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NOTICE 

T h i s  r e p o r t  was p repared  t o  document work sponsored by  t h e  U n i t e d  S t a t e s  
Government. N e i t h e r  t h e  U n i t e d  S t a t e s  n o r  i t s  agent  t h e  U n i t e d  S t a t e s  
Depar tment  o f  Energy,  n o r  any Federa l  Employees, n o r  any o f  t h e i r  c o n t r a c t o r s ,  
s u b c o n t r a c t o r s  o r  t h e i r  employees, makes any w a r r a n t y ,  exp ress  o r  imp1 i e d ,  o r  
assumes any l e g a l  l i a b i l i t y  o r  r e s p o n s i b i l i t y  f o r  t h e  accuracy ,  completeness,  
o r  use fu lness  of  any i n f o r m a t i o n ,  appara tus  , p r o d u c t  o r  p rocess  d i s c l o s e d ,  o r  
r e p r e s e n t s  t h a t  i t s  use would i n f r i n g e  p r i v a t e l y  owned r i g h t s .  

NOT I CE 

Re fe rence  t o  a company p r o d u c t  name does n o t  i m p l y  app rova l  o r  recommendat ion 
o f  t h e  p r o d u c t  b y  t h e  Co lo rado  G e o l o g i c a l  Survey  n o r  t h e  U.S. Depar tment  o f  
Energy t o  t h e  e x c l u s i o n  o f  o t h e r s  t h a t  may be s u i t a b l e .  
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GEOTHERMAL RESOURCE ASSESSMENT OF THE A N I M A S  VALLEY, COLORADO 

K e v i n  P. McCarthy,  Ted G. Zacharak i s ,  and C h a r l e s  D. R i n g r o s e  

ABSTRACT 

The Co lo rado  G e o l o g i c a l  Survey,  i n  c o o p e r a t i o n  w i t h  t h e  U.S. Depar tment  o f  
Energy,  has been engaged i n  assess ing  t h e  n a t u r e  and e x t e n t  o f  C o l o r a d o ' s  
geothermal  r e s o u r c e s  s i n c e  1977. The program has i n c l u d e d  g e o l o g i c  and 
h y d r o g e o l o g i c  reconna issance ,  and g e o p h y s i c a l  and geochemical  surveys .  

I n  t h e  Animas V a l l e y ,  i n  sou thwes te rn  Co lorado,  two groups  o f  t h e r m a l  
s p r i n g s  e x i s t :  P i n k e r t o n  S p r i n g s  t o  t h e  n o r t h ,  and T r i p p - T r i r n b l e - S t r a t t e n  
S p r i n g s  about  5 m i l e s  (8 .1 Km) s o u t h  o f  P i n k e r t o n .  Temperatures r a n g e  f r o m  28 
t o  44°C (82  t o  l l l O F ) ,  and d i s c h a r g e  ranges f r o m  1 gpm t o  50 gpm (.06 t o  3.15 
1 / s ) , .  

' D u r i n g  t h e  summer o f  1980, t h e  geothermal  r e s o u r c e s  o f  t h e  Animas V a l l e y  
werei s t u d i e d .  Due t o  t e r r a i n  p rob lems i n  t h e  na r row v a l l e y ,  a s o i l  mercu ry  
s u r v e y  was conducted  o n l y  a t  T r i p p - T r i m b l e  S t r a t t e n ,  w h i l e  an e l e c t r i c a l  D.C. 
r e s i , s t i v i t y  s u r v e y  was 1 i m i t e d  t o  t h e  v i n c i t y  o f  P i n k e r t o n .  

I I A l t h o u g h  h i g h e r  mercu ry  v a l u e s  tended t o  be near  a p r e v i o u s l y  mapped 
f a u l t ,  t h e  sma l l  e x t e n t  o f  t h e  s u r v e y  r u l e d  o u t  c o n c l  u s i v e  r e s u l t s .  C o n s i s t e n t  
l o w  r e s i s t i v i t y  zones i n t e r p r e t e d  f r o m  t h e  geophys ica l  d a t a  were mapped as 
f a u l i t s  nea r  P i n k e r t o n ,  and compared w e l l  w i t h  a e r i a l  pho to  work and s p r i n g  
I o c a i t i o n s .  

j T h i s  new i n f o r m a t i o n  was added t o  reconna issance  geo logy  and hyd rogeo logy  
t o  p r o v i d e  s e v e r a l  c l u e s  r e g a r d i n g  t h e  geothermal  p o t e n t i a l  o f  t h e  v a l l e y .  (1) 
Hydr,othermal m i n e r a l s  found i n  f a u l t s  i n  t h e  s t u d y  area  a r e  v e r y  s i m i l a r  t o  o r e  
mine@ i n  a v e r y  young moun ta in  range,  t h e  La P l a t a  Mounta ins ,  nearby.  ( 2 )  
Grou,ndwater would n o t  need t o  c i r c u l a t e  v e r y  d e e p l y  a l o n g  f a u l t s  t o  a t t a i n  t h e  
es t i lmated  s u b s u r f a c e  tempera tu res  p r e s e n t  i n  t h e  v a l l e y .  ( 3 )  The w a t e r  
c h e m i s t r y  o f  each a rea  i s  un ique.  ( 4 )  A l t h o u g h  p r e v i o u s l y  i n c o m p l e t e l y  
mapp,ed, f a u l t i n g  i n  t h e  area  i s  e x t e n s i v e .  

The geothermal  r e s o u r c e s  i n  t h e  Anirnas V a l l e y  a r e  f a u l t  c o n t r o l l e d .  
P i n k e r t o n  and T r i p p - T r i m b l  e - S t r a t t e n  a r e  p r o b a b l y  n o t  d i r e c t l y  connected  
syst'ems, b u t  may have t h e  same source  a t  d i s t a n c e .  Recharge t o  t h e  geothermal  
systlem comes f r o m  t h e  Needle and La P l a t a  Mounta ins ,  and t h e  l a t t e r  may a l s o  be  
a hea t  source.  Movement o f  t h e  the rma l  w a t e r  i s  p r o b a b l y  p r i m a r i l y  h o r i z o n t a l ,  
v i a  ; t he  L e a d v i l l e  L imestone a q u i f e r .  F u r t h e r  s h a l l o w  d r i l l i n g  i n  t h e  v a l l e y  
may /produce moderate t e m p e r a t u r e  f l u i d s  i n  g r e a t  q u a n t i t y ,  b u t  deep d r i l l  i n g  
may n o t  be as s u c c e s s f u l .  

~ INTRODUCTION 

I n  J u l y ,  1977, t h e  Co lo rado  G e o l o g i c a l  Survey,  i n  c o o p e r a t i o n  w i t h  t h e  
U.S. Depar tment  o f  Energy ( c o n t r a c t  no. DE-AS077-28365), began a geothermal  
r e s o u r c e  assessment program i n  t h e  s t a t e ,  f o c u s i n g  on areas  w i t h  t h e  g r e a t e s t  

- 1 -  



Ir 

p o t e n t i a l  f o r  near  t e r m  development .  The program has i n c l u d e d  g e o l o g i c  and 
h y d r o g e o l o g i c  reconna issance,  and geophys ica l  and geochemical  surveys.  

One o f  t h e  areas  chosen f o r  s t u d y  was t h e  Animas R i v e r  V a l l e y  i n  
sou thwes te rn  Colorado.  Severa l  t he rma l  s p r i n g s  a r e  l o c a t e d  i n  t h e  Val l e y ,  f r o m  
9 t o  14  m i l e s  ( 1 5  t o  23 Km) n o r t h  o f  Durango ( F i g s .  1 and 2 ) .  The s p r i n g s  a r e  
c l u s t e r e d  i n  two groups :  t h e  P i n k e r t o n  S p r i n g s ,  and t h e  T r i p p - T r i m b l e - S t r a t t e n  
S p r i n g s .  A t  P i n k e r t o n  Hot  S p r i n g s ,  t h e  most n o r t h e r l y  s i t e ,  two s p r i n g s  on t h e  
w e s t e r n  s i d e  of t h e  v a l l e y  have produced l a r g e  i r o n - s t a i n e d  t r a v e r t i n e  mounds. 
Two nearby  s p r i n g s  c l o s e r  t o  t h e  r i v e r  were d e s t r o y e d  r e c e n t l y  b y  h ighway 
c o n s t r u c t i o n .  Two s h a l l o w  w e l l s  d r i l l e d  j u $ t  west o f  t h e  new h ighway have 
c h a r a c t e r i s t i c s  s i m i l  a r  t o  t h e  f o r m e r  s p r i n g s .  

About 5 m i .  (8 .1  Km) s o u t h  o f  P i n k e r t o n ,  T r i p p  Hot  S p r i n g  has j u s t  been 
p lugged  b y  t h e  owner. T h i s  s p r i n g  was t h e  h o t t e s t  i n  t h e  v a l l e y  s e v e r a l  y e a r s  
ago (44OC, 111°F). T r i m b l e  Hot  S p r i n g  i s  about  150 f t  ( 4 6  m) s o u t h  o f  T r i p p ,  
and h i s t o r i c a l l y  t h e  two s p r i n g s  accommodated a h o t e l  and poo l  b e f o r e  t h e  
r e s o r t  was d e s t r o y e d  by  f i r e .  An unnamed warm s p r i n g  about  1 / 2  m i .  ( .8 Km) 
s o u t h  of  T r i m b l e  (Cap A l l e n ,  1982) ,  has y e t  t o  be  examined by  t h e  au tho rs .  
S t r a t t e n  Warm Spr ing ,  about  one m i l e  n o r t h  of  T r i p p ,  i s  c u r r e n t l y  unused ( F i g .  
2 ) .  
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Figure 1. Animas Val ley,  Colorado index map. 
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The h o t  s p r i n g s  i n  t h e  Animas V a l l e y  have been d i s c u s s e d  by B a r r e t t  and 
P e a r l  (1976, 1978),  Coe ( 1 9 8 1 ) ,  George and o t h e r s  (1920) ,  Hawn (1874) ,  Lakes 
(1906) ,  Lewis ( 1 9 6 6 ) ,  M a l l o r y  and B a r r e t t  (1973) ,  and P e a r l  (1979) .  Subsur face  
t e m p e r a t u r e  e s t i m a t e s  f r o m  v a r i o u s  chemical  geothermometers range f r o m  45°C 
(113OF) t o  70°C (158°F) f o r  T r i p p  and T r i m b l e  S p r i n g s ,  and f r o m  75°C (167°F) 
t o  125°C (255°F) f o r  P i n k e r t o n  Hot S p r i n g s .  These e s t i m a t e s  a r e  o f  
q u e s t i o n a b l e  r e 1  i a b i l  i t y  and s h o u l d  be used w i t h  c a u t i o n .  W i t h  v e r y  1 i t t l e  
s u b s u r f a c e  d a t a  on t h e  area,  P e a r l  (1979) -  made s e v e r a l  g e n e r a l  assumpt ions 
about  t h e  s i z e ,  a r e a l  e x t e n t ,  and t o t a l  energy  of t h e  r e s o u r c e .  P r o b a b l e  a r e a l  
e x t e n t  was de termined t o  be one t o  two square m i l e s  (1.6 t o  3.2 s q .  K m )  a t  
P i n k e r t o n ,  and one square m i l e  (1.6 sq. Km) a t  T r i p p  and T r i m b l e .  T o t a l  h e a t  
e n e r g y  a v a i l a b l e  i n  t h e  v a l l e y  was e s t i m a t e d  t o  be about  60 x 1012 B t u s  a t  an 
average maximum t e m p e r a t u r e  o f  50°C (122°F). 

D u r i n g  t h e  summer o f  1980, t h e  Co lorado G e o l o g i c a l  Survey conducted a s o i l  
m e r c u r y  s u r v e y  near  T r i p p  and T r i m b l e  s p r i n g s .  An e l e c t r i c a l  D.C. r e s i s t i v i t y  
s u r v e y  was conducted  i n  t h e  v i c i n i t y  o f  t h e  P i n k e r t o n  Hot S p r i n g s .  
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GEOLOGY 

I n t r o d u c t  i on 

As i s  o f t e n  t h e  case i n  bonanza areas,  p r o s p e c t o r s  and m i n e r s  were w e l l  
e s t a b l  i s h e d  i n  s o u t h w e s t e r n  Co lorado b e f o r e  f o r m a l  g e o l o g i c  r e c o n n a i s s a n c e  
o c c u r r e d .  The f i r s t  known a t t e m p t  a t  p r o s p e c t i n g  i n  t h e  San Juans t o o k  p l a c e  
i n  t h e  Animas V a l l e y  i n  1860. Hawn (1874)  made g e o l o g i c  n o t e s  on t h e  Animas 
V a l l e y  and f i r s t  d e s c r i b e d  t h e  h o t  s p r i n g s  ( p r o b a b l y  P i n k e r t o n  Hot  S p r i n g s )  
d u r i n g  a Corps o f  E n g i n e e r s  e x p e d i t i o n .  Holmes ( 1 8 7 7 )  r e p o r t e d  on t h e  a r e a  f o r  
t h e  Hayden T e r r i t o r i a l  survey.  Cross and o t h e r s  (1897)  began a c c u r a t e  d e t a i l e d  
mapping o f  t h e  r e g i o n ,  and Lakes (1896, 1902, 1906)  w r o t e  s h o r t  a r t i c l e s  on 
1 oca1 m i n i n g  a c t i v i t y .  More d e t a i l e d  r e g i o n a l  work, and u n r a v e l  1 i n g  o f  
g e o l o g i c  h i  s t o r y  was accompl i s h e d  b y  Atwood and Mather  (1912) ,  Baars and K n i g h t  
(1957) ,  Baars and See (1968) ,  B a r k e r  (1969) ,  Cross and o t h e r s  (1905) ,  Ecke l  
( 1 9 4 0 ) ,  K e l l e y  (1957) ,  K i l g o r e  (1955) ,  Larsen and Cross (1956) ,  Lipman and 
o t h e r s  (1970) ,  Luedke and Burbank (1960) ,  Steven and o t h e r s  ( 1 9 7 4 )  , Wengerd 
(1975)  , and Zapp (1949) .  A comprehensive v i e w  o f  r e g i o n a l  v o l c a n i c  h i s t o r y  i s  
p r e s q n t e d  b y  Steven and Lipman (1976) .  The f o l l o w i n g  d i s c u s s i o n  o f  t h e  g e o l o g y  
o f  t h e  v a l l e y  draws h e a v i l y  f rom t h e  e x t e n s i v e  work r e f e r e n c e d  above. F i g u r e  
3 shows t h e  g e o l o g y  o f  t h e  s t u d y  area.  

;The s t u d y  a r e a  i s  i n  a t r a n s i t i o n a l  zone between t h e  S o u t h e r n  Rocky 
Mounta in  and C o l o r a d o  P l a t e a u  p h y s i o g r a p h i c  p r o v i n c e s .  The Animas R i v e r  i s  a 
p r i m a r y  s o u t h e r l y  d r a i n a g e  o f  t h e  young, v o l c a n i c  San Juan Mounta ins.  The 
s u r r o u n d i n g  c o u n t r y ,  t h e n ,  ranges  f r o m  h i g h  d e s e r t  t o  some o f  t h e  most 
s p e c t a c u l a r  h i g h  peaks i n  N o r t h  America. 

I 
,The s t u d y  a r e a  i s  bounded by t h e  San Juan B a s i n  t o  t h e  s o u t h ,  t h e  La P l a t a  

Mounta ins  t o  t h e  west ,  and t h e  Needle Mounta ins t o  t h e  n o r t h e a s t  ( f i g .  2 ) .  The 
La P l a t a  and Needle Mounta ins may be c o n s i d e r e d  s u b - s t r u c t u r e s  w i t h i n  t h e  
l a r g e r  San Juan Mounta in  r e g i o n .  

