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GEOTHERMAI, RES GER WARM SPRINGS,  COLORADO 

a r d  P e a r l ,  and a r l e s  D. R ing rose  

U.S. Dept. o f  Energy f u n d i n g  t o  
i n g  t h e  occu r rence  o f  geothermal  
n s i  s t e d  o f  1 i t e r a t u r e  search ,  

mappi ng and geophys i c a l  and 

D u r i n g  1980 and 1981 geothermal  resource  assessment e f f o r t s  were conducted  
t h e  Cement-Creek V a l l e y  sou th  o f  C res ted  Bu t te .  I n  t h i s  v a l l e y  a r e  two  w a r m  

r i n g s ,  Cement Creek and Ranger, about  4 m i  (6.4 km) a p a r t .  The t e m p e r a t u r e  
b o t h  s p r i n g s  i s  77-79°F (25-26°C) and t h e  d i s c h a r g e  ranges f r o m  60 t o  195 
l o n s  per  minu te .  Due t o  access problems no work was conducted i n  t h e  Cement 

Creek Warm S p r i n g s  area.  A t  ,Ranger Warm S p r i n g s  e l e c t r i c a l  r e s i s t i v i t y  and 
s o i l  mercury  sury~eys  ,were cond 

n t h e  E l k  Mounta ins o f  west c e n t r a l  
Col orado. .The .bedrock he area  c o n s i s t s  of sed imentary  r o c k s  r a n g i n g  i n  age 
from Precambr ian  to^ Re . Severa l  f a u l t s  w i t h  d i sp lacemen ts  o f  up t o  3,000 
ft (914 m )  a r e  found i n  the area. One o f  $hese f a u l t s  passes c l o s e  t o  t h e  
Ranger W a r m  Spr ings .  *The p l e c t r i c a l  r e s i s t i v i t y  survey  i n d i c a t e d  t h a t  t h e  
w a t e r s  o f '  Ranger Wa a r e  moving up a long  a b u r i e d  f a u l t  wh ich  
para1 1 e l  s 'Cement Cree 

The a r e a l  e x t e n t  o f  t h e  Ran arm S p r i n g s  the rma l  system has been 
e s t i m a t e d  t o  encompass i (1.01 sq  km) and 0.88 sq  m i  (2.28 sq  

: km) depending upon how t i n g  i s  i n c l u d e d .  I t has a l s o  been 
e s t i m a t e d  t h a t  t h e  energy c o n t a i n e d  i n ' t h e  system c o u l d  range f rom 0,0021 Q's 
t o  0.0062 Q's (1015 BTU's) a t  an average tempera tu re  o f  113°F (45OC). 

geochemical  surveys.  * 

, The warm s p r i n g s  a-re 1 

.~ 

INTRODUCTION f _ %  

rvey ,  i n  c o o p e r a t i o n  w i t h  t h e  U.S. 
D i v i s i o n  o f  - Geothermal Energy, under  C o n t r a c t  No. 

i a t e d  a program des igned t o  de te rm ine  t h e  n a t u r e  and 
o thermal  resources .  P r i o r i t y  was g i v e n  t o  t h o s e  a reas  
n t i a l  f o r  nea r - te rm development . The areas  e v a l u a t e d  
: The Animas V a l l e y ,  n o r t h  o f  Durango; Canon C i t y  Area; 
o t  Su lphu r  Spr ings ;  Idaho Spr ings ;  Ouray; Ranger Hot  
e s t e r n  San L u i s  V a l l e y ;  and t h e  Steamboat S p r i n g s - R o u t t  

p u b l i c a t i o n  r e p o r t s  t h e  f i n d i n g s  o f  t h e  r e s o u r c e  
i e d  o u t  i n  t h e  Ranger Warm S p r i n g s  area  a l o n g  Cement 
o l o r a d o  (F,ig. 1). The e v a l u a t i o n  c o n s i s t e d  o f  a 
n n a i  ssance geo l  o g i  and h y d r o g e o l o g i c  mapping, and 

geophys ica l  and geochemical surveys.  I n  t h e  Cement Creek V a l l e y  a r e  two warm 
s p r i n g s ,  Ranger and Cement Creek, about  4 m i  (6.4 km) a p a r t .  Due t o  access 
problems no assessment work was conducted i n  t h e  Cement Creek Warm S p r i n g s  
area.  

- 1 -  



The m o t i v a t i n g  f a c t o r  f o r  t h i s  s tudy  was t h e  development o f  t h e  M t .  Emmons 
m i n e r a l  d e p o s i t  by AMAX n o r t h  o f  C res ted  B u t t e .  Due t o  t h e  g r e a t  number o f  
secondary p r o j e c t s  p lanned,  t h e  energy demands i n  t h e  a rea  would ex e r i e n c e  a 
r a p i d  i nc rease .  It was b e l i e v e d  t h a t  h o t  wa te r  (geothermal  e n e r g y f  c o u l d  be 
used a t  a v e r y  nominal  c o s t  as an energy s o u r c e  f o r  some o f  t h e s e  p r o j e c t s .  

Norma l l y  geothermal  energy, t h e  n a t u r a l  hea t  o f  t h e  e a r t h ,  . i s  e i t h e r  t o o  
d i f f u s e  o r  found a t  depths  t o o  g r e a t  t o  be o f  p r a c t i c a l  va lue .  However, i n  
some i n s t a n c e s  i t  occu rs  c l o s e  t o  t h e  su r face ,  where i t  does i t  can" be 
developed and p u t  t o  p r a c t i c a l  use. A b r i e f  d e s c r i p t i o n  o f  geothermal  energy 
and some o f  t h e  uses i t  can be p u t . t o  a r e  p resen ted  i n  Appendix- A. ' 

i . -  a 
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THERMAL C O N D I T I O N S  OF THE RANGER WARM SPRINGS AREA 

Y Thermal Waters 

w 

Located  a l o n g  Cement Creek a r e  two w a r m  s p r i n g s  - Ranger and Cement Creek. 
Ranger Warm Spr ing ,  wh ich  i s  unused and undeveloped, i s  l o c a t e d  on t h e  sou th  
s i d e  o f  Cement Creek about  7 m i l e s  (11.26 km) sou th  o f  t h e  town o f ,  C res ted  
B u t t e ,  and 20 m i  (32.19 kin) n o r t h  of Gunnison, Colorado.  The s p r i n g  has a 
tempera tu re  o f  79°F (26"C), and an e s t i m a t e d  annual  average d i s c h a r g e  o f  195 
g a l l o n s  p e r  minu te .  The wa te rs  c o n t a i n  a p p r o x i m a t e l y  465 mg/ l  o f  d i s s o l v e d  
s o l i d s  and a r e  a c a l c i u m - b i c a r b o n a t e  t y p e  ( B a r r e t t  and P e a r l ,  1976). 

Cement Creek Warm S p r i n g s  i s  l o c a t e d  a p p r o x i m a t e l y  4 m i  (6.4 km) e a s t  o f  
Ranger Warm S p r i n g s  a t  t h e  Cement Creek Ranch. I n  1978 t h e  wa te rs  were used i n  
a swimming poo l  and as a domest ic  wa te r  supp ly  ( B a r r e t t  and P e a r l ,  1978). The 
wa te rs  have a t e m p e r a t u r e  o f  77°F (25"C), and a d i s c h a r g e  t h a t  v a r i e s  
t h r o u g h o u t  t h e  y e a r  f rom 60 t o  80 gpm. The waters ,  wh ich  c o n t a i n  a p p r o x i m a t e l y  
390 mg/ l  o f  t o t a l  d i s s o l v e d  s o l i d s ,  a r e  a c a l c i u m - b i c a r b o n a t e  t y p e  ( B a r r e t t  and 
P e a r l ,  1978), Chemical a n a l y s i s  of t h e  Ranger and Cement Creek Warm S p r i n g s  
wa te rs  and o t h e r  i n f o r m a t i o n  i s  p resen ted  i n  Appendix B. 

v 

Y 

Heat Flow 

Two h e a t - f l o w  measurements have been made j u s t  n o r t h  o f  C res ted  B u t t e .  
These measurements showed t h a t  t h e  c o r r e c t e d  heat  f l ow  i n  t h e  a rea  ranges f r o m  
103 t o  160 mW/M2 (Zacharak i s ,  1981). Based on t h e s e  and o t h e r  measurements i n  
wes te rn  Co lorado,  Zacharak is  (1981)  has i n d i c a t e d  t h a t  t h e  r e g i o n a l  hea t  f l o w  
i n  t h e  Cement Creek V a l l e y  i s  a p p r o x i m a t e l y  120 mW/m2 ( F i g .  2 ) .  

0 

Y 

~U F i g u r e  2. H c i a t  f l o w  map o f  Co lorado (Adopted f rom Zacharak i s ,  1981)  
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GEOLOGY 

I n t  r o d u c t  i on 

co Cement Creek i s  l o c a t e d  i n  t h e  mounta inous p a r t s  o f  wes te rn  Co lorado on 
t h e  southwest  s i d e  o f  t h e  E l k  Mounta ins.  The West E l k  Mounta ins  l a r g e l y  c o n s i s t  
l a r g e l y  o f  a v o l c a n i c  b r e c c i a  emplaced l a t e  i n  O l i gocene  o r  e a r l y  Miocene t i m e ,  
(Steven, 1975) l i e  t o  t h e  southwest .  The E l k  Mounta ins c o n t a i n  many 34-29 m.y. 
o l d  (O l i gocene)  g r a n o d i o r i t e  p l u t o n s  s i m i l a r  t o  t h e  r o c k s  o f  t h e  West E l k  
Mounta ins (Steven, 1975). The s t u d y  area. l i e s  i n  t h e  Co lo rado  M i n e r a l  B e l t ,  a 
Precambr ian s t r u c t u r e  r e a c t i v a t e d  d u r i n g  Laramide t i m e  (Tweto, 1975). 

Very l i t t l e  has been w r i t t e n  and p u b l i s h e d  on t h e  g e o l o g i c a l  c o n d i t i o n s  of 
t h e  Cement Creek V a l l e y .  The o n l y  paper  d e s c r i b i n g  i n  any d e p t h  t h e  g e o l o g i c a l  
c o n d i t i o n s  o f  t h e  s t u d y  area was p u b l i s h e d  by McFar lan  i n  1961. Tweto and 
o t h e r s  (1976) showed t h e  g e o l o g i c a l  c o n d i t i o n s  o f  t h e  Cement Creek a rea  as p a r t  
o f  t h e i r  1:250,000 g e o l o g i c a l  map of t h e  Montrose l o  x 2 "  quadrang le .  T h i s  map 
shows t h e  bedrock i n  t h e  v i c i n i t y  o f  Ranger Warm S p r i n g  ranges i n  age from 
O r d o v i c i a n  t o  M i s s i s s i p p i a n  (F ig .  3). A b r i e f  d e s c r i p t i o n  o f  t h e s e  f o r m a t i o n s  
i s  p resen ted  i n  Tab le  1. Tweto (1979) has mapped l a t e  T e r t i a r y  (3.5 - 26 m. y.) 
v o l c a n i c  rocks  a p p r o x i m a t e l y  1 m i  (1.61 km) t o  t h e  sou th  o f  Ranger Warm 
S p r i  ngs . 

b 

b 

0. 

Tab le  1. S t r a t i g r a p h i c  Sec t i on ,  Cement Creek V a l l e y  and immediate v i c i n i t y .  

Q u a t e r n a r y :  A l l u v i a l  v a l l e y  f i l l  d e p o s i t s  and g r a v e l  t e r r a c e  d e p o s i t s  

( M o d i f i e d  f rom McFarlan, 1961 and Tweto and o t h e r s ,  1976). 

a l o n g  Cement Creek and East  R i v e r .  

G l a c i a l  d r i f t .  Unconso l i da ted  c l a y  t o  b o u l d e r s .  

T e r t  i a r y  : R h y o l i t i c  rocks :  Miocene age. 

Cre taceous:  Mancos Shale:  Dark g r a y  t o  dark-brown c l a y  sha le ,  l o c a l l y  
ca l ca reous  o r  sandy. Max. t h i c k n e s s  t 5,000 f t  (+1.5 km). 

Dakota sandstone:  L i  g h t - g r a y  t o  1 i ght-brown sandstone, 1 oca1 l y  
carbonaceous ; some 1 i g h t  - g r a y  carbonaceous sha le ,  c o a l  beds, 
and c h e r t  pebb le  conglomerate.  Max. t h i c k n e s s  about  200 ft. 
(60 m).  

B u r r o  Canyon Fm.: L i g h t - g r a y  l e n t i c u l a r  c h e r t - p e b b l e  con- 
g l  omerate and sandstone; 1 i g h t  -g ray  t o  green c l  ays tone.  
Max t h i c k n e s s  about  100 f t  (30 m ) .  

J u r a s s i c  : M o r r i s o n  Fm. : 
Brushy Bas in  member: Va r iega ted  mudstone, s h a l e  and sandstone 
S a l t  Wash member : L i  g h t  -g ray  sandstone . 

Max. t h i c k n e s s  about  500 ft (150 m) .  
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Tab le  1. 

J u r a s s i c :  

S t r a t i g r a p h i c  S e c t i o n  (Cont .) 

