
Well descr ibed by B a r r e t t  a n d  Pearl (1978)  as being 1,800 f t  ( 5 4 9  m )  deep i s  
loca ted  a t  3095 Central  Ave. The waters have a temperature  of 9 5 O F  ( 3 5 O C )  a n d  
a d i scha rge  o f  20 gpm (Appendix B ) .  A t  one t ime the  thermal waters  were used 
i n  a swimming pool b u t  a r e  c u r r e n t l y  unused. 
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The V a l l e  C u a t r o  M i l l a s  A r t e s i a n  W e l l ,  i s  l o c a t e d  a p p r o x i m a t e l y  one m i l e  
n o r t h e a s t  of t h e  F remon t  N a t a t o r i u m  w e l l  a l o n g  F o u r  M i l e  Creek  i n  N E ,  NW, Sec. 
23, T. 1 8  S., R. 70 W .  The w e l l  i s  f o u n d  j u s t  s o u t h  o f  t h e  g o l f  c o u r s e  
c l u b h o u s e .  The w a t e r ,  w h i c h  has a t e m p e r a t u r e  o f  79°F ( 2 6 " C ) ,  i s  used f o r  
space  h e a t i n g  a t  t h e  r a n c h  house  a p p r o x i m a t e l y  o n e - h a l f  m i l e  t o  t h e  s o u t h  and 
on t h e  g o l f  c o u r s e  ( P e a r l  , 1 9 7 9 ) .  

A t h i r d  deep a r t e s i a n  t h e r m a l  w e l l  i s  l o c a t e d  n o r t h  o f  Canon C i ty  a l o n g  
F o u r  M i l e  Creek,  i n  SW, SW, Sec 34, T. 1 7  S., R .  70 W .  T h i s  w e l l  i s  owned b y  a 
w a t e r  d i s t r i c t  and t h e  w a t e r s  a r e  r e p o r t e d l y  used f o r  d o m e s t i c  p u r p o s e s .  

P e n r o s e  A r e a  

A c c o r d i n g  t o  a r a n c h e r  i n  t h e  a r e a ,  warm a r t e s i a n  w a t e r s  h a v e  been found  
i n  t h i s  a r e a  f o r  many y e a r s ,  w i t h  t h e  w a t e r s  b e i n g  p r i m a r l y  used  f o r  c a t t l e  
w a t e r i n g .  

The f o l l o w i n g  w e l l s  a r e  found a l o n g  C o l o r a d o  H ighway  115 e a s t  o f  Canon C i t y :  
P e n r o s e ,  B r u s h  H o l l o w ,  H i g g i n s ,  A m e r i c a n  Nauheim and t h e  I d e a l  Cement Co. w e l l s  
( F i g .  2 ) .  

The Penrose  A r t e s i a n  W e l l  ( f o r m e r l y  known as t h e  F l o r e n c e  A r t e s i a n  W e l l )  , 
a c c o r d i n g  t o  B a r r e t t  and P e a r l  ( 1 9 7 8 )  i s  o f  unknown d e p t h .  The w e l l  i s  l o c a t e d  
a p p r o x i m a t e l y  o n e - q u a r t e r  m i l e  s o u t h e a s t  o f  t h e  i n t e r s e c t i o n  o f  U.S. H ighway  50 
and C o l o r a d o  1 1 5  ( F i g .  3 )  i n  SW, NE, NW, Sec. 7 ,  T. 1 9  S.,  R. 68 W .  The w a t e r s  
h a v e  a t e m p e r a t u r e  o f  82°F (28OC) and d i s c h a r g e  o f  130 gpm ( P e a r l  , 1 9 7 9 ) .  

A p p r o x i m a t e l y  o n e - q u a r t e r  t o  one-ha1 f m i l e  w e s t  o f  t h e  i n t e r s e c t i o n  o f  U.S. 
50 and C o l o r a d o  1 1 5  a r e  t w o  w e l l s .  One w e l l  , t h e  B r u s h  H o l l o w  Creek  Therma l  
We l l  , i s  l o c a t e d  j u s t  n o r t h  o f  U.S. 50, and t h e  o t h e r  w e l l ,  t h e  H i g g i n s  
A r t e s i a n  Thermal  W e l l ,  i s  s o u t h  o f  U.S. 50 ( F i g .  3 ) .  The B r u s h  H o l l o w  Creek  
Thermal  w e l l  i s  l o c a t e d  i n  NE,  N E ,  S E ,  Sec. 1 T. 1 9  S., R. 69 W .  and t h e  
H i g g i n s  A r t e s i a n  Thermal  W e l l  i s  l o c a t e d  i n  SE,  SW, S E ,  Sec. 1, T. 1 9  S . ,  R. 69 
W .  

The d e p t h  o f  t h e  B r u s h  H o l l o w  Creek  w e l l  i s  unknown. The w a t e r s  h a v e  a 
t e m p e r a t u r e  o f  90°F (32°C)  and an e s t i m a t e d  d i s c h a r g e  o f  100 gpm ( P e a r l ,  1 9 7 9 ) .  
The H i g g i n s  A r t e s i a n  Thermal  W e l l  w a t e r s  h a v e  a t e m p e r a t u r e  o f  108°F ( 4 2 ° C ) .  
These w a t e r s  a r e  used b y  a p r i v a t e  swimming c l u b  i n  t h e i r  swimming p o o l  and t o  
h e a t  a house .  The w e l l  i s  r e p o r t e d  t o  h a v e  been d r i l l e d  i n  1924 t o  a d e p t h  o f  
1,875 f t  ( 5 7 2  m) ( P e a r l  , 1 9 7 9 ) .  

W a t e r s  f r o m  t h e  A m e r i c a n  Nauheim A r t e s i a n  Thermal  W e l l  , l o c a t e d  one-ha1 f 
m i l e  n o r t h  o f  t h e  i n t e r s e c t i o n  o f  C o l o r a d o  115  and C o l o r a d o  1 2 0  e a s t  o f  
F l o r e n c e ,  have  a t e m p e r a t u r e  o f  81°F ( 2 7 ° C ) .  P e a r l  ( 1 9 7 9 )  r e p o r t e d  t h e  d e p t h  
o f  t h i s  w e l l  t o  b e  a p p r o x i m a t e l y  1,400 f t  ( 4 2 7  m). A t  one t i m e  a c c o r d i n g  t o  M r .  
George  Goodwin,  t h e  w e l l  had a d i s c h a g e  o f  200 gpm b u t  now i s  much l e s s  t h a n  
t h a t  now ( P e a r l  , 1 9 7 9 ) .  The C i t y  o f  F l o r e n c e  r e c e n t l y  c o n s t r u c t e d  a sewage 
t r e a t m e n t  f a c i l i t y  i n  t h e  v i c i n i t y  o f  t h i s  w e l l ,  and d e s t r o y e d  t h e  w e l l ' s  
s u r f a c e  s t r u c t u r e .  

D u r i n g  t h e  c o u r s e  o f  t h e  f i e l d  i n v e s t i g a t i o n s  f o r  t h i s  r e p o r t  a n o t h e r  warm 
a r t e s i a n  w e l l  was l o c a t e d  o n e - h a l f  m i l e  s o u t h e a s t  o f  t h e  P e n r o s e  A r t e s i a n  W e l l  
i n  N E ,  SW, SW, Sec. 7, T. 19 S. ,  R. 68 W .  The w e l l  i s  h e r e  named t h e  I d e a l  
Cement Co. Thermal  A r t e s i a n  W e l l .  The w a t e r s  f r o m  t h i s  w e l l  h a v e  a s u r f a c e  
t e m p e r a t u r e  o f  90°F (32OC) and an e s t i m a t e d  d i s c h a r g e  i n  e x c e s s  o f  100 gpm. 
The w a t e r s  a r e  used f o r  i r r i g a t i o n  o f  c r o p s .  The d e p t h  o f  t h e  w e l l  i s  unknown. 
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Geothe rma l  G r a d i e n t  and T e m p e r a t u r e  Maps 

To he1 p i n  d e l  i n e a t i  ng t h e  t h e r m a l  c o n d i t i o n s  o f  t h e  Canon C i t y  a r e a ,  i n  
1979-80 e l e v e n  t e m p e r a t u r e  g r a d i e n t  h o l e s  were d r i l l e d  ( F i g .  3 ) .  Ten o f  t h e  
h.oles had an a p p r o x i m a t e  d e p t h  o f  328 f t  ( 1 0 0  rn) and one d r i l l e d  on t h e  
C o l o r a d o  D e p a r t m e n t  o f  C o r r e c t i o n s  l a n d  had a d e p t h  o f  1,706 f t  ( 5 2 0  m)  
( R i n g r o s e ,  1 9 8 0 ) .  I n  o r d e r  t h a t  a c o m p l e t e  and r e p r e s e n t i v e  measurement  o f  t h e  
g e o t h e r m a l  g r a d i e n t s  c o u l d  be made, u n p e r f o r a t e d ,  t w o  i n c h  d i a m e t e r ,  b l a c k  i r o n  
p i p e  was i n s t a l l e d  i n  t h e  h o l e s  t o  t o t a l  d e p t h .  The a n n u l a r  space was 
b a c k f i l l e d  w i t h  d r i l l  c u t t i n g s  t o  t h e  s u r f a c e  and t h e  p i p e  was f i l l e d  w i t h  
w a t e r  and a l l o w e d  a minimum o f  t w o  weeks t o  r e a c h  e q u i l i b r i u m  t e m p e r a t u r e  
c o n d i t i o n s  b e f o r e  t e m p e r a t u r e  measurements  were made. As shown on F i g u r e  3 
g r a d i e n t s  measured i n  t h e s e  h o l e s  r a n g e d  f r o m  2.17"F/ lOO f t  (21.8"C/km) t o  a 
h i g h  o f  4 . 9 2 " F j l O O f t  ( 8 9 . 7 " C / k m ) ( R i n g r o s e Y  1 9 8 0 ) .  F i g u r e  4 shows t h e  
d i s r i b u t i o n  o f  t h e  measured t e m p e r a t u r e s  a t  a d e p t h  o f  2 6 2  f t  ( 8 0  m ) .  When t h i s  
map i s  compared w i t h  g r a d i e n t  map ( F i g .  3 )  i t  i s  n o t e d  t h a t  t h e  t w o  maps a r e  
q u i t e  s i m i l a r ,  w i t h  t h e  h i g h e s t  g r a d i e n t  and t e m p e r a t u r e  b e i n g  i n  t h e  s o u t h e a s t  
p a r t  o f  t h e  a r e a .  

R 6 9 W I R 6 8 W  

EXPLANATION 

.,,, , Geothermal g r a d i e n t  
ho les  and va lue  i n  OC/km 

- -40 Geothermal g r a d i e n t  
con tou r  i n  oC/km 

lJOrE: Grad ien ts  were 
c a l c u l a t e d  u s i n g  bo t tom h o l e  
tempera ture  and tempera ture  
a t  30 m a t  each g r a d i e n t  h o l e .  

F i g u r e  3. Geo the rma l  g r a d i e n t  h o l e s  and measured V a l  ues.  
( f r o m  R i  n g r o s e  , 1 9 8 0 )  

- I -  



R 6 9 W  I R 6 8 W  \ 

---- 

E X  PLANAT I ON 
0 1 6 5  Geothermal temperature 

g r a d i e n t  ho les  and v a l u e  
i n  OC a t  80 m below 
ground s u r f a c e  

-15 Temperature con tou r  i n  
OC a t  80 m below ground 
s u r f a c e  

F i g u r e  4. T e m p e r a t u r e s  a t  a d e p t h  o f  8 0  m e t e r s .  

The i n s t r u m e n t  used t o  measure t h e  t e m p e r a t u r e s  i n  t h e  328 f t  ( 1 0 0  m )  deep 
h o l e s  was b u i l t  b y  F l u i d  Dynamics ,  Go lden ,  C o l o .  and was c a l i b r a t e d  t o  an 
a c c u r a c y  o f  + 0.1"C w i t h  a r e s o l u t i o n  o f  a t  l e a s t  . 0 l o C .  The 1,706 f t  ( 5 2 0  m) 
h o l e  was l o g g e d  b y  p e r s o n n e l  f r o m  t h e  D e p t .  o f  G e o l o g y ,  U n i v e r s i t y  o f  Wyoming 
u n d e r  t h e  s u p e r v i s i o n  o f  D r .  E.R. D e c k e r .  

D u r i n g  t h e  summer o f  1981,  Ms C i n d y  Gwinn o f  S o u t h e r n  M e t h o d i s t  U n i v e r s i t y ,  
remeasured  t h e  t e m p e r a t u r e s  i n  t h e s e  h o l e s  and c a l  c u l  a t e d  b o t h  t h e  g e o t h e r m a l  
g r a d i e n t  and h e a t  f l o w .  Her  measurements showed t h a t  t h e  g r a d i e n t s  r a n g e d  f r o m  
1 .24"F /100  f t  (22.6"C/Km) t o  4.67"F/100 f t  (35 . l 0C /Km)  ( C i n d y  Gwinn,  
u n p u b l i s h e d  r e p o r t ,  1 9 8 1 ) .  The h e a t - f l o w  map p r e p a r e d  b y  C. Gwinn ( F i g .  5 )  
d e m o n s t r a t e s  good c o r r e l a t i o n  w i t h  t h e  r e g i o n a l  h e a t - f l o w  map o f  C o l o r a d o  
( Z a c h a r a k i s ,  1 9 8 1 ) .  The m a i n  d i f f e r e n c e  o b s e r v e d  i s  t h a t  G w i n n ' s  v a l u e s  a r e  
somewhat l o w e r ,  w h i c h  can  be e x p l a i n e d  b y  t h e  l o w e r  P i e r r e  s h a l e  t h e r m a l  
c o n d u c t i v i t y  v a l u e s  used.  

Z a c h a r a k i s  ( 1 9 8 1 ) ,  has shown t h a t  t h e  Canon C i ty  
90mW/m2. T h i s  v a l u e  i s  somewhat above  t h e  n a t i o n a l  
n o r m a l  f o r  t h e  C o l o r a d o  F r o n t  Range a r e a .  

U s i n g  b o t t o m  h o l  e t e m p e r a t u  
Repp l  i e r  and F a r g o  ( 1 9 8 1  ) h a v e  
t h e  Canon C i t y  a r e a  i s  2.9C)"F/ 

a r e a  has a h e a t  f l o w  o f  
a v e r a g e  b u t  i s  a b o u t  

e measurements f r o m  o i  w e l l s ,  p l u s  o t h e r  d a t a ,  
shown t h a t  t h e  a v e r a g e  g e o t h e r m a l  g r . a d i e n t  i n  
00 f t  (35"C/Km). 

- 8 -  
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G E O L O G Y  

I n t  roduc t i on 

The geological  cond i t ions  of t h e  Canon C i ty  Embayment a r e a ,  o f  which t h e  
Canon Ci ty  area i s  p a r t  o f ,  have been descr ibed by Boos a n d  B o o s  ( 1 9 5 7 ) ;  
Gerhard (1967) ;  Scot t  ( 1 9 7 7 ) ;  Scot t  a n d  o t h e r s  (1978) ;  Taylor a n d  o the res  
( 1 9 7 5 ) ;  a n d  Vinckier  (1978 a n d  1982) .  The fol lowing d e s c r i p t i o n s  a r e  taken 
from t h e  above papers.  

T h  

Figure 6 .  Basement complex m a p  o f  Colorado. 

Emb 

S t r a t ig raphy  

n t  con ta ins  a t h i c k  seauence o f  Paleozoic ,  Mesozoic, a n d  a t h i n  . _ _  
s e c t i o n  of Cenozoic age sedimentary rocks with some Quaternary d e p o s i t s  in  t h e  
v i c i n i t y  o f  t h e  Arkansas River v a l l e y .  Table 1 below p resen t s  a b r i e f  summary 
of t h e  var ious rock u n i t s  found in t h e  Canon C i ty  a rea .  

S t r u c t u r e  
8 

The Canon C i t y  Embayment, of which t h e  Canon City area i s  p a r t  o f ,  i s  
bounded o n  t h e  south a n d  west by t h e  Wet Mountains, on t h e  n o r t h  by  t h e  
southern end of t h e  F r o n t  Range and opens toward t h e  southeas t  ( F i g .  6 ) .  The 
Embayment may be considered a south-southeastward-pl unging sync1 ina l  basin with 
s t e e p l y  dipping limbs t h a t  l i e  between t h e  southern l i m i t s  of t h e  F r o n t  Range 
a n d  t h e  e a s t  f l ank  of t h e  Wet Mountains. A l o n g  t h e  west s i d e  o f  t h e  Embayment 
t h e  sedimentary rocks a r e  s t e e p l y  upturned a g a i n s t  t h e  Precambrian c r y s t a l  1 i n e  
rocks o f  t h e  Wet Mountains a n d  d i p  s t e e p l y  eastward i n t o  t h e  Chandler Syncl ine 
( F i g .  7 ) .  The n o r t h  margin o f  t h e  Embayment i s  cha rac t e r i zed  by l o c a l l y  f a u l t e d  
hogback r idges .  - 10 - 
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Hot spring 

Warm a r t e s i a n  well 
F a u l t ,  b a l l  on downthrown 
s i d e  

J u r a s s i c  Morrison and Rals ton  
Creek Formations 
Tr iass ic -Permian  Lykins Fm. 
Permi an Lyons Formati on 
Permi an-Pennsyl vani an 
Fountain Formation 
M i s s i s s i p p i a n ,  Devonian, 
and Ordovician rocks 
Precambri an c r y s t a l  1 i ne 
rocks  

+ 
+ 

A-A' 

TPC 
TKr 

Kv t 

KP 

Kcgg 

Kn 

KdP 

F i g u r e  7 .  Geology and t h e r m a l  spr 
( G e o l o g y  a d o p t e d  f rom V 

T 
18 
S 

T 
19 
S 

A n t i  c l  ine 
Sync1 i ne 
Cross s e c t i o n  l i n e  

T e r t i a r y  Poison Canyon Formation 
T e r t i a r y - C r e t a c e o u s  Raton Fm. 
Cretaceous Vermejo Fm. and 
T r i n i d a d  Sands t o n e  
Cretaceous Pierre Shal e 
Cretaceous Ni o b r a r a  Fm. 
Cretaceous Carl i l e  S h a l e ,  
Greenhorn Limestone and 
Graneros S h a l e  
Cretaceous Dakota  Sandstone 
and P u r g a t o i r e  Fm.-Dakota Gp. 

n g s  o f  Canon C i t y  a r e a .  
n c k i e r ,  1 9 8 2 )  
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T a b l e  1. Genera l  i z e d  s e c t i o n  o f  g e o l o g i c - f o r m a t i o n s ,  Canon C i t y  a rea .  

T e r t  i a r y  P o i  son  265m 
- - - - - - - - _ - -  Canyon ( 8 4 0 f t )  

P a l  eocene Ra ton  73-152m 

V c r m e j o  30m 
(100 f t )  

T r i n i d a d  12-27m 
( 4 0 - 9 0 f t )  

P i e r r e  11 89m 
( 3 9 0 0 f t )  

C1 a y s t o n e ,  s i 1  s t o n e ,  and sands tone .  
Y e l  1 ow t o  brown.  _ _ _ - _ - - - - _ - - _ _ - _ - -  
Sands tone ,  ye1 1 owi  s h - g r a y  t o  
y e l l o w i s h - b r o w n ,  medium t o  c o a r s e  
g r a i n e d ,  f o r m s  c l i f f s .  

Sands tone ,  l i g h t - g r a y  t o  y e l l o w i s h -  
o r a n g e ,  f i n e  t o  m e d i u m - g r a i n e d .  
Some i n t e r b e d d e d  s h a l e  and c o a l  
beds .  

Sands tone ,  l i g h t  g r a y  t o  y e l l o w i s h -  
g r a y ,  f r i a b l e ,  f i n e  g r a i n e d .  Some 
i n t e r b e d d e d  s h a l e .  D a r k ,  r e d d i s h -  
b rown c a l c a r e o u s  c o n c r e t i o n s  
p r o j e c t  f r o m  w e a t h e r e d  s u r f a c e s .  

S h a l e ,  g r a y  t o  b l a c k ,  w i t h  some 
b e n t o n i t e  beds ,  i r o n  and l i m e s t o n e  
c o n c r e t i o n s ,  f o s s i l i f e r o u s .  Some 

- - _ - _ _ - - - _ _ _ - - _ - -  

_ - _ - - _ _ - - _ _ _ _ _ _ _ _ -  

_ _ _ _ - _ _ _ _ _ _ _ _ - - - - -  

s a n d s t o n e  members. 

Smoky H i  11 s h a l  e, y e 1  1 owi  sh-  b rown 
s l  i g h t l y  f o s s i l  i f e r o u s ,  173rn ( 5 7 0  
f t l  t h i c k .  Some i n t e r b e d d e d  1 s .  

( 5 9 0 - 6 1 0 f t )  F o r t  Hays l i m e s t o n e - - w h i t e  
f o s s i l  i f e r o u s  1 i m e s t o n e  6 -12  m 
( 2 0 - 4 0 f t )  t h i c k ,  u n c o n f o r m a b l e  
on C a r l i l e  s h a l e .  Forms r i d g e s  

C a r l  i l e  s h a l e - g r a y  t o  b l a c k  s h a l e  
a p p r o x .  53-61m ( 1 7 5 - 2 0 0 f t )  t h i c k .  
Code1 s a n d s t o n e  member .9-12m 
3 - 4 0 f t )  t h i c k  a t  t o p .  Forms a 
e e r s i  s t e n t  o u t c r o p .  

s t o n e  w i t h  some i n t e r b e d d e d  g r a y  
s h a l e ,  8-24m ( 2 5 - 8 0 f t )  t h i c k .  
C o n f o r m a b l e  w i t h  G r a n e r o s  s h a l e .  

G r a n e r o s  s h a l e - - g r a y  t o  b l a c k ,  
f i s s i l e ,  a e p r o x .  21m (70m t h i c k ) .  

Upper  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

_ _ _ _ _ _ _ _ _ - _ - - - - -  
N i o b r a r a  180-185m 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

_ _ _ _ _ _ _ _ _ - _ _ - _ _ - _  B e n t o n  

Group (270 -350  G r e e h o r n  l i m e s t o n e - - w h i t e  l i m e -  
82  -1071~1 

f t  1 

- - - - - - - - - - - - - - _ _ - _ _ _  _ _ _ _ _ _ _ _ _ _ _ _  

- 1 2  - 



D a k o t a  Gp 46m Sands tone  and s h a l e .  Upper  and 
( 1 5 0  f t )  l o w e r  s a n d s t o n e  u n i t s  s e p a r a t e d  

C r e t a c e o u s  b y  a s h a l e  and s a n d s t o n e  member. 
Forms "hogback"  r i d g e s .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Lower 

P u r g a t o i  r e  G l e n c a i r n  member - - sands tone  and 

L y t l e  s a n d s t o n e  member a t  base.  
Sands tone ,  w h i t e ,  c r o s s  bedded 
5 8  m 1 1 9 0 f t )  t h i c k .  

v a r i e g a t e d  c o l o r  

40m s h a l e ,  g r a y  and brown.  Forms 
( 1 3 0  f t )  g r a s s  c o v e r d  bench.  

. . . . . . . . . . . . . . . . . . . .  - - _ _ - _ - _ - - - - - - -  
Upper  M o r r i s o n  9 8 m ( 3 2 0 f t )  S h a l e ,  s a n d s t o n e  and 1 i m e s t o n e  

M i d d l e ?  R a l  s t o n  4 6 m ( 1 5 0 f t )  Sands tones  and e v a p o r i t e s  w i t h  

- _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  J u r a s s i c  

C r e e k  some g ipsum . . . . . . . . . . . . . . . . . . . . . . .  _ _ _ _ _ _ _ _ _ _ _ _ _ _  
T r i a s s i c  Lower L y k i  ns  46m S h a l e  and s i l s t o n e ,  r e d .  
- - - - - - - - - -  ( 1 5 0  f t )  " C r i n k l y "  1 i m e s t o n e  member 

M i d d l e ?  o c c u r s  a b o u t  30m( 1 0 0 f t )  above 
base .  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

P e r m i a n  
Lower F o u n t a i n  762m Sands tone ,  s i 1  s t o n e ,  s h a l e ,  

(2500  f t )  c o n g l o m e r a t e ,  f e w  l i m e s t o n e  beds .  
P e n n s y l -  Lower  

p p i  an 

Devon 
- - -  
- - -  

M i s s i s s i -  Lower  W i l l i a m s  1 8 m ( 6 0 f t )  L i m e s t o n e ,  w h i t e  t o  g r a y ,  w i t h  
Canyon c a l c a r e o u s  s h a l e  and f e w  sand-  

s t o n e  beds .  - - - - - - -  

U p p e r  F remon t  86m L i m e s t o n e ,  L i g h t  g r a y ,  f o s s i l -  
1 2 8 3  f t )  i f e r o u s  , -wi th  bedded c h e r t .  - - -  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ - _ - -  M i  d d l  e - - _ - - -  

O r d o v i c i a n  H a r d  

L o w e r  

ng 48m Sands tone ,  f i n e  g r a i n e d ,  y e l l o w  
( 1 5 7  f t )  w i t h  some s h a l e ,  s l i g h t l y  

c a l  c a r e o u s .  