T e c t o n i c s  and Vo lcan ism 

The San Juan Mounta ins  a r e  an eroded v o l c a n i c  p l a t e a u  i n  w h i c h  a t  l e a s t  15 
T e r t i i a r y  c a l d e r a s  have been i d e n t i f i e d .  These c o l l  apse s t r u c t u r e s  were caused 
b y  r e c u r r e n t  l a r g e  volume ash e r u p t i o n s ,  wh ich  evacuated s h a l l o w  magma 
chambers , l e a v i n g  s t r a t o - v o l c a n o e s  unsuppor ted.  P o s t - v o l c a n i c  c a l d e r a  c o l l a p s e  
and r e s u r g e n c e  produced r i n g  f a u l t s  and r a d i a l  f r a c t u r e s  t h a t  p r o v i d e d  avenues 
f o r  h y d r o t h e r m a l  s o l u t i o n s  and subsequent base meta l  p r e c i p i t a t i o n .  G r a v i t y  
d a t a  :suggests  t h a t  a s h a l l o w ,  b a t h o l i t h i c  magma chamber and a s s o c i a t e d  c u p o l a s  
produced t h e  e r u p t i v e  m a t e r i a l s .  

V o l c a n i c  a c t i v i t y  began i n  O l i g o c e n e  t i m e ,  p e a k i n g  about  28 m i l l i o n  y e a r s  
ago, 'and d r a w i n g  t o  a c l o s e  i n  t h e  m i d d l e  P l i o c e n e .  The e a r l y  f l o w s  were o f  
i n t e q m e d i a t e  c o m p o s i t i o n .  About 25 m i l l  i o n  y e a r s  ago, t h e  c h a r a c t e r  o f  e j e c t e d  
m a t e r i a l  changed a b r u p t l y  t o  a more b a s a l t i c  c o m p o s i t i o n  w i t h  a s s o c i a t e d  h i g h  
s i 1  ic ,a ,  a1 k a l  i - r i c h  r h y o l i t e s .  T h i s  change r o u g h l y  c o i n c i d e d  w i t h  normal 
f a u l t i n g  i n  t h e  a d j a c e n t  R i o  Grande R i f t  a rea  ( S t e v e n  and Lipman, 1976) .  By 22 
m i l l  i ' on  y e a r s  ago, t h e  b a t h o l i t h  had congealed s u f f i c i e n t l y  t o  a l l o w  a younger  
magma t o  p e n e t r a t e  t o  s h a l l o w  d e p t h  and r e t a i n  i t s  d i s t i n c t i v e  c o m p o s i t i o n  
( S t e v e n  and L i  pman, 1976).  I n t e r m i t t e n t  basa l  t i c  f l o w s  p e r s i  s t e d  d u r i n g  t h e  
remainder  o f  t h e  v o l c a n i c  p e r i o d .  

I 

i 
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The Needle Mounta ins,  t h e  o n l y  e x t e n s i v e  exposure o f  Precambr ian r o c k s  i n  
s o u t h w e s t e r n  Colorado,  were p r o b a b l y  a t o p o g r a p h i c  h i g h  d u r i n g  vo lcan ism,  
a round w h i c h  t h e  e j e c t a  accumulated ( K e l l e y ,  1957) .  T h i s  p o s i t i v e  area was t h e  
c e n t r a l  p o r t i o n  o f  an e x t e n s i v e  dome w h i c h  s t r e t c h e d  f r o m  Durango t o  t h e  
Gunnison R i v e r  and encompassed t h e  s m a l l e r  R i c o  and La P l a t a  domes t o  t h e  west 
( L a r s e n  and Cross, 1956) .  U p l i f t  o c c u r r e d  d u r i n g  t h e  Laramide Orogeny and was 
marked b y  r e c u r r e n t  movement a1 ong Precambr ian  f a u l  t s .  These mounta ins  t o d a y  
a r e  t h e  most i s o l a t e d  h i g h  peaks i n  t h e  r e g i o n ,  and access i s  l i m i t e d .  

The La P l a t a  Mounta ins  a r e  an eroded l a c c o l i t h i c  dome encompassing o n l y  
about  10 s q u a r e  m i l e s  ( 1 6  s q .  Km).  The s i l l s ,  d i k e s ,  and s t o c k s  p r e s e n t  were 
emplaced f o l l o w i n g  t h e  main San Juan vo lcanism. The i n t r u d e d ,  a1 t e r e d  s t r a t a  
r a n g e  f r o m  P e n n s y l v a n i a n  t h r o u g h  upper Cretaceous i n  age. The c e n t r a l ,  h i g h e s t  
p o r t i o n  o f  t h e  r a n g e  i s  composed e n t i r e l y  of  igneous r o c k .  A horseshoe-shaped 
h i n g e  f o l d  n e a r l y  e n c i r c l e s  t h e  c e n t r a l  p o r t i o n  o f  t h e  mounta ins ,  and s e v e r a l  
f a u l t s  o f  l a r g e  d i s p l a c e m e n t  r i n g  t h e  o u t e r  p e r i m e t e r  o f  t h e  dome ( E c k e l ,  
1940) .  

The San Juan B a s i n  i s  a s t r u c t u r a l  embayment between t h e  Co lorado P l a t e a u  
and t h e  s o u t h w e s t e r n  edge o f  t h e  Rocky Mounta ins.  The t e c t o n i c  e v o l u t i o n  o f  
t h e  b a s i n  p r o b a b l y  began i n  t h e  l a t e  P a l e o z o i c .  The c u r r e n t  morphology o f  t h e  
b a s i n  can be t r a c e d  t o  l a t e  Cretaceous t i m e  ( K e l l e y ,  1950) ,  and up t o  23,000 f t  
(7,000 m) o f  sediments a r e  p r e s e n t  today.  

I n  t h e  v i c i n i t y  o f  t h e  h o t  s p r i n g s ,  t h e  s e d i m e n t a r y  r o c k s  d i p  g e n t l y  t o  
t h e  south;  b u t  n e a r  Durango, t h e  r o c k s  p l u n g e  more s t e e p l y  i n t o  t h e  San Juan 
Bas in .  M i n o r  f a u l t s  i n  t h e  area  a r e  t r a n s v e r s e  t o  t h e  v a l l e y ,  and pass t h r o u g h  
t h e  s p r i n g s  a t  P i n k e r t o n  and T r i m b l e  ( F i g .  3 ) .  

S t  r a t  i graphy 

Many-hued s e d i m e n t a r y  r o c k s  r e p r e s e n t i n g  o v e r  500 m i l l  i o n  y e a r s  o f  
g e o l o g i c  h i  s t o r y  may be observed between Rockwood and Bondad, Co lorado 
( K i l g o r e ,  1955) ( F i g .  2 ) .  F i g u r e  4 shows t h e  s t r a t i g r a p h y  o f  t h i s  a rea  and i s  
t a k e n  f r o m  Atwood and Mather  (1912) ,  Baars and o t h e r s  (1967) ,  B a a r s  and See 
(1968) ,  B a r k e r  (1969) ,  Brodgen and G i l e s  (1976) ,  K i l g o r e  (1955) ,  M i t c h e l l  
(1957) ,  and Steven and o t h e r s  (1974) .  

HYDROGEOLOGY OF ANIMAS VALLEY 
THERMAL WATER 

The h o t  s p r i n g s  i n  t h e  Animas V a l l e y  have undergone e x t e n s i v e  m o d i f i c a t i o n  
r e c e n t l y .  T r i p p  S p r i n g  was p lugged by t h e  owner, and no l o n g e r  e x i s t s .  The 
f l o w  o f  T r i m b l e  S p r i n g  has r e c e n t l y  been c o n s i d e r a b l y  reduced due t o  t u f a  
b u i l d u p  around t h e  mouth o f  t h e  s p r i n g .  The s p r i n g  o r i f i c e  was d r i l l e d  o u t  i n  
May, 1982, i n c r e a s i n g  t e m p e r a t u r e  and d i s c h a r g e  (Cap A l l e n ,  o r a l  communicat ion,  
1982) .  S p r i n g s  A and B a t  P i n k e r t o n  Hot S p r i n g s  ( B a r r e t t  and P e a r l ,  1978)  have 
been d e s t r o y e d  by highway c o n s t r u c t i o n .  Two s h a l l o w  w e l l s  ( p r o b a b l y  l e s s  t h a n  
20 f t  o r  6 m) r e c e n t l y  completed on t h e  west s i d e  o f  t h e  h ighway have 
c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  f o r m e r  s p r i n g s  A and B, so w i l l  be r e f e r r e d  t o  
as such. 

T a b l e  1 summarizes t h e  p r o p e r t i e s  o f  t h e  Animas V a l l e y  S p r i n g s .  Water 
c h e m i s t r y  i s  shown i n  Appendix A. 
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GENERALIZED STRATIGRAPHIC COLUMN 
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Honaker Tra i l  Fm. - Limestone, d a r k  
B1 ue-gray; sha le  , r ed ,  black, dark 
gray; sandstone, t a n ,  green-gray; 
l imestone, d a r k  gray dense,  che r ty .  

2 

2 
a 
a 
5 

- 
\ 
I 

c/: 
2 
2 
LL a 

andstone, t a n ;  s h a l e ,  dark gray; 
imestone, dark gray, dense. 

Pinkerton Tra i l  Fm. - Sandstone, 
greenish gray; sha le ,  red, gray 
and black; l imestone, blue-gray. 

HE RMOS A 
GROUP 

s i l t s t o n e  and sandstone. 

o i d a l ,  p e l l e t o i d a l ,  strom- 

Irving Fm. - Amphibolite, f o l i a t e d ,  and 
plagioclase gne iss ,  pinkish gray. 

Figure 4.  Continued. 
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Table 1 
Animas Val  l e y  thermal spr ing  c h a r a c t e r i s t i c s  

I S o u t h  

Trimble Hot Spring 10 ( E )  .6 

Tripp Hot Spring ( 9 - 7 5 )  1 ( E )  .06 

S t  r a t t e n  Warm Spri n g  10 ( E )  .6 

3340 43 ( E )  110 

3240 44 111 

1300 ( E )  28 82 

Pi nkerton Hot Springs 
Well B 20 ( E )  1.3 380@ ( E )  33 9 1  

I Well A 50 ( E )  3.2 3770 ( E )  32 90 

~ Mound Spring 5 ( E )  .3 3840 29 84 

L i t t l e  Mound Spring 2 ( E )  .1 3800 ( E )  26 79 

North 

~ 

from B a r r e t t  and  Pearl  ( 1 9 7 6 )  a n d  CGS e s t ima tes  

Figure 5 i l l u s t r a t e s  h i s t o r i c a l  changes in water q u a l i t y ,  d i scha rge ,  a n d  
temperature  a t  Trimble Springs p r i o r  t o  d r i l l i n g .  The spr ing  may have been 
p a r t i a l l y  plugged when the  r e s o r t  burned down f o r  t he  t h i r d  time in 1963 
( B a r b a r a  Coe, pers .  comm., 1 9 8 2 ) .  The c o r r e l a t i v e  decay of water q u a l i t y ,  
d i scha rge ,  a n d  temperature  probably i n d i c a t e s  g r e a t e r  c i r c u l a t i o n  in alluvium 
due t o  su r f ace  o b s t r u c t i o n .  This i s  c o n s i s t e n t  with observed t u f a  buildup 
appa ren t ly  narrowing t h e  spr ing  o r i f i c e .  

The flow of a t  l e a s t  one of t he  sp r ings  in the  va l l ey  has apparent ly  
decreased d rama t i ca l ly .  Although n o t  s p e c i f i c  a b o u t  which spr ing  in t h e  va l l ey  
t o  which he r e f e r s ,  Fosse t t  ( 1 8 8 0 )  s t a t e s :  "Another flows a l a r g e  stream ... 
This spr ing  i s  v i o l e n t l y  a g i t a t e d ,  and  t he  escaping carbonic  acid g a s  escapes 
with such f o r c e  as t o  resemble escaping steam from an  engine,  and  can be heard 
f o r  q u i t e  a d i s t ance . "  

Wells A a n d  B y  completed in the  alluvium a t  P inker ton ,  have consol ida ted  
some subsurface thermal wa te r s ,  and  d i scharge  i s  g r e a t .  A t  Trimble,  su r f ace  
obs t ruc t ion  perhaps increased thermal water c i r c u l a t i o n  in shallow alluvium. 
Decreases in flow of sp r ings  in the  va l l ey  may be r e l a t e d  t o  increased use of 
cold water in the  a l l u v i a l  a q u i f e r  f o r  i r r i g a t i o n .  All of t he  sp r ings  and  
we l l s  in t h e  va l l ey  e x h i b i t  s t rong  seasonal f l u c t u a t i o n s  ( C a p  Al len ,  pers .  
comm., 1 9 8 2 ) .  All of t h i s  information s t rong ly  suggests  t h a t  thermal water i s  
widely d ispersed  and  d i l u t e d  in the  shallow alluvium in the  va l l ey .  
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Figure 5. Trimble Hot Spring c h a r a c t e r i s t i c s  through time (da ta  from Peale, 
1886; George, 1920; Waring, 1965; and Bar re t t  a n d  Pear l ,  1978).  
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O r i g i n  o f  Thermal Waters 

The h i g h e s t  hea t  f l o w  v a l u e  i n  t h e  s t a t e  (240  mw/m2) was reco rded  near  
R i c o  about  35 m i  ( 5 8  Km) n o r t h w e s t  o f  t h e  s t u d y  a rea  (Decker  and Bucher,  1979) .  
Z a c h a r a k i s  (1981)  de te rm ined  t h a t  t h e  s t u d y  a rea  may have a hea t  f l o w  v a l u e  o f  
80  mW/m2. 

If t h e  the rma l  w a t e r  i s  s i m p l y  p roduced b y  deep groundwater  c i r c u l a t i o n  i n  
t h i s  a rea  o f  e l e v a t e d  hea t  f l o w ,  d e p t h  o f  c i r c u l a t i o n  can be approx imated.  A t  
T r i p p - T r i m b l  e - S t r a t t e n ,  assuming an average s u b s u r f a c e  t e m p e r a t u r e  o f  6OoC 
(14OOF) ( B a r r e t t  and P e a r l ,  1978) ,  and a r e g i o n a l  g r a d i e n t  o f  35OC/Km ( R e p p l i e r  
and Fargo,  1982) ,  g roundwater  would need t o  p e n e t r a t e  t o  about  4900 f t  (1500 m) 
benea th  t h e  r e c h a r g e  area t o  a t t a i n  t h e  e s t i m a t e d  s u b s u r f a c e  tempera tu re .  
Assuming an average s u b s u r f a c e  t e m p e r a t u r e  o f  100°C (212OF) a t  P i n k e r t o n  
( B a r r e t t  and P e a r l ,  1978) ,  g roundwater  c i r c u l a t i o n  would need t o  ex tend t o  8600 
f t  (2600 m). 

P r e v i o u s  i n v e s t i g a t i o n s  have r e f e r r e d  t o  f a u l t s  g o v e r n i n g  t h e  l o c a t i o n  o f  
t h e  t h e r m a l  s p r i n g s  (Lakes ,  1906, K i l g o r e ,  1955) ,  a l t h o u g h  t h e s e  have n o t  been 
mapped a t  P i n k e r t o n ,  excep t  i n  c r o s s - s e c t i o n .  The f a u l t s  shown i n  f i g u r e  3 
were i n f e r r e d  f rom K i l g o r e  (1955) ,  g e o p h y s i c a l  da ta ,  a e r i a l  photos ,  and s u r f a c e  
o b s e r v a t i o n .  I f  t h i s  i n t e r p r e t a t i o n  o f  f a u l t i n g  i s  c o r r e c t ,  t h e  c e n t r a l  
p o r t i o n  o f  t h e  v a l l e y  i n  t h e  s t u d y  a rea  i s  a m i n o r  graben. I f  f a u l t i n g  ex tends  
t o  g r e a t  dep th ,  t h e  f a u l t s  may merge i n  a s h a t t e r e d  " r e s e r v o i r "  o f  g roundwater  
hea ted  by normal geothermal  g r a d i e n t s .  