J u n c t i o n  Creek sandstone:  L i  gh t -ye1 l o w  t o  w h i t e  crossbedded 
sandstone . 
Max. t h i c k n e s s  180 f t .  ( 5 5  m) .  

En t rada  Fm.: Pale-orange,  wh i te ,  and p i n k  crossbedded e o l i a n  
sandstone.  Maximum t h i c k n e s s  85 f t  (26m). 

Pennsyl van i  an : 
Maroon Fm.: Maroon and. .g ray ish- red  sandstone, cong lomera te ,  
and mudstone. Th ickness  +9,500 f t  (2.9 km). 
M i n t u r n  Fm.: Gray, p a l e - y e l l o w ,  and r e d  sandstone, g r i t ,  
cong lomera te ,  and s h a l e  and s c a t t e r e d  beds o f  1 imestone.  
Max. t h i c k n e s s  4,000 f t  (1.2 km). 

Be lden Fm.: Dark -gray  t o  b l a c k  sha le ,  carbonates ,  and sandtone. 
Max. t h i c k n e s s  4,000 f t  (1.2 km). 

M i  s s i  s s i  p p i  an : 
L e a d v i l l e  l i m e s t o n e :  L i g h t  t o  medium g ray  l i m e s t o n e ,  c h e r t .  
Max. t h i c k n e s s  195 f t  (59  m). 

Devonian : Cha f fee  Fm.: F i n e  g r a i n e d  e a r t h y  d o l o m i t e  w i t h  g r e y  and green 
sha le .  Two c l i f f  f o r m i n g  u n i t s  mark ing  o f f  3 "benches". O the r  
m i n o r  c l i f f  f o r m i n g  u n i t s .  
Max. t h i c k n e s s  300 f t  (91m). 

O r d o v i c i a n :  Fremont Fm: Grey d o l o m i t e  and d o l o m i t i c  l i m e s t o n e ,  c l i f f  
f o r m i n g  . 
Max. t h i c k n e s s  77  f t  (23  m). 

H a r d i n g  sandstone:  Max t h i c k n e s s  5 f t  (1.5 m ) .  

M a n i t o u  d o l o m i t e :  Grey, t h i n  bedded, f i n e  t o  med 
d o l o m i t e  and d o l o m i t i c  l imes tone ,  cherty.  
Max. t h i c k n e s s :  220 f t  (67  m). 

L 

um g r a i n e d  

Cambrian : Sawatch sandstone:  Massive, c r o s s  bedded, c l i f f - f o r m i n g  sand- 
s tone.  D i v i d e d  i n t o  t h r e e  u n i t s .  

Upper member: 1 i g h t  g ray ,  mass ive  c l i f f  f o rm ing ,  q u a r t z i t e  
and q u a r t z i t i c  sandstone. Th ickness  100 f t  (30.5 m) .  

M i d d l e  member: H e m a t i t i c  and g l a u c o n i t i c  sandstone. T h i n  
bedded w i t h  some a s s o c i a t e d  sha le ,  and l i t t l e  l imes tone .  
Hemat i t e  and g l a u c o n i t e  occu rs  and r e d  and green s t r e a k s  i n  
beds a s s o c i a t e d  w i t h  g ray  sandstone. 
Th ickness  120 f t  (36.6 m) .  

Th ickness  120 f t  (36.6 m) .  

Precambr ian:  U n d i f f e r e n t i a t e d  s c h i s t ,  g r a n i t e ,  and pegmat i te .  

Lower member: Gray t o  t a n  q u a r t z i t e s  and sandstones. 

Y 
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S t r u c t u r e  

I n  t h e  s t u d y  area  t h e  g e n e r a l l y  west d i p p i n g  sed imentary  r o c k s  a r e  broken 
by s e v e r a l  h i g h  'angle f a u l t s  (McFarlan, 1961) (F ig .  3). The e a s t e r n  f a u l t ,  
named t h e  "Old Camp F a u l t "  by McFarlan (1961) has over  1,800 f t  (548 m )  o f  

ft (914 m )  o f  d isp lacement ,  passes c l o s e  t o  Ranger Warm Spr ings .  South of t h e  
warm s p r i n g s  t h i s  f a u l t  s p l i t s  i n t o  two segments. One o f  t h e  segments passes t o  
t h e  west o f  t h e  s p r i n g s  (F ig .3) .  I n t e r s e c t i n g  t h e s e  two f a u l t s  and l y i n g  n o r t h  
of  t h e  warm s p r i n g s  i n  t h e  b o t t o m  o f  Cement Creek i s  an obscured e a s t  t r e n d i n g  
f a u l t .  

d isp lacement .  The western  " G r a n i t e  F a u l t "  o f  McFar lan (1961),  w i t h  over  3,000 c 
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9Unconsol lda ted  gravels 

Glacial drlf t 

Rhyolitlc rocks 
of Bimodal sulte 

H M a n c o s  Shale 

Dakota, Morrlson, 
and Entrada Fms. 

I 
H M o r r l s o n  and Entrada Fms. J 

B l U l a r o o n  Format ion 

H M l n t u r n  81 Belden Fms. 

Miss., Dev., Ord., 
& Precambrian Fms. 

X Granites 

Biotitic Gnelsses El and Migmatlte 

F i g u r e  3 .  Geo log ic  map o f  Cement Creek and s u r r o u n d i n g  area  (Adopted f r o m  
B a r r e t t  and P e a r l ,  1978) 
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HYDROGEOLOGY OF THE RANGER WARM S P R I N G S  AREA 

Resource A n a l y s i s  

George and o t h e r s  (1920)  made t h e  f i r s t  comprehensive a p p r a i s a l  o f  t h e  
thermal  wa te rs  o f  Co lorado and t h e  m e d i c i n a l  va lues  a s s o c i a t e d  w i t h  them. 
Those readers  i n t e r e s t e d  i n  t h e  h i s t o r i c  t r e a t m e n t  o f  t h i s  s u b j e c t  w i l l  f i n d  
t h i s  r e p o r t  o f  immense va lue.  I n  a d d i t i o n  t o  r e p o r t i n g  t h e  chemica l  c o m p o s i t i o n  
o f  t h e  thermal  wa te rs  , George and o t h e r s  (1920)  1 i s t e d  such p h y s i c a l  parameters  
a s  tempera ture ,  r a d i o a c t i v i t y ,  and l o c a t i o n  o f  t h e  s p r i n g .  O the r  a u t h o r s  who 
have r e p o r t e d  on v a r i o u s  aspec ts  o f  t h e  Cement Creek V a l l e y  the rma l  wa te rs  a r e  
B a r r e t t  and P e a r l  (1976 and 1978), B e r r y  and o t h e r s  (1980) ,  Lewis (1966) ,  
M a l l o r y  and B a r n e t t  (1973) ,  Pear l  (1972. and 1979)  and Waring (1965). 

I n  1978 B a r r e t t  and P e a r l ,  f o l l o w i n g  up on t h e  work o f  George and o t h e r s  
(1920), r e e v a l u a t e d  t h e  the rma l  w a t e r s  o f  o f  Colorado.  They r e l o c a t e d  t h e  
the rma l  wa te r  sources,  measured t h e i r  t empera tu re ,  pH, and o t h e r  f i e l d  
parameters,  and had a comple te  modern chemical  a n a l y s i s  o f  t h e  wa te rs  made. I n  
a d d i t i o n  t h e y  t r i e d  t h r o u g h  t h e  use o f  geochemical geothermometer models t o  
e s t i m a t e  t h e  subsur face  r e s e r v o i r  t empera tu res  . They e s t i m a t e d  t h a t  t h e  
subsur face  tempera tu res  o f  Ranger and Cement Creek Warm S p r i n g s  c o u l d  range 
from a l o w  o f  84°F (29°C) t o  over  393°F (200°C). They n o t e d  t h a t  t h e  good 
agreement between t h e  v a r i o u s  models suggests  t h a t  t h e  subsur face  t e m p e r a t u r e  
i s  p r o b a b l y  between 86°F and 140°F (30°C and 60°C). 

I n  1979 Pear l  c a r r i e d  t h i s  a n a l y s i s  o f  t h e  Range Warm S p r i n g  one s t e p  
f u t h e r  and p resen ted  e s t i m a t e s  o f  t h e  s i z e  and e x t e n t  o f  t h e  the rma l  area.  
Based on genera l  assumpt ions about  t h e  s i z e ,  e x t e n t ,  and tempera tu re  o f  t h e  
resource  he e s t i m a t e d  t h a t  t h e  Ranger Warm S p r i n g s  system c o u l d  encompass 
between 0.30 sq m i  (1.01 sq km) and .88 sq m i  (2.28 sq km) depending upon how 
much of t h e  f a u l t i n g  was i n c l u d e d  ( P e a r l ,  1979). He a l s o  e s t i m a t e d  t h a t ,  a t  an 
average tempera tu re  o f  113°F (45"C), t h e  energy c o n t a i n e d  i n  t h e  system c o u l d  
range from .0021 Q's t o  -0062 Q's ( l o 1 5  B T U ' S ) .  The accuracy  o f  t h e s e  
e s t i m a t e s  cannot  be v e r i f i e d  u n t i l  more d e t a i l e d  a p p r a i s a l  work i s  done, 
i n c l u d i n g  t h e  d r i l l i n g  o f  t e s t  w e l l s .  

O r i  g i n  o f  Ranger Warm S p r i n g s  Thermal Waters 

Due t o  t h e  l a c k  o f  any deep w a t e r  w e l l s  o r  i s o t o p e  d a t a  i n  t h e  Cement 
Creek r e g i o n  f rom wh ich  mean ing fu l  h y d r o g e o l o g i c a l  d a t a  c o u l d  be c o l l e c t e d ,  t h e  
a u t h o r s  were l i m i t e d  i n  t h e i r  e f f o r t s  t o  f u l l y  e v a l u a t e  t h e  c o n d i t i o n s  o f  t h e  
r e g i o n  and t h e  p r e p a r a t i o n  o f  a w o r k i n g  model o f  t h e  t h e r m a l  c o n d i t i o n s .  
However, based on i n t e r p r e t a t i o n  o f  t h e  g e o l o g i c  c o n d i t i o n s  of t h e  area  and t h e  
known c o n d i t i o n s  a t  o t h e r  the rma l  systems o f  t h e  wor ld ,  some b a s i c  assumpt ions 
can be made c o n c e r n i n g  t h e  o r i g i n  o f  t h e  Ranger Warm S p r i n g  the rma l  waters .  

Thermal wa te rs  can be o f  two o r i g i n s ,  magmatic o r  m e t e o r i c .  Magmatic 
w a t e r s  a r e  w a t e r s  d e r i v e d  f r o m  a c o o l i n g  igneous r o c k  body, w h i l e  m e t e o r i c  
wa te rs  a r e  t h o s e  wh ich  have f a l l e n  on t h e  s u r f a c e  o f  t h e  e a r t h  i n  t h e  f o r m  of 
p r e c i p i t a t i o n .  C r a i g  (1961)  and C r a i g  and o t h e r s  (1956)  have shown t h a t ,  under  
most c o n d i t i o n s ,  t he rma l  wa te rs  a r e  o f  m e t e o r i c  o r i g i n .  To d e f i n i t e l y  p rove  
t h a t  t h e  the rma l  wa te rs  o f  t h e  s t u d y  area  a r e  o f  m e t e r o i c  o r i g i n  wou ld  
n e c e s s i t a t e  sampl i ng and a n a l y z i n g  t h e  w a t e r s  f o r  v a r i o u s  oxygen i sotopes,  
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k h i c h  was n o t  done, o r  l o c a t i n g  a b u r i e d  c o o l i n g  igneous rock  body. A sea rch  
o f  t h e  l i t e r a t u r e  d i d  n o t  r e v e a l  any r e f e r e n c e  t o  such a b u r i e d  igneous body 
and i t  i s  assumed t h a t  one does n o t  e x i s t .  Based on C r a i g ' s  (1961)  f i n d i n g s ,  i t  
i s  t h e  a u t h o r s '  o p i n i o n  t h a t  t h e  Ranger Warm S p r i n g s  the rma l  wa te rs  a r e  o f  
m e t e o r i c  o r i g i n .  

One o f  t h e  problems l e f t  unanswered by t h i s  i n v e s t i g a t i o n  i s  t h e  mechanism 
by  whi ch  t h e  m e t e o r i c  ground-waters became heated  . Deeply m i g r a t i n g  m e t e o r i c  
wa te rs  c o u l d  become heated  by t h e  f o l l o w i n g  p o s s i b l e  means. 1 )  It has been 
shown t h a t  t h e  f l o w  o f  hea t  f rom t h e  e a r t h  i s  v e r y  h i g h  i n  t h i s  a rea  (120 
mW/mz) as compared t o  o t h e r  p a r t s  o f  Co lorado ( F i g .  2) .  
o f  r a d i o a c t i v e  m i n e r a l s .  Whi le  h i s  s tudy  d i d  n o t  ex tend  t o  t h i s  p a r t  o f  t h e  
M i n e r a l  B e l t ,  We l l s  (1960) ,  showed t h a t  t h e  T e r t i a r y  age rocks  o f  t h e  Co lorado 
M i n e r a l  B e l t  i n  t h e  F r o n t  Range a r e . . l 5  t o  25 t i m e s  more r a d i o a c t i v e  t h a n  t h e  
average g r a n i t i c  rocks .  3 ) .  Another  p o s s i b l e  source o f  hea t  i s  t h e  h e a t  g i v e n  
o f f  f r o m  c o o l i n g  magma bod ies .  T e r t i a r y  age e x t r u s i v e  v o l c a n i c  r o c k s  a r e  found 
t h r o u g h o u t  t h e  E l k  and West E l k  Mounta ins (Steven, 1975; Tweto, 1979; and Tweto 
and o t h e r s ,  1976), however these  rocks  a r e  though t  t o  be t o o  o l d  (+20 m i l l i o n  
y e a r s )  t o  be t h e  source  o f  t h e  heat .  