Mani  t o u  6 1 m  D o l o m i t e ,  1 i g h t  g r a y  t o  p u r p l  i s h  
(200 f t )  l i n k ,  c h e r t y  i n  l o w e r  e a r t .  . . . . . . . . . . . . . . . . . . . . .  _ _ _ _ _ _ _ - _ _  - - - - -  

- 13 - 



According t o  Weimer ( 1 9 8 @ ) ,  t h e  s t r u c t u r e  i n  t h e  Penrose area i s  dominated 
by a n o r t h - s o u t h  t r end ing  hors t  block c a l l e d  t h e  Brush Hollow Ant i c l ine .  As 
shown by Weimer (1980) t h i s  s t r u c t u r e  i s  a n  e a s t - t i l t e d  horst  block with a 
f a u l t  zone on t h e  west s i d e  t h a t  extends from t h e  basement. Recurring movement 
on  t hese  f a u l t s  t h r o u g h o u t  geologic  t ime caused th inning  a n d  draping of t h e  
sediments over t h e  s t r u c t u r e .  Geophysical s t u d i e s  done by t h e  U.S.  Geological 
Survey as p a r t  of t h i s  p r o j e c t  (See Geophysical Inves t iga t ions  Sec.)  confirmed 
Weimers (1980)  s t r u c t u r a l  model of t h e  basin.  

I t  appears t h a t  t h i s  a n t i c l i n a l  s t r u c t u r e  cont inues  t o  t h e  south.  F o r  a 
se ismic survey conducted in 1978 approximately 5 miles ( 8  k m )  south of t h e  
s tudy area showed a n o r t h  t rending  f a u l t e d  a n t i c l i n e  ( h o r s t ? )  i n  t h e  a rea  
( B r o w n ,  1978).  

Fig.  8 ,  a n  east-west  c r o s s  sec t ion  d e p i c i t i n g  t h e  s t r u c t u r a l  condi t ions  of 
t h e  Canon C i ty  a r e a ,  extends approximately 15 miles ( 2 4  Krn) e a s t  from t h e  
mountains a t  C a n o n  Ci ty  t o  t h e  Penrose a r e a .  The Brush H o l l o w  An t i c l ine  
( H o r s t ? )  i s  more f u l l y  d e t a i l e d  because of t h e  var ious  geophysical surveys 
conducted in t h e  a r e a .  The an t i c1  ine  i s  i n t e r p r e t e d  from t e l l u r i c  geophysical 
d a t a  (Appendix I )  as a b lock- fau l ted  hors t  s t r u c t u r e  in which normal f a u l t s  
extending from t h e  Precambrian rocks pene t r a t e  t h e  Dakota G r o u p  before  dying 
o u t .  

\ 

- 14 - 



A' 
EAST 

STATE PRISON BRUSH HOLLOW 

\I/ 
WEST SYNCLINE ANTICLINE 

<I> I >  
ANTICLINE CASTLE ROCK 

SYNCLINE 

CHANDLER OIL CREEK 
A 

T 0 SURFACE 
K 

I K-J 
HYPOTHESIZED BLOCK 

P C  

EXPLANATION 

K Upper Cretaceous u n d i v i d e d  

K-J J u r a s s i c  and lower  Cretaceous 

O ? T i  O r d o v i c i a n  -- T r i a s s i c  

p 6  Precambrian 
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H Y D R O G E O L O G I C A L  C O N D I T I O N S  OF T H E  C A N O N  C I T Y  A R E A  

In t roduct ion  

Alluvial  depos i t s  along the  Arkansas River and some of t he  l a r g e r  creeks 
y i e l d  l a rge  q u a n t i t i e s  of water t o  w e l l s ;  however, as  they  y i e l d  no  thermal 
waters they wil l  n o t  be discussed here.  

While o ther  bedrock u n i t s  may y i e l d  water t o  w e l l s ,  the  p r i n i c i p a l  water 
bearing bedrock a q u i f e r s  in the  Canon C i t y  Area a r e  the  sandstones of t he  
D a k o t a  G r o u p ,  and  Morrison Formation a n d  t he  Precambrian g r a n i t i c  rocks.  These 
formations a re  exposed a l o n g  the  m o u n t a i n  f l anks  on the  n o r t h  a n d  west s i d e  o f  
t he  basin a n d  d ip  i n t o  the  basin where they a r e  deformed by a s e r i e s  of 
a n t i c l i n e s  and  sync l ines  and  c u t  by numerous f a u l t s  ( F i g .  7 ) .  While n o t  
s p e c i f i c a l l y  addressing the  Canon City-Penrose a r e a ,  Vinckier (1978 a n d  1982) 
showed t h a t  the  regional po ten t iomet r ic  sur face  of t he  D a k o t a  G r o u p  aqu i f e r  in 
the  C a n o n  Ci ty  Embayment s lopes  t o  t he  e a s t  towards Pueblo. Assuming the  
thermal waters in the  Fremont N a t a t o r i u m  well a r e  coming from the  D a k o t a  G r o u p ,  
the  e l eva t ion  o f  t h e  D a k o t a  Group poten t iomet r ic  su r face  in the  C a n o n  Ci ty  area 
would be 5400 f t .  I n  t h e  Pueblo area t h e  e l eva t ion  of t h e  poten t iomet r ic  
sur face  i s  4700 f t  (V inck ie r ,  (1978 a n d  1982) .  The e l eva t ion  of t h e  
poten t iomet r ic  su r face  thus has an average slope of 20 f t / m i  (3.87 m / K m )  t o  t h e  
e a s t  in the  C a n o n  Ci ty-Penrose-Puebl o a rea .  

Water Q u a l  i t y  

The thermal waters  in t h e  Canon Ci ty  Area a re  e s s e n t i a l l y  a 
sodium-bicarbonate type ( F i g .  9 )  a n d  chemically a r e  n o t  l i k e  g r o u n d  waters  
f o u n d  elsewhere in the  Canon C i t y  Embayment. Vinckier (1978 and  1382) noted 
t h a t  t he  g r o u n d  waters from the  D a k o t a  G r o u p  aqu i f e r  i n  t he  southwest p a r t  of 
t he  Canon Ci ty  Embayment a r e  a calcium bicarbonate  type ,  with high Ca/Na r a t i o s  
of 1 . 9 5  t o  4 . 6 5 ,  while t he  waters  in the  C a n o n  Ci ty  study area have Ca/Na 
r a t i o s  of  0.66 t o  1 .00.  Vinckier (1978 a n d  1982) a l so  noted t h a t  t he  g r o u n d  
waters  i n  the  C a n o n  C i t y  area contain more dissolved s o l i d s  t h a n  t h e  g r o u n d  
waters elsewhere i n  t he  embayment a rea .  He was n o t  ab l e  t o  expla in  t h e  
d i f f e r e n c e  in water chemistry between the  two a reas  b u t  d i d  present  several  
poss ib l e  o r i g i n s .  He (Vinck ie r ,  1978 and 1982) suggested t h a t  the  o r i g i n  o f  
the  waters c o u l d  be:  1 )  Connate waters coming from the  D a k o t a  Group a q u i f e r ,  2 )  
g r o u n d  water en te r ing  the  aqu i f e r  as leakage from adjacent  semiconfining 
s t r a t a ,  3 )  deeply c i r c u l a t e d  meteoric g r o u n d  water ,  or 4 )  hydrothermal f l u i d s  
purged from the c r y s t a l l i n e  basement rocks.  As wil l  be shown l a t e r  explana t ion  
number 3 i s  probably the  most l i k e l y  explanat ion f o r  t he  d i f f e r e n c e  in water 
q u a l i t y  t h r o u g h o u t  the  region.  A complete chemical ana ly i s  of t h e  d isso lved  
mineral mat ter  f o u n d  i n  t he  thermal waters in  presented in Appendix B a t  t he  
end o f  the  paper. 

While Vinck ie r ' s  (1978 and  1982) repor t  descr ibed the  q u a l i t y  a n d  
hydrogeological condi t ions  surrounding the  g r o u n d  waters in t h e  C a n o n  Ci ty  
a r e a ,  the m a i n  t h r u s t  of h i s  repor t  d e a l t  w i t h  t he  h i g h  level  of r a d i o a c t i v e  
elements found assoc ia ted  with g r o u n d  waters .  Vinckier (1978 a n d  1982) noted 
t h a t  6 7 %  o f  the  117 we l l s  he sampled contained Ra-226 l e v e l s  above recommended 
dr inking  water s tandards .  V inck ie r ' s  (1978 a n d  1982) study was l imi ted  t o  
concent ra t ion  l e v e l s  o f  Ra-226 a n d  t h e r e f o r e  he did n o t  analyze f o r  o the r  
r a d i o a c t i v e  elements t h a t  might be present .  
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G E O P H Y S I C A L  SURVEYS 

I I n t  roduct i  on 

I n  order  t o  de f ine  t h e  ex ten t  of t h e  geothermal resource in t h e  Canon C i ty  
a rea  t h e  fol lowing geophysical surveys were conducted: T e l l u r i c s ,  s e i smic ,  
e l e c t r i c a l  r e s i s t i v i t y  and  audio-magnetotell  u r i c .  These surveys,  with t h e  
exception of t h e  se i smic ,  were q u i t e  va luable  in t h e  i n t e r p e r a t i o n  of t h e  
subsur face  s t r u c t u r a l  cond i t ions  o f  t h e  s tudy a r e a .  

El e c t  r i ca l  Geo p h y s  i c a l  Re s i  s t  i v i t y  Surveys 

To de f ine  t h e  thermal cond i t ions  of t h e  Canon Ci ty  Area, e l e c t r i c a l  
r e s i s t i v i t y  surveys were conducted t o  determine t h e  loca t ion  of a n y  low 
r e s i s t i v e  zones in  t h e  a r e a .  Low r e s i s t i v i t y  i s  normally due t o  water 
s a t u r a t i o n ,  higher  t h a n  normal tempera tures ,  a n d  high c l a y  matr ix  zones. F o r  a 
complete d e s c r i p t i o n  of t h e  f a c t o r s  which might a f f e c t  e l e c t r i c a l  r e s i s t i v i t y  
measurements, t h e  reader  i s  r e f e r r e d  t o  Appendix C .  

Using a Sc in t r ex  RAC-8 e l e c t r i c a l  r e s i s t i v i t y  system, a t o t a l  of f o u r  
d ipo le -d ipo le  r e s i s t i v i t y  survey l i n e s  were run t o t a l l i n g  5 , 5 0 0  f t  i n  t h e  
v i c i n i t y  of b o t h  thermal a reas  ( F i g s  10 & 11) .  A complete d e s c r i p t i o n  of t h e  
RAC-8 system i s  presented i n  Appendix 0. 

I n  t h e  Brush Hollow a r e a ,  t w o  d ipo le -d ipo le  l i n e s  approximately 3,800 f t  
(1 ,158 m )  l o n g  were run in t h e  v i c i n i t y  of t h e  a r t e s i a n  well ( F i g .  1 0 ) .  
However, i n  t h e  Penrose Artesian Well area i t  was not poss ib l e  t o  conduct D C  
r e s i s t i v i t y  surveys.  T h e  reason being t h e  heavy overhead power or buried phone 
cab le s  which i n t e r f e r e d  with t h e  t r a n s m i t t e r  s ignal  prevented t h e  r e c e i v e r  from 
locking onto t h e  s ignal  . However , o the r  geophysical exp lo ra t ion  methods were 
s u c c e s s f u l l y  used. The U.S. Geological Survey r a n  t h r e e  t e l l u r i c  l i n e s  a n d  a n  
Audio-magnet iotel lur ic  ( A M T )  survey in  t h i s  a r e a .  In a d d i t i o n ,  t h e  Colorado 
School of Mines r a n  a 3-mile seismic l i n e  t o \ c o i n c i d e  w i t h  t h e  t e l l u r i c  survey. 
The r e s u l t s  of t h e s e  surveys wi l l  be presented in l a t e r  s e c t i o n s  of t h i s  
r e p o r t .  

I n  t h e  thermal area west of Canon C i t y ,  t w o  d ipo le -d ipo le  r e s i s t i v i t y  
survey l i n e s  on b o t h  s i d e s  of t h e  Arkansas River a n d  ad jacent  t o  t h e  two  h o t  
s p r i n g s  were r u n  ( F i g .  11) .  Due t o  t e r r a i n e  o b s t a c l e s  and c u l t u r a l  c o n d i t i o n s ,  
add i t iona l  r e s i s t i v i t y  l i n e s  were n o t  run t h a t  may have f u r t h e r  de l inea ted  
poss ib l e  f a u l t i n g  in t h e  a rea .  Appendix E p re sen t s  a complete d e s c r i p t i o n  of 
t h e  f i e l d  procedures pe r t a in ing  t o  t h e  var ious a r r a y s  employed. 

To a i d  in t h e  i n t e r p e r a t i o n  o f  e l e c t r i c a l  r e s i s t i v i t y  d a t a  preudosect ions 
a r e  cons t ruc ted .  These s e c t i o n s  a r e  c r o s s  s e c t i o n s  r e f l e c t i n g  t h e  shal low 
subsur face  r e s i s t i v i t y  bel ow t h e  1 ine  of t r a v e r s e .  Figures  12-15 a r e  
pseudosection c ross  s e c t i o n s  cons t ruc ted  for  t h e  four  t r a v e r s e s  ran in t h e  
s tudy a r e a .  I n  t h e  i n t e r p e r a t i o n  of any d ipo le -d ipo le  pseudosect ion,  one must 
be cognizant  o f  t h e  f a c t  t h a t  r e s i s t i v i t y  values  obtained a l o n g  t h e  l i n e  of 
t r a v e r s e  may be inf luenced by l a t e r a l  v a r i a t i o n s  of t h r e e  dimensional f e a t u r e s  
a t  depth.  This may be t h e  case  in t h e  Penrose area where t h e  Brush Hollow 
Ant i c l ine  ( H o r s t ? )  e x i s t s .  

- 18 - 
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Figure 10. E lec t r i ca l  r e s i s t i v i t y  survey 1 i n e s ,  Penrose/Brush Hollow area.  
(Geology adopted from Vinckier,  1982). 
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F i g u r e  12. L i n e  A - T h i s  r e s l s t i v l t y  d i p o l e - d l p o l e  l i n e  i s  200 f t  e a s t  o f  t h e  Brush H o l l o w  a r t e s i a n  w e l l  and 
t r e n d s  i n  a n o r t h - s o u t h  d i r e c t i o n  ( F i g .  10). No f a u l t i n g  was e v i d e n t .  Wh i le  no r e l a t i v e  sha rp  d i f f e r e n c e s  i n  
r e s i s t i v i t y  were noted,  a l o w  r e s i s t i v e  zone was mapped between s t a t i o n s  13  t h r o u g h  15. The bedrock geo logy  
t r a v e r s e d  was t h e  N i o b r a r a  Format ion,  namely t h e  F o r t  Hays l imes tone .  The o n l y  t h i n g  t h a t  was e v i d e n t  f rom 
t h i s  l i n e  i s  t h e  ave rag ing  e f f e c t  o f  t h e  l i m e s t o n e  sediments pene t ra ted .  Tab le  5 (Appendix  E )  t a b u l a t e s  t h e  
r e s i s t i v i t y  c a l c u l a t i o n s  f o r  l i n e  A. 

West 
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* 
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LENGTH: 1600 ft 1488ml 
SEPARATION: n Value 
DATE. June 5, 1980 
TYPE: Dipole -Dipole 
SPREAD: a -100 Feet 
RESISTIVITY: In ohm-meters 
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23 

F i g u r e  13. L i n e  B - T h i s  r e s i s t l v l t y  l i n e  l i e s  j u s t  n o r t h  o f  t h e  Brush H o l l o w  a r t e s i a n  w e l l  and t r e n d s  I n  an 
eas t -wes t  d i r e c t i o n  ( F i g .  10). A l o w  r e s i s t i v e  zone between s t a t i o n s  15 and 1 7  was encountered as an a r r o y o  
was c rossed  i n  t h e  v i c i n i t y  o f  t h e  a r t e s i a n  w e l l .  These l o w e r  va lues  may be a t t r i b u t e d  t o  wa te r  s a t u r a t i o n  i n  
t h e  c r e e k  bed and ad jacen t  area. A sha rp  change i n  r e s i s t i v i t y  occu r red  between S t a t i o n  4 and 6 wh ich  c o u l d  be 
f a u l t i n g  o r  a l i t h o l o g i c  sequence change. I t  canno t  be de te rm ined  f rom t h e  d i p o l e - d i p o l e  d a t a  w i t h  any degree 
o f  r e l i a b i l i t y  t h a t  f a u l t i n g  e x i s t s  i n  t h e  immediate area p r i m a r i l y  because o f  t h e  s h a l l o w  p e n e t r a t i o n  and t h e  
a v e r a g i n g  e f f e c t  i n  r e s i s t i v i t y  va lues  encountered i n  t h e  N i o b r a r a  s e c t i o n .  As a r e s u l t  i t  was d i f f i c u l t  t o  
d e l i n e a t e  a r e s e r v o i r  i n  t h i s  s e c t i o n .  Tab le  6 (Appendix E )  t a b u l a t e s  t h e  r e s i s t i v i t y  c a l c u l a t i o n s  f o r  l i n e  B. 

SEPARATION: n Value 
DATE: June 5, 1980 
TYPE : Dipole -Dipole 

RESISTIVITY: In ohm-meters 
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F i g u r e  14. L i n e  A - T h i s  d i p o l e - d i p o l e  r e s i s t i v i t y  l i n e  
was l o c a t e d  on t h e  n o r t h  s i d e  o f  t h e  A r k a n s a s  R i v e r  
a d j a c e n t  t o  a p l u g g e d  unnamed h o t  s p r i n g  ( F i g .  11). Much 
d i f f i c u l t y  was e n c o u n t e r e d  i n  p r o c u r i n g  s t a b l e  d a t a  due t o  
h e a v y  c u l t u r e  , such  as b u r i e d  phone cab1 es , w a t e r  m a i n s  , 
and ove rhead  power l i n e s .  However ,  t h e  P r e c a m b r i a n -  
P a l e o z o i c  aqe s e d i m e n t a r y  r o c k  c o n t a c t  t o w a r d s  t h e  w e s t e r n  
p o r t i o n  o f  t h e  l i n e  be tween  s t a t i o n s  3 and 4 was n o t e d .  
It i s  p e r c e i v e d  t h a t  t h e  unnamed s p r i n g  and t h e  one o n  t h e  
s o u t h  s i d e  o f  t h e  r i v e r  may h a v e  t h e  same g e o t h e r m a l  
r e s e r v o i r  s o u r c e  f o r  r e s i  s t  i v e  l o w s  were  measured on b o t h  
l i n e s  o p p o s i t e  each  o t h e r .  T a b l e  7 ( A p p e n d i x  F )  t a b u l a t e s  
t h e  r e s i s t i v i t y .  
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F i g u r e  15. L i n e  B - T h i s  d i p o l e - d i p o l e  l i n e  was l o c a t e d  
on t h e  s o u t h  s i d e  o f  t h e  A r k a n s a s  R i v e r  a d j a c e n t  t o  t h e  
e x i s t i n g  h o t  s p r i n g  ( F i g .  11). The r e s i s t i v i t y  d a t a  shows 
a d e f i n i t e  l o w  a d j a c e n t  t o  t h e  h o t  s p r i n g  a r e a  w i t h  Val ues 
r a n g i n g  down t o  20 ohm-meters.  T h i s  l o w  r e s i s t i v e  zone 
a p p e a r s  t o  p e r s i s t  w i t h  d e p t h  be tween  S t a t i o n s  7 t h r o u g h  
10. I m m e d i a t e l y  t o  t h e  w e s t  o f  t h i s  l o w  zone,  t h e  
r e s i s t i v i t i e s  i n c r e a s e  d r a m a t i c a l l y  t o  o v e r  700 
ohm-meters.  T h i s  change c o r r e s p o n d s  t o  a 1 i t h o l o g i c  
c o n t a c t  be tween t h e  l o w e r  P a l e o z o i c  1 i m e s t o n e s  and t h e  
P r e c a m b r i a n  m i g m a t i t e  g n e i s s e s .  I t  i s  p o s t u l a t e d  t h a t  
t h i s  c o n t a c t  c o u l d  be a f a u l t  c o n t a c t  c o n c e a l e d  a t  t h e  
s u r f a c e  b y  c o l l u v i a l  and a l l u v i a l  d e p o s i t s .  T a b l e  8 
( A p p e n d i x  F )  t a b u l a t e s  t h e  r e s i s t i v i t y  c a l c u l a t i o n s  f o r  
l i n e  B. 

LENGTH: 2000 f t  l6 lOml 

SEPARATION: n Value 

DATE: June 2,1980 

TYPE: Dipote - Dipole 

SPREAD: a = 100 ft 

RESISTIVITY: In ohm meters - - Possible fault 

0 200 ft - 
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Appendix H p r e sen t s  t he  geometric f a c t o r  t a b l e s  used t o  c a l c u l a t e  t he  
, r e s i s t i v i t y  values  in Appendices F a n d  G .  

Summary 

Due t o  the  c u l t u r e  a n d  t e r r a i n e  obs t ac l e s  a r o u n d  t he  C a n o n  Ci ty  Hot  
Sp r ings ,  t he  d ipo le -d ipo le  e l e c t r i c a l  r e s i s t i v i t y  surveys were l imi ted  t o  t he  
proximity o f  t he  h o t  sp r ings .  From the  l o w  r e s t i v i t y  zones mapped i t  appears 
t h a t  b o t h  h o t  sp r ings  belong t o  t he  same r e s e r v o i r .  The s t e e p l y  dipping 
Paleozoic  1 imestones in contac t  with t h e  Precambrian migmatite gne iss  could be 
a f a u l t  conduit  a l o n g  which the  warm thermal waters a re  m i g r a t i n g  t o  t he  
su r face .  No su r face  expression o f  f a u l t i n g  i s  appa ren t ,  mainly because o f  
a l l u v i a l  a n d  c o l l u v i a l  depos i t s  covering the  su r face .  

The two r e s i s t i v i t y  d ipo le -d ipo le  l i n e s  conducted i n  t he  Penrose area did 
n o t  i n d i c a t e  a geothermal r e s e r v o i r .  There were no d i s t i n c t  d i f f e r e n c e s  in  
r e s i s t i v i t y  encountered along these  l i n e s .  This may have been caused by t h e  
averaging a f f e c t  of t h e  F o r t  Hays l imestone sec t ion  penet ra ted .  Due t o  
equipment a n d  geological  l i m i t a t i o n s ,  t h e  s ignal  was only ab le  t o  reach t o  
depths of 250 t o  350 f t  ( 7 6  t o  107 m ) .  Additional r e s i s t i v i t y  l i n e s  were 
des i r ed  f o r  more s t r u c t u r a l  c o n t r o l ,  b u t  due t o  t he  urbaniza t ion  o f  t h e  a r e a ,  
i t  was n o t  poss ib l e .  

Audio-magnetotell u r i c  R e s i s t i v i t y  Survey 

Personnel from t h e  United S t a t e s  Geological Survey a n d  t h e  Colorado 
Geological Survey r a n  an Audio-magnetotell u r i c  r e s i s t i v i t y  survey ( A M T )  in t he  
Canon Ci ty  area during September 1 9  a n d  2 0 ,  1979.  Readings were taken a t  t en  
AMT s t a t i o n s  i n  t h e  v i c i n i t y  of C a n o n  C i t y  ( F i g .  1 6 ) .  The area encompassed was 
approximately 50 square mi l e s ,  thereby  allowing f o r  a d e n s i t y  of one se tup  
every 5 square mi les .  