Lakes ( 1 9 0 6 )  d e s c r i b e d  an o c c u r r e n c e  o f  f r e e  g o l d  and mercu ry  i n  a f a u l t  
zone j u s t  west o f  T r i m b l e ,  above t h e  Hermosa C l i f f s .  A d i k e  i m m e d i a t e l y  west 
o f  t h e  m i n e r a l  s i t e  was c o n s t r u e d  t o  have o r i g i n a t e d  f rom t h e  La P l a t a  v o l c a n i c  
a rea ,  f u r t h e r  t o  t h e  west.  The f r e e  g o l d ,  c i n n a b a r ,  and t e l l u r i d e  m i n e r a l s  
found  were s i m i l a r  t o  o r e  d e p o s i t s  i n  t h e  La P l a t a  Mounta ins.  The s i m i l a r i t y  
o f  t h e s e  p r e c i p i t a t e s  sugges ts  t h a t  hyd ro the rma l  f l  u i d s  o r i g i n a t e  f r o m  t h e  
west .  Brady  (1975)  men t ions  f l u o r i t e  a s s o c i a t e d  w i t h  t h e  above m i n e r a l  s a t  t h e  
Mason Mine, about  2.5 m i .  ( 4  Km) due west o f  T r i m b l e .  S i g n i f i c a n t  hyd ro the rma l  
f l u o r s p a r  d e p o s i t s  e l  sewhere i n  Co lo rado  show a g e n e t i c  r e l a t i o n s h i p  t o  nearby  
h o t  s p r i n g s  (Brady ,  1975) .  The the rma l  s p r i n g s  i n  t h e  v a l l e y  may be d i l u t e d  
s u r f a c e  e x p r e s s i o n s  o f  .a 1 a r g e r  hyd ro the rma l  system. The u n d e t e c t a b l e  mercu ry  
i n  t h e  s p r i n g  wa te r  i s  c o n s i s t e n t  w i t h  o t h e r  w a t e r s  t h a t  d e p o s i t  mercu ry  (Hem, 
1970) .  

The s p r i n g s  a t  P i n k e r t o n  i s s u e  f rom t h e  L e a d v i l l e  L imestone,  an i m p o r t a n t  
geothermal  a q u i f e r  i n  Co lorado,  o r  o v e r l y i n g  a l l u v i u m .  The more s o u t h e r l y  
s p r i n g s  emerge from t h e  upper  p o r t i o n  o f  t h e  Honaker T r a i l  F o r m a t i o n  i n  t h e  
Hermosa Group. F i g u r e  6 i l l u s t r a t e s  t h e  b a s i c  c h e m i s t r y  o f  t h e  w a t e r s  b y  
r e l a t i v e  abundance o f  s e l e c t  i o n s .  The P i n k e r t o n  w a t e r s  a r e  d i s t i n c t  f r o m  
t h o s e  o f  t h e  o t h e r  group. C o r r e l a t i n g  w a t e r  c h e m i s t r y  t o  h o s t  r o c k ,  t h e  h i g h  
c a l c i u m  and b i c a r b o n a t e  a t  P i n k e r t o n  a r e  expec ted  f r o m  1 imestone w a t e r s  and 
ev idenced  by  t h e  l a r g e  t r a v e r t i n e  aprons. On t h e  o t h e r  hand, t h e  s a l t  l o a d  
h e r e  would be more t y p i c a l  o f  w a t e r s  moving t h r o u g h  s h a l y  sediments.  
S u r p r i s i n g l y ,  S t r a t t e n ,  T r i p p ,  and T r i m b l e  Spr ings ,  w h i c h  i s s u e  f r o m  
e v a p o r i t e - b e a r i n g  red-beds,  a r e  l o w e r  i n  s a l t s  and i r o n ,  a1 though  t h e  abundant 
c a l c i u m  and s u l p h a t e  i o n s  p r o b a b l y  r e p r e s e n t  d i s s o l u t i o n  o f  gypsum p r e s e n t  i n  
t h e  s u b j a c e n t  Paradox Format ion .  The h i g h  s a l t  f r a c t i o n  a t  P i n k e r t o n  p r o b a b l y  
i n d i c a t e s :  ( 1 )  t h a t  t h e  w a t e r s  m i g r a t e d  t h r o u g h  t h e  r e d  beds b e f o r e  e n t e r i n g  
t h e  l i m e s t o n e  a q u i f e r ,  moving l a t e r a l l y  some d i s t a n c e ;  ( 2 )  t h a t  s o l u t i o n  
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Figure 6. S t i f f  diagram of Animas Valley thermal waters (from ana lys i s  by 
Barre t t  a n d  Pear l ,  1976) .  (See Appendix A )  
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c a v e r n  w i t h i  t h  1 i m e s t o  e n t a i  n l l a p s e  m a t e r i a l  fr m t h e  ove 1 Y i  9 
sed iments ;  ( 3 )  s o l u t i o n i n g  has o c c u r r e d  a t  t h e  L e a d v i l l e - M o l a s  c o n t a c t ,  o r  ( 4 )  
t h e  wa te r  moved i n  f a u l t e d  Molas and Hermosa Format ions  i n  c o n t a c t  w i t h  t h e  
L e a d v i l l  e. The c h e m i s t r y  and h i g h e r  tempera tu res  a t  T r i p p - T r i m b l  e - S t r a t t e n  
suggest  a more d i r e c t ,  perhaps  more v e r t i c a l  wa te r  m i g r a t i o n .  

A l i k e l y  h y p o t h e s i s  r e g a r d i n g  t h e  n a t u r e  o f  t h e  s p r i n g s  can be d e r i v e d  
f r o m  t h e  above i n f o r m a t i o n .  F a u l t s  t r a n s v e r s e  t o  t h e  v a l l e y  convey t h e  the rma l  
w a t e r  t o  n e a r - s u r f a c e  b u t  t h e  f l u i d  may be d i s p e r s e d  i n  t h e  a l l u v i u m .  The La 
P l a t a  mounta ins  a r e  t h e  c l o s e s t  p rominen t  t o p o g r a p h i c  h i g h  and can be  
c o n s i d e r e d  t h e  p r i m a r y  r e c h a r g e  area.  These moun ta ins  may a l s o  be t h e  h e a t  
sou rce , ’ s ince  t h e y  a r e  composed o f  v e r y  nea r  s u r f a c e  i n t r u s i o n s  wh ich  a r e  among 
t h e  youngest  i n  t h e  San Juan r e g i o n ,  and hyd ro the rma l  a c t i v i t y  a s s o c i a t e d  w i t h  
La P l a t a  i n t r u s i v e s  p r o b a b l y  ex tended i n t o  t h e  s t u d y  area .  The the rma l  w a t e r s  
p r o b a b l y  a r e  a lmost  e n t i r e l y  o r i g i n a l l y  m e t e o r i c ,  w i t h  a v e r y  m i n o r  magmatic 
f r a c t i o n  s i n c e  C r a i g  and o t h e r s  ( 1 9 5 6 )  have shown t h a t  t h i s  i s  t h e  case w i t h  
n e a r l y  a l l  t he rma l  s p r i n g s .  They a r e  hyd ro the rma l  i n  t h e  sense t h a t  
t e m p e r a t u r e  i s  above normal ,  and m i n e r a l  p r e c i p i t a t i o n  has occu r red .  The 
w a t e r s  a t  P i n k e r t o n  and T r i p p - T r i m b l e - S t r a t t e n  a r e  un ique ,  and t h e  two systems 
a r e  p r o b a b l y  n o t  d i r e c t l y  connected,  a l t h o u g h  t h e  w a t e r s  may come f r o m  t h e  same 
s o u r c e  a t  d i s t a n c e ,  and m i n o r  m i x i n g  may o c c u r  i n  t h e  v a l l e y  a l l u v i u m .  The 
w a t e r  p r o b a b l y  moves f u r t h e r  h o r i z o n t a l l y  t h a n  v e r t i c a l l y ,  m o s t l y  w i t h i n  t h e  
L e a d v i l l  e L imestone a q u i f e r .  
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ELECTRICAL GEOPHYSICAL R E S I S T I V I T Y  S U R V E Y  

To d e f i n e  t h e  thermal  c o n d i t i o n s  o f  t h e  P i n k e r t o n  h o t  s p r i n g s  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  d e t e r m i n e  t h e  l o c a t i o n  o f  l o w  
r e s i s t i v e  zones i n  t h e  area.  Low r e s i s t i v i t y  i s  n o r m a l l y  due t o  w a t e r  
s a t u r a t i o n ,  h i g h e r  t h a n  normal t e m p e r a t u r e s  and h i g h  c l a y  m a t r i x  zones. F o r  a 
comple te  d e s c r i p t i o n  o f  t h e  f a c t o r s  w h i c h  m i g h t  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  r e a d e r  i s  r e f e r r e d  t o  Appendix 6. 

U s i n g  a S c i n t r e x  R A C - 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  o f  4 
d i p o l e - d i p o l e  r e s i s t i v i t y  s u r v e y  l i n e s  were r u n  t o t a l l i n g  13,900 f e e t  (4238 m) 
i n  t h e  v i c i n i t y  o f  t h e  P i n k e r t o n  h o t  s p r i n g s  area.  A c o m p l e t e  d e s c r i p t i o n  o f  
t h i s , s y s t e m  i s  p r e s e n t e d  i n  Appendix C. F i g u r e  7 shows s u r v e y  l i n e s ,  i n f e r r e d  
f a u l t s ,  and s p r i n g s  d u r i n g  t h e  survey.  W e l l s  A and B had n o t  y e t  been d r i l l e d ,  
S p r i n g  A had been d i v e r t e d  t o  a p o s i t i o n  west o f  t h e  highway, and S p r i n g  B was 
s t i l l  f l o w i n g  e a s t  o f  t h e  highway. L i n e  C ( F i g .  1 0 )  was r u n  a l o n g  t h e  n a r r o w  
gauge r a i l r o a d  and i n d i c a t e d  t h r e e  l o w  r e s i s t i v e  zones t h a t  showed good 
a l i g n m e n t  w i t h  l o w  r e s i s t i v e  zones on l i n e s  B and A ( F i g .  9, 8 ) .  The s u r f a c e  
g e o l o g y  was p r i m a r i l y  composed o f  t h e  P i n k e r t o n  T r a i l  F o r m a t i o n  a l o n g  l i n e  C 
( F i g .  l o ) ,  and t h e  L e a d v i l l e / O u r a y  l i m e s t o n e s  near  l i n e  B ( F i g .  9 ) .  E a s t  o f  
t h e s e  l i n e s ,  t h e  r o c k  t y p e  was m o s t l y  a l l u v i a l  d e p o s i t s  o f  Q u a t e r n a r y  Age. Two 
t r a n s v e r s e  f a u l t s  a r e  i n f e r r e d  on t h e  d i p o l e - d i p o l e  p s e u d o s e c t i o n s  i n  t h e  l o w  
r e s i s t i v e  zones ( F i g s .  8, 9 ,  10, 1 1 ) .  Due t o  t e r r a i n  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 ,  a d d i t i o n a l  r e s i s t i v i t y  1 i n e s  were n o t  r u n  t h a t  may have d e l  i n e a t e d  
a d d i t i o n a l  f a u l t i n g  i n  t h e  area. See Appendix D f o r  a d e s c r i p t i o n  o f  t h e  f i e l d  
p r o c e d u r e s  p e r t a i n i n g  t o  t h e  v a r i o u s  a r r a y s  employed. I n  t h e  i n t e r p r e t a t i o n  o f  
any d i p o l  e - d i p o l  e pseudosec t ion ,  one must be c o g n i z a n t  o f  t h e  f a c t  t h a t  V a l  ues 
o b t a i n e d  a l o n g  t h e  l i n e  o f  t r a v e r s e  may be i n f l u e n c e d  by l a t e r a l  v a r i a t i o n s  o f  
t h r e e  d i m e n s i o n a l  f e a t u r e s  a t  depth.  It was n o t  d i s c e r n e d  whether  t h i s  was t h e  
c a s e '  i n  t h e  P i n k e r t o n  Hot S p r i n g s  area.  Appendix F p r e s e n t s  t h e  g e o m e t r i c  
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 h e  r e s i s t i v i t y  v a l u e s  i n  Appendix E. 
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Figure 7 .  Geology, springs, and e lectr ical  res i s t iv i ty  l ines a t  Pinkerton 
Hot Springs. 
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Fi gure 7. Conti nued. 

EXPLANATION 

Thermal springs 

, Resistivity survey lines with station numbers 4 
I \ V u  Area of low resistivity 

- - Inferred faults 
Qal 

Mlo 

IPh Pennsylvanian Hermosa Group 

Quaternary a1 1 uvi um 

Mississippian Leadville and Ouray limestone 

- 19 - 



I 

Iu 
0 

I 

North 
9 7 5 3 1 

a - South R 
35 33 31 29 27 25 23 21 19 17 15 13 11 

I 1 . 1  I I I I 1  I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ~ ~ (  

L I N E  A - This d ipole-d ipole  l i n e  t r ends  NE-SW and i s  adjacent  t o  
t h e  Timberline Academy (Fig .  7 )  A low r e s i s t i v e  zone was measured 
between s t a t i o n s  10 through 24 i n  t h e  v i c i n i t y  o f  Spring A .  I t  i s  
believed t h a t  where the  RAC-8 r e s i s t i v i t y  system was unable t o  reso lve  
t h e  low r e s i s t i v i t y  zone because t h e  r ece ive r  couldn ' t  lock on, t h e  
system proba.bly experienced values i n  the  s i n g l e  d i g i t  a rea .  This zone 
manifests  i t s e l f  a t  the  sur face  by t r a v e r t i n e  mounds t h a t  could p e r s i s t  
with depth.  Two poss ib le  f a u l t s ,  down-thrown t o  t h e  south ,  a r e  
in fe r r ed  by t h e  low values .  Table 3 (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.  

n = i  
2 
3 
4 
5 

LENGTH: 3,600 ft 11,090rnl 
SEPARATION: n Value 

DATE: July 16,17, 1980 

TYPE: Dipole- Dipole 

SPREAD: a= 200 f t 

RESISTIVITY: In ohm meters 

- -POSSIBLE FAULT 

SCALE 
0 200 feet - 

Figure 8. Pseudosection o f  r e s i s t i v i ty  l i ne  A. 
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LINE B - T h i s  d i p o l e - d i p o l e  l i n e  t r e n d s  n o r t h - s o u t h  and i s  
a d j a c e n t  t o  Highway 550 (F ig .  7 ) .  A deep sea ted  l o w  r e s i s t i v i t y  zone 
e x i s t s  be low s t a t i o n s  30 t o  32. A p o o r l y  d e f i n e d  r e s i s t i v i t y  zone 
e x i s t s  between s t a t i o n s  21 and 27 w i t h  t h e  r e s i s t i v i t y  i n c r e a s i n g  t o  
t h e  n o r t h  and sou th .  A t u f a  mound by  S p r i n g  B l i e s  a t  S t a t i o n  17 w h i c h  
i s  i n  t h e  approx ima te  area  o f  l o w  r e s i s t i v i t i e s .  A l o w  r e s i s t i v e  zone 
a t  S t a t i o n s  6-13 r e f l e c t s  a s t r i k e  t r e n d  f r o m  l i n e  A w i t h  t h e  same l o w  
r e s i s t i v e  zone. Two f a u l t s  t r a n s v e r s e  t o  t h e  v a l l e y  a r e  p l o t t e d  t h a t  
a l i g n  f a i r l y  w e l l  w i t h  t h e  f a u l t s  i n f e r r e d  on l i n e s  A and C. T a b l e  4 
(Append ix  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. 

n = i  

2 

4 

5 

LENGTH: 4,300 f t  11,311ml 

SEPARATION: n Value 

DATE: July 15,16,1980 

TYPE: Dipole-Dipole 

SPREAD: a=300 f t  

RESISTIVITY: In ohm meters 

- POSSIBLE FAULT - 
SCALE 
Q 200 feet - 

Figure 9. Pseudosection o f  r e s i s t i v i t y  l i n e  B. 
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LINE C - T h i s  d i p o l e - d i p o l e  l i n e  t r e n d s  n o r t h - s o u t h  and i s  
p a r a l l e l  and a d j a c e n t  t o  t h e  na r row gauge r a i l r o a d  ( F i g .  7). Two l o w  
r e s i s t i v e  zones e x i s t  between s t a t i o n s  9 and 14 b y  t h e  B i g  and L i t t l e  
Mound S p r i n g s  and between s t a t i o n s  25 and 30. B o t h  o f  t h e s e  l o w  
r e s i s t i v e  zones a r e  marked by t u f a  mounds. These l o w  r e s i s t i v e  zones 
may i n d i c a t e  p o s s i b l e  f a u l t i n g  t h a t  show good s t r i k e  a l i g n m e n t  w i t h  t h e  
o t h e r  two p a r a l l e l  l i n e s .  T a b l e  5 (Append ix  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  C. 