2 )  Heat f rom decay 

Whi le  n o t  c o n s i d e r e d  by t h e  a u t h o r s  as a p o s s i b l e  o r i g i n  f o r  t h e  t h e r m a l  
wa te rs ,  i t  shou ld  be ment ioned t h a t  t h e  wa te rs  may be, a t  l e a s t  i n  p a r t ,  o f  
magmatic o r i g i n .  As no ted  e a r l i e r ,  t h e  s t u d y  area  i s  l o c a t e d  i n  t h e  Co lo rado  
M i n e r a l  B e l t  and hyd ro the rma l  m i n e r a l  d e p o s i t s  occu r  j u s t  n o r t h  o f  C res ted  
B u t t e .  I f  b u r i e d  b a t h o l i t h s  e x i s t  beneath t h e  M i n e r a l  B e l t  as some a u t h o r s  

t h e n  i t  i s  p o s s i b l e  t h a t  t he rma l  f l u i d s  c o u l d  be 
To c o n c l  u s i  v e l y  p rove  o r  d i  sp rove  t h i  s would 

t h e  the rma l  wa te rs  wh ich  t h e  a u t h o r s  d i d  n o t  do.  

have suggested (Tweto, 1975) 
coming f rom t h e s e  f e a t u r e s  . 
r e q u i r e  i s o t o p i c  a n a l y s i s  o f  

I W  
i 
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ELECTRICAL GEOPHYSICAL SURVEYS 

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

I n  an a t tempt  t o  map t h e  boundar ies  o f  t h e  Ranger Warm S p r i n g s  geothermal  
system 6 d i p o l e - d i p o l e  and 3 g r a d i e n t  surveys  were conducted  ( F i g .  4) .  Due t o  
such the rma l  r e s e r v o i r  p h y s i c a l  parameters  as tempera tu re ,  f l u i d  
c h a r a c t e r i s t i c s  and c l a y  c o n t e n t  e l e c t r i c a l  r e s i s t i v i t y  surveys  a r e  w e l l  s u i t e d  
f o r  geothermal  resources .  As a r e s u l t  o f  t h e s e  parameters  geothermal  systems 
a r e  c h a r a c t e r i z e d  by l o w  r e s i s t i v i t y  zones as c o n t r a s t e d  t o  t h e  s u r r o u n d i n g  
bedrock . 

These two  surveys  gave t w o .  d i f f e r e n t  p i c t u r e s  o f  t h e  subsur face  
geophys ica l  c o n d i t i o n s .  The d i p o l e - d i p o l e  surveys  g i v e  a v e r t i c a l  p i c t u r e  o f  
t h e  geophys ica l  c o n d i t i o n s  under t h e  l i n e  o f  t r a v e r s e ,  w h i l e  t h e  g r a d i e n t  
surveys  g i v e s  a p l a n  v iew of t h e  e l e c t r i c a l  r e s i s t i v i t y  a t  a s p e c i f i e d  depth.  
A complete d e s c r i p t i o n  of t h e  v a r i o u s  f a c t o r s  wh ich  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 i s  p resen ted  i n  Appendix C. Presen ted  i n  Appendix D 
i s  a comple te  d e s c r i p t i o n  o f  t h e  equipment used. 

To he1 p i n  d e t e r m i n i n g  t h e  subsur face  g e o l o g i c a l  and h y d r o g e o l o g i c a l  
c o n d i t i o n s ,  pseudosec t ions  were c o n s t r u c t e d  u s i n g  e l e c t r i c a l  r e s i s t i v i t y  
measurements ( F i g s .  5 t o  10). These a r e  c r o s s  s e c t i o n s  r e f l e c t i n g  t h e  
r e s i s t i v i t y  of t h e  bedrock below t h e  l i n e  o f  t r a v e r s e .  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 ,  i t  i s  easy t o  make t h e  assumpt ion  t h a t  t h e  
measurements j u s t  r e p r e s e n t  t h e  m a t e r i a l  immed ia te l y  under  t h e  l i n e  o f  
t r a v e r s e .  However, t h i s  i s  n o t  a lways t h e  case and i n  some i n s t a n c e s  t h e  
measurements 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 e  g e o l o g i c a l  
c o n d i t i o n s .  Another  method, wh ich  was n o t  used, t o  i n t e r p r e t  e l e c t r i c a l  
r e s i s t i v i t y  geophys ica l  da ta  i s  d e t a i l e d  computer models. These models wou ld  
g i v e  a more a c c u r a t e  d e s c r i p t i o n  o f  t h e  i n d i v i d u a l  f a u l t s .  The g r a d i e n t  a r r a y s  
( F i g .  12, 13 and 14 )  w h i l e  h e l p f u l ,  l a c k e d  t h e  p e n e t r a t i n g  power r e q u i r e d  t o  
d i s c e r n  what was o c c u r i n g  a t  depth.  

I n  c o n t r a s t  t o  t h e  d i p o l e - d i p o l e  procedure,  t h e  p rocedure  f o r  g r a d i e n t  
surveys  c a l l s  f o r  two d i s t a n t  f i x e d  c u r r e n t  e l e c t r o d e s ,  A and B and a p a i r  of 
p o t e n t i a l  -measuring e l e c t r o d e s  t h a t  a r e  used t o  t r a v e r s e  a r e c t a n g u l a r  a rea  
between them ( F i g .  11 )  

I n  a d d i t i o n ,  a map was c o n s t r u c t e d  u s i n g  d a t a  f rom t h e  pseudosec t ions  
(F ig .  15 ) .  T h i s  map, wh ich  d e p i c t s  t h e  v a r a b i l i t y  o f  t h e  r e s i s t i v i t y  
measurements t h r o u g h o u t  t h e  area a t  a dep th  o f  a p p r o x i m a t e l y  300 f t  ( 9 1  m ) ,  
c l e a r l y  d e f i n e s  a n o r t h - s o u t h  t r e n d i n g  zone t h r o u g h  t h e  c e n t e r  o f  t h e  area. 
T h i s  zone p a r a l l e l s  t h e  p r o j e c t e d  b u r i e d  f a u l t  p a r a l l e l  Cement Creek. T h i s  map 
c o r r e l a t e s  q u i t e  w e l l  w i t h  t h e  d i p o l e - d i p o l e  s e c t i o n s  l i n e s  A, B, and F. 

e 

e 

c 

c 

c 

c 

ci. 

(L 

b 

- 10 - b 



1 1 

Concl u s i  ons 

U 

e, 

e 

The o n l y  o b s t a c l e  t h a t  p resen ted  any problems i n  conduc t ing  t h e  e l e c t r i c a l  
r e s i s t i v i t y  surveys  was Cement Creek. Due t o  t h e  wa te r  s a t u r a t e d  a l l u v i u m  low 
r e s i s t i v i t y  r e a d i n g s  were reco rded  a long  t h e  c reek .  The r e s i s t i v i t y  surveys  
de termined t h a t  Ranger Warm S p r i n g s  the rma l  waters  appear t o  be f a u l t  
c o n t r o l l e d .  The n o r t h - s o u t h  f a u l t  l o c a t e d  i n  t h e  bo t tom o f  Cement Creek c o u l d  
be t h e  c o n d u i t  a t  depth,  a l o n g  wh ich  t h e  the rma l  waters  a r e  m i g r a t i n g  t o  t h e  
s u r f a c e  . 

Due t o  equipment l i m i t a t i o n s  and g e o l o g i c a l  c o n d i t i o n s  i t  was n o t  p o s s i b l e  
p o s s i b l e  t o  a c q u i r e  any measurements below a dep th  o f  t 700 f t  (122 m) ,  
t h e r e f o r e  t h e  c o n d i t i o n s  beyond t h i s  .depth a r e  unknown. AddTt iona l  r e s i s t i v i t y  
surveys  f o r  more s t r u c t u r a l  c o n t r o l  would be d e s i r a b l e .  
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W rl 

a EAST WEST . 
1 . 3 . 5 . 7 . 9 . 11 . 13 . 15 . 17 . 19 . 21 . 23 . 25 ,. 27 . 29 . 34 rr 

67 2 
3 

119 108 4 
5 

U 

200 FT 
O- 

LENGTH: 370011 11128ml 
F i g u r e  5. D i p o l e - D i p o l e  Pseudosec t ion  L i n e  A: A l ow  r e s i s t i v i t y  zone was SEPARATION: n Value 
mapped between s t a t i o n s  11 and 15 w i t h  t h e  l o w e s t  v a l u e s  b e i n g  l e s s  t h a n  25 ohm D A T E : ~ / Q / ~ I ,  6/10/81 
mete rs .  These l o w  Va lues  o c c u r  a t  a d e p t h  o f  a p p r o x i m a t e l y  500 f t  (152.4 m) (n  TYPE: Dipole-Dipole 
= 5 l e v e l ) .  A mapped f a u l t  downthrown t o  t h e  sou thwes t  i n  t h e  v i c i n i t y  of SpREAD:a= 2 w f t  
s t a t i o n  20 i s  shown. Due t o  an a p p a r e n t  change i n  t h e  l i t h o l o g y  of t h e  bedrock  RESISTIVITY: In ohm meters 

POSSIBLE FAULT: - - the r e s i s t i v i t y  v a l u e s  i n c r e a s e  f r o m  t h l s  s t a t i o n  t o  t h e  n o r t h e a s t .  Y 

w 

a EAST WEST 

1 . 3 . 5 . 7 . 9 . 11 , 13 . 15 17 . 19 . 21 . 23 . 25 . 27 . 29 . 31 . 33 
. ' b  

I i %, 
321 372 

63 

F i g u r e  6. 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  L i n e  6: T h i s  n o r t h e a s t  t r e n d i n g  l i n e  
passes t h r o u g h  t h e  warm s p r i n g .  A d i s t i n c t  l o w  r e s i s t i v i t y  zone was mapped 
between s t a t i o n s  7 t h r o u g h  16 i n  t h e  v i c i n i t y  o f  t h e  warm s p r i n g .  The v a l u e s  
i n  t h i s  zone a r e  as l o w  as 28 ohm-meters, w h i c h  i s  q u i t e  s i m i l a r  t o  t h e  l o w  
zone on l i n e  A and shows good a l i g n m e n t  w i t h  t h e  n o r t h - s o u t h  f a u l t  t h a t  passes 
j u s t  e a s t  of t h e  s p r i n g .  R e s i s t i v i t y  v a l u e s  i n c r e a s e  d r a m a t i c a l l y  t o  t h e  e a s t  
due t o  l i t h o l o g i c  changes. 

n = i  
2 
3 
4 
5 

LENGTH : 3500 ft  11067 m I 
SEPARATION: n value 
DATE : 6f IOf  81 
TYPE: Dipole - Dipole 
SPREAD: a = 2wft 
RESISTIVITY: In ohm meters 
POSSIBLE FAULT: - - 
HOT SPRING: \ 

i 
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125 

0 100 FT 111 120  . 

160 

154 

F i g u r e  7. D i p o l e - D i p o l e  Pseudosec t ion  L i n e  C: T h i s  1,100 f t  (335 m )  
n o r t h - s o u t h  l i n e  l o c a t e d  e a s t  o f  t h e  warm s p r i n g s  c r o s s e s  Cement Creek. 
R e s i s t i v i t y  measurements were a f f e c t e d  by t h e  w a t e r  s a t u r a t e d  a l l u v i u m  a l o n g  
t h e  c reek .  The n e a r  s u r f a c e  v a l u e s  a r e  much h i g h e r  t h a n  t h e  deeper  v a l u e s  w h i c h  
i s  p r o b a b l y  due t o  w a t e r  s a t u r a t e d  a luv ium.  .From t h e  e x a m i n a t i o n  o f  t h e  d a t a  
no f a u l t i n g  was apparen t .  