The AMT System developed by the  United S t a t e s  Geological Survey (Hoover 
and  L o n g ,  1975; a n d  Hoover a n d  o t h e r s ,  1 9 7 6 ) ,  measures na tura l  a n d  a r t i f i c i a l  
e lectromagnet ic  waves a t  12  f requencies  from 7 . 5  t o  18,600 h e r t z .  As con t r a s t ed  
t o  the  D . C .  r e s i s t i v i t y  systems AMT and  t e l l u r i c  systems depend u p o n  t h e  
natura l  electromagneti 'c  waves o f  t he  e a r t h ,  whereas D . C .  r e s i s t i v i t y  systems 
induce man-made e l e c t r i c a l  c u r r e n t s  i n t o  the  e a r t h  a n d  measures t h e  p o t e n t i a l  
d i f f e r e n c e  in vol tage caused by t he  induced wave. The AMT method has proven t o  
be a f a i r l y  e f f e c t i v e  reconnaissance tool  in o the r  geothermal a reas  where used 
fo r  r e s i s t i v i t y  m a p p i n g .  For  each statcion t h e  e l e c t r i c  ( E )  a n d  magnetic ( H )  
f i e l d s  a r e  measured in o r t h o g o n a l  d i r e c t i o n s  a t  each frequency. Two 
simultaneous soundings a re  made w i t h  a 100-meter e l e c t r i c  f i e l d  l i n e s  (us ing  
copper-cl ad s t e e l  s t akes  as e l e c t r o d e s )  a n d  the. co i l  s o r i en ted  east-west  a n d  
north-south (Hoover a n d  Long, 1975).  F o r  a complete d e s c r i p t i o n  of t h e  
Audio-magnetotell u r i c  method the reader  i s  r e f e r r e d  t o  Hoover a n d  L o n g  ( 1 9 7 5 ) .  

The 7 . 5  h t z  c o n t o u r  map ( F i g .  1 6 )  i n d i c a t e s  a l o w  r e s i s t i v e  zone t h o u g h  
t he  c e n t r a l  p a r t  of t h e  mapped a rea .  The g rad ien t  i s  more exaggera ted ,  
p r imar i ly  because lower frequency level  i n d i c a t e s  g r e a t e r  pene t r a t ion  of  t he  
sedimentary rock sequences.  The low r e s i s t i v i t i e s  a re  p r o b a b l y  t h e  r e s u l t  of  
t he  t h i c k  P i e r r e  sha le .  The s t eep  r e s i s t i v i t y  g rad ien t  in the  t o  t h e  n o r t h  may 
be a t t r i b u t e d  t o  the  th inning  the  P i e r r e  sha le  a n d  poss ib le  pene t r a t ing  t h e  
higher Paleozoic r e s i s t i v e  beds. The s t eep  g rad ien t  t o  the  southwest may a l s o  
be a t t r i b u t e d  t o  some th inning  of t h e  P i e r r e  sha le .  

- 23 - 



m
 

S
 

L
 

Q
 

V
)
 

c
,
 

0
 
I
 

.
r
 

6
 

c, 
3
 

rd 
L
c 

-0
 

a, 
L
 

L
 

W
 

rc 
S
 

7
 

H
 

I I 

Y
 

V
 
a
 

m
 

0
 
I
 

rd 
c, 
0
 

Y
 

rd 

n
 

n
 

i I 

- 24 - 



The D a k o t a  a q u i f e r  may h a v e  been p e n e t r a t e d  i n  t h e  e a s t  and n o r t h e a s t e r n  
p o r t i o n  o f  t h e  a r e a ,  p r i m a r i l y  because t h e  D a k o t a  s a n d s t o n e  on t h e  B r u s h  H o l l o w  
A n t i c l i n e  ( H o r s t ? )  i s  l e s s  t h a n  1500 f t  ( 4 5 7  m) b e l o w  t h e  s u r f a c e .  Any t h e r m a l  
w a t e r s  i n  t h e  D a k o t a  c o u l d  have  c o n t r i b u t e d  t o  t h e  r e s i s t i v e  l o w .  

W h i l e  t h e  r e s i s t i v i t y  l o w  t o  t h e  wes t  c a n n o t  be r e a d i l y  e x p l a i n e d  t h e r e  
a r e  s e v e r a l  p o s s i b l e  e x p l a n a t i o n s  f o r  i t .  1 )  I t may be a s s o c i a t e d  w i t h  t h e  
t h e r m a l  w a t e r s  f o u n d  a l o n g  t h e  wes t  s i d e  o f  t h e  s t u d y  a r e a .  2 )  I t  may be 
r e l a t e d  t o  t h e  s h a l l o w i n g  o f  t h e  l o w e r  r e s i s t i v e  r o c k s  a l o n g  t h e  w e s t  s i d e  o f  
t h e  b a s i n .  o r  3 )  a c o m b i n a t i o n  o f  t h e  above two .  

S e i  smic  S u r v e y  

A V i b r o s e i s  s u r v e y  was c o n d u c t e d  b y  t h e  E x p l o r a t i o n  R e s e a r c h  L a b o r a t o r y ,  
C o l o r a d o  Schoo l  o f  M i n e s  i n  t h e  Penrose a r e a  (Append.  J ) .  The s u r v e y  l i n e ,  
w h i c h  was l a i d  o u t  o v e r  t h e  t o p  o f  t h e  B r u s h  H o l l o w  A n t i c l i n e ,  d i d  n o t  e x t e n d  
f a r  enough west  t o  show t h e  s t e e p  d i p s  on t h e  west  s i d e  o f  t h e  a n t i c l i n e .  W h i l e  
t h e  d a t a  was o f  good q u a l  i t y  t h e  a u t h o r  was u n a b l e  t o  r e a c h  any  d e f i n i t i v e  
c o n c l  u s i o n s  r e g a r d i n g  t h e  s u b s u r f a c e  s t r u c t u r e .  The a u t h o r  d i d  n o t e  a 
r e f l e c t i n g  s u r f a c e  a t  a d e p t h  i n  excess  o f  13,000 f t  (3 .962 km).  W i t h  t h e  
a v a i l a b l e  d a t a  t h e  a u t h o r  was n o t  a b l e  t o  e x p l a i n  t h i s  s u r f a c e ,  o t h e r  t h a n  i t  
m i g h t  be a deep t h r u s t  f a u l t ,  o r  some s t r u c t u r e  w i t h i n  t h e  basement .  

Conc l  u s i  ons  

The t e l l u r i c  s u r v e y s  c o n d u c t e d  b y  t h e  U.S. G e o l o g i c a l  S u r v e y  i n  t h e  
Penrose  a r e a  c o n f i r m e d  W i e m e r ' s  ( 1 9 8 0 )  g e o l o g i c a l  a n a l y s i s  o f  t h e  a r e a .  These 
s u r v e y s  showed t h a t  t h e  B r u s h  H o l l o w  A n t i c l i n e  ( H o r s t ? )  i s  f a u l t e d  on b o t h  
s i d e s  w i t h  s t e e p  w e s t e r l y  d i p  ( C h r i s t o p h e r s o n ,  1980, and Append ix  I t h i s  
v o l  ume). 

No d e f i n i t i v e  c o n c l u s i o n s  can be drawn abou t  t h e  g e o l o g i c a l  c o n d i t i o n s  
f r o m  t h e  s e i s m i c  s u r v e y  d a t a .  A p p l e g a t e  ( A p p e n d i x  J ) ,  i n d i c a t e s  t h a t  t h e  deep 
g e o l o g i c a l  s t r u c t u r e  o f  t h e  Penrose  a r e a  c o u l d  have r e s u l t e d  f r o m  t h e  
f o l l o w i n g :  P o s t - O r d o v i c i a n  o v e r t h r u s t i n g  w i t h  s u b s e q u e n t  movement  a s  t h e o r i z e d  
b y  Weimer (1980) ;  t h e  deep s t r u c t u r e  i s  n o t  o f  s e d i m e n t a r y  o r i g i n  b u t  r a t h e r  a 
sub-basement  r e f l e c t i o n  w i t h i n  t h e  basement ;  o r  a g e o t h e r m a l  f r o n t  e x i s t s  a t  
d e p t h  . 

The d i p o l e - d i p o l e  e l e c t r i c a l  r e s i s t i v i t y  s u r v e y s  c o n d u c t 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  S u r v e y  d e l  i n e a t e d  t h e  Canon C i t y  Ho t  S p r i n g s  s y s t e m  q u i t e  we1 1 b u t  
were  l e s s  s a t i s f a c t o r y  i n  t h e  e a s t e r n  t h e r m a l  a r t e s i a n  w e l l  a,t+jea due t o  t h e  
a v e r a g i n g  e f f e c t  o f  t h e  s e d i m e n t a r y  r o c k  sequence.  

The A M T  s u r v e y  i n d i c a t e d  t w o  p o s s i b l e  g e o t h e r m a l  sys tems  one i n  t h e  
v i c i n i t y  o f  t h e  Canon C i t y  Area and t h e  o t h e r  t o  t h e  e a s t  i n  t h e  Penrose  a r e a .  
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SOIL M E R C U R Y  S U R V E Y S  

I n t  r o d u c t  i on 

The m a j o r i t y  o f  e x p l o r a t i o n  me thods  used i n  g e o t h e r m a l  e x p l o r a t i o n  a r e  t h e  
more common ones such  as g e o l o g y ,  g e o p h y s i c s ,  and h y d r o g e o l o g i c a l  mapp ing ;  
however ,  new m e t h o d s  a r e  b e g i n n i n g  t o  be used. One o f  t h e s e ,  s o i l  m e r c u r y  
s u r v e y s  , has p r o v e n  s u c c e s s f u l  i n  a number o f  i n s t a n c e s .  F o r  examp le ,  Capuano 
and Bamfo rd  ( 1 9 7 8 ) ;  Cox and C u f f  ( 1 9 8 0 ) ;  K lusman and o t h e r s ,  ( 1 9 7 7 ) ;  K lusman 
and L a n d r e s s ,  ( 1 9 7 9 ) ;  and M a t l i c k  and Buseck  ( 1 9 7 6 )  h a v e  d e m o n s t r a t e d  t h e  u s e  
o f  s o i l  m e r c u r y  s u r v e y i n g  as a g e o t h e r m a l  e x p l o r a t i o n  t o o l .  B o t h  M a t l i c k  and 
Buseck ( 1 9 7 6 ) ,  and more r e c e n t l y ,  Cox and C u f f ,  ( 1 9 8 0 ) ,  h a v e  used s o i l  m e r c u r y  
s u r v e y s  on a r e g i o n a l  s c a l e .  On a d e t a i l e d  s c a l e ,  s o i l  m e r c u r y  s u r v e y s  c a n  
d e l i n e a t e  f a u l t s  o r  p e r m e a b l e  zones i n  g e o t h e r m a l  a r e a s .  The a s s o c i a t i o n  o f  
m e r c u r y  w i t h  g e o t h e r m a l  d e p o s i t s  has been shown b y  W h i t e  ( 1 9 6 7 ) .  M a t l i c k  and 
Buseck ( 1 9 7 6 )  s t a t e d  t h a t  a r e a s  w i t h  known t h e r m a l  a c t i v i t y ,  s u c h  a s :  G e y s e r s ,  
C a l i f o r n i a ;  W a i r a k e i  , New Z e a l a n d ;  G e y s e r ,  I c e l a n d ;  L a r d e r e l l o ,  I t a l y ;  and 
Kamchatka , R u s s i a  a1 1 c o n t a i n  m e r c u r y  d e p o s i t s .  

M a t l i c k  and Buseck ( 1 9 7 6 ) ,  i n  p r e s e n t i n g  t h e  g e o c h e m i c a l  t h e o r y  b e h i n d  t h e  
a s s o c i a t i o n s  o f  m e r c u r y  w i t h  g e o t h e r m a l  d e p o s i t s ,  n o t e d  t h a t  m e r c u r y  has g r e a t  
v o l a t i l i t y ,  and t h a t  t h e  e l e v a t e d  t e m p e r a t u r e s  o f  m o s t  g e o t h e r m a l  s y s t e m s  t e n d s  
t o  c a u s e  t h e  e l e m e n t  t o  m i g r a t e  upward and away f r o m  t h e  g e o t h e r m a l  r e s e r v o i r .  
I n  a d d i t i o n ,  t h e y  n o t e d  t h e  work  o f  W h i t e  ( 1 9 6 7 ) ,  and W h i t e  and o t h e r s  ( 1 9 7 0 ) ,  
w h i c h  showed t h a t  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  m e r c u r y  a r e  f o u n d  i n  
t h e r m a l  w a t e r s  M a t l i c k  and Buseck  ( 1 9 7 6 )  t h e n  p o i n t e d  o u t  t h a t  s o i l s  i n  t h e r m a l  
a r e a s  s h o u l d  be e n r i c h e d  i n  m e r c u r y ,  w i t h  t h e  m e r c u r y  b e i n g  t r a p p e d  on t h e  
s u r f a c e s  o f  c l a y s  and o r g a n i c  and o r g a n o m e t a l l  i c  compounds. 

M a t l i c k  and Buseck  ( 1 9 7 6 )  p r e s e n t e d  f o u r  case  s t u d i e s  where t h e y  used  s o i l  
m e r c u r y  c o n c e n t r a t i o n s  as an e x p l o r a t i o n  t o o l .  T h r e e  o f  t h e  f o u r  a r e a s  t e s t e d ,  
Long V a l  l e y ,  Cal  i f o r n i a  , Summer Lake  and K1 amath F a l l  s,  Oregon i n d i c a t e d  
p o s i t i v e  a n o m a l i e s .  A t  t h e  f o u r t h  a r e a ,  E a s t  Mesa i n  t h e  I m p e r i a l  V a l l e y  o f  
C a l i f o r n i a ,  no anoma ly  was o b s e r v e d ,  a l t h o u g h  i s o l a t e d  e l e v a t e d  v a l u e s  w e r e  
r e c o r d e d .  

K1 usman and o t h e r s  , ( 1 9 7 7 )  e v a l  u a t e d  t h e  s o i l  m e r c u r y  c o n c e n t r a t i o n  a t  s i x  
g e o t h e r m a l  a r e a s  i n  C o l o r a d o .  These a r e a s  w e r e :  R o u t t  H o t  S p r i n g s ,  S teamboa t  
H o t  S p r i n g s ,  Glenwood S p r i n g s ,  C o t t o n w o o d  H o t  S p r i n g s ,  M t .  P r i n c e t o n  H o t  
S p r i n g s ,  and Poncha H o t  S p r i n g s .  T h e i r  s a m p l i n g  and a n a l y s i s  p r o c e d u r e s  d i f f e r  
f rom M a t l i c k  and Buseck  ( 1 9 7 6 )  i n  t h a t  t h e y  f i r s t  decomposed t h e  s o i l s  u s i n g  
h y d r o g e n  p e r o x i d e  and s u l  f u r i c  a c i d ;  t h e n  a f l  amel e s s  a t o m i c  a b s o r p t i o n  
p r o c e d u r e  was used t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n  O F  m e r c u r y .  They p r e s e n t e d  
t h e  r e s u l t s  f o r  o n l y  one o f  s i x  a r e a s  sampled,  Glenwood S p r i n g s .  T h e i r  s u r v e y  
i n d i c a t e d  anom%f;lous zones a t  Glenwood S p r i n g s .  

S o i l  M e r c u r y  s u r v e y s  were r u n  b y  Capuano and B a m f o r d  ( 1 9 7 8 )  a t  t h e  
Rooseve l  t U t a h  Ho t  S p r i n g s  Known Geo the rma l  R e s o u r c e  Area.  They a n a l y z e d  t h e  
s o i l  samples w i t h  a Jerome I n s t r u m e n t  Corp.  g o l d  f i l m  m e r c u r y  d e t e c t o r .  The 
r e s u l t s  o f  t h e i r  i n v e s t i g a t i o n  showed t h a t  m e r c u r y  s u r v e y s  c a n  be u s e f u l  f o r  
i d e n t i f y i n g  and mappi ng f a u l  t s  and o t h e r  s t r u c t u r e s  c o n t r o l  1 i n g  t h e  f l o w  o f  
t h e r m a l  w a t e r s  and f o r  d e l  i n e a t i  ng a r e a s  o v e r l y i n g  n e a r - s u r f a c e  t h e r m a l  
a c t i v i t y .  
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S t r a t e g y  and  Methodology 

The aim of t h e  geochemical sampling program by t h e  Colorado Geological 
Survey was t o  eva lua te  those  thermal a r e a s  deemed t o  have high commercial 
development p o t e n t i a l .  As t h e  t ime a l l o t t e d  f o r  t h i s  p r o g r a m  was l i m i t e d ,  t h e  

During t h e  course o f  t h e  i n v e s t i g a t i o n s  t h e  fol lowing r e s t r i c t i o n s  became 
apparent :  u r b a n  devel opment; a 1  1 uvial a n d  c o l l  uvial  d e p o s i t s ;  a n d  mining 
a r e a s .  I n  u r b a n  developments one cannot r e a l l y  be sure  whether t h e  su r face  
d e p o s i t s  in t h e  back s t r e e t s  a n d  lawns a r e  o r i g i n a l  o r  have been b r o u g h t  i n .  
I n  sampling a1 1 uvial  a n d  c o l l u v i a l  s u r f i c i a l  depos i t s  such d e p o s i t s  because of 
t h e i r  o r i g i n ,  age and  mineral content  tend t o  m a s k ,  d i l u t e ,  and/or  d i s t o r t  any 
anomalies.  I n  o l d  mining area t h e  problem becomes whether t h e  mercury 
concen t r a t ions  found a r e  caused by mineral i z a t i o n  or by geothermal a c t i t i v t y .  

, s o i l  mercury surveys h a d  t o  be prel  iminary i n  na ture .  The geochemical sampl ing 
p r o g r a m  s t a r t e d  in 1 9 7 9  a n d  continued i n t o  1980 .  The surveys conducted during 
t h e  summer of 1 9 7 9  were aimed a t  determining t h e  s t r u c t u r a l  cond i t ions  

~ c o n t r o l l i n g  t h e  h o t  sp r ings .  This approach was s t r o n g l y  inf luenced by t h e  work 
of C a p u a n o  a n d  Bamford (1978) .  I n  1980 a broader sampling t a r g e t  was s e l e c t e d .  
Rather t h a n  jus t  sampl ing a1 o n g  t r a v e r s e s  loca ted  over suspected f a u l t s  , g r i d  
sampl i n g  p a t t e r n s  were used. If  anomalous mercury concen t r a t ions  were 
d e t e c t e d ,  then follow-up samples were c o l l e c t e d  a t  a more d e t a i l e d  l e v e l .  F o r  
those thermal a r e a s  where g r i d  sampling was n o t  poss ib l e  due t o  lack of a c c e s s ,  
s o i l  d i s tu rbance ,  o r  u r b a n  development, t r a v e r s e s  were chosen i n  a s i m i l a r  
method t o  t h e  procedure used in 1979. 

Sampl ing Methods 

A t  s e l e c t e d  sample s i t e s ,  one t o  e i g h t  samples were taken a t  po in t s  wi th in  
1 5  t o  20 f t  o f  each o t h e r .  The no ta t ion  of sampling l o c a l i t y  i s  explained in  
Miesch ( 1 9 7 6 ) .  The i n t e r v a l  between sampling s i t e s  depends on t h e  t a r g e t  being 
considered.  For a reas  i n v e s t i g a t e d ,  t h e  sample s i t e  i n t e r v a l  was e i t h e r  100 f t  
t o  200 f t  o r  400 f t  ( 3 0  m t o  6 1  m o r  1 2 2  r n ) .  When using a 400 f t  (122 m )  
i n t e r v a l ,  t h e  area i n  t h e  immediate v i n c i n i t y  of t h e  h o t  spr ing  was considered 
t h e  t a r g e t  r a t h e r  t h a n  any p a r t i c u l a r  f a u l t .  Sampling i n t e r v a l s  of 200 f t  ( 6 1  
m )  o r  l e s s  were used where at tempts  were made t o  del i n e a t e  cont ro l  1 ing f a u l t s .  
This spacing was used by Capuano a n d  Barnford ( 1 9 7 8 ) .  However ,  Klusrnan a n d  
Landress ( 1 9 7 9 )  seem t o  t h ink  t h a t  t h e  sample must be taken d i r e c t l y  over t h e  
f a u l t i n g  f o r  d e t e c t i o n .  Considering t h e  empir ical  r e s u l t  o f  C a p u a n o  a n d  
Bamford  ( 1 9 7 8 ) ,  i t  was bel ieved t h a t  some anomalous mercury va lues  should be 
encountered i f  a g r i d  p a t t e r n  encompassing t h e  h o t  spr ing  area was  used. A 
d e f i n i t e  s t r u c t u r a l  p a t t e r n  may be obvious,  b u t  i f  t h e  s t u d y  a rea  i s  being 
inf luenced by geothermal a c t i v i t y ,  t h e  t rend  should i n d i c a t e  t h a t  t h e  hot 
s p r i n s  area e n t i r e l y  or p a r t i a l l y  i s  high i n  mercury r e l a t i v e  t o  surrounding 
a r e a .  

The sampling procedure used during 1979 cons i s t ed  of lay ing  out a s e r i e s  
o f  samples l i n e s  across  suspected f a u l t s  i n  t h e  thermal a r e a s .  Samples were 
c o l l e c t e d  a t  predetermined i n t e r v a l  s ( u s u a l l y  100 f t )  a l o n g  t h e  1 i n e s .  

I n  most of t h e  a r e a s  inves t iga t ed  during 1980, t h r e e  or  more samples were 
taken a t  random sample l o c a l i t i e s .  This was done t o  g e t  a n  e s t ima te  of how t h e  
var iance  between sample l o c a l i t i e s  compared w i t h  t h e  var iance  a t  a sample 
l o c a l i t y .  I f  t h e  comparison suggested t h a t  t h e r e  i s  as much var iance  a t  a 
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sample l o c a l i t y  as t h e r e  i s  be tween  sample l o c a l i t e s ,  t h e n  t h e  d a t a  w o u l d  t h a n  
1 i k e l y  l e a d  t o  f a 1  se i n t e r p r e t a t i o n .  

Two r a t i o n a l e s  h a v e  been used f o r  d e t e r m i n i n g  t h e  s a m p l i n g  d e p t h .  The 
method recommended b y  Capuano and Bamford ( 1 9 7 8 )  i s  t o  d e t e r m i n e  t h e  p r o f i l e  o f  
m e r c u r y  down t o  a d e p t h  o f  a p p r o x i m a t e l y  16 i n  ( 4 0  cm),  t h e  d e p t h  a t  w h i c h  t h e  
p r o f i l e  peaks d e t e r m i n e s  t h e  sampl i n g  d e p t h .  The o t h e r  method c o n s i s t e n t l y  
samp les  a s o i l  h o r i z o n ,  such  as t h e  A o r  B h o r i z o n .  The p r o b l e m  w i t h  u s i n g  t h e  
A h o r i z o n  i s  t h a t  i t s  n o r m a l l y  h i g h  o r g a n i c  c o n t e n t  has been shown t o  h a v e  
s t r o n g  s e c o n d a r y  e f f e c t s  i n  c o n t r o l l i n g  m e r c u r y  i n  t h e  s o i l .  A l s o ,  t h e  
s a m p l i n g  d e p t h  i n  t h e  A h o r i z o n  m a y  n o t  be deep  enough t o  a v o i d  t h e  " b a k i n g "  
e f f e c t  o f  t h e  sun. 

The method used  d u r i n g  1979  c o n s i s t e d  o f  u s i n g  p r o f i l e s  t o  d e t e r m i n e  
s a m p l i n g  d e p t h s .  A s a m p l i n g  d e p t h  o f  a p p r o x i m a t e l y  6 i n  ( 1 5  cm),  w i t h  an 
i n t e r v a l  o f  a b o u t  0.4 i n  (1  cm),  was used f o r  mos t  o f  t h e  p r o f i l e s .  D u r i n g  
1980 each sample was t a k e n  o v e r  an i n t e r v a l  o f  5 t o  7 i n  ( 1 3  t o  1 8  cm). It was 
hoped t h a t  some o f  v a r i a n c e  due t o  d e p t h  w o u l d  be smoothed o u t  b y  s a m p l i n g  o v e r  
a w i d e r  i n t e r v a l .  A l s o ,  a t  t h a t  d e p t h  i t  was hoped t h a t  t h e  sun w o u l d  n o t  be 
a f f e c t i n g  t h e  s o i l ' s  a b i l i t y  t o  r e t a i n  m e r c u r y .  