LENGTH: 4,500 f t  11,372ml 

SEPARATION: n Value 

DATE: July 21-24,1980 

TYPE : Dipole- D ipole 

SPREAD: a = 200 f t 

RESISTIVITY: In ohm meters 

POSSIBLE FAULT -- 
SCALE 
0 200 feet u 

Figure 10. Pseudosection o f  r e s i s t i v i t y  l i n e  C. 
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L I N E  D - 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  r e f l e c t s  a l o w  
r e s i s t i v e  zone i n  t h e  p r o x i m i t y  o f  s t a t i o n s . 8 ,  9, and 10 w i t h  t h e  
r e s i s t i v i t y  i n c r e a s i n g  t o  t h e  n o r t h  as t h e  bedrock  changed f r o m  
a l l u v i u m  t o  l i m e s t o n e  ( F i g .  7 ) .  The s i m i l a r i t i e s  t h a t  e x i s t  between 
l i n e  D and l i n e  A a r e  due t o  a l o w  r e s i s t i v i t y  zone a t  t h e i r  
i n t e r s e c t i o n .  The r e s i s t i v e  l o w  a t  S t a t i o n  5 i s  p r o b a b l y  due t o  
seepage near  t h e  sur face .  T a b l e  6 (Append ix  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  D. 

n = i  

2 

3 

4 

5 

LENGTH: 1,400 f t I426 ml 
SEPARATION: n Value 

DATE: July 28,1980 

TYPE: Dipole-Dipole 

SPREAD: a= 100ft  

RESISTIVITY: In ohm meters - -POSSIBLE FAULT 

SCALE 

0 100 feet - 
Figure 11. Pseudosection o f  r e s i s t i v i t y  l i n e  D. 



SOIL MERCURY SURVEYS 

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

The m a j o r i t y  o f  e x p l o r a t i o n  methods used i n  geothermal  e x p l o r a t i o n  a r e  t h e  
more common ones such as geo logy ,  geophys ics ,  and h y d r o g e o l o g i c a l  mapping; 
however, new methods a r e  b e g i n n i n g  t o  be used. One o f  these,  s o i l  m e r c u r y  
s u r v e y s ,  has proven 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  example, Capuano 
and Bamford (1978) ;  Cox and C u f f  (1980) ;  Klusman and o t h e r s  (1977) ;  Klusman and 
Landress ,  (1979) ;  and M a t l i c k  and Buseck (1976)  have demonst ra ted  t h e  use o f  
s o i l  m e r c u r y  s u r v e y i n g  as a geothermal  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 (1976) ,  and more r e c e n t l y ,  Cox e t  a1 (1980) ,  have 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 ,  Klusman and Landress ( 1 9 7 9 )  
and Capuano and Bamford (1978)  have shown how s o i l  m e r c u r y  surveys  can 
d e l i n e a t e  f a u l t s  o r  permeable zones i n  geothermal  areas.  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  geothermal  d e p o s i t s  has been shown b y  Whi te  (1967) .  M a t l i c k  and 
Buseck (1976)  s t a t e d  t h a t  a r e a s  w i t h  known thermal  a c t i v i t y ,  such as: Geysers 
i n  C a l i f o r n i a ;  W a i r a k e i ,  New Zealand; Geyser,  I c e l a n d ;  L a r d e r e l l o ,  I t a l y ;  and 
Kamchatka i n  Russ ia  c o n t a i n  mercury  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  geochemical  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  geothermal  d e p o s i t s ,  n o t e d  t h a t  mercury  has g r e a t  
v o l  a t i  1 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  most geothermal  systems t e n d s  
t o  cause t h e  e lement  t o  m i g r a t e  upward and away f r o m  t h e  geothermal  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  Whi te  (1967), and Whi te  and o t h e r s  (1970), 
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  found i n  
t h e r m a l  waters .  M a t l i c k  and Buseck (1976)  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 reas  s h o u l d  be e n r i c h e d  i n  mercury,  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 .  Three o f  t h e  f o u r  a reas  t e s t e d ,  
Long V a l l e y ,  C a l i f o r n i a ,  Summer Lake and K lamath  F a l l s ,  Oregon i n d i c a t e d  
p o s i t i v e  anomal ies.  A t  t h e  f o u r t h  a rea ,  Eas 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 anomaly was observed,  a1 though i s 0 1  a t e d  e l e v a t e d  v a l u e s  were 
r e c o r d e d  . 

K1 usman and o t h e r s  (1977)  e v a l u a t e d  t h e  s o i l  mercury  c o n c e n t r a t i o n  a t  s i x  
geothermal  a reas  i n  Colorado.  These areas  were: R o u t t  Hot S p r i n g s ,  Steamboat 
Hot  S p r i n g s ,  Glenwood S p r i n g s ,  Cottonwood Hot  S p r i n g s ,  M t .  P r i n c e t o n  Hot  
S p r i n g s ,  and Poncha Hot  S p r i n g s .  T h e i r  sampl ing  and a n a l y s i s  p rocedures  d i f f e r  
f r o m  M a t l i c k  and Buseck (1976)  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  
hydrogen 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 a m e l 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  mercury.  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 of  s i x  areas 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  anomalous zones a t  Glenwood S p r i n g s .  

S o i l  Mercury  s u r v e y s  were r u n  b y  Capuano and Bamford (1978)  a t  t h e  
R o o s e v e l t  Hot  S p r i n g s  Known Geothermal Resource Area i n  Utah. 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  mercury  surveys  can be u s e f u l  
f o r  i d e n t i f y i n g  and mapping 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  ?n? f o r  d e l  i n e a t i n g  areas o v e r l y i n g  n e a r - s u r f s c s  t h e r n a l  
a c t i v i t y .  
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S t r a t e g y  and Methodol  ogy 

The a i m  o f  t h e  geochemical  sampl ing  program by t h e  C o l o r a d o  G e o l o g i c a l  
Survey was t o  e v a l u a t e  t h o s e  t h e r m a l  a reas  deemed t o  have h i g h  commercial  
development  p o t e n t i a l .  As t h e  t i m e  a l l o t t e d  f o r  t h i s  program was 1 i m i t e d ,  t h e  
s o i l  mercury  surveys  had t o  be p r e l  i m i n a r y  i n  n a t u r e .  The geochemical  sampl ing  
program s t a r t e d  i n  1979 and c o n t i n u e d  i n t o  1980. The surveys  conducted  d u r i n g  
t h e  summer o f  1979 were aimed a t  d e t e r m 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  
c o n t r o l l i n g  t h e  h o t  s p r i n g s .  T h i s  approach was s t r o n g l y  i n f l u e n c e d  b y  t h e  work 
o f  Capuano and Bamford (1978) .  I n  1980 a b r o a d e r  sampl ing t a r g e t  was s e l e c t e d .  
R a t h e r  t h a n  j u s t  sampl i n g  a1 ong t r a v e r s e s  1 oca ted  over  suspec ted  f a u l t s ,  g r i d  
sampl i n g  p a t t e r n s  were used. I f  anomalous m e r c u r y  c o n c e n t r a t i o n s  were 
d e t e c t e d ,  t h e n  f o l l o w - u p  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  
t h o s e  t h e r m a l  a reas  where g r i d  sampl ing  was n o t  p o s s i b l e  due t o  l a c k  o f  access,  
s o i l  d i s t u r b a n c e ,  o r  urban 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  p r o c e d u r e  used i n  1979. 

~ D u r i n g  t h e  c o u r s e  of  t h e  i n v e s t i g a t i o n s  t h e  f o l l o w i n g  r e s t r i c t i o n s  became 
a p p d r e n t :  u r b a n  development ;  a l l u v i a l  and c o l l u v i a l  d e p o s i t s ;  and m i n i n g  
areas.  I n  u rban developments one c a n n o t  r e a l l y  be s u r e  whether  t h e  s u r f a c e  
d e p o s i t s  i n  t h e  back s t r e e t s  and 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  sampl ing  a l l u v i a l  and c o l l u v i a l  s u r f i c i a l  d e p o s i t s  such d e p o s i t s  because o f  
t h e i r  o r i g i n ,  age and m i n e r a l  c o n t e n t  t e n d  t o  mask, d i l u t e ,  a n d / o r  d i s t o r t  any 
anomal ies.  I n  o l d  m i n i n g  area  t h e  prob lem becomes whether  t h e  m e r c u r y  
c o n d e n t r a t i o n s  found a r e  caused b y  m i n e r a l  i z a t i o n  o r  b y  geothermal  a c t i t i v t y .  

I 

~ Sampl i n g  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 t a k e n  a t  p o i n t s  w i t h i n  
15 4 0  20 f t  of each o t h e r .  The n o t a t i o n  o f  s a m p l i n g  l o c a l i t y  i s  e x p l a i n e d  i n  
Miehch (1976) .  The in te rva .1  between sampl ing  s i t e s  depends on t h e  t a r g e t  b e i n g  
c o n s i d e r e d .  F o r  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 ft 
t o  ~ 200 f t  o r  400 f t  (30  m t o  6 1  m o r  122 m). When u s i n g  a 400 f t  (122 m) 
i n t  r v a l ,  t h e  a r e a  i n  t h e  immediate v i c i n i t y  o f  t h e  h o t  s p r i n g  was c o n s i d e r e d  

m )  O r  l e s s  were used where a t t e m p t s  were made t o  d e l i n e a t e  c o n t r o l l i n g  f a u l t s .  
T h i s  s p a c i n g  was used by Capuano and Bamford (1978).  However, Klusman and 
Landress (1979) seem t o  t h i n k  t h a t  t h e  sample must be t a k e n  d i r e c t l y  o v e r  t h e  
f a u l t i n g  f o r  d e t e c t i o n .  C o n s i d e r i n g  t h e  e m p i r i c a l  r e s u l t  o f  Capuano and 
Bamford (1978) ,  i t  was b e l  i e v e d  t h a t  some anomalous m e r c u r y  v a l u e s  s h o u l d  be 
e n c b u n t e r e d  i f  a g r i d  p a t t e r n  encompassing t h e  h o t  s p r i n g  a r e a  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 b e  o b v i o u s ,  b u t  i f  t h e  s t u d y  a r e a  i s  b e i n g  
i n f l u e n c e d  b y  geothermal  a c t i v i t y ,  t h e  t r e n d  s h o u l d  i n d i c a t e  t h a t  t h e  h o t  
spr ’ ings a r e a  e n t i r e l y  o r  p a r t i a l l y  i s  h i g h  i n  m e r c u r y  r e l a t i v e  t o  s u r r o u n d i n g  
area.  

t h e  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 .  Sampl ing i n t e r v a l s  o f  200 f t  ( 6 1  

I 
i The sampl ing  p r o c e d u r e  used d u r i n g  1979 c o n s i s t e d  o f  l a y i n g  o u t  a s e r i e s  

o f  Sample l i n e s  a c r o s s  suspec ted  f a u l t s  i n  t h e  t h e r m a l  areas. Samples were 
c o l 1  e c t e d  a t  p r e d e t e r m i n e d  i n t e r v a l  s ( u s u a l l y  100 f t )  a1 ong t h e  1 i n e s .  

~ 

I n  most o f  t h e  areas i n v e s t i g a t e d  d u r i n g  1980, t h r e e  o r  more samples were 
t a k e n  a t  randsm sample l o c a l i t i e s .  T h i s  was done t o  g e t  an e s t i m a t e  o f  how t h e  
v a r f a n c e  between sample l o c a l i t i e s  compared w i t h  t h e  v a r i a n c e  a t  a sample 
l o c a l i t y .  If t h e  compar ison suggested t h a t  t h e r e  i s  a s  much v a r i a n c e  a t  a 
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sample l o c a l i t y  as t h e r e  i s  between sample' l o c a l i t e s ,  t h e n  t h e  d a t a  would be 
i n t e r p r e t e d  on a p o i n t  t o  p o i n t  b a s i s .  C o n t o u r i n g  t h e  d a t a  would more 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 s  have been used f o r  d e t e r m i n i n g  t h e  sampl ing  depth.  The 
method recommended by Capuano and Bamford (1978)  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  wh ich  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  depth.  The o t h e r  method c o n s i s t e n t l y  
samples 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 prob lem 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  have 
s t r o n g  secondary 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  may 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  of 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  depths.  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  about  0.4 i n  ( 1  cm), was used f o r  most 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  would be smoothed o u t  b y  sampl ing  o v e r  
a w i d e r  i n t e r v a l .  A1 so, a t  t h a t  d e p t h  i t  was hoped t h a t  t h e  sun would 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  mercury.  

To c o l l e c t  a sample, t h e  ground was broken w i t h  a shovel  t o  a d e p t h  o f  9 
t o  10 i n  ( 2 0  t o  25 cm). Then a s p a t u l a  and meta 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  day t h e  m a t e r i a l  i n  each 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  would t a k e  more t h a n  one n i g h t  
t o  dry .  N o r m a l l y ,  t h e  f o l l o w i n g  morn ing  t h e  d r i e d  m a t e r i a l  would 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 area 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  screw caps. 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  samples were 
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 301 Jerome g o l d  f i l m  mercury  d e t e c t o r .  

A n a l y s i s  

For  an a c c u r a t e  a n a l y s i s  o f  geochemical  d a t a ,  i t  i s  necessary  t o  
d i f f e r e n t i a t e  between background and anomalous v a l  ues. There  a r e  v a r i o u s  
s t a t i s t i c a l  ways o f  a c c o m p l i s h i n g  t h i s .  F o r  t h o s e  areas where t h e  s t a t i s t i c a l  
sample approaches 100 samples and a lognormal  d i s t r i b u t i o n  can be assumed, a 
method wh ich  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  mercury  
d a t a  can 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  two p o p u l a t i o n s  -- 
t h e  background and t h e  geothermal  induced p o p u l a t i o n  (Capuano and Bamford, 
1978; Lepe l  i t o r ,  1969; and Lev inson,  1974).  

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 ana lyzed 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 iagram, t h e  f o l l o w i n g  procedure  was used. 

1). Determine 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  
o f  t h e  sample b y  10. 

2 ) .  Determine 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 
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 ) .  Determine l o g a r i t h m  o f  t o p  end o f  each i n t e r v a l .  

4 ) .  D 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  each 
c 7 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 values.  

6). 

7 ) .  Note where break i n  slope of graph occurs.  

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 
1 og va l  ues by cumul a t i  ve frequency. 

For those cases  where the da t a  was sparce and the values were c lus t e red  
near t he  lower de t ec t ion  l i m i t  of the instrument w i t h  a few h i g h  values a t  the 
oppos i te  extreme, a more empirical  method was used. T h i s  method c a l l e d  f o r  
arranging the  da ta  i n  ascending numerical order  then inspec t ing  the  da ta  f o r  
any g a p s .  The anomalous values a r e  d i f f e r e n t i a t e d  from background values.  For 
the lack of a proper sampling design and computer f a c i l i t i e s ,  the gap between 
backiground and the anomaly was chosen s u b j e c t i v e l y ,  r a t h e r  than using a 
s t a t l i s t i c a l  t e s t  a s  recommended by Miesh (1976).  When background was 
determined i n  t h i s  manner, sometimes the  anomaly c r i t e r i a  of four  t imes typ ica l  
backiground was used t o  see how i t  compared w i t h  t h e  anomalous r e s u l t s  of t h e  
r a n k i n g  method. 

I As a further a id  i n  determining background mercury va lues ,  sample 
l o c a l i t i e s  were chosen w i t h i n  a mile o r  two of t h e  s tudy area .  Care was taken 
t o  t r y  t o  sample on the  same parent  mater ia l  as i n  t he  study area .  I t  was 
assumed t h a t  t h e r e  were no extreme regional t rends .  