NORTH 
10 11 

n =I 

2 

3 

4 

5 

6 

LENGTH : 
SEPARATION: I l  Value 

TYPE: Dipole- Dipole 

RESISTIVITY: In ohm meters 

1100 ft f 335 m I 

DATE: 6/11 81 

SPREAD: a = iooft  

SOUTH . a NORTH 

1 2 3 4 5 6 7 8 9 10 11 12 

F i g u r e  8. D i p o l e - D i p o l e  Pseudosec t ion  L i n e  D: T h i s  n o r t h - s o u t h  l i n e  l o c a t e d  
west  o f  t h e  warm s p r i n g  a l s o  c r o s s e s  Cement Creek. I t  i s  1,200 f t  (366 m )  i n  
l e n g t h  and shows s i m i l a r  c h a r a c t e r i s t i c s  as l i n e  C w i t h  r e s i s t i v i t y  v a l u e s  
d e c r e a s i n g  w i t h  dep th .  These measurements i n d i c a t e  t h a t  t h e  a l l u v i u m  a l o n g  
Cement Creek i s  q u i t e  t h i c k .  No f a u l t i n g  i s  apparen t .  

n=1 

2 

3 

LENGTH : 1200 ft I 366 m I 
SEPARATION: n Value ' 

DATE: 6/12/81 
TYPE: Dipole - Dipole 

RESISTIVITY: In ohm meters 
SPREAD: a = 100 tt  
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F i g u r e  9. 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  L i n e  E:  T h i s  r e s i s t i v i t y  l i n e  t r e n d s  i n  a 
n o r t h w e s t - s o u t h e a s t  d i r e c t i o n  and i s  a p p r o x i m a t e l y  1,500 f t  (457 m )  i n  l e n g t h .  
No e v i d e n c e  o f  f a u l t i n g  was no ted .  However, t h e  c o n t a c t  between t h e  a l l u v i u m  
o f  Cement Creek and t h e  u n d e r l y i n g  bedrock  i s  w e l l  i l l u s t r a t e d  by an i n c r e a s e  
o f  r e s i s t i v i t y  v a l u e s  a t  s t a t i o n s  6 t h r o u g h  8. 

WEST 

87 &o- 

n = i  

2 

3 

4 

c 

LENGTH: 150011 I 457ml 
SEPARATION: n Value 
DATE: 6 l l 5 l 8 l  
TYPE: Dipole - Dipole 

RESISTIVITY: In ohm meters 
SPREAD: a = io0 1 t 

- a EAST 

n = i  
2 
3 
4 
5 

0 
O L W  FT 

0 

F i g u r e  10. 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  L I n e  F: T h i s  5,300 ft (1.62 km) LENGTH: 5300ft 11615ml 
n o r t h e a s t  t r e n d i n g  l i n e  p a r a l l e l s  t h e  Cement Creek road .  R e s i 8 t i v i t Y  SEPARATION: n Value 
measurements i n d i c a t e  s i m j l a r  c h a r a c t e r i s t i c s  w i t h  l i n e  A. A deep s e a t e d  l o w  DATE: 6/15/81, 6/16/81 
r e s i s t i v i t y  zone was n o t e d  between s t a t i o n s  26 and 38 where t h e  l i n e  c r o s s e d  TYPE: Dipole-Dipole 
t h e  n o r t h - s o u t h  f a u l t .  T h i s  zone a l i g n s  i t s e l f  w e l l  w i t h  t h e  same f a u l t  SPREAD:a= 200ft 
i l l u s t r a t e d  on l i n e s  A and B. The r e s i s t i v i t y  v a l u e s  i n c r e a s e  r a p i d l y  t o  t h e  RESISTIVITY: i n  ohm meters 
n o r t h e a s t ,  i n d i c a t i n g  a l i t h o  o g i c  change i n  t h e  bedrock.  POSSIBLE FAULT:- - 
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Figure 11. Plan view o f  t h e  gradient  a r r ay ,  or AB r ec t ang le  a r ray .  The 
rec tangular  area between d i s t a n t ,  f ixed  cu r ren t  e l ec t rodes  i s  
t r ave r sed  by a p a i r  of potent ia l  measuring e l ec t rodes .  A l t h o u g h  
t h e  a r ray  f a c t o r  KAB i s  near un i ty ,  i t  i s  a var iab le .  

(From P r i n c i p l e s  of Induced P o l a r i z a t i o n ,  J .  S. Sumner, 1976) .  
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100 FT 

DATE : 6/17/81 

DEPTH : 600-700 ft' I 183 - 213 m I 

1 
F i g u r e  12. G r a d i e n t  A r r a y  G :  The measured r e s i s t i v i t y  v a l u e s  ranged f rom 20 t o  
35 ohm-meters, which appears  t o  be an a v e r a g i n g  a f f e c t  o f  t h e  sediments  
r e s i s t i v i t y  v a l u e s .  It i s  p o s s i b l e  t h a t  t h e  e l e c t r i c a l  c u r r e n t  d i d  n o t  
p e n e t r a t e  much deeper  t h a n  t h e  a l l u v i u m  a l o n g  Cement Creek.  

I 

,v  
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F i g u r e  13. G r a d i e n t  A r r a y  H:  T h i s  g r a d i e n t  a r r a y  was l o c a t e d  i n  t h e  n o r t h e a s t  
p o r t i o n  o f  t h e  area  and demonstrated a s t r o n g .  l o w  r e s i s t i v i t y  zone i n  t h e  

meters ,  whereas t h e  va lues  i n  t h e  n o r t h  p o r t i o n  o f  t h e  a r r a y  exceeded 100 ohm 
meters.  T h i s  suggests  a l i t h o l o g i c  c o n t a c t  change i n  t h i s  p o r t i o n  o f  t h e  area. 
As c a l c u l a t e d ,  t h e  depth  o f  p e n e t r a t i o n  exceeded a d e p t h  o f  700 f t  ( 2 1 3  m). 

southwest quadrant  o f  t h e  array. The v a l u e s  were v e r y  low,  down t o  3 ohm & 
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W 
F i g u r e  14. G r a d i e n t  A r r a y  I :  T h i s  g r a d i e n t  d i d  n o t  i n d i c a t e  any anomalous zones 
except  t h a t  t h e  r e s i s t i v i t i e s  decreased  as t h e  v a l l e y  f l o o r  o f  Cement Creek was 
approached. The r e s i s t i v i t y  v a l u e s  v a r i e d  v e r y  l i t t l e ,  suggest ing  an a v e r a g i n g  
e f f e c t  o f  t h e  sediments.  The v a l u e s  ranged from 25 t o  50 ohm m e t e r s .  
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F i g u r e  15. Compos i te  e l e c t r i c a l  r e s i s t i v i t y  map, N = 3 l e v e l .  
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SOIL MERCURY SURVEYS 
W 

t' 

I n t r o d u c t i o n  : I  . 
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The m a j o r i t y  o f  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 a s  geo logy ,  geophys ics ,  and hyd rogeo 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. As p a r t  o f  t h e  Ranger Warm S p r i n g s  r e s o u r c e  
assessment 'program u r y  geochemical surveys  were conducted. 

nstances;;, F o r  
example Capuano and Bamford ( 1 9 7 8 ) ,  Cox and C .and Landress ,  
( 1 9 7 9 ) ,  Klusman and o t h e r s  ( 1 9 7 7 ) ,  and Ma seck.  ( 1 9 7 6 )  ' have 
demonstrated t h e  use o f  ' s o i l  mercury  s u r v e y i  .geot hermal- e x p l o r a t i o n  
t o o l  . Both  M a t l i c k  and Buseck (1.976)', and mor y,: Cox and Cuff ( 1 9 8 0 ) ,  
have used s o i l  mercury  surveys  on a r e g i o n a l  sca le ,  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 ( 1 9 7 8 )  have shown h o w , s o i l  
m e r c u r y ' s u r v e y s  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 . .assoc i  a t  i o n  of. mercury  w i th  geothermal  depo has been shown by Whi te  
( 1 9 6 7 ) .  M a t l i c k  and Buseck ( 1 9 7 6 )  s t a t e d  t h  r e a s  w i t h ,  known ' t he rma l  
a c t i v i t y ,  such as t h e  Geysers, C a l i f o r n i a ;  Wa 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, 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  mercury  w i t h  geothermal  ' *depos i ts ,  n o t e d  t h a t  mercury  has g r e a t  
v o l a t i l i t y  and t h e  e l e v a t e d  tempera tu res  o f  most geothermal  systems t e n d s  t o  

which showed t h a t  r e l a t i v  
waters .  M a t l i c k  and Buse 

1 L 

So i  1 mercury  surveys  have proven success fu1 . i  

M a t l i c k  and Buse 
mercury  c o n c e n t r a t i o  
Long V a l l e y ,  C a l i f o r n  
i n d i c a t e d  p o s i t i v e  ano 
V a l l e y  o f  C a l i f o r n i  

P v i  nce ton  Ho t  
cedures d i f f e r  

p rocedure  was used t o  de te rm ine  t h e  c o n c e n t r  
t h e  r e s u l t s  f o r  on l y  one of t h e  s i x  a reas  sampled, Glenwood Springs.. T h e i r  

r e s u l t s  of t h e i r  i 
i d e n t i f y i n g  and m 
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thermal  wa te rs  and f o r  d e l  i n e a t i n g  areas  over 
a c t i v i t y .  

The a im .of t h e  geochemi 

O b j e c t  i ves 

cr 
y i n g  n e a r - s u r f a c e  the rma l  

s t o  e v a l u a t e  t h o s e  the rma l  a1 sampl ing  program \ 

areas 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 e d  f o r  ; t h i s  program was l i m i t e d ,  t h e  s o i l  mercury  su rveys  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 

aimed a t  d e t e r m i n i n a  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  inq t h e  h o t  s p r i n g s .  
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 c 

d - - - -  - . _  _ _ _  
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  r e s u l t s  o f  Cipuano and Barnford 
(1978). Our ihg  1980 a s l i g h t l y  b roader  t a r g e t  was cons idered,  r a t h e r  t h a n  j u s t  
sampl ing a l o n g  t r a v e r s e s  l o c a t e d  over  suspected f a u l t s ;  g r i d  samp l ing  p a t t e r n s  
w.ere used where p o s s i  b l  e. I f  anomal ous mercury  concen ’ t ra t  i ons were de tec ted ,  
t h e n  fo l l ow-up  samples were c o l l e c t e d  a t  a more d e t a i l e d  l e v e l .  F o r  t h o s e  
the rma 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  u rban development, t r a v e r s e s  were chosen i n  a s i m i l a r  method t o  
t h e  procedure  used i n  1979. 

Sampling Methods 

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  t o  20 f t  (4.6 m t o  6.1 in) o f  each o t h e r .  The n o t a t i o n  o f  samp l ing  l o c a l i t y  
i s  e x p l a i n e d  i n  Miesch (1976). The i n t e r v a l  between sampl ing  s i t e s  depends on 

a r g e t  b e i n g  cons idered.  Fo 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  
i t h e r  100 ft t o  200 f t  o r  400 ft (30.5 m t o  6 1  m o r  122 m). When u s i n g  

a 400 ft (122 m )  i n t e r v a l ,  t h e  area  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 cons ide red  t h e  t a r g e t  r a t h e r  t h a n  any p a r t i c u l a r  f a u l t .  Sampling i n t e r v a l s  

. o f  200 ft ( 6 1  in) 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  spac ing  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  over  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 s  of Capuano and Bamford (1978) ,  i t  was b e l i e v e d  t h a t  some anomalous 
mercury va lues  shou ld  be encountered  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  area was used. A d e f i n i t e  s t r u c t u r a l  p a t t e r n  may be obv ious ,  b u t  if t h e  
s tudy  area i s  b e i n g  i n f l u e n c e d  by 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  s p r i n g s  area i s  e n t i r e l y  o r  p a r t i a l l y  h i g h  i n  mercury  
r e l a t i v e  t o  s u r r o u n d i n g  area.  

I The sampl ing  procedure  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  ac ross  suspec ted  f a u l t s  i n  t h e  the rma l  areas.  Samples were 
t h e n  c o l l e c t e d  a t  p rede te rm ined  i n t e r v a l s  ( u s u a l l y  100 f t )  c o l l e c t e d  a l o n g  t h e  
1 i n e s  . 

I n  most of 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 
taken  a t  random 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 i 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 .  I f , t h e  comparison suggested t h a t  t h e r e  i s  as much v a r i a n c e  a t  a 
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  wou ld  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  wou ld  more t h a n  
1 i k e l y  l e a d  t o  fa1  se i n t e r p r e t a t i o n .  

Two r a t i o n a l e s  have been used f o r  d e t e r m i n i n g  t h e  samp l ing  depth.  The 
method recommended by Cupuano and Bamford (1978)  i s  t o  de te rm ine  t h e  p r o f i l e  o f  

c. 
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' mercury  down t o  a depth  o f  a p p r o x i m a t e l y  15 i n  (38.1 cm); t h e  dep th  a t  wh ich  

t h e  p r o f i l e  peaks de termines  t h e  sampl ing  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  mercury  i n  t h e  s o i l .  A lso ,  t h e  
sampl ing  dep th  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  o f  t h e  sun. 

The method used d u r i n g  1979 c o n s i s t e d  of u s i n g  p r o f i l e s  t o  de te rm ine  
sampl ing  depths.  A sampl ing  dep th  o f  a p p r o x i m a t e l y  6 i n  (15.2 cm), w i t h  an 
i n t e r v a l  o f  about  .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  over  an i n t e r v a l  of 5 t o  7 i n  (13 t o  18 cm). I t  was 
hoped t h a t  some of v a r i a n c e  due t o  dep th  would be smoothed o u t  by sampl ing  ove r  
a w i d e r  i n t e r v a l .  A l s o  a t  t h a t  depf'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  8 
t o  10 i n  (20  t o  25.4 cm). A s p a t u l a  and me ta l  cup were t h e n  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  ove 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  d r y .  Norma 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  7 days, t h e  samples were ana lyzed  f o r  
mercury  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 .  

8 

Background vs Anomaly 

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 va lues .  There a r e  v a r i p 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 .  Fo 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 reak  i n  t h e  a c c u m u l a t i v e  f requency  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  break  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  (Cupuano and 
Bamford, 1978; L e p e l i t e r ,  1969; Lev inson,  1974). 