To c o l l e c t  a sample,  t h e  g r o u n d  was b r o k e n  w i t h  a s h o v e l  t o  a d e p t h  o f  9 
t o  1 0  i n  ( 2 0  t o  25 cm). Then a s p a t u l a  and m e t a l  cup were  used t o  c o l l e c t  
a p p r o x i m a t e l y  100 grams o f  m a t e r i a l .  The c o n t e n t s  o f  t h e  cup were t h e n  p u t  i n  
a marked p l a s t i c  bag. A t  t h e  end o f  t h e  d a y  t h e  m a t e r i a l  i n  e a c h  bag was l a i d  
o u t  and a l l o w e d  t o  d r y  o v e r n i g h t .  Sometimes i t  w o u l d  t a k e  more t h a n  one n i g h t  
t o  d r y .  N o r m a l l y ,  t h e  f o l l o w i n g  m o r n i n g  t h e  d r i e d  m a t e r i a l  w o u l d  be s i e v e d  
down t o  an 80 mesh s i z e  o u t s i d e  i n  a shaded a r e a  and s t o r e d  i n  4 m l  g l a s s  v i a l s  
w i t h  s c r e w  c a p s .  W i t h i n  a p e r i o d  o f  seven  days  l a t e r ,  t h e  samp les  w e r e  
a n a l y z e d  f o r  m e r c u r y  u s i n g  t h e  Model 3 0 1  Jerome g o l d  f i l m  m e r c u r y  d e t e c t o r .  

Anal  y s i  s 

F o r  an a c c u r a t e  a n a l y s i s  o f  g e o c h e m i c a l  d a t a ,  i t  i s  n e c e s s a r y  t o  
d i f f e r e n t i a t e  be tween  b a c k g r o u n d  and anomalous v a l u e s .  T h e r e  a r e  v a r i o u s  
s t a t i s t i c a l  ways o f  accompl  i s h i n g  t h i s .  F o r  t h o s e  a r e a s  where  t h e  s t a t i s t i c a l  
sample a p p r o a c h e s  100 samp les  and a l o g n o r m a l  d i s t r i b u t i o n  c a n  be assumed, a 
me thod  w h i c h  l o o k s  f o r  a b r e a k  i n  t h e  c u m u l a t i v e  f r e q u e n c y  p l o t  o f  t h e  m e r c u r y  
d a t a  c a n  be used. H o p e f u l l y ,  t h e  b r e a k  d i s t i n g u i s h e s  t h e  t w o  p o p u l a t i o n s  - -  
t h e  b a c k g r o u n d  and t h e  g e o t h e r m a l  i n d u c e d  p o p u l a t i o n  (Capuano and Bamford , 
1978; L e p e l  i t o r  , 1969; and L e v i n s o n  , 1 9 7 4 ) .  

F o r  t h o s e  i n s t a n c e s  where  t h e  d a t a  was a n a l y z e d  u s i n g  a c u m u l a t i v e  
f r e q u e n c y  d i a g r a m ,  t h e  f o l l o w i n g  p r o c e d u r e  was used. 

1 ) .  D e t e r m i n e  t h e  number o f  c l a s s  i n t e r v a l s  b y  m u l t i p l y i n g  t h e  l o g a r i t h m  

2 ) .  D e t e r m i n e  t h e  r a n g e  o f  each  c l a s s  i n t e r v a l  b y  d i v i d i n g  t h e  maximum 

o f  t h e  sample b y  10. 

r e c o r d e d  v a l u e ,  d e t e r m i n e d  above,  b y  one l e s s .  

3 ) .  D e t e r m i n e  l o g a r i t h m  o f  t o p  end o f  e a c h  i n t e r v a l .  

4 ) .  D e t e r m i n e  c l a s s  f r e q u e n c y  b y  c a l c u l a t i n g  t h e  number o f  v a l u e s  i n  e a c h  
c l  ass .  
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5 ) .  Determine r e l a t i v e  frequency by d i v i d i n g  each c l a s s  frequency value by 
t o t a l  number of va lues .  

6 ) .  Construct frequency d i s t r i b u t i o n  g r a p h  by p l o t t i n g  c l a s s  frequency 

7 ) .  Note where break in s lope of g r a p h  occurs .  

1 og Val ues by cumul a t  i ve frequency. 

F o r  those cases  where t h e  d a t a  was sparce  and  t he  values were c l u s t e r e d  
near the  'lower de t ec t ion  l i m i t  of t he  instrument with a few high values  a t  t he  
oppos i t e  extreme, a more empir ical  method was used. This method ca l l ed  f o r  
arranging the  d a t a  in ascending numerical order  then inspec t ing  the  d a t a  f o r  
any gaps.  F o r  
the  lack of a proper sampling design a n d  computer f a c i l i t i e s ,  t h e  g a p  between 
b a c k g r o u n d  a n d  t h e  anomaly was chosen s u b j e c t i v e l y ,  r a t h e r  t h a n  using a 
s t a t i s t i c a l  t e s t  as recommended by Miesh ( 1 9 7 6 ) .  When background was 
determined in t h i s  manner, sometimes the  anomaly c r i t e r i a  of f o u r  t imes t y p i c a l  
background was used t o  see h o w  i t  compared development. T h i s  e f f o r t  cons is ted  
o f  a l i t e r a t u r e  sea rch ,  a n d  geologic mapping. 

The anomalous values  a r e  d i f f e r e n t i a t e d  from background values .  

As a f u r t h e r  aid in determining b a c k g r o u n d  mercury va lues ,  sample 
l o c a l i t i e s  were chosen within a mile o r  two  of t h e  s tudy a rea .  Care was taken 
t o  t r y  t o  sample on the  same parent mater ia l  as in the  study a rea .  I t  was 
assumed t h a t  t h e r e  were no extreme regional  t r e n d s .  

S O I L  M E R C U R Y  SURVEYS, C A N O N  C I T Y  A R E A  

I n t  roduct i on  

Unlike most o f  t h e  o the r  thermal a reas  i n  C o l o r a d o  i nves t iga t ed  d u r i n g  t he  
course o f  t h i s  p r o g r a m ,  t he  C a n o n  C i t y  area encompassed vast  acreage 
(approximately 110 sq.  m i ) .  The l a r g e  s i z e  of t h e  study area presented problems 
in designing a s o i l  mercury sampling p r o g r a m .  Normally l i n e s  would be l a i d  
over suspected f a u l t s  o r  in proximity t o  thermal sp r ings  a n d  t i e d  toge the r .  
This was n o t  poss ib l e  i n  t he  Canon Ci ty  Area. Therefore ,  i t  was decided t o  
c o l l e c t  geochemical samples in t h r e e  a r e a s :  Around t he  Penrose Ar t e s t i an  
Thermal Well; on t he  grounds of t he  co r rec t iona l  complex e a s t  of Canon C i ty ;  
a n d  in the  C a n o n  Ci ty  Hot Springs region ( F i g .  1 7 ) .  

These a reas  were chosen f o r  t h e  f o l l o w i n g  reasons:  Penrose Ar tes ian  
Thermal Well-- Other t h a n  the  w e l l ,  no su r face  expression o f  thermal cond i t ions  
was ev iden t .  I t  was hoped t h a t  some ind ica t ion  of t he  deep thermal cond i t ions  
would be f o u n d  a n d  t h a t  t he  geochemical sampling p r o g r a m  could then be expanded 
t o  o the r  p a r t s  of t he  s t u d y  a rea .  

Dept. of Correc t ions  l and :  O n  t h i s  land a number of f a c i l i t i e s  e x i s t :  A 
minimum s e c u r i t y  f a c i l i t y ,  a new maximum s e c u r i t y  f a c i l i t y ,  a n d  t he  pr ison 
farm. P r io r  t o  the  s t a r t  of t h i s  i n v e s t i g a t i o n  the  Dept. of Correc t ions  s t a t e d  
t h a t  they would be ab le  t o  use a n y  a n d  a l l  thermal waters  f o u n d  in c lose  
proximity t o  t he  pr ison f a c i l i t i e s .  I n  a d d i t i o n ,  t h e  complex i s  loca ted  in 
w h a t  appeared t o  be the junc t ion  o f  several  geologic  s t r u c t u r e s .  I t  i s  noted 
on Figure 7 ,  t h a t  t he  Chandler Sync1 i n e ,  loca ted  t o  t he  west ,  has a nor th-south 
t r e n d ,  while t he  O i l  Creek An t i c l ine  t o  the  n o r t h  and  t he  Cas t l e  Rock Syncl ine 
t o  the  nor theas t  have a northeast-southwest  t r end .  I t  was believed t h a t  t h e  
bedrock of t h e  co r rec t iona l  complex could be f r ac tu red  allowing t h e  escape of 
mercury r i c h  gases from the  thermal system a t  depth.  

C a n o n  Ci ty  Hot  Spring--  I n  addi t ion  t o  being the  only t r u e  thermal spr ing  
in t h e  a r e a ,  t h i s  s i t e  was sampled t o  t r y  a n d  determine any  c o n t r o l l i n g  
s t r u c t u r e s .  
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A LOCATION OFSOIL MERCURY SAMPLE LINES 
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Figure 17.  Location of soi l  mercury sample s i t e s  (Geology 
adapted from Vincki'er, 1978 - see p .  11 for  
explanation). 

S o i l s  

The s o i l s  in the area sampled were derived from the  underlying bedrock o r  
a l l u v i a l  a n d  co l luv ia l  d e p o s i t s .  I n  t he  Penrose area the  s o i l s  were der ived 
from the  underlying N i o b r a r a  Formation, in  t h e  c o r r e c t i o n a l  complex area the  
s o i l s  were e i t h e r  derived from the  P i e r r e  sha le  bedrock o r  a l l u v i a l  t e r r a c e  
d e p o s i t s .  I n  t h e  Canon Ci ty  h o t  Springs a rea  t h e  s o i l s  were e s s e n t i a l l y  
a l l u v i a l  a n d  c o l l u v i a l  d e p o s i t s .  

.Soi l  Mercury Surveys 

Penrose Area 

1 5  samples were c o l l e c t e d  a t  100 f t  ( 3 0  m )  i n t e r v a l s  along 6 sample l i n e s  
a r o u n d  the Penrose Artesian Thermal We1 1 ( F i g .  1 8 ) .  Mercury concen t r a t ion  
l e v e l s  measured along these  l i n e s  ranged from a low of 1 2  p p b  t o  a high of 101 
p p b .  w i t h  a n  average value o f  38 p p b  ( F i g .  1 9 ) .  While the  area n o r t h  of t h e  
well has high values no no t iceable  anomalous zones were r e a d i l y  apparent .  
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EX PLAN AT I 0 N 

0 2 2  L o c a t i o n  o f  sampl ing s i t e ,  
number i n d i c a t e s  mercury 
c o n c e n t r a t i o n  i n  ppb 

F i g u r e  19. P e n r o s e  a r t e s i a n  w e l l  s o i l  m e r c u r y  samp le  s i t e s .  

C o r r e c t i o n a l  Complex 

A t  t h e  C o l o r a d o  D e p t .  o f  C o r r e c t i o n s  comp lex  e a s t  o f  Canon C i t y  samp les  
were c o l l  e c t e d  a1 ong 5 1 i n e s  ( F i g .  2 0 ) .  M e r c u r y  c o n c e n t r a t i o n s  V a l  ues r a n g e d  
f r o m  a l o w  o f  06 ppb  t o  a h i g h  o f  115 ppb. When t h e  d a t a  was a r r a n g e d  i n  
d e s c e n d i n g  o r d e r  i t  was n o t e d  t h a t  t h e r e  was a s i g n i f i c a n t  b r e a k  i n  t h e  v a l u e s  
be tween  t h e  6 9  ppb  and 83 ppb l e v e l .  From t h i s  i t  was d e c i d e d  t h a t  any  v a l u e  
above  6 9  ppb w o u l d  be c o n s i d e r e d  anomalous.  To show t h e  v a r i a b i l i t y  o f  t h e  
a n a l y t i c a l  d a t a  t h e  s o i l  m e r c u r y  a n a l y t i c a l  v a l u e s  h a v e  been p l o t t e d  i n  p r o f i l e  . 

f o rm i n  F + g u r e s  21  t o  2 5 .  
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F i g u r e  20. L o c a t i o n  o f  s o i l  m e r c u r y  l i n e s  a d j a n c e n t  t o  c o r r e c t i o n a l  
c o m p l e x .  

T 
18 
S 

. 

T 
19 
S 

Samples were  c o l l e c t e d  a l o n g  t h r e e  l i n e s  t r a v e r s i n g  t h e  e a s t e r n  s l o p e  o f  
t h e  mesa t o  t h e  w e s t  o f  t h e  new maximum s e c u r i t y  f a c i l i t y  ( F i g .  2 9 ) .  
A n o m a l o u s l y  h i g h  v a l u e s  were  r e c o r d e d  o,n l i n e s  A - A '  and C - C ' .  No s i g n i f i c a n t  
s t r u c t u r a l  o r  t h e r m a l  f e a t u r e s  were  n o t e d  a l o n g  e i t h e r  o f  t h e s e  t w o  l i n e s .  The 
s i g n i f i c a n c e  o f  t h e s e  h i g h  v a l u e s  i s  n o t  known a t  t h e  p r e s e n t ,  b u t  t h e y  may 
r e p r e s e n t  f r a c t u r i n g  o f  t h e  P i e r r e  s h a l e  b e d r o c k .  

H i g h  m e r c u r y  c o n c e n t r a t i o n  Val ues were  r e c o r d e d  a1 ong 1 i n e s  D - D '  and E - E  ' 
( F i g s .  24 and 2 5 ) .  B o t h  o f  t h e s e  l i n e s  c r o s s  U.S. 50 and r u n  c l o s e  t o  an o l d  
r a i l r o a d  g r a d e .  B o t h  o f  t h e s e  f e a t u r e s  c o u l d  be s o u r c e s  o f  c o n t a m i n a t i o n .  
T h e r e f o r e  f r o m  e x a m i n a t i o n  o f  t h e  d a t a  i t  appeared  t h a t  no m e a n i n g f u l  t r e n d s  
were o b s e r v e d  i n  t h e  s o i l  m e r c u r y  c o n c e n t r a t i o n s  i n  t h i s  a r e a .  
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Figure 23. Soi l  mercury t r a v e r s e  C - C '  a n d  s u r f a c e  topography p r o f i l e ,  
S t  a t e  Pen i t en t  i a ry .  
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Figure 24. S o i  1 mercury t r a v e r s e  D-D ' and s u r f a c e  topography p r o f i  1 e ,  
S t a t e  P e n i t e n t i a r y .  
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Figure  25. Soi l  mercury t r a v e r s e  E - E '  , S t a t e  P e n i t e n t i a r y .  
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C a n o n  Ci ty  Hot  Springs Area 

Two shor t  l i n e s  were l a i d  o u t  south o f  t h e  h o t  sp r ings  a n d  1 4  samples were 
co l l ec t ed  ( F i g .  2 6 ) .  Concentration of mercury along these  l i n e s  ranged from a 
low o f  11 p p b  t o  a high of 7 6 9 p p b .  The high value r ep resen t s  contamination by 
the c inde r s  used as f i l l  in t he  a rea .  As can be noted no apparent anomalous 
concent ra t ion  l e v e l s  of s o i l  mercury were de t ec t ed .  
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Figure 26 .  S o i l  mercury t r a v e r s e s  A - A '  and  B - B ' ,  Canon Ci ty  Hot Springs.  

Conclusion 

Due t o  t he  l a r g e  s i z e  o f  t he  study area i t  was decided t h a t  t he  
geochemical sampling p r o g r a m  should be designed t o  l o c a t e  any  cont ro l  ing 
s t r u c t u r a l  f e a t u r e s .  Therefore sample l i n e s  were l a i d  o u t  in t he  v i c i n i t y  of a 
thermal wel l s  a n d  the  h o t  spr ing a rea .  I n  add i t ion  the  C o l o r a d o  Dept. of 
Correc t ions  l a n d  ea s t  of Canon C i t y  was sampled. Analysis of t h e  a n a l y t i c a l  
d a t a  showed a few anomalously high va lues ,  in a l l  a r e a s ,  however no r e a d i l y  
apparent t rend  was observed. 
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O R I G I N  OF C A N O N  CITY A R E A  THERMAL WATERS 

I n t  r o d  u c t  i on 

The t h e r m a l  w a t e r s  o f  t h e  Canon C i t y  a r e a  a p p e a r  t o  have  o r i g i n a t e d  u n d e r  
two d i s t i n c t  h y d r o g e o l o g i c a l  e n v i r o n m e n t s .  However ,  e x a m i n a t i o n  o f  t h e  
g e o l o g i c a l  c o n d i t i o n s  i n d i c a t e s  t h a t  a l l  t h e  t h e r m a l  w a t e r s  c o u l d  be o f  t h e  
same o r i g i n  and may e x p l a i n e d  b y  t h e  c o m b i n a t i o n  o f  d e c a y  o f  r a d i o a c t i v e  
m i n e r a l s  and f a v o r a b l e  g e o l o g i c a l  c o n d i t i o n s .  

W h i l e  t h e  t h e r m a l  w a t e r s  may be a p r o d u c t  o f  h y d r o t h e r m a l  s o l u t i o n s  b e i n g  
d r i v e n  o f f  f r o m  t h e  basement  r o c k s  ( V i n c k i e r ,  1978 and 1 9 8 2 )  o r  a r e  due t o  
h i g h e r  t h a n  no rma l  g r a d i e n t s  and h e a t  f l o w  ( R e p p l i e r  and F a r g o ,  1981,  and 
Z a c h a r a k i s ,  1 9 8 1 )  i t  i s  b e l i e v e d  t h a t  t h e  most  l o g i c a l  e x p l a n a t i o n  i s  r e l a t e d  
t o  t h e  h i g h  l e v e l s  o f  r a d i o a c t i v e  m i n e r a l s  a s s o c i a t e d  w i t h  t h e  g r o u n d  w a t e r s .  
T h i s  a s s o c i a t i o n  has been s t u d i e d  and r e p o r t e d  on b y  F e l m l e e  and C a d i g a n  ( 1 9 7 9 )  
and V i n c k i e r  (1978  and 1 9 8 2 ) .  

Ne1 son-Moore and o t h e r s  ( 1 9 7 8 )  h a v e  shown t h a t  economic  c o n c e n t r a t i o n s  o f  
r a d i o a c t i v e  m i n e r a l  s e x i s t  t o  t h e  n o r t h w e s t ,  wes t  and s o u t h w e s t  o f  Canon C i ty  
i n  P r e c a m b r i a n  and T e r t i a r y  age r o c k s .  F i g .  7 shows t h e  P r e c a m b r i a n  age r o c k s  
a r o u n d  t h e  b a s i n  b e i n g  c u t  b y  numerous f a u l t s  w h i c h  e s s e n t i a l l y  s t r i k e  i n t o  t h e  
b a s i n .  'These f a u l t s  f o r  t h e  most  p a r t  t e r m i n a t e  a t  t h e  base o f  t h e  s e d i m e n t a r y  
r o c k  sequence.  

V i n c k i e r  (1978  and 1 9 8 2 )  n o t e d  t h a t  some o f  t h e  h i g h e s t  l e v e l s  o f  
r a d i o a c t i v e  decay  i n  t h e  Dako ta  Group and M o r r i s o n  F o r m a t i o n  i n  t h e  s o u t h w e s t  
p a r t  o f  t h e  Canon C i t y  Embayment a r e  found i n  c l o s e  p r o x i m i t y  t o  m a j o r  f a u l t s .  
He ( V i n c k i e r ,  1978 and 1 9 8 2 )  made t h e  a s s u m p t i o n  t h a t  t h e  r a d i o a c t i v i t y  i s  
m i g r a t i n g  up f r o m  d e p t h  a l o n g  t h e  f a u l t s  w i t h  r e c h a r g i n g  g r o u n d w a t e r s .  

I t  can be p o s t u l a t e d  t h a t  r a d i o a c t i v e  m i n e r a l s  f o u n d  i n  t h e  r a d i o a c t i v e  
r i c h  m i n e r a l  d e p o s i t s  and r o c k s  t o  t h e  wes t  a r e  b e i n g  e r o d e d  and l e a c h e d  b y  
normal  g r o u n d - w a t e r s .  These r a d i o a c t i v e  r i c h  g r o u n d  w a t e r s  t h e n  m i g r a t e  down, 
t h r o u g h  and a l o n g  t h e  numerous f a u l t  and f r a c t u r e  zones i n t o  t h e  Canon C i t y  
a rea  where t h e y  move upward  a l o n g  f a u l t  and f r a c t u r e  zones i n t o  t h e  M o r r i s o n  
and Dako ta  a q u i  f e r s .  The r a d i o a c t i v e  m i n e r a l  s a r e  t h e n  p r e c i p i t a t e d  o u t  n e a r  
t h e  f a u l t  zones ( V i n c k i e r ,  1978 and 1 9 8 2 ) .  The h e a t  g i v e n  o f f  b y  t h e  d e c a y i n g  
r a d i o a c t i v e  e l e m e n t s  i s  t h e n  t r a p p e d  b y  t h e  t h i c k  i n s u l a t i n g  b l a n k e t  o f  s h a l e s ,  
w h i c h  o v e r l i e s  t h e  D a k o t a  Group t h u s  h e a t i n g  t h e  g r o u n d  w a t e r s .  

Any o t h e r  e x p l a n a t i o n  must  be a b l e  t o  a c c o u n t  f o r  t h e  f a c t  t h a t  t h e r e  i s  
v e r y  l i t t l e  change  i n  t h e  t e m p e r a t u r e  o f  t h e  t h e r m a l  w a t e r s  a c r o s s  t h e  s t u d y  
a r e a .  T h i s  can o n l y  be a c c o u n t e d  f o r  b y  an a r e a  w i d e  h e a t  s o u r c e .  

Canon C i t y  Area  

From t h e  l o c a t o n  o f  t h e  t w o  h o t  s p r i n g s  i t  i s  p e r c e i v e d  t h a t  t h e  h o t  w a t e r  
may emerge t h r o u g h  t h e  F remon t  1 i m e s t o n e  a1 ong a c o v e r e d  f a u l t  p l a n e  f rom 
f r a c t u r e d  P r e c a m b r i a n  m i g m a t i t i c  r o c k s  u n d e r l y i n g  t h e  1 i m e s t o n e  beds .  The 
r e c h a r g e  a r e a  f o r  t h e s e  s p r i n g s  i s  p r o b a b l y  t o  t h e  n o r t h ,  w e s t ,  and s o u t h  a l o n g  
t h e  f l a n k s  o f  t h e  Canon C i t y  embayment. 
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Penrose Area 

All the we l l s  in  t h e  Penrose a r e a ,  which a r e  loca ted  on t h e  asymetr ic  
Brush Hollow Ant i c l ine  appear t o  be a s soc ia t ed  with t h e  D a k o t a  Sandstone. 
Geological and  geophysical d a t a  h a s  shown t h a t  t h e  Brush Hollow Ant i c l ine  i s  
cut by f a u l t s  t h a t  extend from Precambrian i n t o  t h e  Cretaceous age formations.  
The f a u l t s  could be t h e  condui t  by which t h e  r a d i o a c t i v e  r i c h  thermal waters  
a r e  moving from depth i n t o  t h e  Dakota sandstone. 

S ize  and Extent of Canon Ci ty  Thermal System 

As noted be fo re ,  w i t h  few except ion ,  a l l  t h e  thermal waters  found in  t h e  
l a r g e r  Canon City Embayment a r e  r e s t r i c t e d  t o  t h e  s tudy area .  This i s  a n  a rea  
of approximately 110 sq m i  ( 2 8 4 . 9  sq k m )  containing waters  with an est imated 
average temperature of 90°F (32°C).  The present  t o t a l  d i scharge  from t h e  
thermal r e s e r v o i r  through sp r ings  and  we l l s  in  excess  of 400 ga l lons  per 
minute, or 532 a c r e  f e e t  per year  (A.F./yr) (1 A . F .  = 325,900 g a l l o n s ) .  I t  can 
be assumed t h a t  t h e  present  cond i t ions  nea r ly  r ep resen t  hydrogeol ogical  
equi l ibr ium condi t ions  and  much of t h i s  p r e s e n t l y  unused water could used f o r  
commercial development without s e r i o u s l y  a f f e c t i n g  t h e  r e s e r v o i r .  I n  add i t ion  
i f  i t  i s  assumed t h a t  a l l  t h e  thermal waters  a r e  r e s t r i c t e d  t o  t h e  Dakota 
aqu i f e r  and  t h e  Dakota a q u i f e r  h a s  a n  average permeabi l i ty  of .15 ( 1 5 % ) ,  and  a n  
average th i ckness  of 85 f t  ( 2 6  m )  (Vinckier ,  1982)  t h e  a m o u n t  o f  thermal water 
in s to rage  can be c a l c u l a t e d  t o  be 881,280 A . F .  The amount of d r a i n a b l e  
thermal water i s  est imated t o  be approximately 264,000 A.F.  This amount i s  i n  
add i t ion  t o  t h e  532 A.F/yr a l r eady  flowing from the  a q u i f e r .  