I ANIMAS V A L L E Y  SOIL M E R C U R Y  SURVEYS 
I 

1 Due t o  topographic and c u l t u r a l  r e s t r i c t i o n s  soi l  mercury surveys i n  t he  
Animas River Valley were r e s t r i c t e d  t o  the immediate area surrounding the  
Triplp-Trimble Hot Springs.  Dur ing  the summer o f  1979 a t o t a l  of 1 2  s o i l  mercury 
samples were c o l l e c t e d  on one hundred foo t  c e n t e r s  along two s h o r t  l ines  ( F i g  
1 2 ) . ,  I n t e r p r e t a t i o n  of t he  ana ly t i ca l  d a t a  d i d  n o t  provide much information 
regalrding c o n t r o l l i n g  f ea tu res .  As noted on Fig 13 and Table 2, t h e  highest  
v a l u e s  were obtained a t  the  southern end of Line A - A ' .  Due t o  topography, i t  
was \not poss ib le  t o  extend Line A-A '  any further south. Although t h e  higher 
valuks were recorded near an in fer red  f a u l t ,  t he  extent  of t he  survey was n o t  
g r e a t  enough t o  be conclusive.  
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EXPLANATION 
9 Thermal springs 

Soil mercury 1 ines A and B 
numbers a r e  values i n  ppb Y - - Inferred f a u l t s  

Qal Quaternary a1 1 u v i u m  
Pc Permian Cutler  Formation 
IPh Pennsylvanian Hermosa Group 

Figure 12 .  Geology, springs, and s o i l  mercury l i n e s  a t  Tripp-Trimble Hot 
S pr i ngs  . 
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T a b l e  2. S o i l  m e r c u r y  v a l u e s ,  T r i p p - T r i m b l e  Hot  S p r i n g s  (PPb) 

L i n e  A - A '  
1. 45 
2. 28 
3. 4 1  
4. 46 
5. 35 
6. 6 1  
7. 127* 
8. 25 
9.  65 

10. 54 
* L o c a t e d  on s i t e  o f  o l d  

h o t e l .  Abundant c h a r c o a l  
p r e s e n t .  

L i n e  B - B '  
1. 46 
2. 46 
3. 280 * 
4. 38 
* L o c a t e d  n e x t  t o  o l d  swimming p o o l .  

CONCLUSIONS 

Due t o  c u l t u r e  and t e r r a i n  o b s t a c l e s ,  t h e  r e s i s t i v i t y  s u r v e y  was l i m i t e d  
t o  t h e  p r o x i m i t y  o f  t h e  t h e r m a l  area o f  P i n k e r t o n  Hot  S p r i n g s .  From t h e  l o w  
r e s i s t i v e  zones mapped, t h e  p o s s i b l e  a r e a l  e x t e n t  o f  t h e  t h e r m a l  a r e a  t r e n d s  
a p p r o x i m a t e l y  3,000 f t  (915 m) i n  a N-S d i r e c t i o n  and 1,000 f t  ( 3 0 5  m) i n  an 
E-W d i r e c t i o n  ( F i g u r e  13) .  A n a l y s i s  o f  t h e  d i p o l e - d i p o l e  pseudosec t ions  
r e v e a l  ed two  p o s s i b l e  f a u l  t s  , t r a n s v e r s e  t o  t h e  Animas Val 1 ey. 

One must keep i n  mind t h a t  t h e  r e s i s t i v i t y  system employed was o n l y  a b l e  
t o  o b t a i n  s h a l l o w  d e p t h  r e a d i n g s  o f  300 t o  500 f t  ( 9 1  t o  152 m), t h e r e f o r e  what 
may be o c c u r r i n g  a t  g r e a t e r  dep ths  i s  unknown. A d d i t i o n a l  r e s i s t i v i t y  l i n e s  
may be  a t t e m p t e d  where more c o n t r o l  i s  r e q u i r e d .  T h i s  may be a d i f f i c u l t  t a s k  
due t o  c u l t u r a l  and t e r r a i n  h i n d r a n c e s .  

The s o i l  m e r c u r y  s u r v e y  showed some c o r r e l a t i o n  t o  s p r i n g s  and p o s s i b l e  
f a u l t i n g  a t  T r i p p / T r i m b l e ,  b u t  was i n c o n c l u s i v e .  A much g r e a t e r  samp l ing  a rea  
wou ld  more p o s i t i v e l y  d e f i n e  t h e  e x t e n t  o f  t h e r m a l  a c t i v i t y .  

The mapped f a u l t s  show good c o r r e l a t i o n  between g e o p h y s i c a l  and 
geochemical  s u r v e y  r e s u l t s ,  a e r i a l  p h o t o  work,  and p r e v i o u s  i n v e s t i g a t i o n s .  
These f a u l t s  c o n t r o l  n e a r  s u r f a c e  movement o f  t h e r m a l  w a t e r  i n  t h e  v a l l e y .  

D r i l l i n g  and i s o t o p e  a n a l y s i s  would g r e a t l y  a i d  any f u r t h e r  i n v e s t i g a t i o n .  
From t h e  d a t a  g a t h e r e d  and ana lyzed  by t h e  Co lo rado  G e o l o g i c a l  Survey, i t  
appears t h a t  t h e  geothermal  f l u i d s  i n  t h e  Animas V a l l e y  may o r i g i n a t e  i n  t h e  La 
P l a t a  area.  Each g roup  o f  s p r i n g s  i s  s e p a r a t e  and d i s t i n c t ,  and t h e  
t e m p e r a t u r e s  encoun te red  b y  d r i l l i n g  w i l l  p r o b a b l y  be  low, a l t h o u g h  d i s c h a r g e  
may b e  g r e a t .  A d r i l l i n g  s t r a t e g y  m i g h t  be  aimed t o w a r d  i n t e r c e p t i n g  f a u l t s  o r  
p e n e t r a t i n g  t h e  L e a d v i l l e  L imes tone  geothermal  a q u i f e r  on t h e  w e s t e r n  s i d e  of 
t h e  v a l l e y .  
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A P P E N D I X  A '  

C H E M I S T R Y  OF A N I M A S  VALLEY WARM WATERS 

P i  n k e r t o n  
Mound 

Da te  Sampled 

A r s e n i c  (As ) ,  (UG/L):  

Boron (B)  , (UG/L):  

Cadmium (Cd) ,  (UG/L):  

Ca lc ium (Ca) ,  (MG/L): 

C h l o r i d e  (Cl), (MC/L): 

F l u o r i d e  ( F ) ,  (MG/L): 

I r o n  ( F e ) ,  (UG/L): 

L i t h i u m  ( L i ) ,  (UG/L):  

Magnesium (Mg), (MC/L): 

Manganese (Mn) , (UG/L) : 

Mercu ry  (Hg) , (UG/L) : 

N i t r o g e n  (N-), (MC/L): 

Phosphate ( P O 4 )  
O r tho  d i s s .  as P, (MGIL):  
Or tho ,  (MG/L): 

Potass ium ( K ) ,  (MG/L): 

Se len ium (Se) , (UG/L):  

S i l i c a ,  ( S i O 2 ) ,  (MG/L ) :  

Sodium (Na) ,  (MC/L): 

S u l f a t e  ( s 0 4 ) ,  (MG/L): 

Z i n c  ( Z n ) ,  (UG/L):  

A1 k a l  i n i  t y  
As Calc ium Carb. (MG/L): 
A s  B i c a r b o n a t e  (MG/L) : 

T r i p p  

9 / 7 5  

17  

1,500 

0 

470 

220 

2.7 

10 

1,600 

4 1  

80 

0 

0.16 

0.05 
0.15 

47 

0 

69 

500 

1,400 

20 

810 
988 

T r i m b l e  

9/7 5 

17  

1,400 

0 

510 

220 

2.7 

50 

1,600 

42 

80 

0 

0.08 

0.02 
0.06 

47 

0 

72 

510 

1,400 

10 

894 
1,090 

S p r i n g  A 

9/7 5 

120 

3,000 

0 

510 ' 

1,000 

2.1 

4,400 

2,500 

79 

470 

0 

0.10 

0.05 
0.15 

120 

0 

28 

7 50 

690 

0 

1,340 
1,630 

S p r i n g  B 

9 /7  5 

160 

3,000 

0 

530 

990 

- 

4,400 

2,800 

7 1  

530 

0 

- 

0.01 
0.04 

120 

0 

- 
7 20 

610 

20 

1,350 
1,640 

S p r i n g  

9/7 5 

180 

3,000 

0 

550 

1,000 

2.1 

4,100 

2,800 

74 

500 

0 

0.06 

0.01 
0.03 

120 

0 

29 

7 30 

620 

10 

1,340 
1,630 
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A P P E N D I X  A C O F I T I U N E D  

CHEMISTRY OF A N I M A S  VALLEY WARM WATERS 

T r i p p  T r imb  

Hardness 
Noncarbonate (MC/L): 530 550 
T o t a l  , (MG/L) : 1,300 1 , 4 0 0  

S p e c i f i c  Conductance 
(Mi c romohs ) : 3,900 4 ,400  

T o t a l  d i  ssol ved 
s o l i d s  (TDS), (MG/L): 3,240 3,340 
pH, F i e l d  

D i  <cha rge  (gpm) : - 1E 

Terqperature ("C) : 44 36 

Remarks : 

Source o f  d a t a :  B a r r e t t  & P e a r l ,  1976. 

1 

- - 

1 

~ 

e 

P i  n k e r t o n  

S p r i n g  A S p r i n g  B S p r i n g  
Mound 

260 280 340 
1 , 6 0 0  1 , 6 0 0  1 ,700  

5,600 6 , 0 0 0  5 ,600  

3 ,990  - 3,940 
- - - 

54 20 8E 

32 33 30 
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APPENDIX B 

F A C T O R S  AFFECTING RESISTIVITY 

E l e c t r i c a l  r e s i s t i v i t y  geophys ica l  methods used i n  geothermal  e x p l o r a t i o n  
measure t h e  e l e c t r i c a l  r e s i s t i v i t y  o f  r o c k s  a t  v a r i o u s  depths .  Temperature,  
p o r o s i t y ,  s a l i n i t y  o f  f l u i d s ,  and t h e  c o n t e n t  o f  c l a y s  w i l l  n o r m a l l y  be h i g h e r  
w i t h i n  t h e  geothermal  r e s e r v o i r  t h a n  i n  t h e  s u r r o u n d i n g  s u b s u r f a c e  rocks .  
Consequent ly ,  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  the rma l  r e s e r v o i r s  i s  l ow  compared 
t o  t h e  s u r r o u n d i n g  r o c k .  B a s i c a l l y ,  r e s i s t i v i t y  methods u t i l i z e  manmade 
c u r r e n t s  wh ich  e n t e r s  t h e  subsur face  v i a  two 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  T e s t  Inc. ,  1968) .  

The d i f f i c u l t y  w i t h  i n t e r p r e t a t i o n  stems f r o m  t h e  f a c t  t h a t  r e s i s t i v i t y  i s  
a c o m p l i c a t e d  f u n c t i o n  o f  t h e  f o l l o w i n g  parameters :  t empera tu re ,  p o r o s i t y ,  
s a l i n i t y ,  and c l a y  c o n t e n t .  F o r  example, a l o w  t e m p e r a t u r e ,  h i g h l y  s a l i n e  
ground w a t e r  can p r o v i d e  t h e  i d e n t i c a l  l o w  r e s i s t i v i t y  anomaly as a h i g h  
t e m p e r a t u r e ,  m o d e r a t a t e l y  s a l  i n e  geothermal  system. T h e r e f o r e ,  t o  be most 
e f f e c t i v e ,  t h i s  method s h o u l d  be used i n  c o n j u c t i o n  w i t h  d i r e c t  t e m p e r a t u r e  
g r a d i e n t  measurements and o t h e r  t y p e s  o f  d a t a  t h a t  a r e  o f  v a l u e  i n  d e t e r m i n i n g  
t h e  reason f o r  t h e  r e s i s t i v i t y  v a l u e s  o b t a i n e d  ( S o i l  T e s t  Inc. ,  1968) .  

Zones o f  l ow  r e s i s t i v i t y  i n  a geothermal  env i ronment  can be caused by a 
h i g h  d i s s o l v e d  s o l i d  c o n t e n t  o f  t he rma l  w a t e r  versus  ground wa te r ,  h i g h e r  c l a y  
c o n t e n t  due t o  t h e  hyd ro the rma l  a l t e r a t i o n  w i t h i n  t h e  f a u l t  zones, and t h e  
h i g h e r  t e m p e r a t u r e  o f  t h e  the rma l  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  
g e o p h y s i c i s t  t o  i s o l a t e  any o f  t h e  a fo remen t ioned  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  o f  t h e  r e s i s t i v i t y  e x p l o r a t i o n  program r e s t s  upon a c o m b i n a t i o n  o f  
e l i m i n a t i o n  process  o f  c o n s t a n t  o r  s l o w l y  v a r y i n g  f a c t o r s  f rom t h o s e  t h a t  a r e  
most s u s c e p t i b l e  t o  change. 
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A P P E N D I X  C 

I N S T R U M E N T A T I C N  

S c i n t r e x  RAC-8 Low Frequency R e s i s t i v i t y  System 

The fol lowing d e s c r i p t i o n  i s  taken from the  Sc in t rex  M a n u a l  ( 1 9 7 1 ) .  

The Sc in t r ex  R A C - 8  e l e c t r i c a l  r e s i s t i v i t y  equipment used by t h e  Colorado 
Geological Survey i s  a very low frequency A C  r e s i s t i v i t y  system w i t h  h i g h  
s e n s i t i v i t y  over a wide measuring range. The t r a n s m i t t e r  a n d  r c c e i v e r  opera te  
independent of each o t h e r ,  r e q u i r i n g  no r e fe rences  wires between them. This 
allows a g r e a t  deal of e f f i c i e n c y  a n d  f l e x i b i l i t y  i n  f i e l d  procedures a n d  
e l i m i n a t e s  any p o s s i b i l i t y  of i n t e r f e r e n c e  from cur ren t  leakage or c a p a c i t i v e  
coup1 ing within t h e  system. 

IThe I t r a n s m i t t e r  produces a 5Hz square wave output  a t  a p r e se t  
e lect l ronical  l y  s t a b i l i z e d ,  cons t an t  cu r ren t  amp1 i t ude .  The o u t p u t  cu r r en t  
leve l '  i s  switch s e l e c t a b l e  a t  any one of f i v e  values ranging from 0 . 1  t o  333 
m i  1 1 iiamps . 

/The r e c e i v e r  i s  a high s e n s i t i v i t y  phase lock ,  synchronous d e t e c t o r  which 
locks1 onto the t r a n s m i t t e r  s igna 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 he  t r a n s m i t t e r ,  t he  r e c e i v e r  gives  a d i r e c t  
readdut of V/ I  r a t i o .  

iThe R A C - 8  wi th  a measuring range from .0001 t o  1 0 , 0 0 0  ohms, h i g h  
s e n s i i t i v i t y  t o  weight r a t i o  gives f a s t  accu ra t e  r e s i s t i v i t y  d a t a .  W i t h  t h e  low 
A C  oQ,erating frequency,  good pene t r a t ion  may be obtained in excess  of 1500 f t  
under favorable  cond i t ions .  The system h a s  a n  output  vol tage maximum 1000 V 
peak !to peak. However, the ac tua l  output  vo l t age  depends on t he  c u r r e n t  level  
and 1:oad r e s i s t a n c e .  The output  power under optimum condi t ions  approaches 80 
w a t t  S I .  

' I n  a r e a s  of very low r e s i s t i v e  l i t h o l o g y ,  t h e  pene t r a t ion  power was 
reducjed by a s i z e a b l e  amount. Rea l iz ing  the  aforementioned c o n s t r a i n t  , t h e  
intenlt was t o  d e l i n e a t e  gross  po ten t i a l  d i f f e r e n c e s  in 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  small d i f f e r e n c e s  in r e s i s t i v i t y ,  t h e  R A C - 8  
system appeared t o  average t h e  pene t ra ted  l i t h o l o g i c  sequences r a t h e r  t h a n  
pickiing u p  d i s t i n c t  breaks.  Considering c o s t  and t ime c o n s t r a i n t s ,  t h e  system 
perfo'rmed a s  i nd ica t ed  and performed best i n  a r eas  of h i g h  r e s i s t i v i t y .  I 
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A P P E N D I X  D '  

RESISTIVITY FIELD PROCEDURES 

Before d i s c u s s i n g  t h e  v a r i o u s  e l e c t r o d e  spreads used, i t  i s  necessa ry  t o  
c o n s i d e r  what i s  a c t u a l l y  measured b y  an a r r a y  o f  c u r r e n t  and p o t e n t i a l  
e l e c t r o d e s .  By measur ing  v o l t a g e  ( V )  and c u r r e n t  ( I )  and knowing t h e  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  o b t a i n e d .  Over homogeneous i s o t r o p i c  
ground t h i s  r e s i s t i v i t y  w i l l  be c o n s t a n t  f o r  any c u r r e n t  and e l e c t r o d e  
arrangement .  That  i s ,  i f  t h e  c u r r e n t  i s  m a i n t a i n e d  c o n s t a n t  and t h e  e l e c t r o d e s  
a r e  moved around, t h e  p o t e n t i a l  v o l t a g e  ( V )  w i l l  a d j u s t  a t  each c o n f i g u r a t i o n  
t o  keep t h e  r a t i o  ( V / I )  c o n s t a n t  (Sumner, 1976) .  