Fo r  , those i n s t a n c e s  where t h e  d a t a  were ana lyzed u s i n g  a c u m u l a t i v e  
f requency  diagram, 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  by 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  number o f  t h e  samples by 10. 

2). Determine t h e  range o f  each c l a s s  i n t e r v a l  by d i v i d i n g  t h e  maximum 
reco rded  v a l u e  by t h e  c l a s s  i n t e r v a l  l e s s  one. 

o .., 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). Determine c l a s s  f requency  by c a l c u l a t i n g  t h e  number o f  va lues  i n  each 
c l a s s  . 

5). Determine r e l a t i v e  f requency  by d i v i d i n g  each c l a s s  f requency  v a l u e  by 
,cd t o t a l  number o f  va lues .  
~ 
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7 ) .  

C o n s t r u c t  f requency  d i s t r i b u t i o n  graph by p l o t t i n g  c l a s s  f requency 
1 og Val ues by cumul a t i  ve f requency  . 
Note where break i n  s l o p e  o f  graph occurs.  

To demonstrate t h i s  method, assume t h a t  90 samples had been c o l l e c t e d  and 
analyzed w i t h  a n a l y t i c a l  va lues  r a n g i n g  f r o m  0 ppb t o  900 ppb. 1) To de termine 
t h e  c l a s s  i n t e r v a l  m u l t i p l e  t h e  l o g  o f  90 by 10 ( C . I .  = 10 l o g  90 = 19 
i n t e r v a l s ) .  2). To determine t h e  range o f  each c l a s s  i n t e r v a l  d i v i d e  900/18. 
C . I .  range = 50 ppb. 3 )  Determine l o g  o f  each c l a s s  i n t e r v a l :  l o g  49 = 1.69; 

o rder .  Determine number o f  va lues  w i t h i n  each c l a s s  i n t e r v a l .  Assume t h a t  f i r s t  
c l a s s  i n t e r v a l  (0-49 ppb) contained. 38 samples; and t h e  second c l a s s  i n t e r v a l  
(50-99 ppb) c o n t a i n e d  24 samples. 5 ) .  R e l a t i v e  f requency  o f  i n t e r v a l  no. 1: 

c u m u l a t i v e  f requency t a b l e  by summing r e l a t i v e  f requency  v a l u e s ;  -422, .422 + 
-267 =.689, e t c .  P l o t  r e l a t i v e  f requency  a g a i n s t  c u m u l a t i v e  f requency.  7 ) .  Note 

c 

< l o g  99 = 2.00 e t c .  f o r  a l l  19 c l a s s e s .  4) .  Arrange d a t a  i n  ascend ing  numer ica l  

, 
I 38/90 = .422. R e l a t i v e  f requency  o f  i n t e r v a l  no. 2:  24/90 = .267. 6 )  C o n s t r u c t  
I 

where break i n  s l o p e  occurs.  Gbr 

c 

For  t h o s e  cases where t h e  d a t a  were sparse and t h e  v a l u e s  were c l u s t e r e d  
near  t h e  l o w e r  d e t e c t i o n  l i m i t  o f  t h e  i n s t r u m e n t ,  w i t h  a few h i g h  v a l u e s  a t  t h e  
o p p o s i t e  extreme, a more e m p i r i c a l  method was used. T h i s  method c a l l e d  f o r  
a r r a n g i n g  t h e  d a t a  i n  ascend ing  numer ica l  o r d e r  t h e n  i n s p e c t i n g  t h e  d a t a  f o r  

t h e  l a c k  o f  a p r o p e r  sampl ing  d e s i g n  and computer f a c i l i t i e s ,  t h e  gap between 
background and t h e  anomaly was chosen s u b j e c t i v e l y ,  r a t h e r  t h a n  u s i n g  a 
s t a t i s t i c a l  t e s t  as recommended by Miesh (1976).  When background was 
de termined i n  t h i s  manner, sometimes t h e  anomaly c r i t e r i a  o f  f o u r  t i m e s  t y p i c a l  
background was used t o  see how i t  compared w i t h  t h e  anomalous r e s u l t s  o f  t h e  

any gaps. The anomalous va lues  a r e  d i f f e r e n t i a t e d  f rom background va lues.  F o r  Q 

r a n k i n g  method. 6 

As a f u r t h e r  a i d  i n  d e t e r m i n i n g  background mercury  va lues ,  sample 
l o c a l i t i e s  were chosen w i t h i n  a ' m i l e  o r  two o f  t h e  s t u d y  area. Care was t a k e n  
t o  t r y  t o  sample on t h e  same p a r e n t  m a t e r i a l  as i n  t h e  s t u d y  area. It was 
assumed t h a t  t h e r e  were no ext reme r e g i o n a l  t r e n d s .  

b 
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9 . .  *. GEOCHEMICAL SURVEYS I N  THE CEMENT CREEK AREA 

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

As p a r t  o f  t h e  r e s o u r c e  assessment program i n  t h e  Cement Creek V a l l e y ,  19 
s o i l  samples were c o l l e c t e d  and ana lyzed f o r  mercury  f rom t h e  Ranger Warm 
S p r i n g s  area.  The l o c a t i o n  o f  t hese  s i t e s  and t h e  a n a l y t i c a l  d a t a  a r e  shown on 
F i g .  16. U n l i k e  some .o f  t h e  o t h e r  a reas  i n  Co lorado where t h i s  method was 
employed, t h e  method p roved  l e s s  t h a n  s a t i s f a c t o r y '  i n  d e l i n e a t i n g  t h e  
h y d r o g e o l o g i c a l  c o n d i t i o n s  o f  Ranger Warm Spr ings .  

s o i l  D e s c r i p t i o n  

Most o f  t h e  s o i l  samp l ing  around t h e  Ranger Warm S p r i n g  was done a t  t h e  
break i n  t h e  s l o p e ,  j u s t  about  t h e  v a l l e y  bo t tom ( F i g  16) .  The s o i l  appeared 
t o  haye formed on c o l l u v i u m  on t h e  h i l l s i d e  and on a l l u v i u m  i n  t h e  v a l l e y  
bot tom. The B h o r i z o n ,  f rom wh ich  t h e  samples were taken,  was u s u a l l y  da rk  
brown and q u i t e  i c k ,  1' t o  2 ' .  It v a r i e d  f rom a s i l t y  t e x t u r e  on t h e  
h i l l s i d e  t o  c l a  i n  v a l l e y  bo t tom.  Sur round ing  t h e  warm s p r i n g  i s  a l a r g e  
o u t c r o p  o f  t r a v e r t i n e .  

- _  

I Mercury 

Fo r  r e p r e s e n t a t i v e  background- va lues  , samples were c o l l e c t e d  n o r t h e a s t  o f  
t h e  s p r i n g .  Except  f o r  one v a l u e  o f  86 ppb, t h e  va lues  ranged f rom 2 ppb t o  16 
ppb and as such were o f  no use i n  d e t e r m i n i n g  t h e  background l e v e l .  Background 
l e v e l  s were de te rm ined  by a n a l y z i n g  da ta  c o l l e c t e d  around t h e  h o t  s p r i n g .  When 
t h e  d a t a  were ar ranged i n  ascend ing  o r d e r  (Tab le  2 )  i t  became apparen t  t h a t  t h e  
background l e v e l  o f  s o i l  mercury  p r o b a b l y  ranges f rom l e s s  t h a n  1 ppb t o  about  
30 ppb. 

The a n a l y t i c a l  d a t a  a r e  n o t  t o o  meanin f u l  except  f o r  t h e  66 ppb v a l u e  
n o r t h  of Cement Creek. T h i s  h i g h  v a l u e  may i n d i c a t e  t h e  presence o f  - f a u l t i n g  
o r  i t  m i g h t  i n  some way be r e l a t e d  t o  t h e  nearby  guard s t a t i o n .  The h i g h  
mercury  va lues  found i n  t h e  s p r i n g  o r  i n  t h e  t r a v e r t i n e  s u r r o u n d i n g  t h e  s p r i n g  
a re  t h o u g h t  t o  have p r e c i p i t a t e d  f rom t h e  s p r i n g  water .  It was hoped t h a t  t h e  

t i o n  and d i r e c t i o n  of  f a u l t i n g ,  b u t ,  as 
any t r e n d s t h a t  would n o t  be expec ted  f rom 

p l e s  c o l l e c t e d  from t h e  Ranger 

.- 1 
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R. 85 W. See Figure 3 f o r  geology explanation. \ 

F i g u r e  16. L o c a t i o n  o f  s o i l  mercury  sample s i t e s ,  Ranger Warm Spr ings .  
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SUMMARY AND CONCLUSIONS 
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The geothermal  resources  o f  t h e  Cement Creek V a l l e y  n o r t h  o f  Gunnison, 
Co lorado were e v a l u a t e d  as p a r t  o f  a s t a t e  wide resource  assessment program. 
I n  t h i s  v a l l e y  t h e r e  a r e  two * the rma l  spr ings--Ranger  and Cement Creek, 
a p p r o x i m a t e l y  4 m i l e s  a p a r t  (6.4 km). Due t o  ,access problems,  t h i s  
i n v e s t i g a t i o n  was l i m i t e d  t o  t h e  area immed ia te l y  s u r r o u n d i n g  t h e  Ranger Warm 
Spr ings .  The i n v e s t i g a t i o n  c o n s i s t e d  o f :  l i b r a r y  research ;  reconna isance f i e l d  
g e o l o g i c a l  i n v e s t i g a t i o n ;  e l e c t r i c a l  r e s i s t i v i t y  geophys ica l  surveys ;  and s o i l  
mercury geochemical surveys  . 

The i n v e s t i g a t i o n  showed t h a t  Ranger Warm Spr ings  most l i k e l y  i s  f a u l t  
c o n t r o l l e d .  G e o l o g i c a l  mapping by McFar lan (1961)  and Tweto (1975 and 1979) 
de termined t h a t  t h e r e  a r e  s e v e r a l  hi 'gh ang le  f a u l t s  i n  t h e  immediate area.  A 
b ranch of one of t h e s e  f a u l t s ,  t h e  " G r a n i t e  F a u l t "  o f  McFar lan (1961) ,  passes 
t h r o u g h  t h e  Ranger Warm Spr ings .  The geophys ica l  surveys  showed t h a t  t h e  
thermal  wa te rs  a r e  p r o b a b l y  moving a l o n g  an obscured f a u l t  l y i n g  i n  t h e  v a l l e y  
o f  Cement Creek. , - .  

Y 

Y 

As p a r t  o f  t h e i r  p r e l i m i n a r y  e v a l u a t i o n  o f  t h e  Cement Creek geothermal  
resources ,  B a r r e t t  and P e a r l  (1978) r a n  geothermometer model ana lyses .  These 
model s showed t h a t  t h e  maximum r e s e r v o i r  t empera tu re  o f  t h e  Ranger Warm S p r i n g  
may range between 84OF (29°C) and 393°F (20OOC). Depending upon how much o f  t h e  
f a u l t i n g  i n  t h e  area  i s  i n v o l v e d ,  t h e  Ranger Warm S p r i n  r e s e r v o i r  a r e a l  e x t e n t  
has been e s t i m a t e d  t o  v a r y  f rom 0.30 sq m i  (1.01 sq km 3 t o  0.88 sq m i  (2.28 Sq 
km) ( P e a r l ,  1981). It was a l s o  e s t i m a t e d  t h a t  t h e  r e s e r v o i r  c o u l d  c o n t a i n  as 
much as  -0062 Q ' S  (1015 BTU's) o f  hea t  ene rgy  ( P e a r l ,  1981). L a c k i n g  any more 
p r e c i s e  subsur face  i n f o r m a t i o n ,  t h e  a u t h o r s  b e l i e v e  t h a t  t h e  above e s t i m a t e s  
a r e  a r e l i a b l e  i n d i c a t o r  o f  t h e  s i z e  and e x t e n t  o f  t h e  Ranger Warm S p r i n g s  
the rma l  system. 

S t u d i e s  a t  t h e  Mount P r i n c e t o n  Hot Spr ings ,  Colorado,  and e lsewhere  i n  t h e  
w o r l d  have shown t h a t  most ' t he rma l  wa te rs  a r e  o f  m e t e o r i c  o r i g i n .  
Hydrogeol o g i c a l  model s developed f o r  t h e  Ranger Warm Spr ings  . r e g i o n  based on 
g e o l o g i c a l  ev idence i n d i c a t e  t h a t  t h e  the rma l  wa te rs  a r e  p r o b a b l y  o f  m e t e o r i c  
o r i g i n .  However, t h e y  a l s o  c o u l d  be o f  magmatic o r i g i n  or  a m i x t u r e  of t h e  
two. Thermal wa te rs  o f  m e t e o r i c  o r i g i n  o r i g i n a t e  as deep c i r c u l a t i o n  o f  normal 
g roundwaters  a l o n g  f a u l t s  i n  an area  o f  above normal- hea t  f l o w .  Recharge o f  
t h e  thermal  system occurs  f r o m  m e l t i n g  snows and p r e c i p i t a t i o n  f a l l i n g  on t h e  
s u r r o u n d i n g  h i g h l a n d s .  Thermal magmatic wa te rs  would be wa te rs  o r i g i n a t i n g  
f rom t h e  c o o l i n g  o f  b a t h o l i t h s  wh ich  have been p o s t u l a t e d  t o  u n d e r l i e  t h e  

1 .  