An  e s t ima te  o f  t h e  energy a v a i l a b l e  from t h e  Canon City Area thermal 
system can be made using t h e  c u r r e n t  thermal water d i scharge  of 532 A.F./yr. 
If 20°F ( 1 l O C )  of heat i s  ex t r ac t ed  from t h e  d i scha rge  35,100,000,000 
B.T.U's/yr of heat energy wi l l  be obtained.  A t  1982 p r i c e  of na tura l  gas of $ 
4.50/MCF t h i s  i s  a g ross  sav ings  of $15,795/yr.  

Unfortunately,  while i t  appears t h a t  t h e r e  a r e  l a r g e  q u a n t i t i e s  of low t o  
moderate temperature  thermal waters ava i l  ab1  e f o r  development throughout t h e  
study a r e a ,  t h e  depth a t  which these  waters  occur wi l l  prevent t h e i r  
development t h r o u g h o u t  much of t h e  a r e a .  I n  t h e  s tudy area  t h e r e  a r e  f o u r  
major geologic s t r u c t u r e s ,  from west t o  e a s t  they  a r e :  Chandler Syncl ine ,  Oil 
Creek A n t i c l i n e ,  Cas t l e  Rock Syncline and  t h e  Brush Hollow Ant i c l ine  ( F i g .  7 ) .  
These s t r u c t u r e s  determine a t  w h a t  depth t h e  water bearing u n i t s  w i l l  be found. 
O n  sync l ines  rock u n i t s  which on a n t i c l i n e s  a r e  found c lose  t o  t h e  su r face  w i l l  
be found a t  depth.  Vinckier (1978 a n d  1 9 8 2 )  showed t h a t  t he  Dakota a q u i f e r  in 

, the  Chandler Syncl ine in t h e  western p a r t  of t h e  s tudy area  i s  more t h a n  6,000 
f t  ( 1 , 8 2 9  m )  below t h e  su r face .  The depth t o  t h e  a q u i f e r  shallows from t h e r e  t o  
the e a s t ,  where j u s t  west of t h e  Brush Hollow Ant i c l ine  t h e  depth i s  
approximately 1,200 f t  (366 m ) .  O n  t h e  c r e s t  of t h e  Brush Hollow Ant i c l ine  t h e  
t o p  of t h e  D a k o t a  Group i s  approximately 700 f t  (213 m )  below t h e  su r face .  

S U M M A R Y  A N D  CONCLUSIONS 

Found w i t h i n  t h e  Canon Ci ty  Embayment, loca ted  on t h e  southern end of t h e  
Front Range, a r e  one thermal spr ing  a n d  8 thermal water we l l s  of low t o  
moderate temperature  (<108"F) .  Examination of t h e  occurrence of t h e  thermal 
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waters  h a s  determined t h a t  t h e  thermal waters  a r e  e s s e n t i a l l y  r e s t r i c t e d  t o  a n  
area n o r t h  of  t h e  Arkansas River ,  a n d  south a n d  e a s t  of t h e  mountains. 

To f u l l y  d e f i n e  t h e  s i z e ,  e x t e n t  , occurrence a n d  o the r  f a c t o r s  r e l a t i n g  t o  
t h i s  r e source ,  a program was i n i t i a t e d  in 1979 t o  eva lua te  t h e  geothermal 
resource p o t e n t i a l  of t h i s  a r e a .  This program cons is ted  o f :  1 i t e r a t u r e  sea rch ;  
reconnaissance geological  m a p p i n g ;  t e s t  d r i l l i n g ;  s o i l  mercury geochemical 
sampling; a n d  e l e c t r i c a l  r e s i s t i v i t y ,  se i smic ,  t e l l u r i c ,  a n d  
audio-magnetotell  u r i c  geophysical surveys.  

The C a n o n  C i ty  Embayment i s  a l a r g e  south-southeas t  p l u n g i n g  sync l ine  on 
the e a s t  s i d e  of t h e  Southern Rocky Mountains with t h e  b a s i n  reaching a maximum 
depth of over 6 , 0 0 0  f t  (1 .83  K m ) .  south of C a n o n  Ci ty .  Within t h e  b a s i n  a r e  a 
number of smal le r  sync1 ines  a n d  a n t i c 1  i n e s .  Prel iminary subsur face  work by 
Weimer ( 1 9 8 ) ,  a n d  l a t e r  confirmed by geophysical surveys conducted as p a r t  o f  
t h i s  p r o g r a m ,  showed t h a t  t h e  e a s t e r n  m a r g i n  of t h e  s tudy area  i s  bounded by 
the  Brush Hollow Ant i c l ine .  Prel iminary evidence tends  t o  show t h i s  s t r u c t u r e  
i s  a hors t  block a n d  not a t r u e  a n t i c l i n e .  

Examination of t h e  hydrogeological condi t ions  of t h e  s tudy a r e a  determined 
t h a t  t h e  thermal waters  a r e  found assoc ia ted  with t h e  Morrison a n d  Dakota 
a q u i f e r s  a n d  range in temperature  from a l o w  o f  79°F (26°C) t o  a high of 108°F 
(42°C).  Vinckier  (1978 a n d  1982) noted t h a t  t h e  thermal waters  a r e  a 
sodium-bicarbonate type while t h e  n o n  thermal ground-waters a r e  a 
calcium-bicarbonate  type.  Vinckier a1 so noted t h a t  t h e  g r o u n d  waters  o f  t h e  
C a n o n  City Embayment conta in  h i g h  level  s of r a d i o a c t i v e  minera ls .  

The r a d i o a c t i v e  minera ls  plays a n  i m p o r t a n t  r o l e  in t h e  o r i g i n  o f  t h e  
thermal waters f o r  i t  i s  pos tu la ted  t h a t  t h e  l a r g e  a m o u n t  of heat  given o f f  by 
t h e  decaying minera ls  i s  t rapped by t h e  t h i c k  sequence of t h e  over ly ing  P i e r r e  
s h a l e .  The heat then warms t h e  g r o u n d  waters  found in t h e  Morrison and D a k o t a  
aqui f e r s .  

The geothermal resources  of  t h e  C a n o n  Ci ty  a rea  appear t o  be l a r g e .  Under 
present  cond i t ions  over 5 3 2  a c r e  f e e t  per year  of thermal water a r e  d ischarg ing  
a t  t h e  su r face .  I n  add i t ion  i t  i s  conse rva t ive ly  est imated t h a t  t h e r e  a r e  a n  
addi t iona l  264,000 a c r e  f e e t  of recoverable  thermal waters in t h e  s tudy a r e a .  
3 5 , 1 0 0 , 0 0 0 , 0 0 0  B . T . U . ' s  o f  h e a t  e n e r g y l y e a r  c o u l d  be  o b t a i n e d  i f  t h e  
temperature of t h e  532 A.F./yr was lowered 20°F  (11°C) f o r  a s a v i n g  of almost 
$16 , 000/yr. 
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A P P E N D I X  A 

G E O T H E R M A L  E N E R G Y  A N D  I T S  POSSIBLE USES 

Geothermal energy,  t he  heat generated by n a t u r a l  processes  beneath t h e  
e a r t h ' s  su r f ace  normally occurs a t  g r e a t  depths .  I n  some p l a c e s ,  however i t  
can be found c lose  t o  or a t  the  su r face  in the  form of volcanoes,  geysers  o r  
h o t  s p r i n g s .  Where i t  occurs  near t h e  sur face  i t  can be developed and  p u t  t o  
bene f i c i a l  use. Geothermal energy in the  form of h o t  sp r ings  has been used by 
mankind f o r  medicinal and  cooking purposes s ince  the  e a r l i e s t  days of recorded 
h i s t o r y .  I n  the  l a s t  100 y e a r s  development o f  t h i s  energy source f o r  o the r  
uses has occurred ,  a n d  i t  i s  n o w  used f o r  such purposes a s :  Generation o f  
e l e c t r i c i t y ;  hea t ing  a n d  cool ing of bu i ld ings ;  processing of food a n d  o t h e r  
goods; hea t ing  c a t t l e  ba rns ,  greenhouses and  f i s h  ponds; milk p a s t e u r i z a t i o n ;  
a n d  r ec rea t ion  and  medicinal .  Due t o  dec l in ing  petroleum rese rves  I t  i s  
a n t i c i p a t e d  t h a t  i n  yea r s  t o  come development of t h i s  energy source wi l l  
i nc rease .  Figure 27 l i s t s  some of t h e  uses geothermal energy could be p u t  t o  
a n d  t he  temperatures  r equ i r ed .  

Coe (1978 a n d  1982) has presented a d i scuss ion  on t he  poss ib l e  uses ,  o f  
geothermal energy devel opment in Colorado and  some of t h e  problems a s soc ia t ed  
with i t s  development. If t h e  reader  i s  i n t e r e s t e d  in l e a r i n g  more a b o u t  
geothermal enery a n d  i t s  poss ib l e  development he/she i s  r e f e r r e d  t o  papers b y :  
Anderson a n d  L u n d  ( 1 9 7 9 ) ;  Kruger a n d  Otte  ( 1 9 7 3 ) ;  Muffler ( 1 9 7 9 ) ;  a n d  White a n d  
Williams ( 1 9 7 5 ) .  Lis ted on t he  b a c k  cover i s  a complete l i s t i n g  of a l l  papers 
and  r e p o r t s  published by t he  Colorado Geological Survey r e l a t i n g  t o  t h e  
geothermal resources  o f  Col o r a d o .  

- 43 - 



OF 50° '0,O" Iqo O 2,000 2900 
1 I 

38O 66 930 121 0 I49 O 

I I 
I 

Food Rocerring 

I Coal Drvina 

O C  IO0 

I I Textilm Mill 

I I Lumber I 
I Pulp and Paper I 

I Styrene I I I Leather 

Concrete Block 

I Pickling I 
I Metal Parts Washing 1 

0 Acrylic 

Cane Sugar 
Evapomtlon 

I I 

I 
I 

Malt Beverogeo I 
Distilled Liquor 

Alumina 

Aqua- I culture 1 - Scolding 

Carcass Wash ond Clean-up 

I Biogas I Milk Evaporation 

table Drying 

Rubbw Vulcanitotion Blanching ond Cooklng 

lesebSupDrl Eva oration 

Fharmoceuticol 
Auto Claving 8 Clean-up I Soft Drinkr I 

I Synthetic Rubber 1 

I 1 I Spat. Heating Organic Chemicals 

Concrete Block Cving Gypsrm Drying. 

Greenhouring . Koolln Drying 1 
0 66 O 930 1210 I49 O 

O F  50' looo I50 O 2000 250 O 3OOa 

IO O 

b L 4 

APPLICATION TEMPERATURE (OF ,"c) 

Figure 2 7 .  Temperature range fo r  some d i r e c t  uses of geothermal energy. 
Adapted from: Geothermal Resources Council Special Report # 7 .  
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A P P E N D I X  B. CANON C I T Y  A R E A  THERMAL WATERS 

T a b l e  2. P h y s i c a l  p r o p e r t i e s  and c h e m i c a l  a n a l y s i s  o f  Canon C i t y  A r e a  
t h e r m a l  w a t e r s .  

A r s e n i c  , (UG/L )  
B o r o n ,  (UG/L )  
Cadium, (UG/L )  
C a l c i u m ,  (MG/L) 
C h l o r i d e ,  (MG/L) 
F1 u o r i d e  , (MG/L)  
I r o n ,  (UG/L )  
L i t h i u m ,  (UG/L )  
Magnesi  um , (MG/L ) 
Manganese, (UG/L )  
M e r c u r y ,  (UG/L )  
N i t r o g e n  , (MG/L ) 
P h o s p h a t e  

O r t h o  d i s s .  as  P ,  (MG/L) 
O r t h o  , (MG/L)  

S e l e n i u m ,  (UG/L )  
S i  1 i c a  , (MG/L)  
Sod i um , ( MG/L ) 
S u l  f a t e  , (MG/L) 
Z i n c ,  (UG/L )  
A1 k a l  i n i  t y  

H a r d  ness 

P o t a s s i  um , (MG/L ) 

As C a l c i u m  Carb. , (MG/L)  
As B i  c a r b o n a t e  , (MG/L) 

N o n c a r b o n a t e  , (MG/L ) 
T o t a l  , (MG/L)  

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 )  

T o t a l  D i  s s o l  ved 
S o l  i d s  (MG/L)  1 , 230 

p h ,  F i e l d  6 . 3  

T e m p e r a t u r e  ( " C )  40 

Remarks 
* F o r m e r l y  c a l l e d  t h e  F l o r e n c e  A r t e s i a n  W e l l .  
S o u r c e  o f  d a t a :  B a r r e t t  and P e a r l  ( 1 9 7 6 )  

D i s c h a r g e  (gpm) 5 

D a t e  Sampled 9 / 7  5 

Canon C i t y  
H o t  Spg. 

11 
190 

0 
190 
180 

30 
2 30 

62 
1 0  

0 
0.55 

1 . 5  

0 . 7 3  
2.22 

1 5  
1 

22 
190 
130 

1 0  

728 
887 

2 
730 

1 , 900 

F r emon t 
N a t a t o r i  um 

0 
90 

1 
150 

36 

88 0 
120 

70 
50 

0 . 5  

0.1 
0 . 0 3  

0 
0 

1 3  
0 

16 
220 
550 

10 

51 5 
628  

150 
66 0 

1,900 

1 , 330 

20 
35 

917 5 

6 . 9  

P e n r o s e  
A r t e s i a n  
We1 1 * 

1 
160 

0 
180 
98  

500 
240 

78 
50 

0 
0 . 0 1  

1.1 

0.01 
0 .03  

32 
0 

21 
270 
210 

1 0  

984 
1 , 200 

0 
770 

2 , 200 

1 , 480 

130 
2 8  

9 / 7  5 

6 . 3  

* 
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TABLE 3. T r a c e  E l e m e n t s  I n  Thermal  Wate rs  o f  t h e  Canon C i t y  Area  
V a l u e s  r e p o r t e d  i n  M i c r o g r a r n s / l i t e r  (UG/L )  

Canon C i t y  F r ernon t 
H o t  Spg. N a t a t o r i u m  

A1 urninurn 20 30 
B a r i  urn 100 30 
B e r y l  1 i urn < 2  < 2  
B i s m u t h  < 9  < 1 0  
C h r om i urn < 9  < 9  
C o b a l t  < 9  < 9  
Copper < 2  < 2  
Gal 1 iurn < 4  < 4  
Gerrnani urn <20 < 20 
Lead < 9  < 9  
N i c k e l  < 9  < 9  
S i  1 v e r  < 1  < 1  
S t r o n t i u m  1,000 1,700 
T i  n < 1 0  < 1 0  
T i  t a n i u r n  < 5  < 5  
Vand i urn < 5  < 5  
Z i r c o n i u m  <20 < 20 
S o u r c e  o f  d a t a :  B a r r e t t  and P e a r l  ( 1 9 7 6 )  

Pen r o  se 
A r t e s i a n  
We1 1* 

30 
60 

< 3  
< 10 
< 1 0  
< 1 0  

3 
< 5  
< 2 0  
< 1 0  
< 1 0  
< 1  

2,900 
< 1 3  
< 5  
< 5  
< 20 

T a b l e  4. R a d i o a c t i v i t y  a s s o c i a t e d  w i t h  Canon C i t y  a r e a  t h e r m a l  w a t e r s .  
V a l  ues r e p o r t e d  i n  P i c o c u r i e s / l i t e r  ( P C i / l )  
S o u r c e :  B a r r e t t  and P e a r l  ( 1 9 7 6 )  

P e n r o s e  
Canon C i t y  Frernont A r t e s  i an 
H o t  Spg . N a t a t o r i u m  W e l l *  

31.0 + 0.83 226Ra 0.39 + 0.99 12.0 - + 0.52 - 

< .013 - 
238u 6.5 T .73 - 

228Ra 2.8 0.75 36.0 + 1 .9  8.8 - + 1.1 
234u 15.0 7 1.6 0.56 7 - 0.10 15.0 + 1.9 

.19 T 0.079 23511 .25 T .076 

230Th <.027- < .033 0.026 - 0.023 
232Th <0.19 < .019 < 0 .011 

0.051 + 0.029 4.8 + 0.67 
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A P P E N D I X  C 

F A C T O R S  A F F E C T I N G  R E S I S T I V I T Y  

E l e c t r i c a l  r e s i s t i v i t y  geophysical methods used in geothermal exp lo ra t ion  
measure the  e l e c t r i c a l  r e s i s t i v i t y  of rocks a t  var ious  depths .  Temperature, 
p o r o s i t y ,  s a l i n i t y  of f l u i d s ,  a n d  t h e  conten t  of c l a y s  wi l l  normally be higher  
within t h e  geothermal r e s e r v o i r  t h a n  i n  t h e  surrounding subsur face  rocks.  
Consequently, t h e  e l e c t r i c a l  r e s i s t i v i t y  i n  thermal r e s e r v o i r s  i s  l o w  compared 
t o  t h e  surrounding rock. B a s i c a l l y ,  r e s i s t i v i t y  methods u t i 1  i z e  manmade 
c u r r e n t s  which e n t e r  t h e  subsur face  via t w o  e l e c t r o d e s  w i t h  t h e  r e s u l t a n t  
p o t e n t i a l  measured a t  two o t h e r  e l e c t r o d e s  ( S o i l  Test  Inc. ,  1968) .  

The d i f f i c u l t y  with i n t e r p r e t a t i o n  stems from the f a c t  t h a t  r e s i s t i v i t y  i s  
a compl ica ted  func t ion  of t h e  fol lowing parameters :  t empera ture ,  p o r o s i t y ,  
s a l i n i t y ,  a n d  c l a y  con ten t .  For example, a low tempera ture ,  h ighly  s a l i n e  
ground water can provide t h e  i d e n t i c a l  low r e s i s t i v i t y  anomaly a s  a high 
tempera ture ,  modera ta te ly  sa l  ine  geothermal system. Therefore ,  t o  be most 
e f f e c t i v e ,  t h i s  method should be used i n  conjuc t ion  w i t h  d i r e c t  temperature  
g rad ien t  measurements a n d  o the r  types  o f  d a t a  t h a t  a r e  of value in determining 
the  reason f o r  t h e  r e s i s t i v i t y  va lues  obtained ( S o i l  Test  Inc. ,  1968) .  

Zones of l o w  r e s i s t i v i t y  in a geothermal environment can be caused by a 
high d isso lved  sol  id conten t  of thermal water versus  ground water ,  higher  c l a y  
conten t  due t o  t h e  hydrothermal a l t e r a t i o n  within t h e  f a u l t  zones,  a n d  t h e  
higher  temperature  of t h e  thermal f l u i d s .  F i n a l l y ,  t h e  a b i l i t y  o f  t h e  
geophys ic i s t  t o  i s o l a t e  any of t h e  aforementioned f a c t o r s  and  r e l a t e  i t  t o  t h e  
o b j e c t i v e  of t h e  r e s i s t i v i t y  exp lo ra t ion  p r o g r a m  r e s t s  u p o n  a combination of 
e l  iminat i  on processes  of cons tan t  or slowly varyi ng  f a c t o r s  from those  t h a t  a r e  
most suscept  i bl e t o  change. 
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A P P E N D I X  D 

S C I N T R E X  RAC-8 

The f o l  1 o w i n g  d e s c r i  p t  

LOW 

on  

FREQUENCY RESISTIVITY SYSTEM 

s t a k e n  f r o m  t h e  S c i n t r e x  Manual ( 1 9 7 1 ) .  

The S c i n t r e x  RAC-8 e l e c t r i c a l  r e s i s t i v i t y  e q u i p m e n t  used b y  t h e  C o l o r a d o  
G e o l o g i c a l  S u r v e y  i s  a v e r y  l o w  f r e q u e n c y  AC r e s i s t i v i t y  s y s t e m  w i t h  h i g h  
s e n s i t i v i t y  o v e r  a w i d e  m e a s u r i n g  r a n g e .  The t r a n s m i t t e r  and r e c e i v e r  o p e r a t e  
i n d e p e n d e n t  o f  each  o t h e r ,  r e q u i r i n g  no r e f e r e n c e s  w i r e s  be tween them. T h i s  
a l l o w s  a g r e a t  d e a l  o f  e f f i c i e n c y  and f l e x i b i l i t y  i n  f i e l d  p r o c e d u r e s  and 
e l i m i n a t e s  any  p o s s i b i l i t y  o f  i n t e r f e r e n c e  f r o m  c u r r e n t  l e a k a g e  o r  c a p a c i t i v e  
coup1 i n g  w i t h i n  t h e  sys tem.  

The t r a n s m i t t e r  p r o d u c e s  a 5Hz s q u a r e  wave o u t p u t  a t  a p r e s e t  
e l e c t r o n i c a l l y  s t a b i l  i z e d ,  c o n s t a n t  c u r r e n t  amp1 i t u d e .  The o u t p u t  c u r r e n t  
l e v e l  i s  s w i t c h  s e l e c t a b l e  a t  any  one o f  f i v e  v a l u e s  r a n g i n g  f r o m  0 . 1  t o  3 3 3  
m i l  1 iamps.  

The r e c e i v e r  i s  a h i g h  s e n s i t i v i t y  phase l o c k ,  s y n c h r o n o u s  d e t e c t o r  w h i c h  
1 ocks  o n t o  t h e  t r a n s m i t t e r  s i g n a l  t o  make t h e  r e s i s t i v i t y  measurement .  When 
s e t  a t  t h e  same c u r r e n t  s e t t i n g  as t h e  t r a n s m i t t e r ,  t h e  r e c e i v e r  g i v e s  a d i r e c t  
r e a d o u t  o f  V / I  r a t i o .  

The R A C - 8 ,  w i t h  a m e a s u r i n g  r a n g e  f r o m  .0001 t o  10,000 ohms, h i g h  
s e n s i t i v i t y  t o  w e i g h t  r a t i o ,  g i v e s  f a s t  , a c c u r a t e  r e s i s t i v i t y  d a t a .  W i t h  t h e  
l o w  AC o p e r a t i n g  f r e q u e n c y ,  good p e n e t r a t i o n  may be  o b t a i n e d  i n  e x c e s s  o f  1500 
f t  u n d e r  f a v o r a b l e  c o n d i t i o n s .  The s y s t e m  has an o u t p u t  v o l t a g e  maximum 1000 V 
peak t o  peak.  However ,  t h e  a c t u a l  o u t p u t  v o l t a g e  depends on t h e  c u r r e n t  l e v e l  
and l o a d  r e s i s t a n c e .  The o u t p u t  power u n d e r  op t imum c o n d i t i o n s  a p p r o a c h e s  80  
w a t t s .  

I n  a r e a s  o f  v e r y  l o w  r e s i s t i v e  l i t h o l o g y ,  t h e  p e n e t r a t i o n  power was 
r e d u c e d  b y  a s i z e a b l e  amount. Rea l  i z i n g  t h e  a f o r e m e n t i o n e d  c o n s t r a i n t  , t h e  
i n t e n t  was t o  d e l i n e a t e  g r o s s  p o t e n t i a l  d i f f e r e n c e s  i n  r e s i s t i v i t y .  I n  some 
a r e a s  where t h e  l i t h o l o g y  r e f l e c t e d  s m a l l  d i f f e r e n c e s  i n  r e s i s t i v i t y ,  t h e  RAC-8 
s y s t e m  appeared t o  a v e r a g e  t h e  p e n e t r a t e d  1 i t h o l o g i c  sequences  r a t h e r  t h a n  
p i c k i n g  up d i s t i n c t  b r e a k s .  C o n s i d e r i n g  c o s t  and t i m e  c o n s t r a i n t s ,  t h e  s y s t e m  
p e r f o r m e d  as i n d i c a t e d  and p e r f o r m e d  b e s t  i n  a r e a s  o f  h i g h  r e s i s t i v i t y .  
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R E S I S T I V I T Y  F I E L D  P R O C E D U R E S  

One of t he  most widely used e l e c t r i c a l  processing techniques f o r  
geothermal resource exp lo ra t ion  i s  t he  r e s i s t i v i t y  p r o f i l  ing a n d  sounding 
method. The method u t i l i z e s  var ious a r r a y s ,  b u t  t he  most common a re  the  
Wenner, t h e  Schl umberger a n d  t he  Di p o l  e-Di pol e schemes. The C o l o r a d o  
Geological Survey ex tens ive ly  employed the  l a t t e r  method p r imar i ly  because of 
the  ease of  use a n d  a l so  being ab le  t o  obtain hor izonta l  and  v e r t i c a l  s e c t i o n s .  