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

P a  = 2PIa V / I  Genera l  Formul a 

V / I  = V o l t a g e  c u r r e n t  r a t i o  
Pa = a p p a r e n t  r e s i s t i v i t y  

2PI = 6.2 

a = Spread l e n g t h  

I See F i g u r e  14 f o r  a schemat i c  d iag ram f o r  r e s i s t i v i t y .  

One o f  t h e  most w i d e l y  used e l e c t r i c a l  p r o c e s s i n g  t e c h n i q u e s  f o r  
geothermal  r e s o u r c e  e x p l o r a t i o n  i s  t h e  r e s i s t i v i t y  p r o f i l i n g  and sounding 
method. The method u t i l i z e s  v a r i o u s  a r r a y s ,  b u t  t h e  most common a r e  t h e  
Wenner, t h e  Sch l  umberger and t h e  D i p o l e - D i p o l e  schemes. The Co lo rado  
G e o l o g i c a l  Survey e x t e n s i v e l y  employed t h e  l a t t e r  method p r i m a r i l y  because o f  
t h e  ease o f  use and a l s o  b e i n g  a b l e  t o  o b t a i n  b o t h  h o r i z o n t a l  and v e r t i c a l  
s e c t i o n s  . 

If t h e  ground i s  unhomogeneous, however, and t h e  e l e c t r o d e  s p a c i n g  i s  
v a r i e d ,  o r  t h e  s p a c i n g  remains f i x e d  w h i l e  t h e  whole a r r a y  i s  moved, t h e n  t h e  
r a t i o  w i l l  i n  g e n e r a l  change. T h i s  r e s u l t s  i n  a d i f f e r e n t  v a l u e  o f  P f o r  each 
measurement. O b v i o u s l y  t h e  magn i tude  i s  i n t i m a t e l y  i n v o l v e d  w i t h  t h e  
arrangement  o f  e l e c t r o d e s  . 

T h i s  measured q u a n t i t y  i s  known as t h e  a p p a r e n t  r e s i s t i v i t y ,  Pa. A l t h o u g h  
i t  i s  d i a g n o s t i c ,  t o  some e x t e n t ,  o f  t h e  a c t u a l  r e s i s t i v i t y  o f  a zone i n  t h e  
v i c i n i t y  o f  t h e  e l e c t r o d e  a r r a y ,  t h i s  apparen t  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  
an ave rage  V a l  ue. On ly  i n  t h e  case o f  homogeneous ground i s  t h e  apparen t  Val ue 
e q u i v a l e n t  t o  t h e  a c t u a l  r e s i s t i v i t y  (Sumner, 1976).  

Wenner A r r a y  

l i n e  (Sumner, 1976).  
I n  t h e  Wenner Spread ( F i g .  1 5 )  t h e  e l e c t r o d e s  a r e  u n i f o r m l y  spaced i n  a 
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I n  s p i t e  o f  t h e  s i m p l e  geometry,  t h i s  arrangement i s  o f t e n  q u i ' t e  
i n c o n v e n i e n t  f o r  f i e l d  work and has some d i s a d v a n t a g e s  f r o m  t h e  t h e o r e t i c a l  
p o i n t  o f  v i e w  as w e l l .  F o r  d e p t h  e x p l o r a t i o n  u s i n g  t h e  Wenner Spread, t h e  
e l e c t r o d e s  a r e  expanded about  a f i x e d  c e n t e r ,  i n c r e a s i n g  t h e  s p a c i n g  i n  s t e p s .  
F o r  l a t e r a l  e x p l o r a t i o n  o r  mapping t h e  s p a c i n g  remains c o n s t a n t  and a l l  f o u r  
e l e c t r o d e s  a r e  moved a l o n g  t h e  l i n e ,  t h e n  a l o n g  a n o t h e r  l i n e ,  and so on. I n  
mapping, t h e  apparen t  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 l o t t e d  a g a i n s t  
t h e  c e n t e r  o f  t h e  spread. 

T h i s  method was n o t  used i n  t h e  Animas V a l l e y  a rea  due t o  s t e e p  t e r r a i n  
and access problems.  

S c h l  umberger A r r a y  

F o r  t h e  Schlumberger  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  p o t e n t i a l  e l e c t r o d e s  ( F i g .  16 ) .  

I n  d e p t h  p r o b i n g  t h e  p o t e n t i a l  e l e c t r o d e  remains f i x e d  w h i l e  t h e  c u r r e n t  
e l e c r o d e  s p a c i n g  i s  expanded s y m m e t r i c a l l y  about  t h e  c e n t e r  o f  t h e  spread. F o r  
l a r g e  va lues  o f  L i t  may be  n e c e s s a r y  t o  i n c r e a s e  2x1 a l s o  i n  o r d e r  t o  m a i n t a i n  
a measurab le  p o t e n t i a l .  T h i s  p r o c e d u r e  i s  more c o n v e n i e n t  t h a n  t h e  Wenner 
expand ing  spread because o n l y  two 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  o f  s h a l l o w  r e s i s t i v i t y  v a r i a t i o n s  i s  c o n s t a n t  w i t h  f i x e d  p o t e n t i a l  
sp read  (Sumner, 1976).  

I n  summary, s h o r t  s p a c i n g  between t h e  o u t e r  e l e c t r o d e s  assumes s h a l l o w  
p e n e t r a t i o n  of c u r r e n t  f l o w  and computed r e s i s t i v i t y  w i l l  r e f l e c t  p r o p e r t i e s  o f  
s h a l l o w  dep th .  As t h e  e l e c t r o d e  s p a c i n g  i s  i n c r e a s e 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  d e p t h  and conducted r e s i s t i v i t y  w i l l  r e f l e c t  p r o p e r t i e s  o f  each 
m a t e r i a l  a t  g r e a t e r  dep th .  T h i s  method was used on a few l i n e s  f o r  samp l ing  
purposes i n  a r r a y .  

D i p o l e - D i p o l e  Array 

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 remote f r o m  t h e  c u r r e n t  
e l e c t r o d e s  wh ich  a r e  c l o s e  t o g e t h e r .  There i s  a s e p a r a t i o n  between C and A, 
u s 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 .  1 7 ) .  

I n d u c t i v e  c o u p l i n g  between 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  reduced w i t h  
t h i s  ar rangement .  T h i s  method 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 reas  
because of 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  method 
i s  d e p i c t e d  i n  F i g u r e s  18 and F i g u r e  19. 

W i t h  r e f e r e n c e  t o  F i g u r e  18 and 19, 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 l e c t r ' o d e  geometry  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 apparen t  r e s i s t i v i t i e s  have been p l o t t e d  as 
p s e u d o s e c t i o n s ,  w i t h  each 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  two 
l i n e s  drawn a t  45" f rom 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 .  
T h i s  t y p e  of 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  
r e 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 rocedures  g e n e r a t e  b o t h  v e r t i c a l  
sound ing  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  advantage o f  t h i s  
t e c h n i q u e  i s  t h a t  i t  produces 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  
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D 

Figure 16. Schlumberger a r r ay  (from Combs, 1980). 

Figure 17 .  D i  pol e-di pol e a r r ay  (from Combs, 1980).  
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Figure 18. Data p l o t t i n g  scheme f o r  d ipole-d ipole  a r r a y  (from Combs, 1980). 
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Figure 19. Typical d ipole-d ipole  a r r a y  (from Combs, 1980). 
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t h e  o the r  two methods (Wenner, S c h l  umberger). I n  a d d i t i o n ,  t he  d ipo le -d ipo le  
a r r a y  i s  e a s i e r  t o  maneuver in rugged t e r r a i n  t h a n  e i t h e r  of t h e  o the r  methods. 
I t s  m a i n  d isadvantage compared t o  t he  Schlumberger a r r ay  i s  t h a t  i s  u sua l ly  
r e q u i r e s  more c u r r e n t ,  a n d  t h e r e f o r e  a heavier  gene ra to r  f o r  t h e  same 
pene t r a t ion  depth.  However, t h i s  advantage i s  n o t  s u f f i c i e n t  compensation for  
the  d i f f i c u l t i e s  encountered in making geologic  i n t e r p r e t a t i o n  from t h e  
r e s u l t i n g  d a t a  ( J .  S. Sumner, 1 9 7 6 ) .  
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A P P E N D I X  E. R E S I S T I V I T Y  CALCULATIONS 

TABLE 3. LINE A. 

COLORADO GEOLOG ICAL S U R V E Y  
Geophys ica l  E x p l o r a t i o n  

( R e s i s t i v i t y  Su rvey )  

LEGEND: Range = Ga in  
MA = Dummy TX C u r r e n t  S w i t c h  
Vp = Ba lance  C o n t r o l  t o  N u l l  Fleter 
G.F. = Geomet r ic  F a c t o r  
Pa = Apparent  R e s i s t i v i t y  

LOCATION PROJECT DATE 
P i  n k e r t o n  L i n e  A 15 J u l y 1 9 8 0  

CHIEF OPERATOR ASSISTANTS METHOD 
J a y  Jones Fa rgo  and T reska  D i  p o l e - D i  p o l  e (Nx200 I ) 

S ta .  

1-3 
5-7 
7-9 
9-11 
11-13 
13-15 

3-5 
7-9 
9-11 
11-13 
13-15 
15-17 

5-7 
9-11 
11-13 
13-15' 
15-17 
17-19 

7-9 
,11-13 
13-15 
15-17 
17-19 
19-21 

9-11 
13-15 
15-17 
17-19 
19-21 
2 1  -23 

Range 

1 
1 

o / o  
0 
0 

MA V o l t a g e  

-3 250 
-3 250 
-3 250 
-3  250 
-3 250 

-3 433 
-3  433 
-3 433 
-3 433 
-3 433 

-2 133 
-2 133 

-3 225 
-3 225 

-2 / -3  100/250 

-3 166 
-3 166 
-3 166 
-3 166 
-3 166 

-3 225 
-3 285 
-3 250/225 
-3 225 

N.R. - 

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

9.20 0.0920 1149 106 
5.58 0.0558 4597 2 56 
4.38 0.0438 11493 505 
2.10 0.0210 22987 4 83 
1.50 0.0150 40226 603 

8.10 0.081 1149 93 
5.60 0.0560 4597 257 
2.30 0.0230 11493 264 
1.25 0.0125 22987 287 
5.9 C.0059 40226 237 

0.61 0.061 1149 70 
0.18 0.018 4597 83  

3.50 0.0035 22987 8 
1.20 0.0012 40226 48 

0.20/7.80 0.0078 11493 90 

6.50 0.065 1149 75 
1.90 0.019 4597 87  
1.00 0.010 11493 115 
1.30 0.0013 22987 30 
2.00 0.0020 40226 80 

5.60 0.056 1149 64 
1.55 0.0155 4597 7 2  
0.68 0.0068 11493 78 
4.95 0.00495 22987 114 

w o u l d n ' t  s t a b i l i z e  
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LOCAT I ON 
P i  n k e r t o n  

TABLE 3. LINE A (CONT.) 

CCLORADO GECLCGICAL SURVEY 
Geophys ica l  E x p l o r a t i o n  

( R e s i s t i v i t y  Survey)  

PROJECT 
Line A 

DATE 
16 J-1980 

CHIEF OPERATOR ASSISTANTS METHOD 
J a y  Jones F a r g o  and T r e s k a  D i p o l e - D i p o l e  (Nx200 ' )  

S t a .  

I 
11-13 
j 15-17 
' 1 7 - 1 9  
~ 19-21 
, 21-23 
j 23-25 

13-15 
' 1 7 - 1 9  
I 19-21 

21-23 
' 2 3 - 2 5  
i 25-27 
I 
95-17 
~ 19-21 

I 

~ 21-23 
i 23-25 

25-27 
~ 

17-19 
i 21-23 
123-25 
I 25-27  
127-29 

19-21 
I 

23-25 
25-27 
27-29 
29-31 

Range 

1 

2 
1 
1 

2 
1 
0 
0 

2 
1 
0 
0 

2 
1 
1 
1 

MA 
- 

-3 
-3 
-3 
-3 

-3 
-3 
-3 

-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 

-3 
-3 
-3  
-3 

V o l t a g e  V p  

400 3.95 
400 N.R. 
366 N.R. 
433 N.R. 

N.R. 

400 0.69 
400 1.64 
400 0.60 

n o t  r e a d  
n o t  r e a d  

133 0.96 
133 2.24 
133 5.98 
133 2.97 

250 1.13 
250 2.05 
250 7.25 
250 4.09 

275 0.71 
275 2.04 
275 0.98 
275 1.15 

- 47 - 

D V / I  

0.0395 

0.069 
0.0164 
0.006 

0.096 
0.0224 
0.00598 
0.002.97 

0.113 
0.0205 
0.00725 
0.004O9 

0.071 
0.0204 
0.0098 
0.0115 

G.F. 

1149 
4597 

11493 
22987 
40226 

1149 
4597 

11493 

1149 
4597 

11493 
22987 

1149 
4597 

11493 
22987 

1149 
4597 

11493 
22987 

Pa 

45 - -  
-- 
-- 
-- 

79.3 
75.4 
69.0 

110.3 
103.0 

68.7 
68.3 

129 
94.2 
83.3 
94 

81.6 
93.8 

112.6 
264.3 



TABLE 3. LINE A (CONT.) 

COLORADO GEOLOGICAL S U R V E Y  
G e o p h y s i c a l  E x p l o r a t i o n  

(Res i s t  i v i t y  S u r v e y )  

LOCATION PROJECT DATE 
P i  n k e r t o n  L i n e  A 16 J-1980 

J a y  J o n e s  
CHIEF OPERATOR ASSISTANTS METHOD 

F a r g o  and T r e s k a  D i  p o l  e - D i  p o l  e (Nx200 ' ) 

S ta .  

2 1  -23 
25-27 
27-29 
29-31 
31-33 
33-35 

23-25 
27-29 
29-31 
31-33 
33-35 

25-27 
29-31 
31-33 
33-35 

27-29 
31-33 
33-35 

29-31 
33-35 

Range 

1 
1 
1 
1 
0 

1 
1 
1 
1 

2 
1 
1 

2 
1 

2 

MA 
- 

-3 
-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 

-3 
-3 
-3 

-3  
-3 

-3  

V o l t a g e  

200 
200 
200 
200 
200 

133 
133 
133 
133 

133 
133 
133 

133 
133 

133 

v P  

6.52 
2.62 
2.60 
1.54 
6.62 

3.90 
3.37 

0.64 
1.83 

0.69 
2.93 
1 . 1 7  

0.83 
2.60 

0.58 

D V / I  

0.0652 
0.0262 
0.0260 
0.0154 

.00662 

0.0390 
0.0337 
0.0183 
0.0064 

0.069 
0.0293 
0.0117 

.083 

.0260 

0.058 

G.F. 

1149 
4597 

11493 
22987 
40226 

1149 
4597 

11493 
22987 

1149 
4597 

11493 

1149 
4597 

1149 

Pa 

75 
120.4 
298.8 
3 54 
266.3 

44.8 
154.9 
210.3 
147 

79.3 
134.7 
134.5 

95.4 
119.5 

666 
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A P P E N D I X  E .  R E S I S T I V I T Y  CALCULATIONS 

TABLE 4. LINE B. 