43 Colorado M i n e r a l  B e l t  ('Tweto, 1 

The geothermal  resources  o f  t h e  Ranger Warm S p r i n g s  area  d o ' n o t  appear t o  
be o f  e x t r e m e l y  h i g h  tempera tu res  and t h e  r e s e r v o i r  p r o b a b l y  does n o t  e x t e n d  
over  a l a r g e  geograph ic  area.  Due t o  t h e  apparent  l o w  subsur face  t e m p e r a t u r e  
of t h e  resource ,  i t  most l i k e l y  would be s u i t e d  f o r  dCrec t  uses such as space 

0 h e a t i n g ,  r e c r e a t i o n ,  or some l i g h t  i n d u s t r y  r e q u i r i n g  l o w  tempera tu re  heat .  
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9 .  



REFERENCES 

Anderson, D.N. and Lund, J.W., eds., 1979, D i r e c t  u t i l i z a t i o n  o f  geothermal  
energy:  A T e c h n i c a l  Handbook: Geothermal Resources C o u n c i l  Spec. Rept. i. 
No. 7. 

B a r r e t t ,  J. K., and P e a r l ,  R. H., 1976, Hydrogeo log ic  d a t a  of t h e r m a l  
s p r i n g s  and w e l l s  i n  Colorado:  Colorado Geol. Survey I n f .  S e r i e s  
6, 124 p. 

1978, An a p p r a i  s a l  o f  C o l o r a d o ' s  geothermal resources  : Co lorado 
Geol . Survey B u l l .  39, 229 p. ' "  

mercury  geochemis t ry  as an a i d  t o  d r i l l  s i t e  s e l e c t i o n  i n  geothermal  
systems: Univ .  o f  Utah Research I n s t . ,  E a r t h  Sc ience Lab. ESL-13, 
S a l t  Lake Ci ty ,  UT, 32 p. 

CaPuano, R.M., and Bamford, R.W., 1978, I n i t i a l  i n v e s t i g a t i o n  o f  s o i l  

Coe , B.A., 1978, Geothermal energy development i n  Co lorado:  Processes, 
Promises and Problems: Colorado Geol. Survey I n f .  S e r i e s  9, 52 p. 

1982, I n d u s t r i a l  market  o p p o r t u n i t i e s  f o r  geothermal  energy i n  
C o l o r a d o :  Colorado Geol. Survey Spec. Pub. 20, 66 p .  

Combs, J i m ,  1980, Geothermal e x p l o r a t i o n  s t r a t e g y  and t e c h n i q u e s :  
Geothermal S e r v i c e s  Inc., San Diego, CA, 4 1  p. 

Cox, M. E., and Cuff,  K. G., 1980, Rn and Hg Surveys: Geothermal 
e x p l o r a t i o n  i n  N.E. Maui Hawai i ,  i n  Geothermal Energy f o r  t h e  
E i g h t i e s  , T r a n s a c t i o n s  GeothermalResources  Counci 1 Annual Meet ing,  
S a l t  Lake Ci ty,  UT: Geothermal Res. C o u n c i l ,  Dav is ,  CA, p. 451-454. 

C r a i g ,  H. G., 1961, I s o t o p i c  v a r i a t i o n s  i n  m e t e o r i c  w a t e r s :  Sc ience,  

Cra ig ,  H. G., Boato,  G., and White, D. E., 1956, I s o t o p i c  geochemis t ry  o f  

V .  133, pp. 1702-1703. 

thermal  w a t e r s :  N a t i o n a l  Research Counc i l  , Nuc lear  Sc ience S e r i e s  
Repor t  19, pp. 29-38. 

3. M., 1920, M i n e r a l  waters  o f  Colorado:  Co lorado Geol. Survey 
B u l l .  11, 474 p. 

V a l l e y ,  C a l i f o r n i a ,  geothermal system: Jour .  Vo lcano logy  and 
Geothermal Res., v. 5, pp. 49-65. 

George, R. D., C u r t i s ,  H. A., L e s t e r ,  0. C., Crook, 3. K., and Yeo, 

Klusman, R. W., and Landress, R. A., 1979, Mercury i n  s o i l s  o f  t h e  Long 

Klusman, R. W., Cowl ing,  S., Culvey,  B., Rober ts ,  C., and Schwab, A. P., 
1977 , P r e l  i m i n a r y  e v a l u a t i o n  o f  secondary c o n t r o l  s on mercury  
i n  s o i l s  o f  geothermal d i s t r i c t s :  Geothermics,  v.  6, pp. 1-8. 

c Kruger,  Paul ,  and O t t e ,  C a r l ,  eds., 1973, Geothermal energy- - resources ,  
p r o d u c t i o n ,  s t i m u l a t i o n :  S t a n f o r d  Univ.  Press,  360 p. 

e 

c 

t 

L 

c 

G 

c. 

b" 

- 28 - L 



V 

Y 

r, 
L e p e l t i e r ,  Clande, 1969, A s i m p l i f i e d  s t a t i s t i c a l  t r e a t m e n t  of 

, geochemical da ta  by g r a p h i c a l  r e p r e s e n t a t i o n  : Economic Geology , 

Lev inson,  A. A., 1974, I n t r o d u c t i o n  t o  E x p l o r a t i o n  Geochemistry, A p p l i e d  
P u b l i s h i n g  Ltd., Ca lgary ,  pp; 561-568. 

Lewis,  E. L., 1966, The the rma l  s p r i n g s  o f  Colorado--A r e s o u r c e  a p p r a i s a l :  
Un iv .  o f  Co lorado Dept. Geography, Master  Sc i .  Thes is ,  91 P o  

M a l l o r y ,  E. C., Jr., and B a r n e t t ,  P. R., 1973, Chemis t ry  and spec t rochemica l  
a n a l y s i s  o f  s e l e c t e d  groundwaters i n  Co lorado:  U.S. Geol. Survey 
o p e n - f i l e  r e p o r t ,  47 p. 

M a t l i c k ,  J. S. 111, and Buseck, P. R., 1976, E x p l o r a t i o n  f o r  geothermal  
a reas  u s i n g  mercury  - a new geochemical t echn ique ,  in Proceed ings  
Second U n i t e d  N a t i o n s  Symposium on t h e  Development and Use o f  
Geothermal Resources, San F r a n c i s c o ,  CA.: U. S; Gov. P r i n t i n g  O f f i c e ,  

V O ~  64, pp. 538-550. 

V .  1, pp'. 785-792. 

Y 

V 

Y 

McFar lan,  A. C., 1961, O u t l i n e  o f  t h e  geology o f  t h e  Cement Creek area,  
Gunnison County, Colorado,  i n  Symposium on Lower and M i d d l e  P a l e o z o i c  
Rocks o f  Colorado,  T w e l f t h  F i e l d  Conference, R. R. Berg and 3. W .  
R o l d  ( e d s ) :  Rocky Mounta in  Assoc. o f  G e o l o g i s t s ,  pp 125-132. 

Miesh, A. T., 1976, Sampling des igns  f o r  geochemical surveys  - s y l l a b u s  
f o r  a s h o r t  course :  U.S, Geol. Survey o p e n - f i l e  r e p o r t  76-772. 

M u f f l e r ,  L. 3. P., ed., 1979, Assessment o f  geothermal  resources  of t h e  
U n i t e d  Sta tes- -1978:  U.S. Geol, Survey C i r c u l a r  790, 163 p. 

P e a r l ,  R. H., 1972, Geothermal resources  o f  Co lorado:  Co lorado Geol. 
Survey Spec. Pub. 2, 54 p.' 

1979, C o l o r a d o ' s  hyd ro the rma l  resource  base - An assessment: 
Co lorado Geol. Survey Resource S e r i e s  6, 144 p. 

S c i n t r e x ,  1971, RAC-8 l o w  f requency  A.C. r e s i s t i v i t y  system o p e r a t i o n  

S o i l  Tes t  Inc., 1968, E a r t h  R e s i s t i v i t y  Manual: Evanston, I l l i n o i s ,  

Steven, T. A., 1975, M i d d l e  T e r t i a r y  v o l c a n i c  f i e l d  i n  t h e  s o u t h e r n  Rocky 

manual : Concord, O n t a r i o ,  Canada, 22 p. 

52. p. 

Mounta ins ,  i n  Cenozoic H i s t o r y  o f  t h e  Southern  Rocky Mounta ins,  B. F. 
C u r t i s  (ed.): Geol. SOC. America Memoir 144, pp. 75-94. 

e x p l o r a t i o n :  E l s e v i e r  S c i e n t i f i c  P u b l i s h i n g  Company, pp. 1-277. 

t h e  Southern  Rocky Mounta ins,  - i n  Cenozoic H i s t o r y  o f  t h e  Southern  Rocky 
Mounta ins ,  B.F. C u r t i s  (ed.): Geol. SOC. America Memoir 1'44, pp. 1-44. 

Sumner, J. S., 1976, P r i n c i p l e s  o f  induced p o l a r i z a t i o n  f o r  geophys ica l  

Tweto, Ogden, 1975, l a r a m i d e  ( L a t e  Cre taceous -Ear l y  T e r t i a r y )  Orogeny i n  

1979, Geo log ic  map o f  Co lorado:  Co lorado Geol. Survey Misc. Map 16, 
s c a l e  1:500,000. 

V - 29 - 



* b  
Tweto, Ogden, Steven, T. A., H a i l ,  W. J., Jr., and Moench, R. H., 1976, 

I P r e l i m i n a r y  g e o l o g i c  map o f  t h e  Montrose 1" x 2"  Quadrang le ,  sou th -  

s c a l e  1:250,000. . I 

, , wes tern  Co lorado:  U.S. Geol. Survey Misc.  F i e l d  S t u d i e s  Map MF-761., 

I 

I 
Waring, G. A., 1965, Thermal s p r i n g s  o f  t h e  U n i t e d  S t a t e s ,  and o t h e r  t 

8 c o u n t r i e s  o f  t h e  wor ld- -A summary, r e v i s e d  by R.F. B lankensh ip  and 
Ray B e n t a l l  : U.S. Geol Survey Prof .  Paper 492, 383 p. 

F r o n t  Range M i n e r a l  B e l t ,  Co lo rado:  U.S. Geol. Survey B u l l .  1032-E, 
Wel ls ,  J. D., 1960, Pe t rog raphy  o f  r a d i o a c t i v e  T e r t i a r y  igneous rocks ,  

pp. 223-272. 

White,  D. E., 1967, Mercury  and base-metal d e p o s i t s  w i t h  a s s o c i a t e d  the rma l  
and m i n e r a l  waters ,  i n  Barnes, H. L., ed., Geochemist ry  o f  hyd ro the rma l  
o r e  d e p o s i t s :  New V o x ,  H o l t ,  R i n e h a r t  and Winston, pp. 575-631. 

resources  o f  t h e  U n i t e d  States--1975: U.S. Geol . Survey C i  r c u l a r  
726, 155 p. 

White, D. E., and W i l l i a m s ,  D. L., eds., 1975, Assessment o f  geothermal  

White, D. E., H i n k l e ,  L. G., and Barnes, I . ,  1970, Mercury  c o n t e n t  of 
n a t u r a l  t he rma l  and m i n e r a l  f l u i d s :  U.S. Geol. Survey Pro f .  
Paper 713, pp. 25-28. 

Zacharaki'S, T. G., 1981, Rev ised hea t  f l o w  map o f  Co lorado:  Co lo rado  
Geol. Survey Map S e r i e s  18, s c a l e  1:1,000,000. 

c 

- 30 - c 



3 

APPENDIX A 

t 

9 

GEOTHERMAL ENERGY AND ITS POSSIBLE USES 

Geothermal energy, t h e  hea t  genera ted  by n a t u r a l  p rocesses  beneath  t h e  
e a r t h ' s  s u r f a c e ,  n o r m a l l y  occu rs  a t  g r e a t  depths.  I n  some p laces ,  however, i t  
can be found c l o s e  t o  o r  a t  t h e  su r face  i n  t h e  form o f  vo lcanoes,  geysers ,  o r  
h o t  s p r i n g s .  Where i t  occu rs  nea r  t h e  s u r f a c e  i t  can be developed and p u t  t o  
b e n e f i c i a l  use. Geothermal energy i n  t h e  fo rm o f  h o t  s p r i n g s  has been used by 
mankind f o r  m e d i c i n a l  and cook ing  purposes s i n c e  t h e  e a r l i e s t  days o f  reco rded  
h i s t o r y .  I n  t h e  l a s t  100 y e a r s ,  development o f  t h i s  energy source  f o r  o t h e r  
uses has occu r red ,  and i t  i s  now used f o r  such purposes as: g e n e r a t i o n  o f  
e l e c t r i c i t y ;  h e a t i n g  and c o o l i n g  of b u i l d i n g s ;  p r o c e s s i n g  o f  f o o d  and o t h e r  
goods; h e a t i n g  c a t t l e  barns ,  greenhouses and f i s h  ponds; m i l k  p a s t e u r i z a t i o n ;  
and r e c r e a t i o n  and m e d i c i n a l  uses. It i s  a n t i c i p a t e d  t h a t  i n  y e a r s  t o  come, 
development o f  t h i s  energy  source  w i l l  i nc rease .  F i g u r e  17 l i s t s  some o f  t h e  
uses geothermal  energy  c o u l d  be p u t  t o  and t h e  tempera tu res  r e q u i r e d .  