Before d iscuss ing  the  var ious e l e c t r o d e  methods used, i t  i s  necessary t o  
cons ider  w h a t  i s  a c t u a l l y  measured by a n  a r r a y  of c u r r e n t  a n d  po ten t i a l  
e l ec t rodes  ( F i g .  28 ) .  By measuring ( V )  a n d  cu r ren t  ( I )  a n d  k n o w i n g  t he  
e l e c t r o d e  c o n f i g u r a t i o n ,  a r e s i s t i v i t y  ( p )  i s  ob ta ined .  Over homogeneous 
i s o t r o p i c  g r o u n d  t h i s  r e s i s t i v i t y  wil l  be cons tan t  f o r  any  c u r r e n t  and  
e l e c t r o d e  arrangement. T h a t  i s ,  i f  t he  cu r ren t  i s  maintained cons tan t  a n d  t h e  
e l e c t r o d e s  a r e  moved a r o u n d ,  t he  po ten t i a l  vo l tage  ( V )  wi l l  ad jus t  a t  each 
conf igu ra t ion  t o  keep the  r a t i o  ( V / I )  constant  (Sumner, 1 9 7 6 ) .  

I f  t he  g r o u n d  i s  nonhomogeneous, however, a n d  t h e  e l e c t r o d e  spacing i s  
v a r i e d ,  o r  the  spacing remains f ixed while the whole a r r a y  i s  moved, then t h e  
r a t i o  wil l  in general change. This r e s u l t s  in a d i f f e r e n t  value of P f o r  each 
measurement. Obviously, t h e  magnitude i s  i n t i m a t e l y  involved with t h e  
arrangement of el ec t rodes .  

This measured q u a n t i t y  i s  k n o w n  as t h e  apparent, r e s i s t i v i t y ,  P a .  A l t h o u g h  
i t  i s  d i agnos t i c  o f  t he  a c t u a l  r e s i s t i v i t y  o f  a zone i n  the  v i c i n i t y  of t h e  
e l e c t r o d e  a r r a y ,  t h i s  apparent  r e s i s t i v i t y  i s  d e f i n i t e l y  n o t  a n  average value.  
Only i n  the  case of  homogeneous g r o u n d  i s  t h e  apparent value equiva len t  t o  t h e  
actual  r e s i s t i v i t y  (Sumner, 1 9 7 6 ) .  

The fol lowing formula i s  used by a l l  methods t o  c a l c u l a t e  t he  apparent 
r e s i s t i v i t y  a t  a s i t e .  

General R e s i s t i v i t y  Formula 
Pa = 2 P I a V / I  

a = Spread length 
V / I  = Voltage c u r r e n t  r a t i o  

Pa = apparent r e s i s t i v i t y  
2 P I  = 6 . 2  

Wenner Array 

I n  t h e  Wenner Spread ( F i g .  29) t he  e l e c t r o d e s  a r e  uniformly spaced in a 
l i n e  (Sumner, 1 9 7 6 ) .  I n  s p i t e  of t he  simple geometry, t h i s  arrangement i s  o f t en  
qu i t e  inconvenient f o r  f i e l d  work and  has some disadvantages from the  
t h e o r e t i c a l  point o f  view as wel l .  For  depth exp lo ra t ion  using the  Wenner 
Spread, t he  e l e c t r o d e s  a re  expanded a b o u t  a f ixed  c e n t e r ,  increas ing  t h e  
spacing i n  s t e p s .  F o r  l a t e r a l  exp lo ra t ion  o r  mapping the  spacing remains 
cons tan t  a n d  a l l  four  e l e c t r o d e s  a r e  moved along the  l i n e ,  then along another  
l i n e ,  a n d  so o n .  I n  m a p p i n g ,  the  apparent r e s i s t i v i t y  f o r  each a r r a y  p o s i t i o n  
i s  p lo t t ed  aga ins t  the  cen te r  of the  spread.  
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Potentia l electrodes I f / / ,  

Current electrode Current elsotrode 

Figure 28. Schemat ic  diagram for  r e s i s t i v i t y  (from J .  Combs, 1 9 8 0 ) .  

n 

Current electrode Potential elect rode Potent ial elect rode Current elect rode 

Figure 29. Wenner a r ray  (from J .  Combs, 1 9 8 0 ) .  
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Schl umberger Array 

For t h e  Schl umberger a r r a y ,  t h e  c u r r e n t  e l e c t r o d e s  a r e  spaced much f u r t h e r  
a p a r t  t h a n  t h e  po ten t i a l  e l e c t r o d e s  ( F i g .  3 0 ) .  

I n  depth probing t h e  p o t e n t i a l  e l e c t r o d e  remains f ixed  while  t h e  c u r r e n t  
e l e c t r o d e  spacing i s  expanded symmetr ical ly  a b o u t  t h e  c e n t e r  of t h e  spread.  
For l a r g e  values  of L i t  may be necessary t o  i nc rease  2 x 1 a l s o  in o rde r  t o  
maintain a measurable p o t e n t i a l .  This procedure i s  more convenient t h a n  t h e  
Wenner expanding spread because only t w o  e l e c t r o d e s  need move. I n  a d d i t i o n ,  
t h e  e f f e c t  of shal low r e s i s t i v i t y  v a r i a t i o n s  i s  cons t an t  with f ixed  p o t e n t i a l  
spread (Sumner , 1 9 7 6  ) .  

I n  summary, s h o r t  spacing between t h e  ou te r  e l e c t r o d e s  assumes s h a l l  ow 
pene t r a t ion  of c u r r e n t  flow a n d  computed r e s i s t i v i t y  wi l l  r e f l e c t  p r o p e r t i e s  o f  
shallow depth.  A s  t h e  e l e c t r o d e  spacing i s  increase’d,  more c u r r e n t  p e n e t r a t e s  
t o  g r e a t e r  depth a n d  conducted r e s i s t i v i t y  wi l l  r e f l e c t  p r o p e r t i e s  o f  each 
mater ia l  a t  g r e a t e r  depth.  This method was used on a few l i n e s  f o r  sampling 
purposes in a r ray .  

n 

Figure 30. 

B C D 

Pa = $ 2 ( ~ ~ / ~ )  

Schlumberger a r r a y  (from J .  Combs, 1 9 8 0 )  
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D i  p o l  e - D i  p o l  e A r r a y  

The p o t e n t i a l  e l e c t r o d e s  a r e  c l o s e l y  spaced  and r e m o t e  f r o m  t h e  c u r r e n t  
e c t r o d e s  w h i c h  a r e  c l o s e  t o g e t h e r .  T h e r e  i s  a s e p a r a t i o n  be tween C and P , 
u a l l y  1 t o  5 t i m e s  t h e  d i p o l e  l e n g t h s  ( F i g .  3 1 ) .  

I n d u c t i v e  coup1 i n g  be tween  p o t e n t i a l  and c u r r e n t  c a b l e s  i s  r e d u c e d  w i t h  
i s  a r r a n g e m e n t .  T h i s  me thod  was p r i m a r i l y  used t h r o u g h o u t  a l l  s t u d y  a r e a s  
c a u s e  o f  r e l i a b i l i t y  and ease o f  f i e l d  o p e r a t i o n .  A d i a g r a m  o f  t h i s  me thod  

d e p i c t e d  i n  F i g u r e s  32 and 33. 

W i t h  r e f e r e n c e  t o  F i g u r e s  32 and 33 ,  an i n - l i n e  100 f o o t  d i p o l e - d i p o l e  
e c t r o d e  g e o m e t r y  was used.  Measurements were  made a t  d i p o l e  s e p a r a t i o n s  o f  n 
1, 2, 3, 4, 5. The a p p a r e n t  r e s i s t i v i t i e s  h a v e  been p l o t t e d  as 

e u d o s e c t i o n s ,  w i t h  e a c h  d a t a  p o i n t  b e i n g  p l o t t e d  a t  t h e  i n t e r s e c t i o n s  o f  t w o  
nes  drawn a t  45 "  f r o m  t h e  c e n t e r  o f  t h e  t r a n s m i t t i n g  and r e c e i v i n g  d i p o l e s .  
i s  t y p e  o f  s u r v e y  p r o v i d e s  b o t h  r e s o l u t i o n  o f  v e r t i c a l  and h o r i z o n t a l  
s i s t i v i t y  c o n t r a s t s  s i n c e  t h e  f i e l d  p r o c e d u r e s  g e n e r a t e  b o t h  v e r t i c a l  
u n d i n g  and h o r i z o n t a l  p r o f i l e  measurements .  The p r i n c i p a l  a d v a n t a g e  o f  t h i s  
c h n i q u e  i s  t h a t  i t  p r o d u c e s  b e t t e r  g e o l o g i c a l l y  i n t e r p r e t a b l e  r e s u l t s  t h a n  
e o t h e r  t w o  me thods  (Wenner ,  S c h l u m b e r g e r ) .  I n  a d d i t i o n ,  t h e  d i p o l e - d i p o l e  
r a y  i s  e a s i e r  t o  maneuver  i n  r u g g e d  t e r r a i n  t h a n  e i t h e r  o f  t h e  o t h e r  methods .  
s ma in  d i s a d v a n t a g e  compared t o  t h e  S c h l u m b e r g e r  a r r a y  i s  t h a t  i s  u s u a l l y  
' q u i r e s  more c u r r e n t ,  and t h e r e f o r e  a h e a v i e r  g e n e r a t o r  f o r  t h e  same 
n e t r a t i o n  d e p t h .  However ,  t h i s  a d v a n t a g e  i s  n o t  s u f f i c i e n t  c o m p e n s a t i o n  f o r  
e d i f f i c u l t i e s  e n c o u n t e r e d  i n  m a k i n g  g e o l o g i c  i n t e r p r e t a t i o n  f r o m  t h e  
s u l  t i  ng d a t a  (Sumner , 1 9 7 6 ) .  

p a =  nn (n+i)(n+2)a<AV/I> 

F i g u r e  31. D i p o l e - d i p o l e  a r r a y  ( f r o m  J .  Combs, 1 9 8 0 ) .  
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F i g u r e  32. D a t a  p l o t t i n g  scheme f o r  d i p o l e - d i p o l e  a r r a y  ( f r o m  J .  Combs, ) 
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n Electrode Seperatton 
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v Receiver 

F i g u r e  33. T y p i c a l  d i p o l e - d i p o l e  a r r a y  ( f rom J .  Combs, 1980) .  
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A P P E N D I X  F. R E S I S T I V I T Y  C A L C U L A T I O N S - - B R U S H  HOLLOW AREA 

T A B L E  5. L I N E  A. 

L O C A T I O N  P R O J E C T  D A T E  
B r u s h  H o l l o w ,  C o l o .  * L i n e  A 29 May980 

CHIEF O P E R A T O R  A S S I S T A N T S  METHOD 
J a y  J o n e s  F a r g o  a n d  T r e s k a  D i  p o l  e -D  i p o l  e ( N x l O O  ' ) 

S t a .  R a n g e  MA Vo l  t a y e  VP D V / I  G .  F. P a  

7 -6 
5 -4 
4 -3 
3 -2 
2 -1 

10 
1 
1 
1 

. 0 1  

.Ol 

.Ol 

.Ol 

33 
33 
33 
33 

1.04 
3.46 
1.56 
1.00 

.lo4 

.035 
,016 
.010 

57 5 
2298 
5747 
11493 

59 
80 
92 

115 

6 -5 
4 -3 
3 -2 
2 -1 

.098 

.044 

.013 

57 5 
22 98 
5747 

56 
102 
75 

10 
1 0  

1 

.Ol 

. O l  

.Ol 

33 
33 
33 

.98 

.44 
1.33 

5 -4 
3-2 
2 -1 

57 5 
2298 

53 
170 

10 
1 

.01 

.Ol 
33 
33 

.89 
3.05 

.089 

.030 

4 -3 
2-1 10 .01 33 .82 .082 575 47 

11 -10 
9 -8 
8-7 
7 -6 
6-5 

.Ol 

.Ol 

.01  

.01  

33 
33 
33 
33 

.93 

.35 
1.02 
1.03 

.093 

.035 

.010 

.010 

57 5 
22 98 
5747 
11493 

53 
82 
57.4 

115 

10 
10 
1 
1 

10-9 
8-7 
7 -6 
6 -5 
5 -4 

33 
33 
33 
33 

1.19 
.39 

1.15 
1.04 

.119 

.039 . 01 6 
.OlO 

57 5 
2298 
5747 
11493 

69 
89 
92 

115 

10 
10 
1 
1 

.01 

.01 

.Ol 

.001 

9 -8 
7 -6 
6 -5 
5 -4 
4 -3 

10 
10 
1 
1 

.01 

.01  

.Ol 

. 0 1  

33 
33 
33 
33 

1.13 
.38 
1.03 
.94 

.113 

.038 

.010 

.009 

57 5 
2298 
5747 

11 493 

66 
89 
57 
105 

8 -7 
6-5 
5 -4 
4 -3 
3 -2 

.125 

.036 
57 5 
2298 

72 
82 

&% 
10 
10 
1 
1 

.Ol 

.Ol 
33 
33 

1.25 
.36 

33 
33 

1.24 
1.14 

.012 
.011 

5747 
11493 

.01 
.01 
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TABLE 5. LINE A (CONT.) 

S t a .  

15-14  
13 -12 
1 2 - 1 1  
1 1 - 1 0  
10-9 

14-13  
1 2 - 1 1  
11 -10 
10-9  
9 -8 

13-12 
11 -10 
1 0 - 9  
9 -8 
8 - 7  

12-11  
10-9  
9 - 8  
8 - 7  
7 -6 

18-17  
1 6 - 1 5  
15-14  
1 4 - 1 3  
13-12  

17-16  
15-14  
1 4 - 1 3  
13-12 
1 2 - 1 1  

1 6 - 1 5  
14-13  
1 3 - 1 2  
1 2 - 1 1  
11 -10 

Range 

LEGEND: Range = G a i n  
Range = G a i n  

1 
1 
1 
1 

1 0  
1 0  
1 
1 

1 0  
1 
1 
1 

1 
1 
1 
1 

1 
1 0  
1 
1 

1 0  
1 
1 
1 

1 0  
1 
1 
1 

M A  
- 

. O l  

. O l  

. O l  

. O l  

. O l  

. O l  

. O l  
. O l  

. O l  

. O l  

. O l  

. O l  

. O l  

. O l  

. O l  

. O l  

.1 

. O l  

. O l  

. O l  

. O l  

. O l  

.01 

.01 

. O l  

. O l  

. O l  

. O l  

V o l t a g e  

33 
33  
33  
33 

33  
33 
33  
33  

33  
33  
3 3  
33  

33  
33  
3 3  
33  

3 3  
3 3  
3 3  
33  

33 
33  
33 
3 3  

3 3  
33  
33  
33  

V P  

5 . 1 5  
1 . 4 8  
1.18 

.54  

. 9  
3 .61 
2.71 

.81 

0 .98  
3.575 
1.88 
1 . 0 9  

.80 
2 .89  

.79  

. 8 3  

1 . 3 1  

2.04 
1 .04  

.560 

1.17 
3 . 8 5  
1 .13 
0 .70  

0.60 
1 . 4 3  
0.86 
0 . 4 1  

MA = Dummy TX C u r r e n t  S w i t c h  
Vp = B a l a n c e  C o n t r o l  t o  N u l l  M e t e r  

D V / I  

. 0 5 1  . 01 5 . 0 1  2 

.005  

.090 

.036 

.027 

.008  

. 0 9 8  

.036  

. 0 1 9  

.010 

.080 

. 0 2 9  

.0079 

.0083 

0 . 1 3 1  
0 .056  
0 .024  ( 4  ) 
0 . 0 1 0  ( 4  ) 

0 . 1 1 7  
0 .0385 
0 . 0 1 1 3  
0.007 

0 .060  
0 .0143 
0 .0086 
0 . 0 0 4 1  

G.F. 

57 5 
2298 
5747 

1 1 4 9 3  

575 
2298 
5747 

1 1 4 9 3  

57 5 
2298 
5747 

1 1 4 9 3  

57 5 
22 98  
5747 

1 1 4 9 3  

57 5 
22 98  
5747 

1 1 4 9 3  

57 5 
2298 
5747 

1 1 4 9 3  

57 5 
2298 
5747 

1 1 4 9 3  

Pa 

29.5  
34 .4  
70 
57.4 

5 2 . 5  
8 2 . 0  

154 
92 

56 
83 

1 0 8  
1 1 5  

46 
66 
46 
95  

75 
1 2 8  
1 1 5  
1 1 5  

66 
8 9  
66 
8 0  

36 
3 8  
49  
46 

G.F. = G e o m e t r i c  F a c t o r  
P a  = A p p a r e n t  R e s i s t i v i t y  
D V / I  = Range x MA x Vp 
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A P P E N D I X  F .  R E S I S T I V I T Y  C A L C U L A T I O N S - - B R U S H  HOLLOW AREA 

T A B L E  6. L I N E  B. 

L O C A T I O N  P R O J E C T  D A T E  
I r i r c h  Hnllow, Cola L i n e  A 30 May980 E.- - . . .  . . _ . .  

CHIEF OPERATOR A S S I S T A N T S  METHOD 
rska  D i  p o l  e - D i p o l  e ( N x 1 0 0  ' ) J a y  J o n e s  F a r g o  and T r c  

S t a .  Range MA V o l t a g e  
- 

v P  D V / I  G . F .  P a  

20-19 
17-18 
16-17 
15-16 
14-15 

.01 33 

.Ol 33 

.01 33 

.01 33 

0.87 
2.72 
2.87 
1.12 

.087 

.027 

.029 

.Oll 

57 5 49 
2299 62 
5747 167 
11493 128 

1 0  
1 
1 
1 

19-18 
16-17 
15-16 
14-15 
13-14 

.088 

.043 

.027 

.008 

575 51 
2299 99 
5747 154 
11493 92 

10 
1 
1 
1 

.01 33 

.Ol 33 

.Ol 33 

.Ol 33 

0.88 
4.31 
2.70 
0.81 

18-17 
15-16 
14-15 
13 -14 
12-13 

10 
1 
1 
10 

.Ol 33 

.Ol 33 

.Ol 33 

.01  33 

0.70 
2.11 
1.24 
.1 

.070 

.0211 

.0124 

575 40 
2299 49 
5747 72 

17-16 
15-14 
14-13 
13-12 
12-11 

1.08 
1.74 
1.40 
1.01 

.lo8 . 01 7 

.014 

.010 

57 5 62 
2299 39 
5747 82 
11493 115 

10 
1 
1 
1 

.Ol 33 

.Ol 33 

.01 33 

.01  33 

16-15 
13-14 
12-13 
11-12 
10-11 

10 
1 
1 
1 

.01  33 

.01 33 

.Ol 33 

.Ol 33 

0.94 
3.85 
1.23 
1.23 

0.94 
.039 
.012 
.012 

57 5 53 
2299 89 
5747 69 
11493 138 

15-14 
13 -12 
12-11 
11-10 
10-9 

.Ol 33 

.01 33 

.Ol 33 

.01 33 

.70 
3.00 
1.98 
1.27 

.070 

.030 

.0198 

.0127 

57 5 40 
2299 69 
5747 114 
11483 146 

10 
1 
1 
1 
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T A B L E  6. L I N E  B .  ( C O N T . )  

S t a .  

14-13  
12-11  
11 -10 
10-9  
9 -8 

13-12  
11-10 
10-9  
9 -8 
8-7 

12-11  
10-9 

9 -8 
8 -7 
7 06 

11 -10 
9-8 
8 -7 
7 -6 
6 - 5  

10-9  
8-7 
7 -6 
6 -5 
5 -4 

9 -8 
7 -6 
6 -5 
5 -4 
4 -3 

Range MA V o l t a g e  V p  D V / I  G.F. 
- 

1 . O l  33 5.42 .054  57 5 

1 . O l  33  0 .75  . 0 0 7 ( 5 )  5747 
1 .01 33  2.73 .027  2299 

1 .01 33  0.90 .009 1 1 4 9 3  

1 0  .01 33  0.77 .077 575  

1 . O l  33  1 . 4 3  .014 5747 
1 .01  33  2.47 .025  2299 

1 .01 33  0 .55  .0055 11493 

1 . O l  33 7.07 .070  57 5 
1 . 0 1  3 3  2.89 . 0 2 9  2299 
1 . O l  33  1 . 2 4  . 01 2 5747 
1 .01 33  0 .49  .0049 1 1 4 9 3  

1 0  .01  33  1 . 2 3  . 1 2 3  57 5 
1 . O l  33 3 .88  .0388 2299 
1 .01  33  1 . 5 3  .0153 5747 
1 . O l  33  0 .87  .0087 11493 

1 0  . O l  3 3  1.18 .118 575 
1 . 0 1  33  3 . 2 9  . 0 3 2 9  2299 
1 .01  33 1 . 4 5  .0145 5747 
1 . O l  33 0.70 .007 11493 

10 . 0 1  33 1.20 .120 57 5 
1 .01  3 3  3.90 .039 2299 
1 . O l  33 1 . 6 5  . 01 65 5747 
1 .01 33  0 .88  .0088 11493 

Pa 

31 
62 
4 3  

1 0 3  

44 
57 
80  
6 3  

40 
6 7  
69  
56 

71 
8 9  
88 

100 

6 8  
76 
8 3  
80  

6 9  
90 
95 

1 0 1  

- 57 - 



S t a .  

8 - 7  
6-5 
5 -4 
4 -3 
3 -2 

7 -6 
5 -4 
4 -3 
3 -2 
2 -1 

6-5 
4 -3 
3 -2 
2 -1 

5 -4 
3 -2 
2 -1 

4 -3 
2 -1 

Range 

1 
1 
1 

1 0  
10 
1 
1 

1 0  
10 
1 

10 
10 

10 

TABLE 6. LINE B. ( C O N T . )  

MA V o l t a g e  V p  

. O l  33  1 - 5  

. O l  33 3.26 

.01 33 1 . 7 3  

. O l  33  2.04 

. O l  33 0 .71  

. O l  3 3  3.02 

.01 33  1.18 

. O l  66 3 .03  

. O l  66 0.80 

.01 66 2.65 

. O l  66 2.60 

. O l  66 0 . 5 3  

. O l  66 2 .88  

LEGEND: Range = G a i n  
Range = G a i n  
MA = Dummy TX C u r r e n t  S w i t c h  
Vp = B a l a n c e  C o n t r o l  t o  N u l l  M e t e r  
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D V / I  

.0326 

.0173 

.204 

.071  

.0302 

.0118 

.303  

.080 

.0265 

.260 

.053 

.288  

G.F. = G e o m e t r i c  F a c t o r  
Pa = A p p a r e n t  R e s i s t i v i t y  
D V / I  = Range x MA x Vp 

G.F. 

57 5 
2298 
5747 

57 5 
22 98 
5747 

1 1 4 9 3  

575 
22 98  
574 7 

57 5 
2298 

57 5 

P a  

54 
99 

117  
1 6 3  
174 
136 

174 
184 
152 

150 
1 2 2  

1 6 6  



A P P E N D I X  G. R E S I S T I V I T Y  CALCULATIONS--CANON C I T Y  HOT S P R I N G S  

TABLE 7. LINE A. 

LOCATION PROJECT D A T E  
Canon C i t y  Ho t  S p r i n g s  L i n e  A 4 J u n e  1980 

CHIEF OPERATOR A S S I S T A N T S  METHOD 
Jay J o n e s  F a r g o  and T r e s k a  D i p o l  e-D i p o l  e (NxlOO ' ) 

S t a .  