COLORADO GEOLOGICAL SURVEY 
Geophys ica l  E x p l o r a t i o n  

(Res i  s t  i v i t y  Survey)  

LEGEND: Range = Ga in  
MA = Dummy TX C u r r e n t  S w i t c h  
VP = Ba lance  C o n t r o l  t o  N u l l  Me te r  
G.F. = Geomet r ic  F a c t o r  
Pa = Apparent  R e s i s t i v i t y  

LCCAT I ON 
P i n k e r t o n  

PROJECT 
L i n e  B 

DATE 
16 J-1980 

C H I E F  OPERATOR ASSISTANTS METHOD 
J a y  Jones Fa rgo  and T reska  D i p o l e - D i p o l e  (Nx300' ) 

S t a .  Range 

1-4 
7-10 
10-13 
13-16 
16-19 
19-22 

4-7 
10-13 
13-16 
16-19 
19-22 
22-25 

7-10 
13-16 
16-19 
19-22 
22-25 
25-28 

10-13 
16-19 
19-22 
22-25 
25-28 
28-31 

1 
1 
1 
1 
1 

2 
1 
0 
0 
0 

2 
1 
1 
0 
0 

1 
1 
0 
0 
0 

MA 

- 

-3 
-3 
-3 
-3  
-3 

-3 
-3 
-3 
-3 
-3 

-3 
-3  
-3 
-3  
-3 

-3 
-3 
-3 
-3 
-3 

V o l t a g e  

250 
225 
225 
225 
225 

133 
133 
133 
133 
133 

250 
250 
250 
250 
250 

200 
200 
200 
200 
200 
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v P  

10.0 
4.50 
1.80 
0.45 
0.50 

0.98 
2.20 
5.50 
5.00 
1.65 

1.00 
2.28 
1.18 
4.20 
2.15 

8.00 
2.27 
6.80 
3.70 
2.90 

D V / I  

0.100 
0.045 
0.018 
0.0045 
0.0050 

0.098 
0.0220 
0.0055 
0.0050 
0.00165 

0.100 
0.0228 
0.0118 
.0042 
.00215 

0.080 
0.0227 
0.0068 
0.0037 
0.0029 

G.F. 

1724 
6896 
17240 
34480 
60340 

1724 
6896 
17240 
34480 
60340 

1724 
6896 
17240 
34480 
60340 

1724 
6896 
17240 
34480 
60340 

Pa 

172.4 
310.3 
310.3 
155.16 
301.7 

168.9 
151.7 
94.8 
172.4 
99.6 

172.4 
157.2 
203.4 
144.8 
129.7 

137.9 
156.5 
117.2 
127.58 
174.99 



TABLE 4. LINE B. (CONT.) 

COLORADO GEOLOGICAL SURVEY 
G e o p h y s i c a l  E x p l o r a t i o n  

(Res i s t i v i t y  S u r v e y  ) 

LOCATION PROJECT DATE 
P i  n k e r t o n  L i n e  B 1 7  J u l y 1 9 8 0  

J a y  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 (Nx300 ' ) 
C H I E F  OPERATOR ASSISTANTS METHOD 

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

13-16 
8.40 0.084 1724 144.8 19-22 1 -3 66 

22-25 1 -3 66 1.91 0.0191 6896 131.7 
25-28 0 -3 66 7.20 0.0072 17240 124.1 
28-3 1 0 -3 66 4.30 0.0043 34480 148.26 
31 -34 0 -3 66 2.30 0.0023 60340 138.8 

16-19 
22-25 2 -3 66 0.98 0.098 1724 168.9 
25-28 1 -3 66 2.30 0.023 6896 158.6 
28-31 1 -3 66 1.15 0.0115 17240 198.3 
31-34 0 -3 66 3.50 0.0035 34480 120.68 
34-37 0 -3 66 2.35 0.00235 60340 141.8 

19-22 
25-28 
28-31 
31 -34 
34-37 
37-40 

22-25 
28-31 
31 -34 
34-37 
37-40 
40-43 

1 
1 
1 
0 
0 

1 
1 
1 
0 
0 

-3 
-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 
-3 

166 
166 
166 
166 
166 

225 

225 
225 
225 

% 225 

7.00 0.070 
2.35 0.0235 
1.00 0.010 
6.00 0.0060 
2.55 0.00255 

7.60 0.076 
2.10 0.0210 
0.95 0.0095 
2.60 0.0026 
1.20 0.0012 

1724 
6896 

17240 
34480 
60340 

1724 
6896 

17240 
34480 
60340 

120.7 
162.1 
172.4 
206.9 
153.9 

131.0 
144.8 
163.8 

89.7 
72.4 

25-28 
31 -34 2 -3 250 1.50 0.150 1724 258.6 
34-37 1 -3 250 3.90 0.039 6896 269 

17240 258.6 37 -40 1 -3 250 1 .5  0.015 
-2 66 0.45 .0045 34480 155.2 40-43 0 
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TABLE 4. LINE B. (CCNT.) 

COLORADO GEOLOGICAL SURVEY 
Geophys ica l  Exp l  o r a t  i on 

(Res i s t i v i t y Su r v ey  ) 

LOCATION PROJECT DATE 
P i n k e r t o n  L i n e  B 1 7  J-1980 

J a y  Jones F a r g o  and T r e s k a  D i  p o l e - D i  p o l e  (Nx300' ) 
C H I E F  OPERATOR ASSISTANTS METHOD 

S ta .  

28-31 
I34-37 

37-40 
40-43 

31 -34 
37-40 
40-43 
34-37 

34-37 
40 -4 3 

Range 

1 
0 
1 

1 
0 
1 

1 

MA 
- 

-2  
-2 
-3 

-2 
-2 
-3 

-2 

V o l t a g e  

66 
66 

250 

66 
66 

225 

66 
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"P - 
2.10 
2.50 
1.50 

3.98 
2.70 
0.95 

3.41 

D V / I  

0.210 
0.025 
0.015 

0.298 
0.027 
0.0095 

0.341 

G.F. 

1724 
6896 

17240 

1724 
6896 

17240 

1724 

pa 

362.0 
172.4 
258.6 

513.8 
186.2 
163.8 

587.8 



A P P E N D I X  E.  R E S I S T I V I T Y  CALCULATIONS 

TABLE 5. LINE C.  

COLORADO GEOLOGICAL S U R V E Y  
Geophysica l  Expl  o r a t  i on 

(Res i  s t  i v i t y  Survey)  

LEGEND: Range = Ga in  
MA = Dummy TX C u r r e n t  S w i t c h  
VP = Ba lance  C o n t r o l  t o  N u l l  Me te r  
G.F. = Geomet r i c  F a c t o r  
Pa = Apparen t  R e s i s t i v i t y  

LOCATION PROJECT DATE 
P i  n k e r t o n  L i n e  C 24 J u l y 1 9 8 0  

CHIEF OPERATOR A S S I S T A N T S  METHOD 
J a y  Jones Fa rgo  and T r e s k a  D i  p o l  e-Di  p o l  e (Nx200 ' ) 

D V / I  C.F. P a  S t a .  Range MA V o l t a g e  V p  

1-3 
5- 7 1 -3 300 5.60 0.0560 1149 64 
7-9 1 -3 300 1.98 0.0198 4597 91 
9 - 1 1  0 -3 300 5.20 0.0052 11493 60 
11-13 0 -3 300 3.10 .0031 22987 7 1  
13-15 0 -3 300 2.00 .0020 40226 80 

3-5 
7-9 1 -3 225 5.05 0.0505 1149 58 
9-1 1 1 -3 225 1.15 0.0115 4597 53 
i l - 1 3  0 -3 225 4.90 0.0049 11493 56 
13-15 0 -3 225 2.60 0.0026 22987 60 
15-17 0 -3 225 3.00 0.0030 40226 1 2  

5-7 
9-11 1 -3 166 5.06 0.0506 1149 58 
11-13 1 -3  166 1.82 0.0182 4597 84 
13-15 0 -3 166 7.50 0.0075 11493 86 
15-17 0 -3 106 8.65 0.00865 22987 199 
17-19 0 -3 166 5.10 0.0051 40226 205 
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TAELE 5. LINE C (CGNT.) 

COLORADO GEOLOGICAL SURVEY 
Geophys ica l  E x p l o r a t i o n  

( R e s i s t i v i t y  Survey)  

L OC AT  I 0 N PROJECT DATE 
P i n k e r t o n  L i n e  C 24 J u l y 1 9 8 0  

C H I E F  OPERATOR ASSISTANTS METHOD 
J a y  Jones Fa rgo  and T reska  D i p o l e - D i p o l e  (Nx200' )  

; t a .  

.9 
11-13 
13-15 
15-17 
17-19 
19-21  

-11 
13-15 
15-17 
17-19 
19-21 
21-23 

1-13 
15-17 
17-19 
19-21 
21-23 
23-25 

Range 

0 
0 
1 
0 
0 

1 
1 
1 
0 

1 
1 
0 
0 

MA 
- 

-2  
-2 
-3 
-3 
-3 

-3 
-3 
-3 
-3 

-3 
-3  
-3 
-3 

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

66 3.30 0.0330 1149 
66 0.80 0.0080 4597 

166 1.10 0.0110 11493 
166 4.20 0.0042 22986 
166 4.00 0.0040 40226 

166 3.40 0.034 1149 
166 1.60 0.0160 4597 
166 0.80 0.0080 11493 
166 4.50 0 . 00450 22986 

N.R. -- l i g h t n i n g  

100 4.10 0.041 1149 
100 1.85 0.0185 4597 
100 5.00 0.0050 11493 
100 2.00 0.0020 22986 

N.R. -- l i g h t n i n g  

Pa - 

38 
37 

126 
96 

161 

39 
74 
92 

103 

47 
85 
57 
46 
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LOCATION 
P i  n k e r t o n  

TABLE 5. LINE C (CONT.) 

COLORADC GEOLOGICAL SURVEY 
Geophys ica l  E x p l o r a t i o n  

(Res i s t  i v i t y  Survey ) 

PROJECT 
L i n e  C 

DATE 
23 J u l y 1 9 8 0  

CH I EF OPERATOR ASSISTANTS METHOD 
J a y  Jones F a r g o  and T reska  D i  p o l  e-Di  p o l  e (Nx200 ' ) 

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

19-21 
2 1  -23 1 -2 66 2.29 0.229 1149 263 
23-25 1 -3 133 4.59 0.0459 4597 211 
25-27 1 -3 133 1.71 0.0171 11493 196 
27-29 1 -3 133 0.65 0.0065 22986 149 
29-31 -3 133 N.R. -- 40226 

21-23 
23-25 2 -3 133 1.53 0.153 1149 88 
25-27 1 -3 133 4.30 0.0430 4597 198 
2 7 - 2 9  1 -3 133 1.50 0.0150 11493 172 
29-31 0 -3 133 N.R. - -  22986 
31-33 0 -3 133 N.R. - -  

23-25 
25-27 2 -3 100 0.90 0.090 1149 103 
27-29 1 -3 100 2.09 0.0209 4597 96 
29-31 0 N.R. 
31-33 0 N.R. 
33-35 0 N.R. 
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T A B L E  5 .  L I N E  C ( C O N T . )  

C O L O R A C O  GEOLOGICAL SURVEY 
Geophysical E x p l o r a t i o n  

(Res i s t i v i t y  Survey ) 

LCCATI O N  PROJECT D A T E  
Pi n k e r t o n  Line C 23 J-1980 

J a y  J o n e s  Fa rgo  and Treska  Dipole-Dipole  (Nx200')  
CHIEF O P E R A T O R  ASSISTANTS M E T H O D  

S t a .  Range 

25-27 
I27-29 
I29-31 
~ 31-33 
33 -3 5 
35-37 

27-29 
129-31 
31-33 
33-35 
35-37 
37-39 

29  

MA 

-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 
-3 

V o l t a g e  v P  DV/I G.F. Pa 

100 
l o @  
100 
100 

133 
133 
100 
100 
100 

5.00 
1.24 
0.80 
N . R .  
N . R .  

4 .31 
1.49 
0.94 
5.33 
2.75 

0.050 
0.0124 
0.0080 / 

0.0431 
0.0149 
0.0049 
0.00533 
0.00275 

1149 
4597 

11493 
22986 
40226 

1149 
4597 

11493 
22986 
40226 

57 
57 
92 

50 
68 
56 

122 
111 

1-3 1 
31 -33 2 -3 475 0.88 0.088 1149 101 
33-35 1 -3 475 3.91 0.0391 4597 180 
35-37 1 -3 475 1.78 0.0178 11493 205 
37-39 0 -3 475 8.25 0.00825 22986 173 
39-4 1 0 -3 475 4.85 0.00485 40226 195 
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TABLE 5. LINE C (CONT.) 

COLORADO GEOLOGICAL S U R V E Y  
Geophysica l  E x p l o r a t i o n  

(Res i s t  i v i t y  Survey)  

LOCATION PROJECT DATE 
P i  n k e r t o n  L i n e  C 2 1  J u l y 1 9 8 0  

Jay Jones Fa rgo  and T r e s k a  D i p o l e - D i p o l e  ( N x 2 0 0 ' )  
CHIEF OPERATOR ASSISTANTS METHOD 

S t a .  

13-15 
15-17 
17-19 
19-21 
21-23 
23-25 

15-17 
17-19 
19-21 
21-23  
23-25 
25-27 

17-19 
19-21 
21-23 
23-25 
25-27 
27-29 

Rang e 

2 
1 
1 
0 - 

2 
2 
1 
1 - 

2 
2 
1 
1 

MA 
- 

-3 
-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 

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

166 0.97 0.097 1149 
4597 166 2.88 

166 1.92 0.0192 11493 
22986 166 8.15 0.00815 

166 N . R . - - e l e c t r i c a l  s t o r m  40226 

0.0288 

250 
250 
250 
27 5 
250 

225 
225 
225 
225 

1.86 
0.92 
2.78 
0.97 
N.R. 

2.75 
0.50 
1.40 
0.75 
N.R. 

0.186 1149 
0.092 4597 
0.0278 11493 
0.0097 22986 

0.275 1149 
0.050 4597 
0.0140 11493 
0.0075 22986 

P a  

111 
132 
221  
187 

214 
423 
320 
223 

316 
230 
161 
1 7 2  
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T A B L E  5. L I N E  C. 

COLORADO GEOLOGICAL SURVEY 
Geophys ica l  E x p l o r a t i o n  

( R e s i s t i v i t y  Su rvey )  

DATE 
23 J u l y 1 9 8 0  

PROJECT 
L i n e  C 

LOCAT I ON 
P i n k e r t o n  

J a y  Jones F a r g o  and T r e s k a  D i  p o l  e -D i  p o l  e (Nx200 ' ) 
C H I E F  OPERATOR ASSISTANTS METHOD 

S t a .  Rang e 

31-~33 
313 -3 5 
315-37 
317 -39 
319-4 1 
4'1 -4 3 

33-35 
315-37 
317-39 
39-4 1 
411 -4 3 

35-137 
317-39 
3l9 -4 1 
411 -4 3 

I 

37-~39 
3~9-4 1 
411 -4 3 

39-14 1 
411 -4 3 

2 
1 
1 
0 
0 

2 
1 
0 
0 

1 
1 
1 

+1 
1 

2 

MA 
- 

-3  
-3  
-3  
-3  
-3  

-3  
-3 
-3 
-3 

-3 
- 3  
-3  

- 3  
-3 

-3  

V o l t a g e  

466 
466 
433 
433 
433 

133 
133 
133 
133 

133 
133 
133 

137 
133 

300 

- 57 - 

"P 

0.75 
2.10 
0.91 
5 42- 
N.R. 

0.65 
1.79 
8.25 
4.75 

5.50 
1.57 
0.75 

4.73 
1.25 

0.54 

D V / I  

0.075 
0.021 
0.0091 
0.00542 

0.065 
0.0179 
0.00825 
0.00475 

0.055 
0.0157 
0.0075 

0.0473 
0.0125 

0.054 

G.F. pa 

1149 86 
4597 96 

11493 105 
22986 114 

r 

1149 
4597 

11493 
22986 

1149 
4597 

11493 

1149 
4597 

1149 

75 
82 
95 

100 

32 
72 
86 

54 
57 

62 



T A B L E  6. L I N E  0. 

C O L O R A D O  GEOLOGICAL SURVEY 
Geophys ica l  E x p l o r a t i o n  

(Res  i s t  i v i t y  S u r v e y )  

L E G E N D :  Range = Gain 
MA = Dummy TX Current Swi t ch  
Vp = B a l a n c e  C o n t r o l  t o  Null Meter 
C.F. = Geomet r i c  F a c t o r  
Pa = Apparen t  R e s i s t i v i t y  

LOCATION PROJECT DATE 
P i n k e r t o n  Line D 29 J u l y 1 9 8 0  

J a y  J o n e s  F a r g o  and T r e s k a  Di pol e - D i  pol e (Nx100 ' ) 
CHIEF OPERATOR ASSISTANTS METHOD 

S t a .  