Coe (1978 and 1982) has p resen ted  a d i s c u s s i o n  on t h e  p o s s i b l e  uses o f  
geothermal  energy development i n  Co lorado and some o f  t h e  problems a s s o c i a t e d  
w i t h  i t s  development. I f  t h e  reader  i s  i n t e r e s t e d  i n  l e a r n i n g  more about  
geothermal  ene ry  and i t s  p o s s i b l e  development, he/she i s  r e f e r r e d  t o  papers  by:  
Anderson and Lund (1979); Kruger  and O t t e  (1973); M u f f l e r  (1979); and Whi te  and 
W i l l i a m s  (1975). L i s t e d  on t h e  back cove r  i s  a comple te  l i s t i n g  o f  a l l  papers  
and r e p o r t s  D u b l i s h e d  by t h e  Co lorado G e o l o g i c a l  Survey r e l a t i n g  t o  t h e  
geothe imal  resources  o f  Col o rado . 
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F i g u r e  17. Temperature range f o r  some d i r e c t  uses o f  geothermal  energy.  

(Adopted f rom Anderson and Lund, 1979, p. 4 -26 ) .  
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APPENDIX  B 

Tab le  3. P h y s i c a l  P r o p e r t i e s  and Chemical A n a l y s i s  o f  Ranger Warm S p r i n g s  
and Cement Creek Warm S p r i n g s  Thermal Waters 

Ranger Cement Creek 

Boron ( u g / l ) :  80 130 60 60 

' 70 75 69 
18 11 10 C h l o r i d e  (mg/ l )  : 17 ' *  

F1 u o r i  de (mg/ l  ) : 1.8 0.2 1.9 1.4 
I r o n  ( u g / l ) :  10 20 10 30 

A r s e n i c  ( u g / l ) :  12 15 10 10 

Calc ium mg/ l  : 73 . 
Cadmi urn [ u g / l {  : 0 0 0 0 

L i t h i u m  ( u g / l ) :  140 160 90 90 
Magnesi um (mg/l ) : 22 20 22 18 
Manganese ( u g / l  ) : 0 0 10 0 
Mercury ( u g / l  ) : 0 0 0.2 0 
N i t r o g e n  ( m g / l ) :  0.10 0.08 0.14 0.11 

O r t h o  d i s s .  as P, ( m g / l ) :  0.01 0 0.01 0 
Ortho,  ( m g / l ) :  0.03 0 0.03 0 

Sel e n i  um ( u g / l  ) : 0 0 0 0 

Phosphate 

Potass ium (K), ( m g / l ) :  7.2 7.7 5.8 6 

S i l i c a  mg/l : 20 18 19 17 
Sodium mg/l ) : 59 61 36 41 

89 90 81 74 Sul f a t e  (mg/ l  ) : 

A1 k a l  i n i  t y  

Hardness 

T o t a l  , (mg/ l  ) : 270 260 280 250 
Speci f i c Conductance 

( M i  crornohs) : 700 730 640 540 
T o t a l  d i s s o l v e d  s o l  i d s  

46 1 465 40 1 389 
pH, F i e l d  
D ischarge (gpm): 132 250E - 80 
Temperature ( " C )  : 26 27 26 25 
E = E s t i m a t e d  
Date sampl ed : 7/75 10/75 7/75 10/75 
L o c a t i o n :  Ranger Warm S p r i n g s :  SW,SE, Sec 22, T.14 S., R. 85 W., 6 t h  P.M. 

I 
Zinc  ( u g / l ) :  30 10 10 0 

As Calc ium Carb. (mg/l):e 285 298 248 253 
As B i c a r b o n a t e  (mg/ l  ) : 3 4.7 363 302 308 

Noncarbonate (mg/l ) : 0 0 30 0 

- 7.1 - 7.2 
( T D S )  , ( m g / l )  : 

Gunnsi on, County 

6 t h .  P.M., Gunnison, County 
Cement Creek Warm S p r i n g s :  SW, SE, Sec. 18, T. 14 W., R. 84 W. 

Source: B a r r e t t  and P e a r l ,  1976. 
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TABLE 4. Trace Elements In Ranger Warm Spr ings  and Cement Creek Warm Spr ings  

Values r e p o r t e d  i n  M i c r o g r a m s / l i t e r  ( U G / L )  

Ranger W. S. Cement Creek W.S. 

I Thermal Waters (From B a r r e t t  and Pear l  , 1976). 

b 

A I  umi num 
B a r i  urn 
B e r y l  1 i um 
Bismuth 
Chromi urn 
Coba l t  
Copper 
G a l l i u m  
Germani um 
Lead 
N i c k e l  
S i  1 v e r  
S t  r o n t  i um 
T i n  
T i  t a n i  urn 
Vand i urn 
Z i  r c o n i  urn 

I 

i 

100 
140 
0 

< 4  
< 4  
< 4  
8 

< 2  
< 5  
< 4  
< 4  
0 

360 
< 5  

3 
< 4  
< 7  

30 
82 
0 

< 3  
< 3  
< 3  
0 

< 1  
< 3  
< 3  
< 3  
0 

480 
< 3  
10 

< 3  
< 4  

b" 

e 

e 
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APPENDIX  C 

Y 
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(119 

FACTORS AFFECTING ELECTRICAL R E S I S T I V I T Y  MEASUREMENTS 

One o f  t h e  more f a v o r a b l e  techn iques  used i n  geothermal  r e s o u r c e  
e x p l o r a t i o n  i s  e l e c t r i c a l  geophys ica l  surveys.  The b a s i c  p r i n i c i p a l  beh ind  
t h i s  method i s  t h a t  t h e  r e s i s t e n c e  o f  t h e  subsur face rocks  t o  t h e  passage of an 
e l e c t r i c a l  c u r r e n t  can be measured. 

The t r a n s m i s s i o n  o f  t h e  e l e c t r i c a l  c u r r e n t  i s  dependent upon such f a c t o r s  
a s :  1) subsur face  tempera tu re ;  2 )  p o r o s i t y  o f  t h e  r o c k s ;  3 )  s a l i n i t y  o f  f l u i d s  
c o n t a i n e d  i n  t h e  rocks ;  and 4)  c l a y  c o n t e n t  o f  t h e  rocks .  As t h e s e  f a c t o r s  t e n d  
t o  be h i  gher i n  geothermal  systems t h a n  nongeothermal systems, t h e  geothermal  
systems a r e  d i s t i n g u i s h e d  by l o w e r  r e s i s t a n c e  measurements t h a n  t h e  s u r r o u n d i n g  
areas.  However, i t  must be k e p t  i n  mind t h a t  under  f a v o r a b l e  c o n d i t i o n s  
nonthermal  a reas  may be confused w i t h  the rma l  areas. For example, a l ow  
tempera tu re ,  h i g h l y  s a l i n e  ground wa te r  can p r o v i d e  the.same r e a d i n g s  as a h i g h  
tempera tu re ,  m o d e r a t e l y  s a l i n e  geothermal f l u i d .  The re fo re ,  t o  be most 
e f f e F t i v e ,  e l e c t r i c a l  r e s i s t i v i t y  surveys  shou ld  be used i n  c o n j u c t i o n  w i t h  
o t h e r  methods, such as g r a d i e n t  t empera tu re  measurements, wh ich  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  measurements recorded.  

The method used by t h e  Co lorado Geo log ica l  Survey i n v o l v e s  - i n d u c i n g  a 
manmade e l e c t r i c a l  c u r r e n t  i n t o  t h e  subsur face and measurdng t h e  r e s u l t a n t  
p o t e n t i a l  a t  two  r e c e i v i n g  e l e c t r o d e s  ( S o i l  Tes t  Inc., 1968). A comple te  
d e s c r i p t i o n  o f  t h e  equipment and f i e l d  p rocedures  used i s  p r e s e n t e d  i n  
Appendecies D and E. 
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S C I N T R E X  RAC-8 LOW FREQUENCY R E S I S T I V I T Y  S Y S T E M  

D u r i n g  t h e  course  o f  t h i s  i n v e s t i g a t i o n  a S c i n t r e x  RAC-8 Low Frequency 
R e s i s t i v i t y  System was used by t h e  Colorado G e o l o g i c a l  Survey. The f o l l o w i n g  
d e s c r i p t i o n  o f  t h i s  system i s  t a k e n  f rom t h e  S c i n t r e x  Manual (1971). 

The S c i n t r e x  RAC-8 e l e c t r i c a l  r e s i s t i v i t y  system i s  a v e r y  l o w  f requency  
AC 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 w ide  measur ing range. The 
t r a n s m i t t e r  and r e c e i v e r  o p e r a t e  independent  o f  each o t h e r ,  r e q u i r i n g  no 
re fe rences  w i r e s  between them. Th'i.s a l l o w s  a g r e a t  dea l  o f  e f f i c i e n c y  and 
f l e x i b i l i t y  i n  f i e l d  procedures and e l i m i n a t e s  any p o s s i b i l i t y  o f  i n t e r f e r e n c e  
from c u r r e n t  leakage o r  c a p a c i t i v e  c o u p l i n g  w i t h i n  t h e  system. 

The t r a n s m i t t e r  produces a 5Hz square wave o u t p u t  a t  a p r e s e t ,  
e l e c t r o n i c a l l y  s t a b i l i z e d ,  c o n s t a n t  c u r r e n t  amp1 i t u d e .  The o u t p u t  c u r r e n t  
l e v e l  i s  s w i t c h  s e l e c t a b l e  a t  any one o f  f i v e  v a l u e s  r a n g i n g  f r o m  0.1 t o  333 
m i l l i a m p s .  

The r e c e i v e r  i s  a h i  gh sens i  t i  v i t y  phase l o c k  , synchronous d e t e c t o r  'which 
l o c k s  o n t o  t h e  t r a n s m i t t e r  s i g n a l  t o  make t h e  r e s i s t i v i t y  measurement. When 
s e t  a t  t h e  same c u r r e n t  s e t t i n g  as t h e  t r a n s m i t t e r ,  t h e  r e c e i v e r  g i v e s  a d i r e c t  
readout  of  V / I  r a t i o .  

The RAC-8, w i t h  a measur ing range f rom .0001 t o  10,000 ohms, h i g h  
s e n s i t i v i t y  t o  we igh t  r a t i o ,  g i v e s  f a s t  a c c u r a t e  r e s i s t i v i t y  da ta .  W i t h  t h e  
l o w  AC o p e r a t i n g  f requency ,  good p e n e t r a t i o n  may be o b t a i n e d  i n  excess o f  1500 
ft under f a v o r a b l e  c o n d i t i o n s .  The system has an o u t p u t  v o l t a g e  maximum of  I 

1000 V peak t o  peak. However, t h e  a c t u a l  o u t p u t  v o l t a g e  depends on t h e  c u r r e n t  
l e v e l  and l o a d  r e s i s t a n c e .  'The o u t p u t  power under  optimum c o n d i t i o n s  
approaches 80 w a t t s .  

I n  areas o f  v e r y  l o w  r e s i s t i v e  l i t h o l o g y ,  t h e  p e n e t r a t i o n  power was 
reduced by a s i z e a b l e  amount. R e a l i z i n g  t h e  a fo rement ioned c o n s t r a i n t ,  t h e  
i n t e n t  was t o  d e l i n e a t e  gross p o t e n t i a l  d i f f e r e n c e s  i n  r e s i s t i v i t y .  I n  some 
areas where t h e  l i t h o l o g y  r e f l e c t e d  smal l  d i f f e r e n c e s  i n  r e s i s t i v i t y ,  t h e  RAC-8 
system appeared t o  average t h e  p e n e t r a t e d  1 i t h o l o g i c  sequences r a t h e r  t h a n  
p i c k i n g  up d i s t i n c t  breaks.  C o n s i d e r i n g  c o s t  and t i m e  c o n s t r a i n t s ,  t h e  system 
per formed as i n d i c a t e d  and performed b e s t  i n  areas o f  h i g h  r e s i s t i v i t y .  
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Y FIELD PROCEDURES 

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

One of  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  Schlumberger and t h e  D i p o l e - D i p o l e  a r r a y s .  The Co lorado 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  da ta .  

B e f o r e  d i s c u s s i n g  t h e  v a r i o u s  methods used, i t  i s  necessary  t o  c o n s i d e r  
what i s  a c t u a l l y  measured by 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  ( F i g .  
18). By measur ing  ( 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). 

3 

13 

(13 

w If t h e  ground i s  nonhomogeneous, 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  genera 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 . Obv ious ly ,  t h e  magn i tu  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  apparent  r e s i s t i v i t y ,  Pa. A l t h o u g h  
d i a g n o s t i c  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  

rode a r r a y ,  t h i s  apparent  r e s i s t i v i t y  i s  d e f i n i t e l y  n o t  an average va lue .  
O n l y - i n  t h e  case o f  homogeneous 'ground i s  t h e  apparent  v a l u e  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). 

fd 

The f o l l o w i n g  f o r m u l a  i s  used by a l l  methods t o  c a l c u l a t e  t h e  apparent  
r e s i s t i v i t y  a t  a s i t e .  