1-2 
2 -3 
3 -4 
4 -5 
5 -6 

2 -3 
4-5 
5 -6 

6-7 

7 -8 

3 -4 
5-6 

6 -7 

7 -8 

4 -5 
6-7 
7 -8 

1 2 - 1 1  
1 0 - 9  

9 -8 
8 -7 
7 -6 

Range 

100 
10 
1 0  
10 

1 0  
10 
1 

1 0  
1 

10 

1 0  
1 

10  
1 0  
1 

10  
1 0  

10 
10 

MA 
- 

. O l  

.01 

. O l  

.01 

.01 

. O l  

.01 

.01 

.01 

.01 

.01 
.01  
.01 

. 0 1  

. O 1  

.01 

.01 

. O l  
no r e a d i n g  
no r e a d i n g  

V o l t a g e  

33 
66 
66 
66 

66 
66 
66 
66 
66 
66 

66 
66 
66  

66 

66 
66 

66 
66 

v P  

1 . 0 9  
2 .9  
1 . 4 8  
0 . 2 8  

2.53 
0 . 4 3  
2.07 

.22 
2 . 3 8  

.25  

0 . 6 5  
1 . 5  
0 . 1 8  

2 . 1 5  

0 . 2 7  
0 . 5 3  

1 .96  
0.70 

D V / I  

1 . 0 9  
. 2 9  
. 1 4 8  
. 0 2 8  

. 2 5 3  

. 0 4 3  

.0207 

.022 

.025  

.065  

. 0 1 8  

.27  

.0215 

.027  

.053  

.196 

.070  

G. F. 

57 5 
2299 
5747 

11493 

575 
2299 

5747 

11493 

57 5 

2299 

5747 

57 5 
2299 

57 5 
2299 

Pa 

6 2 6 . 4  
666 .6  
8 5 0 . 5  
3 2 1 . 8  

1 4 5 . 4  
9 8 . 8  

1 1 8 . 9  

2 8 7 . 3  

37 .4  

4 1 . 3  

123.5 

1 5 . 5  
121.8 

1 1 2 . 6  
1 6 0 . 9  
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TABLE 7. LINE A (CONT.) 

S t a .  Range MA V o l t a g e  V p  D V / I  
- 

11 -10 
9-8 10 . O l  66 2.80 .280  
8 -7 10 . O l  66 .16 .016  
7 -6 no r e a d i n g  
6 -5 no r e a d i n g  

13-12 
11-10 1 0  .01 66 1 . 0 1  . l o 1  
10-9  1 0  . 0 1  66  0 .60  .060 
9 -8 10 . O l  66 . 1 9  , 0 1 9  
8-7 1 0  .01 66 .25  .025  

14-13  
12-11  10 .01 66 0 .17  . 01 7 
11 -10 1 .01 66 0.04 .0004 
10-9  1 .01 66 0.55 .00055 

9 -8 no r e a d i n g  

15-14 
13-12 1 0  . O l  66 2 .23  .223  
12-11  1 .01 66 .04 .004 
11-10 no r e a d i n g  
1 0 - 9  no r e a d i n g  

16-17  
14-13 10 . O l  66 . 2 8  .028  
12-13  10  .01 66 .08  .008  
11 -12 .04 
10-11 no r e a d i n g  

1 7 - 1 8  
16-15  no r e a d i n g  
15-14  10 .01 66 .26 .026 
14-13  no r e a d i n g  
1 3 - 1 2  no r e a d i n g  

G.F. 

57 5 
2299 

57 5 
2299 
5747 

11493 

575 
2299 
5747 

57 5 
2299 

575 
2299 

2299 

Pa 

1 6 1 . 0  
3 6 . 8  

58.0 
1 3 7 . 9  
109 .2  
287.4 

9 . 8  
. 9  

3 .16 

1 2 8 . 1  
9 .2  

1 6 . 1  
18 

5 9 . 8  

LEGEND: Range = G a i n  
MA = Dummy TX C u r r e n t  S w i t c h  
Vp = B a l a n c e  C o n t r o l  t o  N u l l  M e t e r  
G.F. = G e o m e t r i c  F a c t o r  
Pa = A p p a r e n t  R e s i s t i v i t y  
D V / I  = Range x MA x Vp 
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RESISTIVITY CALCULATIONS--CANON CITY HOT S P R I N G S  

TABLE 8. LINE B. 

LOCATION PROJECT DATE 
Canon C i t y  Ho t  S p r i n g s  L i n e  B 5 J u n e  1980 

CHIEF OPERATOR ASSISTANTS METHOD 
F a r g o  and T r e s k a  Jay J o n e s  D i p o l  e-D i p o l  e ( NxlOO ' ) 

S t a .  Range 

10-11  
8-9 
7 -8 
6 -7 
5 -6 

11-12  
10-9  

9 -8 
8 - 7  
7 -6 

12-13  
1 0 - 1 1  
9-10  
8 -9 
7 -8 

1 4 - 1 3  
12-11  
11 -10 
1 0 - 9  

9 -8 

1 4 - 1 5  
13-12  
1 2 - 1 1  
11-10 
1 0 - 9  

16-15  
1 4 - 1 3  
13-12 
12-11 
11-10  

10 
1 
1 
1 

100 
10 
1 
1 

100 
1 0  
10  
1 

100 
1 0  
1 
1 

100 
10  
1 0  

1 

100 
1 0  
10 
1 

MA 
- 

. 0 1  

.01  

.01 

.01 

.001 

.001  

.001 

.001  

.ob1 

.001  

.001 

.001 

.001 

.001 

.001 

. O O l  

.001 

.001  

.001  

.001 

.001 

.001 

.001 

.001 

V o l t a g e  

66 
66  
66 

100 

66 
66  
66 
66 

66 
66  
66 
66 

66 
66 
66 

' 66 

66  
66 
66 
66  

66 
66 
66 
66  

v P  

.69 

.88 

. 3 5  
3 .33  

.95  
1 . 1 9  
3 .94  
2 .10  

1 . 4 1  
1 . 3 4  
0 .46  
2 .04  

1.82 
2 .33  
5.55 
2.51 

1 . 2 6  
3 .71  
0 .81  
2.66 

1 . 2 1  
2.17 
0.98 
2.73 

D V / I  G. F. 

.069  

. 0 0 8 8  

.0035 

.033  

.095  

.0119 

.00394 

.002 1 

.141  . 0 1  34 

.0046 

.0020 

.182 

.0233 

.0055 

.0025 

.126 

.037 

.0081 

.0027 

.121  

.022 

.0098 

.0027 

57 5 
2299 
5747 

11493 

575 
2229 
5747 

11493 

575 
2299 
5747 

11493 

57 5 
2299 
5747 

11493 

575 
22 99 
5747 

11493 

57 5 
2299 
5747 

11493 

Pa 

39.68  
20.22 
20.11 

379.28 

54 .63  
27.35 
22 .64  
24 .14  

8 .10  
30 .79  
26.44 
22 .98  

104 .65  
53.54 
31 .61  
28 .73  

72.45 
8 5 . 0 3  
46 .56  
3 1 . 0 3  

69 .6  
50 .56  
56.32 
31 .03  
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T A B L E  8. L I N E  B ( C O N T . )  

Range MA V o l t a g e  V p  DV/I 
- 

S t a .  G.F. Pa 

8-7  
6 -5 
5 -4 
4 -3 
3 -2 

1 0  . O l  66 0.42 

9-10 
8-7 
7 -6 
6 - 5  
5 -4 

575 
2299 
5747 

11493 

21 .5  
22.75 
23.56 
81.66 

. O l  66 3.74 .0374 

. O O l  66 .99  .0099 

.001 100 .41  .0041 

.001 1 0 0  .71  .0071 

1 
10 
1 0  
1 0  

8 -9 
7 -6 
6 -5 
5 -4 
4 -3 

. O O l  100 .41  .041  

.001 1 0 0  .91  .0091 

. O O l  100 1 .23  .0123 

.001 100 .66 .0066 

57 5 
2299 
5747 

11493 

23.58 
20.91 
70.68 
75 .8  

100 
1 0  
10 
1 0  

8-7 
6 -5 
5 -4 
4 -3 
3 -2 

. O O l  100 .46 .046 

.001 100 3 .0  .030 

.001 100 1 . 2 3  .0123 

.001 100 .46 .0046 

57 5 
2299 
5747 

11493 

26.45 
6 8 . 9 4  
70 .68  
52.86 

100 
10 
1 0  
1 0  

7 -6 
5 -4 
4 -3 
3 -2 
2 -1 

57 5 
2299 
5747 

11493 

79 .35  
8 0 . 4 3  
57.47 
3 2 . 1 8  

.1 66 1 . 3 8  .138  

.1 66 .35  0 . 0 3 5  

. O O l  100  1 . 0 9  0.010 

. O O l  100  2.77 0 . 0 0 2 8  

1 
1 

1 0  
1 

6 - 5  
4 -3 
3 -2 
2 -1 

57 5 
2299 
5747 

379.5  
392 .9  
1 8 0 . 4  

.01  66 .66 .66 

.01 

.01 66 3.14 0 .0314 
66 1 . 7 1  0 . 1 7 1  

100 
10 
1 0  

5 -4 
3 -2 
2 -1 

788 
496.4  

.001 66 1 . 3 6  1 .36  

. O O l  66 2.16 0.216 
575  

2299 
1000 
100 

1 
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S t a .  

4 -3  
2 -1 

1-2  
2 -3 
3 -4 
4 -5 

2 -3 
4 -5 
5 -6 

6-7  

7 -8 

3 -4 
5 -6 

6 -7 

7 -8 

4 -5 
6-7 
7 -8 

Range  

1000 

1 0 0  
1 0  
1 0  

10 
10 
1 
10 

1 
1 0 .  

1 0  
1 

10 
1 0  
1 

1 0  
1 0  

T A B L E  8. L I N E  B ( C O N T . )  

MA V o l t a g e  

.001 66 

.01 3 3  v 

. O l  66 

.01 66 

.01 66 

. O l  66 

. O l  66 

. O l  66 

.01 66 

. O l  66 

.01 66 

.01 66 

.01 66 

. O l  66 

.01 66 

.01 66 

v P  

.68 

1 . 0 9  
2 .9  
1 . 4 8  

2.53 
0 .43  
2.07 

.22 
2 . 3 8  

.25  

0 .65  
1 . 5  
0 . 1 8  

.27 
2 . 1 5  

0.27 
0 .53  

L E G E N D :  Ranqe = G a i n  - 
MA = Dummy TX Current S w i t c h  
VP = B a l a n c e  C o n t r o l  t o  Null  Meter 
G . F .  = G e o m e t r i c  F a c t o r  
Pa = A p p a r e n t  R e s i s t i v i t y  
D V / I  = Range  x MA x Vp 

D V / I  

0 . 6 8  

1 . 0 9  
. 2 9  
. 1 4 8  

.253  

.043  

.0207 

.022 

0 . 2 5  

. 0 6 5  

. 0 1 8  

.0215 

.027 

.053  

G . F .  

57 5 

575 
2299 
5747 

57 5 
2299 

5747 

11493 

57 5 

2299 

5747 

57 5 
22 99 

Pa 

391  

626 .4  
666 .6  
8 5 0 . 5  

1 4 5 . 4  
98 .8  

1 1 8 . 9  

2 8 7 . 3  

37.4 

4 1 . 3  

1 2 3 . 5  

1 5 . 5  
1 2 1 . 8  
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A P P E N D I X  H 

T A B L E  9 
GEOMETR I C  FACTOR T A B  L E  

SCHLUMBERGER METHOD 

2 1  

L ( f t )  25  50 75 100 200 300 
( f t )  

50 
75 

100  
200 
300 
400 
500 
600 
700 
80 0 
900 

1000  
1100  
1200  
1300  
1400 
1500 

95 .78  47 .89  
215 .5  107 .75  
383 .11  191 .55  

1532.44  766.22 
3447.99 1724  
6129.87  3064.89 
9577.77  4788.89  
1391.99  6896 

18772.43  9386.22  
2451 9 .1  12259.54  
31031.99  15515.99  
38311.1  19155.55  
46356.42 23178.21  
55167.97 27583.99  
64745.74 32372.87  
75083.74 3 7 544.87 
86199.96  43099 .98  

31 .93  
71.83 

127.70  
510.81 

1149.33  
2043.26 
3192.59  
4597.33  
6257.48  
81 73 .03  

10344 
12770.36  
15452.14  
18389.32  
21  581 .91  
25029.91 
28733.32 

23.94 
53.87 
95 .78  

383 .11  
86 2 

1532.44  
2394.44 
3447.99 
4693.11  
6129.77 
7758 
9577.77  

11589 .11  
13791.99  
16186 .44  
18772.44  
21548.98 

11.97 
26.94 
47.89 

191 .56  
43  1 
766.22 

1197.22  
1724  
2346.55  
3064.89  
387 9 
47'88. 89  
5794.55 
6896 
8093.22  
9386.22 

10774.99  

T A B L E  10. D I P O L E - D I P O L E  G E O M E T R I C  FACTOR T A B L E  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

143.67 
574.67 

1436 .7  
2873.4  
5028.45  
8045 .52  

11924 .61  
17240 .4  
23705.55  
31607 .4  

50 

287 .33  
1149.32  
2873 .3  
5746.6  
1056 .55  

16090 .48  
23848.39  
34479.6  
47409.45  
63212 .6  

100  

574.67 
2298.67  
5746.7 

11493 .4  
20113.45  
32181.52  
47697.61  
68960 .4  
94820.55  

126429.4  

1 5 0  

86 2 
3448 
8620 

17240  
301 70 
48272 
7 1  546 

103440 
14230  

189640 

200 

1149 .33  
4597.32  

11493 .3  
22986.6  
40226.55  
64362.48  
95394.39  

137913.6  
189639.45  
252852.6  

7.98 
17 .96  
31 .93  

127 .70  
287.33 
510.81 
798 .15  

1149 .33  
1564.37  
2043.26 
2586 
3192.59 
3863.04 
4597 .33  
5395 .48  
6257.48  
7183.3  

300 

1724  
6896 

17240 
3480 

60340 
96544 

143092 
206880 
284460 
379280 

T A B L E  11. WENNER G E O M E T R I C  FACTOR T A B L E  

- 2 ~ 1 a ( f t )  25 50 100 200 300 400 500 

6 . 2  157 314.16 628 .32  1256.64  1884.64  2513.27 3141.6 

- 64 - 



A P P E N D I X  I 

U N I T E D  S T A T E S  D E P A R T M E N T  OF T H E  I N T E R I O R  

G E O L O G I C A L  S U R V E Y  

T E L L U R I C  P R O F I L I N G  S T U D I E S  IN T H E  

P E N R O S E  A R E A ,  C O L O R A D O  

by 
K a r e n  R. C h r i s t o p h e r s o n ,  K e v i n  H .  N e r v i c k ,  W i l l i a m  D. H e r a n  

O p e n  F i l e  R e p o r t  81-461 

1981 

- 6 5  - 



D u r i n g  1980, the U.S. Geological Survey conducted geophysical s t u d i e s  e a s t  
o f  Canon C i t y ,  Colorado, as p a r t  of a geothermal eva lua t ion  p r o g r a m .  The work  
was done in cooperation with the  Colorado Geological Survey. 

Three E - f i e l d - r a t i o  t e l l  u r i c  p r o f i l e s  were made approximately 13 
k i lometers  eas t  of Canon C i ty ,  a n d  3 k i lometers  southwest of Penrose, Colorado 
( F i g .  1 ) .  The t r a v e r s e s  were between 5 a n d  13 k i lometers  in length a n d  trended 
west-northwest t o  west. The purpose of t h e  t r a v e r s e s  was t o  l o c a t e  m a j o r  
nor th- t rending  f a u l t s  t h a t  d i sp l ace  the  Precambrian bedrock b u t  have 1 i t t l e  o r  
no  s u r f i c i a l  expression.  These f a u l t s  could provide channels f o r  t he  upflow of 
geothermal waters .  Warm water (25°C) has been found in several  wel l s  d r i l l e d  
in the  region.  

The geology of t h e  area has been mapped r eg iona l ly  ( S c o t t  and  o t h e r s ,  
1978) a n d  some d e t a i l e d  work has been done by Weimer (1980) .  The study area 
l i e s  within the  Canon Ci ty  embayment, j u s t  south of t he  southern terminus of 
t he  F r o n t  Range. The sedimentary sec t ion  has been folded r e s u l t i n g  in  
th ickening  of t h e  Mesozoic a n d  Paleozoic sedimentary rocks above the  
Precambrian bedrock. No m a j o r  f a u l t s  have been mapped, b u t  well d a t a  suggest 
t h a t  nor th- t rending  f a u l t s  assoc ia ted  with a n t i c l  ines  a n d  sync1 ines  c r e a t e  
hors t  a n d  graben s t r u c t u r e s  in the  subsurface (Weimer, 1980).  A few ki lometers  
south of t he  study are  ( e a s t  of F lo rence ) ,  t he  sedimentary s e c t i o n  th ickens  
from 1100 meters ( 4 . 5  k i lometers  south of s t a t i o n  4 E ,  l i n e  3 )  t o  2700 meters ( 6  
k i lometers  south of s t a t e  14W, l i n e  3 )  over a horizontal  d i s t ance  o f  4500 
meters ( s e e  f i g u r e  2 f o r  s t a t i o n  l o c a t i o n s ) .  Weimer has a t t r i b u t e d  t h e  
th ickening  t o  a zone of " s t e e p  d ip"  assoc ia ted  with f a u l t i n g  in the  basement on 
the f l anks  of t he  Brush H o l l o w  a n t i c l i n e  ( F i g .  2 ) .  This zone has c rea ted  a 
deep (2500-meter) basin between the  Brush Hollow a n t i c l  ine a n d  Canon Ci ty .  

None of the  f a u l t i n g  has obvious s u r f i c i a l  express ion;  t h e  loca l  t e r r a i n  
i s  f a i r l y  f l a t ,  dipping s l i g h t l y  t o  t he  e a s t .  The sur face  exposures a r e  mostly 
Quaternary  a1 1 uvium and t he  Cretaceous P i e r r e  a n d  N i o b r a r a  Sha les .  

The loca t ions  of  t e l l u r i c  t r a v e r s e s  a r e  shown in f i g u r e  2. The p r o f i l e s ,  
which show the  r e l a t i v e  t e l l u r i c  vo l tage  a t  a period of 30 seconds referenced 
t o  d ipole  0 - 1  on each l i n e ,  a r e  given in f i g u r e s  3 t h r o u g h  5. These f i g u r e s  
p l o t  the  r e l a t i v e  vol tage changes (p ropor t iona l  t o  t h e  square r o o t  of 
r e s i s t i v i t y )  a l o n g  the  t r a v e r s e s .  

The t e l l  u r i c  ins t rumenta t ion  a n d  method have been descr ibed by Beyer 
(1977) .  F o r  t h i s  survey t h e  bandwidth of t he  recording system was 20-40 
seconds ( 0 . 0 2 5 - 0 . 0 5 )  h e r t z )  which r e s u l t s  in a maximum depth of exp lo ra t ion  
( s k i n  depth)  of  many ki lometers  in normal ea r th  m a t e r i a l .  As a r u l e  of t h u m b ,  
changes in r e s i s t i v i t y  can be de tec ted  a t  a b o u t  1 / 2  a skin depth.  I n  2 0  
ohmmeter mater ia l  the  skin depth i s  13 k i lometers .  

Along  t r a v e r s e  1 ( f i g .  3 )  t h e r e  i s  an  increase  in vol tage  ( r e s i s t i v i t y )  
westward from s t a t i o n  7 as t h e  c o n t a c t  between the  Niobrara and  P i e r r e  i s  
approached. This increase  could be caused by e i t h e r  a l i t h o l o g y  change or an  
upfaulted basement block t o  t he  west. East of s t a t i o n  7 the  p r o f i l e  i s  q u i t e  
f l a t ,  a l t h o u g h  t w o  lows with a n  approximate 10% decrease in vol tage  occur 
between s t a t i o n s  3 a n d  4 near s t a t i o n  6 .  These could be express ions  of 
f a u l t i n g .  There appears t o  be no  r e f l e c t i o n  of t h e  Brush Hollow a n t i c l i n e  in 
the  d a t a  a t  i t s  i n fe r r ed  loca t ion  near s t a t i o n  2 ,  al though t h e r e  i s  an  i nc rease  
i n  vol tage eastward from s t a t i o n  3 ,  which may be a t t r i b u t e d  t o  i t .  
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T r a v e r s e  2 ( f i g .  4 )  shows t w o  l o w - v o l t a g e  zones,  one be tween s t a t i o n s  2 
and 6 and a n o t h e r  west  o f  s t a t i o n  8.  These a g a i n  c o u l d  be i n d i c a t i v e  o f  
f a u l t i n g  w i t h  u p t h r o w n  b l o c k s  be tween s t a t i o n s  6 and 8 and e a s t  o f  s t a t i o n  2. 
The e a s t e r n  l o w  m a y  a l s o  be an e x p r e s s i o n  o f  t h e  s y n c l i n e  shown on f i g u r e  2. 

T r a v e r s e  3 was l o c a t e d  s o u t h  o f  l i n e s  1 and 2 and e x t e n d e d  wes t  i n t o  t h e  
zone o f  s t e e p  d i p  p r o p o s e d  b y  Weimer. The changes i n  v o l t a g e  a l o n g  t h e  p r o f i l e  
( f i g .  5 )  a r e  l a r g e ,  v a r y i n g  by  a l m o s t  one o r d e r  o f  m a g n i t u d e .  The v o l t a g e  d r o p s  
i n d i c a t e  t h r e e  l o w - r e s i s t i v i t y  zones :  one wes t  o f  s t a t i o n  8W, one be tween  
s t a t i o n s  4W and l E ,  and one e a s t  o f  s t a t i o n  4E. These zones p r o b a b l y  r e p r e s e n t  
down th rown  and t i l t e d  f a u l t  b l o c k s ,  w i t h  t h e  l a r g e s t  d i s p l a c e m e n t  o c c u r r i n g  i n  
t h e  e a s t e r n  and w e s t e r n  l o w s .  These p o s s i b l e  f a u l t s  c o u l d  be l o c a t e d  
a p p r o x i m a t e l y  a t  s t a t i o n s  4E, 0 4W, and 8W w i t h  downthrown s i d e s  t o w a r d  t h e  
t e l l u r i c  l o w s .  The v o l t a g e  changes c o u l d  a l s o  be t h e  r e s u l t  o f  f o l d i n g  and 
t h i c k e n i n g  i n  t h e  s e d i m e n t a r y  s e c t i o n .  The l o w  c e n t e r e d  be tween s t a t i o n  6 and 
8 e a s t  c o i n c i d e s  w i t h  t h e  i n f e r r e d  mapped s y n c l i n e  a x i s ,  and t h e  s h a l l o w e r  h i g h  
be tween  s t a t i o n s  2E and 4E c o i n c i d e s  w i t h  t h e  B r u s h  H o l l o w  a n t i c l i n e .  The zone 
o f  s t e e p  d i p  e x t e n d s  wes t  f r o m  s t a t i o n  8W and may r e f l e c t  t h i c k e n i n g  o f  t h e  
P i e r r e .  

Comb in ing  t h e  r e s u l t s  f r o m  t h e  t h r e e  p r o f i l e s ,  l o c a t i o n s  o f  i n f e r r e d  m a j o r  
f a u l t s  a r e  p l o t t e d  on F i g u r e  2. The f a u l t s  can  be p r o j e c t e d  f r o m  l i n e  t o  l i n e ,  
r e v e a l i n g  t h e  n o r t h w a r d  t r e n d s  shown. The m a j o r  f a u l t s  l i e  on t h e  f l a n k s  o f  
t h e  a n t i c l i n e  and on t h e  edge o f  t h e  zone o f  s t e e p  d i p .  E x t e n s i o n s  o f  t h e  t w o  
w e s t e r n m o s t  i n f e r r e d  f a u l t s  a l i n e  w i t h  f a u l t s  l o c a t e d  b y  t w o  s e i s m i c  l i n e s  t o  
t h e  s o u t h  ( Z a c h a r a k i s ,  1980).  The t w o  f a u l t s  be tween t h e  B r u s h  H o l l o w  a n t i c l i n e  
and t h e  s y n c l i n e  a r e  p r o b a b l y  p a r t  o f  a complex  s t r u c t u r e .  A t  s t a t i o n  3E o n  
1 i n e  3 ,  t h e  a x i s  o f  t h e  t e l l  u r i c  e l l  i p s e  was r o t a t e d  9 0 "  f r o m  i t s  no rma l  t r e n d ,  
s i g n i f y i n g  3 - d i m e n s i o n a l  s t r u c t u r e  a t  d e p t h .  