3 -4 
5-6 
6-7 
7-8 
8-9  
9-10 

4-5 
' 6-7 

7-8 
8-  9 
9- 10 
10-11 

5-6  
7-8 
8-9  
9-10 
10 -11  
11-12 

6- 7 
8-  9 
.9- 10 
10 -11  
11-12 
12-13 

Range 

1 
0 
1 
1 
0 

1 
1 
1 
0 
0 

1 
0 
1 
0 
0 

1 
1 
1 
0 
0 

MA' 
- 

-2 
-2 
-3 
-3 
-3 

-3 
-3 
-3 
-3 
-3 

-2 
-2  
-3 
-3 
-3 

-3  
-3 
-3 
-3 
-3 

V o l t a g e  "P DV/I G.F. Pa 

66 
66 

166 
166 
166 

100 
100 
100 
100 
100 

66 
66 

166 
166 
166 

225 
225 
225 
225 
225 

1.15 
3.80 
1.90 
1.00 
4.00 

7.50 
2.45 
1.00 
4.10 
2.65 

1.30 
2.20 
1.20 
6.50 
3.45 

7.96 
2.20 
0.91 
4.40 
2.05 
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0.115 
0.038 
01019 
0.010 
0.004 

0.0750 
0.0245 
0.010 
0.0041 
0.00265 

0.130 
0.0220 
0.0120 
0.0065 
0.00345 

0.0796 
0.0220 
0.0091 
0.0044 
0.00205 

574 
2298 
5746 

11493 
20113 

574 
2298 
5746 

11493 
201 13 

574 
2298 
5746 

11493 
20113 

575 
2299 
5747 

11493 
20113 

66 
87 

109 
1 1 5  

80 

43 
56  
57 
47 
43 

7 5  
29 
69 
65 
69 

46 
5 1  
52 
5 1  
4 1  



TABLE 6. LINE D. (CONT.) 

COLORADQ GEOLOGICAL S U R V E Y  
Geophys ica l  E x p l o r a t i o n  

(Res i s t i v i t y  Su r v  ey  ) 

LOCAT I ON PROJECT DATE 
P i  n k e r t o n  L i n e  D 29 July1980 

J a y  Jones Fa rgo  and T reska  D i p o l e - D i p o l e  ( N x 1 0 0 ' )  
C H I E F  OPERATOR ASSISTANTS METHOD 

Sta .  

7-4 
9-10 
10-11 
11-12 
12-13 
13-14 

40-11 
11-12 
12-13 
13-14 
14-15 

8-9 

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

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

11412 
13-14 
14-15 

12-13 
14-15 

Range 

0 
1 
0 
0 
0 

1 
1 
0 
0 - 

1 
1 
0 
0 

1 
1 
1 

1 
1 

0 

MA 
- 

-2 
-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 

-3 
-3 
-3 

-3 
-3 

-2  

V o l t a g e  

66 
250 
250 
250 
250 

300 
300 
300 
300 
300 

200 
200 
200 
200 

166 
166 
166 

200 
200 

66 

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

3.90 0 . 0390 575 22 

8.10 0 . 0081 5747 47 
3.20 0.0032 11493 37 
1.70 .00170 20113 34 

1.70 0.0170 2299, 39 

5.20 0.052 575 30 
2.30 0.023 2299 53 
7.80 0.0078 5747 45 
4.50 0.0045 11493 52 

N.R.--power l i n e  i n t e r f e r e n c e  

4.90 0.049 575 28 
1.50 0.0150 2299 34 
6.50 0.0065 5747 37 
3.80 0.0038 11493 44 

9.70 0 . 097 575 56 
2.15 0.0215 2299 49 
1.00 0.010 5747 57 

6.55 0.0655 575 38 
2.10 00210 2299 48 

7.00 0 . 070 575 40 

, 
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A P P E N D I X  F 

T A B L E  7 
G E O M E T R I C  FACTOR T A B L E  

SCHLUMB ER GER METHOD 

21 

25 50 75 100 200 
( f t )  

L ( f t )  

50 
75 
100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
1500 

95.78 
215.5 
383.11 
1532.44 
3447.99 
61 29.87 
9577.77 
1391.99 
18772.43 
24519.1 
31031.99 
38311.1 
46356.42 
55167.97 
64745.74 
75083.74 
861 99.96 

47.89 
107.75 
191.55 
766.22 
1724 
3064.89 
4788.89 
6896 
9386.22 
12259.54 
155 15.99 
19155.55 
23178.21 
27583.99 
32372.87 
37544.87 
43099.98 

31.93 
71.83 
127.7C 
510.81 
1149.33 
2043.26 
3 192.59 
4597.33 
6257.48 
8173.03 
10344 
12770.36 
15452.14 
18389.32 
21581.91 
25029.91 
28733.32 

23.94 11.97 
53.87 26.94 
95.78 47.89 

191.56 

1532.44 766.22 
2394.44 1197.22 
3447.99 1724 
4693.11 2346.55 
6129.77 3064.89 
7758 3879 
9577.77 4788.89 
11589.11 5794.55 
13791.99 6896 
16186.44 8093.22 
18772.44 9386.22 
2 1548.98 10774.99 

383.11 
862 431 

300 

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 

T A B L E  8. 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  

- n a ( f t >  25 50 100 150 200 300 

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 

287.33 
1149.32 
2873.3 
5746.6 
1056.55 
16090.48 
23848.39 
34479.6 
47409.45 
63212.6 

574.67 86 2 
2298.67 3448 
5746.7 8620 
11493.4 17240 
20113.45 30170 
32181.52 48272 
47697.61 71 546 
68960.4 103440 
94820.55 14230 
126429.4 189640 

1149.33 
4597.32 
11493.3 
22986.6 
40226.55 
64362.48 
95394.39 
137913.6 
189639.45 
252852.6 

1724 
6896 
17240 
3480 
60340 
96544 
143092 
206880 
284460 
379280 

T A B L E  9. WENNER G E O M E T R I C  FACTOR T A B L E  

- 2 P I 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 
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F o l l o w i n g  i s  a l i s t  o f  p u b l i c a t i o n s  r e l a t i n g  t o  t h e  geothermal  e n e r g y  r e s o u r c e s  
o f  Col o r a d o  pub1 i shed b y  t h e  C o l o r a d o  G e o l o g i c a l  Survey  

B u l l .  11, MINERAL WATERS OF COLORADO, b y  R.D. George and o t h e r s ,  1920, 
474 p., o u t  o f  p r i n t .  

B u l l .  35, SUMMARY OF GEOLOGY OF COLORADO RELATED TO GEOTHERMAL ENERGY 
POTENTIAL, P R O C E E D I N G S  OF A SYMPOSIUM ON GEOTHERMAL ENERGY AND 

I COLORADO, ed. b y  R.H. P e a r l ,  1974, $3.00 
I 

B u l l .  39, AN APPRAISAL OF COLORADO'S GEOTHERMAL RESOURCES,  b y  J.K. B a r r e t t  

B u l l .  44, BIBLIOGRAPHY OF GEOTHERMAL REPORTS I N  COLORADO, b y  R.H. P e a r l  , 

Resource Ser .  6, COLORADO'S HYDROTHERMAL RESOURCE BASE--AN ASSESSMENT,  b y  

and R.H. P e a r l ,  1978, 224 p., $7.00 

T.G. Z a c h a r a k i s ,  F.N. R e p p l i e r  and K.P. McCarthy,  1981, 24 p., $2.00. 

R.H. P e a r l ,  1979, 144 p., $2.00. 
, 
i 

'1 
1 

Resource  Ser. 14, AN APPRAISAL FOR THE USE OF GEOTHERMAL ENERGY I N  STATE 
OWNED BUILDINGS I N  COLORADO, b y  R.T. Meyer, B.A. Coe and J.D. D i c k ,  
1981, 63 p., $5.00. 

T.G. Z a c h a r a k i s ,  C.D. R i n g r o s e  and R.H. P e a r l ,  1981., 70 p., F r e e  o v e r  
t h e  c o u n t e r .  

Resource  Ser .  15, GEOTHERMAL RESOURCE ASSESSMENT OF OURAY, COLORADO, b y  

Resource  Ser .  16. GEOTHERMAL RESOURCE ASSESSMENT OF I D A H O  S P R I N G S ,  COLORADO, 
by.  F.N. R e p p l i e r ,  T.G. Z a c h a r a k i s ,  and C.D. R i n g r o s e ,  1982, F r e e  o v e r  
t h e  c o u n t e r .  

COLORADO, by. K.P. McCarthy.  T.G. Z a c h a r a k i s ,  and R.H. P e a r l ,  I n  p r e p .  
1982, F r e e  o v e r  t h e  c o u n t e r .  

K.P. McCarthy,  T.G. Z a c h a r a k i s  and R.H. P e a r l ,  I n  prep.  1982, F r e e  
o v e r  t h e  c o u n t e r .  

Resource Ser .  17, GEOTHERMAL RESOURCE ASSESSMENT OF THE A N I M A S  VALLEY, 

Resource  Ser. 18, GEOTHERMAL RESOURCE ASSESSMENT OF HARTSEL, COLORADO, b y  

Resource  Ser .  19, GEOTHERMAL RESOURCE ASSESSMENT OF WESTERN SAN LUIS 
VALLEY, by T.G. Zacharakis and C.D. Ringrose, In prep. 1982, Free 
o v e r  t h e  c o u n t e r .  

Resource  Ser .  20, GEOTHERMAL RESOURCE ASSESSMENT OF CANON C I T Y  AREA, 
COLORADO, BY T.G. Z a c h a r a k i s ,  C.D. R i n g r o s e  and R.H. P e a r l ,  I n  p r e p .  
1982, F r e e  o v e r  t h e  c o u n t e r .  

AREA, COLORADO, b y  K.P. McCarthy,  T.G. Z a c h a r a k i s  and R.H. P e a r l ,  
I n  p rep .  1982, F r e e  o v e r  t h e  c o u n t e r .  

Resource Ser. 22, GEOTHERMAL RESOURCE ASSESSMENT OF STEAMBOAT S P R I N G S  

Resource Ser .  23, GEOTHERMAL RESOURCE ASSESSMENT OF HOT SULPHUR S P R I N G ,  
COLORADO, b y  T.G. Z a c h a r a k i s ,  K.P.McCarthy and C.D. R i n q r o s e ,  I n  
p r e p .  1982, F r e e  o v e r  t h e  c o u n t e r .  

COLORADO, b y  T.G. Z a c h a r a k i s  and R.H. P e a r l ,  I n  p r e p .  1982, F r e e  o v e r  
t h e  c o u n t e r .  

Resource Ser. 24, GEOTHERMAL RESOURCE ASSESSMENT OF RANGER HOT S P R I N G S ,  
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S p e c i a l  Pub. 10, HYDROGEOLOGICAL AND GEOTHERMAL INVESTIGATIONS OF PAGOSA 
SPRINGS, COLORADO, b y  M.A. Ga l l oway  WITH A SECTION ON MINERALOGICAL 

AND P-1, PAGOSA SPRINGS,  COLORADO, b y  W.W. A t k i n s o n ,  1980, 95 p. $10.00 

S p e c i a l  Pub. 16, GEOTHERMAL RESOURCE ASSESSMENT OF WAUNITA HOT S P R I N G S ,  
COLORADO, ed. b y  T. G. Z a c h a r a k i s ,  1981, 69 p., F ree  o v e r  t h e  c o u n t e r .  

S p e c i a l  Pub. 18, GROUNDWATER HEAT PUMPS I N  COLORADO, AN EFFICIENT AND COST 
EFFECTIVE WAY TO HEAT AND COOL YOUR HOME, b y  K.L. G a r i n g  and F.R. 
Connor, 1981, 32 p., F ree  o v e r  t h e  c o u n t e r .  

COLORADO, b y  B.A. Coe, 1982, F ree  o v e r  t h e  c o u n t e r .  

AND PETROGRAPHIC INVESTIGATIONS OF SAMPLES FROM GEOTHERMAL WELLS 0 -1  

S p e c i a l  Pub. 20, INDUSTRIAL MARKET OPPORTUNITIES FOR GEOTHERMAL ENERGY I N  

Map S e r i e s  14, GEOTHERMAL RESOURCES OF COLORADO, b y  R.H. P e a r l ,  

Map S e r i e s  18, R E V I S E D  HEAT FLOW MAP OF COLORADO, by  T.G. Z a c h a r a k i s ,  

Map S e r i e s  20, GEOTHERMAL G R A D I E N T  MAP OF COLORADO, b y  F.N. R e p p l i e r  and 

I n f o .  S e r i e s  4, MAP SHOWING THERMAL S P R I N G S ,  WELLS, AND HEAT FLOW CONTOURS 

S c a l e  1:500,000, F r e e  o v e r  t h e  c o u n t e r .  

S c a l e  1:1,000,000, F r e e  o v e r  t h e  c o u n t e r .  

R.L. Fargo, 1981, S c a l e  1: 1,000,000, F r e e  o v e r  t h e  c o u n t e r .  

I N  COLORADO, b y  J.K. B a r r e t t ,  R.H. P e a r l  and A.J. Penn ing ton ,  1976, 
S c a l e  1:1,000,000, o u t  o f  p r i n t .  

COLORADO, b y  J.K. B a r r e t t  and R.H. P e a r l ,  1976, 124 p. $4.00 

I n f o .  S e r i e s  9, GEOTHERMAL ENERGY DEVELOPMENT I N  COLORADO, PROCESSES,  
P R O M I S E S  AND PROBLEMS, b y  B.A. Coe, 1978, 51 p., $3.00 

B.A. Coe and N.A. Forman, 1980, F ree  o v e r  t h e  c o u n t e r .  

by.  F.C. Hea ly ,  47 p., F r e e  o v e r  t h e  c o u n t e r .  

SPRINGS,  COLORADO, b y  B.A. Coe, 1980, F r e e  o v e r  t h e  c o u n t e r .  

I n f o .  S e r i e s  6, HYDROGEOLOGICAL DATA OF THERMAL SPRINGS AND WELLS I N  

I n f o .  S e r i e s  15, REGULATION OF GEOTHERMAL ENERGY DEVELOPMENT I N  COLORADO, b y  

O p e n - F i l e  R e p o r t  80-10, GEOTHERMAL POTENTIAL I N  CHAFFEE COUNTY, COLORADO, 

O p e n - F i l e  R e p o r t  80-11, COMMUNITY DEVELOPMENT OF GEOTHERMAL ENERGY I N  PAGOSA 

O p e n - F i l e  R e p o r t  80-12, TEMPERATURE-DEPTH PROFILES I N  THE SAN LUIS VALLEY 

O p e n - F i l e  R e p o r t  80-13, GEOTHERMAL ENERGY POTENTIAL I N  THE SAN LUIS VALLEY, 

O p e n - F i l e  R e p o r t  81-1, GEOTHERMAL ENERGY OPPORTUNITIES AT FOUR COLORADO 
TOWNS, b y  B.A. Coe and Judy  Zimmerman, 1981, F ree  o v e r  t h e  c o u n t e r .  

O p e n - F i l e  R e p o r t  81-3, A P P E N D I C E S  OF AN APPRAISAL FOR THE USE OF GEOTHERMAL 
ENERGY I N  STATE-OWNED BUILDINGS I N  COLORADO: S E C T I O N  A, Alamosa; 
S E C T I O N  B y  BUENA V I S T A ;  SECTION C y  BURLINGTON: SECTION D, DURANGO; 
SECTION E, GLENWOOD S P R I N G S ;  SECTION F, STEAMBOAT SPRINGS,  1981, $1.50 
each o r  $8.00 f o r  t h e  s e t .  

c o u n t e r .  

AND CANON C I T Y  AREA, COLORADO, b y  C.D. R i n g r o s e ,  F r e e  o v e r  t h e  c o u n t e r .  

COLORADO, b y  B.A. Coe, 1980, 44 p., F ree  o v e r  t h e  c o u n t e r .  

Pamphlet ,  GEOTHERMAL ENERGY-COLORADO'S UNTAPPED RESOURCE, F r e e  o v e r  t h e  

I n  a d d i t i o n  t o  t h e  above cha rges  t h e r e  i s  an a d d i t i o n a l  cha rge  f o r  a l l  m a i l  
o r d e r s .  C o n t a c t  t h e  Co lo rado  Geol.  Su rvey  f o r  e x a c t  amount. To o r d e r  
pub1 i c a t i o n s  s p e c i f v  s e r i e s  and number, t i t l e  and q u a n t i t y  d e s i r e d .  Prepayment 
i s  r e q u i r e d .  Make Checks p a v a b l e  t o :  Co lo rado  G e o l o g i c a l  Survey,  Rm. 715, 1313 
Sherman S t . ,  Denver,  Col o r a d o  80203 (303/866-2611) . 
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