I t  s h o u l d  be n o t e d  t h a t  t h e s e  i n t e r p r e t a t i o n s  a r e  s p e c u l a t i v e  and based  on 
g e o p h y s i c a l  d a t a  a l o n e ,  s i n c e  t h e  g o e l o g y  o f  t h e  a r e  i s  n o t  w e l l  mapped and a l l  
s t r u c t u r e s  and c o n t a c t s  a r e  a p p r o x i m a t e .  
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Colorado i,l 

Figure 1. Locat ion o f  s t u d y  a r e a .  Contour i n t e r v a l  1000 f t  (305 m ) .  
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Stat ions 

Figure 3. Penrose area, te l lur ic  traverse 1. 

S t  ations 

Figure 4. Penrose area, te l lur ic  traverse 2 .  

- 70 - 



0
-1

 

m
 

a, 
v
)
 

L
 

aJ 
>

 
re 
L
 

c, 
V

 

L
 
3
 

aJ 
c, 

.? 
- n

 
re 
a, 
L
 

re 

- 
71 - 



REFERENCES 

B e y e r ,  J.H., 1 9 7 7 ,  T e l l u r i c  and D . C .  r e s i s t i v i t y  t echniques  a p p l i e d  t o  t he  
g e o p h y s i c a l  i n v e s t i g a t i o n s  of  B a s i n  and Range g e o t h e r m a l  s y s t e m s ,  P a r t  
I :  The E - f i e l d  r a t i o n  t e l l u r i c  method:  B e r k e l e y ,  U n i v e s i t y  o f  
Cal i f o r n i a  P h .  D. t h e s i s ,  Lawrence B e r k e l e y  L a b o r a t o r i e s  , R e p o r t  

S c o t t ,  G . R . ,  T a y l o r ,  R . B . ,  Epis ,  R . C . ,  and Wobus, R . A . ,  1 9 7 8 ,  G e o l o g i c  map 

LBL-6325 , 1/3.  

o f  the  P u e b l o  1" x 2 "  q u a d r a n g l e ,  s o u t h - c e n t r a l  C o l o r a d o :  U.S. G e o l .  
S u r v e y  Misc. G e o l .  I n v .  Map 1-1022.  

f o r  C o l o r a d o  and a d j a n c e n t  a r e a s ,  - i n  C o l o r a d o  G e o l o g y :  Rocky Mounta in  
A s s o c .  o f  G e o l o g i s t s ,  Denver, C O .  

Weimer, R.J., 1 9 8 0 ,  Recurrent movement on basement  f a u l t s ,  a t e c t o n i c  s t y l e  

Z a c h a r a k i s  , T e d ,  1 9 8 0 ,  C o l o r a d o  G e o l o g i c a l  S u r v e y ,  o r a l  c o m m u n i c a t i o n  

- 72 - 



E x p l o r a t i o n  R e s e a r c h  L a b o r a t o r y  
C o l o r a d o  School  o f  Mines 

G o l d e n ,  C o l o r a d o  80401 

F e b r u a r y ,  1981 

by 
James  K. A p p l e g a t e  

D i r e c t o r ,  E x p l o r a t i o n  R e s e a r c h  
L a b o r a t o r y  

- 73 - 



CANON C I T Y  STUDY 

The s e i s m i c  d a t a  i n  t h e  Canon C i ty  s t u d y  was a c q u i r e d  e a s t  o f  Canon C i ty  
and n o r t h  o f  F l o r e n c e .  The l o c a t i o n  o f  t h e  s e i s m i c  l i n e  i s  i n d i c a t e d  i n  F i g .  
1. The s t u d y  was a l o n g  a l i n e  a p p r o x i m a t e l y  t h r e e  m i l e s  i n  l e n g t h  n e a r  w h i c h  
a d d i t i o n a l  g e o p h y s i c a l  d a t a  were  a c q u i r e d  i n  t h e  p a s t  and o r t h o g o n a l  t o  t h e  
t r e n d  o f  t h e  p o s t u l a t e d  B r u s h  H o l l o w  a n t i c l i n e .  

D a t a  A c q u i s i t i o n  

S e i s m i c  d a t a  i n  t h e  a r e a  were  a c q u i r e d  b y  t h e  E x p l o r a t i o n  R e s e a r c h  
L a b o r a t o r y  o f  t h e  C o l o r a d o  Schoo l  o f  M ines .  D a t a  a c q u i s i t i i o n  was u n d e r t a k e n  
u s i n g  a L i t t o n ,  Model 311,  v e r t i c a l  v i b r a t o r  and t h e  d a t a  were  r e c o r d e d  
u t i 1  i z i n g  a Texas I n s t r u m e n t s  DFS V r e c o r d i n g  sys tem.  The geophone g r o u p s  were  
spaced a t  1 0 0 - f t  i n t e r v a l s  and one s t r i n g  o f  geophones was used f o r  each  g r o u p .  
The s t r i n g  o f  geophones was s t r e t c h e d  o v e r  t h e  1 0 0 - f t  i n t e r v a l .  The s e i s m i c  
d a t a  were  a c q u i r e d  u s i n g  a sample  r a t e  o f  4 m i l l i s e c o n d s  and a V i b r o s e i s  sweep 
o f  58 t o  11.5 hz .  The sweep l e n g t h  was 12 seconds  and t h e  l i s t e n  t i m e  was 3 
seconds.  The d a t a  were  r e c o r d e d  2 4 - f o l d .  The s e i s m i c  d a t a  were  r e c o r d e d  on 
c o n v e n t i o n a l  m a g n e t i c  t a p e  f o r  subsequen t  c o m p u t e r  p r o c e s s i n g .  

D a t a  P r o c e s s i n g  

D a t a  p r o c e s s i n g  was u n d e r t a k e n  f i r s t  on  t h e  E x p l o r a t i o n  R e s e a r c h  
L a b o r a t o r y  T I M A P  s e i s m i c  c o m p u t i n g  sytem. On t h i s  m a c h i n e  t h e  f i e l d  t a p e s  were  
demul t i  p l  exed , c r o s s - c o r r e l  a t e d ,  v e r t i c a l  l y  s t a c k e d  , and s o r t e d .  Subsequen t  
p r o c e s s i n g  i s  u n d e r t a k e n  on t h e  E x p l o r a t i o n  R e s e a r c h  L a b o r a t a o r y  C o n t r o l  D a t a  
C o r p o r a t i o n  C Y B E R  720 r u n n i n g  G e o D i g i t  (CGG) s o f t w a r e .  The p r o c e s s i n g  
u n d e r t a k e n  on t h e  C Y B E R  i n c l  uded d e c o n v o l  u t i o n  t o  s h a r p e n  t h e  s i g n a l ,  v e l o c i t y  
a n a l y s i s  t o  d e t e r m i n e  t h e  a p p r o p r i a t e  s t a c k i n g  v e l o c i t i e s  f o r  t h e  v a r i o u s  
r e f l e c t o r s ,  and s t a t i c  c o r r e c t i o n s  t o  compensate  f o r  v a r i a t i o n s  i n  e l e v a t i o n  
and t h e  n e a r  s u r f a c e .  The f i n a l  s t e p  i n  p r o c e s s i n g  was m i g r a t i o n  t o  a t t e m p t ' t o  
p l a c e  t h e  e v e n t s  i n  t h e i r  p r o p e r  r e l a t i o n s h i p  w i t h i n  t h e  p l a n e  o f  t h e  s e i s m i c  
s e c t i o n .  The p r o c e s s i n g  f l o w  i s  shown i n  T a b l e  1. 

D a t a  I n t e r p r e t a t i o n  

The Canon C i t y  a r e a  a p p e a r s  t o  be an embayment o f  t h e  Denver  J u l e s b u r g  
B a s i n .  T h i s  a r e a  had N i o b r a r a  and P i e r r e  r o c k s  on t h e  s u r f a c e  and i s  
i m m e d i a t e l y  u n d e r 1  i n e d  b y  C r e t a c e o u s  D a k o t a .  W i t h i n  t h e  s e c t i o n  t h e r e  a r e ,  i n  
p a r t s  o f  t h e  a r e a ,  O r d o v i c i a n  l i m e s t o n e  r o c k s  and r o c k s  o f  P e n n s y l v a n i a n  age 
(Weimer ,  1 9 8 0 ) .  The a n t i c i p a t . e d  s t r u c t u r e  i n  t h e  a r e a  i s  d o m i n a t e d  b y  t h e  
B r u s h  H o l l o w  a n t i c 1  i n e  w h i c h  t r e n d s  a p p r o x i m a t e l y  n o r t h / s o u t h ,  o r t h o g o n a l  t o  
t h e  s e i s m i c  l i n e .  T h i s  t r e n d  i s  p r o j e c t e d  f r o m  o t h e r  s t u d i e s  t o  t h e  s o u t h  b y  
Weimer ( 1 9 8 0 )  and b y  g e o l o g i c a l  mapp ing  b y  o t h e r s .  To t h e  w e s t  o f  t h e  l i n e ,  
t h e r e  i s  an a p p a r e n t  d r a p e  f o l d  t h a t  d r o p s  v e r y  s t r o n g l y  t o  t h e  w e s t .  
A d d i t i o n a l  s e i s m i c  d a t a  s o u t h  o f  t h e  A r k a n s a s  R i v e r  a c q u i r e d  b y  P e t r o l e u m  
G e o p h y s i c s  C o r p o r a t i o n  (PGC) and i n t e r p r e t e d  b y  Weimer ( 1 9 8 0 )  p r o v i d e s  some 
u s e f u l  i n f o r m a t i o n  when c o u p l e d  w i t h  t h e  l i m i t e d  d r i l l  h o l e  d a t a .  
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TABLE I 

P R O C E S S I N G  SEQUENCE 

Demul t i  p l  ex 
Cross  C o r r e l  a t e  
V e r t i c a l  S t a c k  
Common M i d p o i n t  G a t h e r s  
P a r t i a l  V e l o c i t y  Scan and N e a r - T r a c e  S t a c k  
Deconvo l  u t i  on T e s t  
Deconvo l  u t i o n  and S t a t i c s  
Cornpl e t e  Vel o c i  t y  Scan 
Mute T e s t  
A u t o m a t i c  R e s i d u a l  S t  a t  i c s 
Fan F i l t e r  
M i  g r a t  i on 

The new d a t a  ( F i g .  2 )  a c q u i r e d  f o r  t h i s  s t u d y  a p p e a r s  t o  be v e r y  c l o s e  t o  
t h e  c r e s t  o f  t h e  B r u s h  H o l l o w  a n t i c l i n e .  The s h a l l o w  d a t a ,  a t  a t i m e  o f  
a p p r o x i m a t e l y  0.2 seconds  may r e p r e s e n t  t h e  Dako ta .  The D a k o t a  w o u l d  be a t  a 
d e p t h  o f  900 t o  1,000 f t  b e l o w  t h e  s u r f a c e .  The u n i t  a t  0.55 seconds  
(3,000-3,500 f t  deep)  on t h e  s e i s m i c  s e c t i o n  i s  p o s t u l a t e d  t o  be t h e  basement  
r e f l e c t o r .  T h i s  i s  based on p e r s o n a l  c o m m u n i c a t i o n s  f r o m  Weimer ( 1 9 8 1 ) .  
W e i m e r ' s  o b s e r v a t i o n  i s  t h a t  t h e  r e f l e c t i v i t y  o f  t h e  basement  i s  c o n t r o l l e d  i n  
p a r t  b y  t h e  p r e s e n c e  o r  absence o f  O r d o v i c i a n  l i m e s t o n e .  The p r e s e n c e  o f  t h e  
O r d o v i c i a n  l i m e s t o n e s  t e n d s  t o  g i v e  a v e r y  s t r o n g  r e f l e c t o r ,  w h i l e  i n  t h o s e  
a r e a s  where t h e  O r d o v i c i a n  l i m e s t o n e  i s  a b s e n t  and t h e  a r k o s e  o f  t h e  F o u n t a i n  
l i e s  d i r e c t l y  on t h e  basement ,  t h e  r e f l e c t i o n  q u a l i t y  i s  v e r y  p o o r .  

Based on t h i s  a n a l y s i s ,  i t  w o u l d  a p p e a r  t h a t ,  w i t h i n  t h e  c e n t e r  o f  t h e  
s e i s m i c  s e c t i o n ,  t h e r e  i s  a s t r o n g  argument  f o r  t h e r e  b e i n g  a s i g n i f i c a n t  
O r d o v i c i a n  l i m e s t o n e  u n i t  on t o p  o f  t h e  basement .  The d e p t h  t o  t h e  
1 imes tone /basemen t  complex  i s  a p p r o x i m a t e l y  3,500 f t  b e l o w  s e i s m i c  da tum ( t h e  
s u r f a c e ) .  T h i s  f i t s  v e r y  w e l l  w i t h  W e i m e r ' s  o b s e r v a t i o n s  f r o m  h i s  a n a l y s i s  o f  
t h e  s e i s m i c  d a t a  t o  t h e  s o u t h .  The new s e i s m i c  l i n e  d i d  n o t  r e a c h  f a r  enough 
t o  t h e  west  ( t o  t h e  v i c i n i t y  o f  E i g h t - M i l e  C r e e k )  t o  see t h e  p o s t u l a t e d  v e r y  
s t r o n g  d i p s  o f  t h e  w e s t e r n  f l a n k  o f  t h e  B r u s h  H o l l o w  a n t i c l i n e .  I n  t h a t  a r e a ,  
one w o u l d  a n t i c i p a t e  t h a t  t h e  basement  r o c k s  w o u l d  d i p  v e r y  s t r o n g l y  t o  t h e  
wes t  as i s  i l l u s t r a t e d  on t h e  s e i s m i c  d a t a  t o  t h e  s o u t h .  

An i n t e r e s t i n g  f e a t u r e  on t h e  new s e i s m i c  s e c t i o n  i s  t h e  d o m i n a n t  
r e f l e c t o r  a t  a t i m e  o f  a p p r o x i m a t e l y  1.7 seconds  ( F i g .  4 )  w h i c h  i s  i n  e x c e s s  o f  
13,OO-f t  deep.  T h i s  sub-basement  r e f l e c t o r  w h i c h ,  a t  f i r s t  g l a n c e ,  a p p e a r s  t o  
be an en igma i s  c l e a r l y  e v i d e n t  on t h e  o t h e r  se i sm- i c  l i n e  t o  t h e  s o u t h .  T h i s  
f e a t u r e  c o u l d  have  g r e a t  s i g n i f i c a n c e  f o r  u n d e r s t a n d i n g  t h e  g e o l o g y  o f  t h e  
a r e a .  S e v e r a l  i n t e r p r e t a t i o n s  a r e  p o s s i b l e .  Perhaps  t h e r e  i s  an e a s t - d i p p i n g  
t h r u s t  i n  w h i c h  t h e  B r u s h  H o l l o w  d r a p e d - a n t i c l i n e  r e p r e s e n t s  a wedge o f  t h e  
basement  and s h a l l o w e r  s e d i m e n t s  o v e r  t h e  t o p  o f  a d e e p e r  s l i c e  o f  s e d i m e n t s .  
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T h i s  t h r u s t i n g  wou ld  t h r u s t  basement  r o c k s  o v e r  o l d e r  m a t e r i a l  such  as t h e  
O r d o v i c i a n  l i m e s t o n e s .  T h i s  w o u l d  a c c o u n t  f o r  t h e  p r e s e n c e  and t h e  a p p r o x i m a t e  
l o c a t i o n  o f  t h e  deep r e f l e c t o r s  on b o t h  t h e  s o u t h e r n  s e i s m i c  l i n e  and t h e  n e w l y  
a c q u i r e d  s e i s m i c  l i n e  t o  t h e  s o u t h  i n d i c a t e s  s i g n i f i c a n t  s t r u c t u r e  and 
r e v e r s a l s  o f  d i p  w i t h i n  t h i s  d e e p e r  s e c t i o n .  T h i s  may r e p r e s e n t  f o l d i n g  o f  t h e  
d e e p e r  s t r u c t u r e  c o n c u r r e n t  w i t h  t h e  o v e r t h r u s t i n g  o f  t h e  u p p e r  p l a t e .  

O t h e r  i n t e r p r e t a t i o n s  f o r  t h i s  deep r e f l e c t i o n  a r e ,  o f  c o u r s e ,  p o s s i b l e .  
A s i m p l e  i n t e r p r e t a t i o n  w o u l d  be t o  a r g u e  t h a t  t h i s  d a t a  i s  coming  f r o m  o u t s i d e  
t h e  p l a n e  o f  t h e  s e c t i o n  and, hence,  t h e  g e o l o g i c a l  i n t e r p r e t a t i o n  i s  n o t  
n e a r l y  as compl i c a t e d  as we a r e  a t t e m p t i n g  t o  make i t .  The argument  a g a i n s t  
t h i s  h y p o t h e s i s  i s  t h a t  t h e  complex  s t r u c t u r e  shows up on t w o  s e i s m i c  l i n e s  
s e p a r a t e d  b y  s e v e r a l  m i l e s .  It i s  p o s t u l a t e d  t h a t  t h e  deep s t r u c t u r e  i s  a 
m u l t i p l e  b y  o t h e r s .  However ,  t h e  s t a c k i n g  v e l o c i t y ,  t h e  d i v e r g e n c e  o f  d i p  
d i r e c t i o n s  , and t h e  i n c o n s i s t e n t  t r a v e l  t i m e s  a r g u e  a g a i n s t  t h i s  c o n t e n t i o n .  

A n o t h e r  h y p o t h e s i s  i s  t h a t  t h e  deep s t r u c t u r e  i s  n o t  o f  s e d i m e n t a r y  o r i g i n  
b u t  r a t h e r  i s  one o f  t h e  se ldom e x p l a i n e d  sub-basement  r e f l e c t o r s .  One c o u l d  
p o s t u l a t e  t h a t  p e r h a p s  t h i s  sub-basement  r e f l e c t o r  i s  a s u r f a c e  w i t h i n  t h e  
basement .  Pe rhaps  t h i s  s u r f a c e  i n  t h e  basement  c o u l d  r e p r e s e n t  a s u b s e q u e n t  
i n t r u s i o n  and, hence ,  a s o u r c e  o f  h e a t  and, i n  f a c t ,  t h i s  r e f l e c t i o n  we a r e  
s e e i n g  i s  a t h e r m a l  e f f e c t  o r  a t h e r m a l  f r o n t  r a t h e r  t h a n  a d i s t i n c t  r o c k  t y p e  
change.  

C o n c l u s i o n s  

The s e i s m i c  d a t a  i n  t h e  a r e a  i s  o f  good q u a l i t y .  The g e o l o g i c a l  model 
( F i g .  3 )  i s  somewhat more comp lex .  W i t h  o u r  s e i s m i c  l i n e  a l o n e ,  i t  i s  a l m o s t  
i m p o s s i b l e  t o  r e a c h  any  d e f i n i t i v e  c o n c l u s i o n s .  However ,  when c o u p l e d  w i t h  t h e  
work  o f  o t h e r  i n v e s t i g a t o r s  i n  t h e  a r e a  and o t h e r  s e i s m i c  d a t a  such  as  t h e  
s e i s m i c  d a t a  a c q u i r e d  s o u t h  o f  t h e  c u r r e n t  s t u d y  a r e a ,  i t  i s  p o s s i b l e  t o  
s p e c u l a t e  on v a r i o u s  g e o l o g i c a l  mode ls .  The most  p l a u s i b l e  model i s  t h a t  t h e  
deep s t r u c t u r e  r e s u l t s  f r o m  an o v e r t h r u s t  o c c u r i n g  i n  p o s t - O r d o v i c i a n  t i m e .  
Subsequent  d e p o s i t i o n  and r e c u r r e n t  movement , as p o s t u l a t e d  by  Weimer ( 1 9 8 0 )  , 
c o u l d  t h u s  a c c o u n t  f o r  t h e  d r a p i n g  o f  t h e  s e d i m e n t s  o v e r  t h i s  f o l d .  

However ,  w i t h  t h e  n e w l y  a c q u i r e d  s e i s m i c  d a t a  and t h e  o l d  s e i s m i c  d a t a ,  i t  
i s  s t i l l  i m p o s s i b l e  t o  d r a w  any  d e f i n i t i v e  i n t e r p r e t a t i o n s .  O t h e r  o p t i o n s ,  as  
m e n t i o n e d  above,  a r e  p e r h a p s  v i a b l e .  A d d i t i o n a l  i n f o r m a t i o n  i s  n e c e s s a r y  t o  
assess  a l l  o f  t h e s e  h y p o t h e s e s .  

Recommendat ions 

The s t r u c t u r e  o f  t h e  B r u s h  H o l l o w  a n t i c l i n e  and r e l a t e d  g e o l o g i c a l  
f e a t u r e s  c o u l d  be much more c l e a r l y  u n d e r s t o o d  w i t h  t h e  a c q u i s i t i o n  o f  
s i g n i f i c a n t  amounts o f  a d d i t i o n a l  s e i s m i c  r e f l e c t i o n  d a t a  i n  t h e  a rea .  A 
b r o a d l y - s p a c e d  g r i d  c o m p r i s i n g  2 0  t o  30  m i l e s  o f  a d d i t i o n a l  s e i s m i c  d a t a  w o u l d  
be v e r y  h e l p f u l  i n  b e t t e r  u n d e r s t a n d i n g  t h e  s t r u c t u r e .  T h i s  s t u d y  w o u l d  p r o v i d e  
a g r e a t  d e a l  o f  u s e f u l  i n f o r m a t i o n  on n o t  o n l y  t h e  g e o t h e r m a l  p o t e n t i a l  i n  t h e  
a r e a  and s i g n i f i c a n t  f a u l t s  t h a t  m a y  c o n t r o l  t h e  c i r c u l a t i o n  o f  w a t e r s  t o  
s i g n i f i c a n t  d e p t h s  f o r  h e a t i n g  and s u b s e q u e n t  r e c i r c u l a t i o n  t o  t h e  s u r f a c e ,  b u t  
w o u l d  a l s o  p r o v i d e  v e r y  u s e f u l  i n f o r m a t i o n  on t h e  p o s s i b i l i t y  o f  s t r u c t u r e s  
b e n e a t h  t h e  " o v e r t h r u s t "  t h a t  may have  p e t r o l e u m  p o t e n t i a l .  The deep 
s t r u c t u r e  , if i t  i s  e i t h e r  s e d i m e n t s  o r  t h e  a1 t e r n a t i v e  a1 t e r a t i o n / t h e r m a l  
f r o n t  c o u l d  a1 so have  s t r o n g  imp1 i c a t i o n s  f o r  g e o t h e r m a l .  By d r i l l  i n g  t o  t h o s e  
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dep ths ,  one could take  advantage of t h e  apparent  high thermal grad ien t  in  t h e  
area a n d  pene t r a t e  a sedimentary a q u i f e r  a t  depth t h a t  could produce geothermal 
f l u i d s .  Also one could d r i l l  c l o s e  enough t o  t h e  f r o n t ,  i f  i t  i s  a thermal 
f r o n t ,  t o  reach a zone of high temperatures  and  through a c i r c u l a t i o n  system 
involving two  we l l s  genera te  energy using t h e  concepts  expounded in t h e  h o t  dry 
rock p r o j e c t .  

SUMMARY 

The Canon Ci ty  seismic s tudy  was useful i n  confirming information t h a t  had  
been suggested by work done by Weimer ( 1 9 8 0 )  and  o t h e r s .  I t  a l s o  emphasized 
t h a t  t h e  geology i s  s i g n i f i c a n t l y  more complex t h a n  one may have pos tu l a t ed .  
I n  f a c t ,  t h e r e  a r e  geological  f e a t u r e s  t h a t  a r e  very poorly understood on  t h e  
seismic s e c t i o n s .  I t  i s  thus  important t h a t  i f  one i s  t o  understand t h e  
s t r u c t u r e  of t h e  a r e a ,  t h e  shal low f a u l t i n g ,  t h e  Brush Hollow a n t i c l i n e  a n d  t h e  
deeper s t r u c t u r e  present  on t h e  seismic s e c t i o n s ,  t h a t  one must acqui re  
add i t iona l  seismic d a t a .  
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