General  R e s i s t i v i t y  Formula 

/ 

V / I  = V o l t a g e  c u r r e n t  r 
Y - - ad l e n g t h  

Pa = apparent  r e s i s t i v i t y  

i g u r e  18 f o r  a r e s i s  e m a t i c  diagram. 
CLS 

I @ I 

w 1 
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Wenner A r r a y  

I n  t h e  Wenner Spread ( F i g .  19)  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 
l i n e  (Sumner, 1976). 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 isadvantages  f r o m  t h e  
t h e o r e t i c a l  p o i n t  of  v iew as w e l l .  F o r  depth  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 teps .  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  apparent  r e s i s t i v i t y  f o r  each a r r a y  p o s i t i o n  
i s  p 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  'study area due t o  s t e e p  t e r r a i n  and access 
p r o b l  ems. 

Schlumberger 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 .  20) .  

I n  depth  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 t 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  v a l u e s  of  L i t  may be necessary t o  i n c r e a s e  21 a l s o  i n  o r d e r  t o  
m a i n t a i n  a measurable p o t e n t i a l .  T h i s  p rocedure  i s  more c o n v e n i e n t  t h a n  t h e  
Wenner expanding 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  
spread (Sumner , 1976). 

I n  summary, s h o r t  spac ing  between t h e  o u t e r  e l e c t r o d e s  assumes sha l  low 
p e n e t r a t i o n  o f  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  of  
s h a l l o w  depth.  As t h e  e l e c t r o d e  spac ing  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  depth  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  depth.  T h i s  method was used on a few l i n e s  f o r  sampl ing  
purposes i n  a r r a y .  

D i  p o l  e-Di  p o l  e A r r a y  

The p o t e n t i a l  e l e c t r o d e s  a r e  c l o s e l y  spaced and 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  which 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 .  21).  

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  arrangement.  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  areas  
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 iagram 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  22 and 23. 

Wi th r e f e r e n c e  t o  F i g u r e s  22 and 23, 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  of n 
= 1, 2, 3, 4, 5. The apparent  r e s i s t i v i t i e s  have been p l o t t e d  as 
pseudosec t ions ,  w i t h  each da ta  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 r o m  t h e  c e n t e r  o f  t h e  t r a n s m i t t i n g  and r e c e i v i n g  d i p o l e s .  
T h i s  t y p e  o f  survey  p r o v i d e s  b o t h  
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Figure 18. Schematic diagram f o r  r e s i s t i v i t y  (from J. Combs, 1980). 

IB 

Y 

n 

Current electrode Potential electrode Potentid electrode Current electrode 

h = 21rQ (AV/ll 

Figure 19. Wenner array (from J. Combs, 1980). 
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c 
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  
procedures genera te  b o t h  v e r t i c a l  sounding and h o r i z o n t a l  p r o f i l e  measurem.ents. 
The p r i n c i p a l  advantage of  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  t h e  o t h e r  two  methods (Wenner, 
Schlumberger). I n  a d d i t i o n ,  t h e  d i p o l e - d i p o l e  a r r a y  i s  e a s i e r  t o  maneuver i n  
rugged t e r r a i n  t h a n  e i t h e r  o f  t h e  o t h e r  methods. I t s  main d i sadvan tage  
compared t o  t h e  Schlumberger a r r a y  i s  t h a t  i s  u s u a l l y  r e q u i r e s  more c u r r e n t ,  
and t h e r e f o r e  a h e a v i e r  g e n e r a t o r  f o r  t h e  same p e n e t r a t i o n  depth.  Another  
d isadvantage o f  t h i s  method i s  t h a t  i t  i s  v e r y  d i f f i c u l t  t o  make an a c c u r a t e  

1 i n t e r p e r a t i o n  f rom t h e  d a t a .  c o l l e c t e d  (Sumner, 1976) .  
c 
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Figure 20. Schlumberger array (from J .  C o h s ,  1980). 
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TABLE 5. LINE A 

COLORADO GEOLOGICAL SURVEY 
v Geophysi c a l  Expl  o r a t i  o 

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

LOCATION PROJECT I 

Ranger Warm S p r i n g s  L i n e  A 
DATE 

9 June 1981 
- 

U CHIEF OPERATOR - ASSISTANTS METHOD 
R o b e r t  Fargo  Memmi and St rong  D i  p o l  e-Di  p o l  e (Nx200 ' ) 

S t a .  V o l t a g e  D V / I  G.F. Pa v Y  Range MA 
- - 

10 . O l  
10 . 001 
10 . 001 
1 . 001 - N.R.  - 

10 . 0 1  
100 .001 

10 . 001 
1 0001 . 
1 . 001 

- 
C1-3 

5-7  
7-9 
9 -11  

f -11-13 
13- 15 

66 
200 
20Q 
200 

66 
133 
133 
133 
133 

' 66 

.49 
2.54 
1.60 
4.41 

1.03 
0.46 
0.86 
2.88 . 82 

.049 1149 . 07 . 0254 4596.28 

.0160 11490.69 . 00441 22981.38 

56.30 
116.75 
183.85 
101.35 
-N.R. -  

c3-5 
7-9 
9-11 
11-13 
13-15 
15-17 

. 103 1149 -07 

.046 4596 . 28 

.0086 11490.69 
-00288 22981.38 . 00083 40217.41 

118.35 
211.43 

98.82 
66.19 
33 . 38 

c 5 - 7  
9-11 100 . 001 1.55 

1.49 
1.22 
3.01 
1.76 

-155 1149.07 
.0149 4596 . 28 . 00366 11490.69 
.000903 22981.38 
.000528 40217.41 

178.11 
68 . 48 
42.05 
20.75 
21.23 

1 -13 0 . 001 
13-15 10 .0003 1 
15- 17  1 . 00031 
17- 19 1 . 00031 

133 
133 
133 

c7-9 
11-13 100 100 1.46 . 146 1149.07 167.76 

10 100 1.92 -0192 4596 . 28 88.25 
100 -N.R.- 

-N.R.- 
100 2.30 . 00230 22981 . 38 52 . 86 

13-15 10 0 1  66 077 . 077 1149.07 88.48 
15- 1 7  1 . 0 1  66 1.41 .0141 4596 . 28 64.81 
17-19 1 0001 166 5.83 .0058 11490 . 69 66.99 
19-21 1 . 00 2.15 .00215 22981.38 49.41 
2 1  -23  1 . 00 .84 .ooo 40217 - 4 1  33 . 78 

, 

Y 

Y 

W 
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Sta .  

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

C13-15 
19-21 
21-23 
23-25 
25-27 

C15-17 
19-21 
19-23 
23-25 
25- 27 
27-29 

C17-19 
21 -23 
23-25 
25- 27 
27-29 
29- 31 

C19-21 
23-25 
25- 27 
27-29 
29-31 
31-33 

C21-23 
27-29 
29- 31 
31-33 
33-35 

C23-25 
27-29 
29-31 
31-33 
33-35 
35-37 

Range 

1 
1 
1 
1 
1 

1 
10 
1 
1 
1 

10 
1 

10 
1 
1 

10 
1 

10 
1 
1 

100 
10 
10 
1 
1 

10 
1 

10 
10 
10 

100 
10 
10 
10 
10 

MA 
- 

. O l  

. O l  

. O O l  

.001 

.001 

.01 

.001 

. O O l  

. O O l  

. O O l  

. O l  

. O l  

. O O l  

. O O l  

. O O l  

. O l  

0001 
. O O l  
.001 

. o i  

001 
. O O l  
. O O l  
.001 
. O O l  

. 01 

. O l  

. O O l  

.001 
0001 

.OOl 

. O O l  

. O O l  

. O O l  

. O O l  

T A B L E  5. LINE A (CONT.) 

Voltage 

66 
66 

166 
166 
166 

66 
166 
166 
166 
200 

66 
66 

200 
200 
200 

66 

100 

133 

100 

100 
100 

66 
66 

v P  

3.94 
1.12 
4.82 
1.44 
,1 . 31 

4.65 
1.46 
3.22 
2.61 
2.39 

.94 
1.99 

63 
4.73 
1.82 

. 59 
2.10 
1.31 
4.21 
3.28 

92 
3.08 

.76 
5.16 
3.02 

1.05 
1.69 

.86 
0 47 
.47 

. 57 
1.78 . 86 . 78 . 84 

D V /  I G.F. Pa 

. 0394 

.0112 

.00482 

.00144 

.00131 

-0465 
.0146 
.00322 
.00261 
.00239 

.094 
00199 . 0063 
-00473 
.00182 

.059 

.0210 
-0131 
.00421 
.00328 

.092 

.0308 

.0076 

.00516 . 00302 

. 105 

.0169 

.0086 

.0047 

.0047 

.057 
,0178 
.0086 
-0078 
.0084 

1149.07 
4596 . 28 

11490 . 69 
22981 . 38 
40217 -41 

1149.07 
4596 . 28 

11490.69 
22981.38 
40217.41 

1149.07 
4596 . 28 

11490.69 
22981 . 38 
40217 -41  

1149 -07 
4596 . 28 

11490.69 
22981 . 38 
4021 7 . 41 

1149.07 
4596 . 28 

11490.69 
22981.38 
40217.41 

1149.07 
4596.28 

11490.69 
22981.38 
40217.41 

1149.07 
4596.28 

11490.69 
22981 . 38 
4021 7 . 41 

45.27 
51 -48 
55.39 
33.09 
52 . 68 

53.43 
67.11 
37.00 
59 . 98 
96.12 

108.01 
91.47 
72.39 

108.70 
73.20 

67.80 
96.52 

150.53 
96.75 

131 -91 

105.71 
141.57 

87.33 
118.58 
121.46 

1 2 1  -65 
77.67 
98.82 

108.01 
189 . 02 

65.50 
81.81 
98.82 

179.25 
337.83 

- 44 - 



w 

TABLE 5. LINE A (CONT.) 

Sta.  Range 

C25-27 
29-31 
31  -33 
33-35 
35-37 

C27-29 
31 -33 
33-35 
35-37 

C29-31 
33-35 
35- 37 

C31-33 
35-37 

LEGEND : 

100 
100 

10 
10 

100 
100 

10 

MA 

- 

. O O l  
,001 . 001 . 001 

. O O l  

. O O l  . 001 

v P  Vo l tage  
- 

133 2.19 
.51 

3.05 
2.42 

’. 2.20 
.63 

3.30 

D V /  I 

.219 

.051 

.0305 . 0242 

.2207 
-063 . 033 

G.F. 

1149.07 
4596.28 

11490.69 
22981 . 38 

1149.07 
4596 . 28 

11490.69 

257.65 
234.41 
350.47 
5 56 

252.8 
289.75 
379.19 

100 . O O l  100 3.62 . 362 1149.07 415.96 
100 .001 1.13 .113 4596.28 519.38 

1000 . O O l  . 54  .54 1149.07 620.50 

Range = Gain 
MA = Dummy TX C u r r e n t  S w i t c h  
VP = Balance C o n t r o l  t o  N u l l  Meter  
G.F. = Geometr ic  F a c t o r  
Pa = Apparent  R e s i s t i v i t y  
D V / I  = Range x MA x Vp 
N.R. = No Reading 
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APPENDIX  F 

TABLE 6. LINE B 

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

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

LOCAT I ON PROJECT DATE 
Ranger Warm Spr ings  L i n e  B 10 June1981 

CHIEF OPERATOR ASSISTANTS METHOD 
Memmi .and St rong  Rober t  Fargo  D i  p o l  e -D i  p o l  e (Nx200 ' ) 

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

49 
63.20 
58.37 
57.45 

-N.R.-  
32 . 98 6 

C1-3 
5-7 
7-9 

11-13 
13-15 

~ 9-11 

10 
10 
10 

1 

5.50 .055 1149.07 
1.27 .0127 4596.28 . 50 .0050 11490 . 69 
LOW? 22981.38 
82 . 00082 40217.41 

133 

700 
.OOl 

c3-5 
7 -9 
9-11 
11-13 
13-15 
15-17 

. 63 .063 1149.07 
1.56 .0156 4596 . 28 

37 .0037 11490 -69 
2.17 .00217 22981 . 38 
1.51 .00151 40217.41 

100 
10 
10 
1 
1 

72.39 
71.70 
42.52 
49.87 
60.73 

.OOl 

.OOl 

.OOl 

.OOl 

.OOl 

200 
200 
225 
200 
225 c 

c5-7 
9-11 
11 - 13 
13-15 
15-17 
17- 19 

200 
200 

100 
10 
1 
1 

.OOl 

.OOl . 001 

.OOl 

. 49 .049 1149.07 . 60 .0060 4596 . 28 
2.60 .0026 11490 . 69 
1.70 .0017 22981.38 

62.05 
27.58 
29.88 
39.06 & 

- N O R . -  

c7-9 
11-13 
13-15 
15- 17 
17-19 
19-21 

100 
10 
10 
1 
1 

.001 

.OOl 

.OOl 

.OOl 

.OOl 

100 
100 
100 
100 
100 

b 54 . 054 1149.07 
1.27 -0127 4596 . 28 
56 .00563 11490 . 69 

2.82 .00282 22981 . 38 
2.18 .00218 40217.41 

62.05 
58.37 
64.35 
64.81 
87.67 

c 

c9-11 
bl 

13-15 100 .OOl 100 .65 .065 1149.07 74.69 
15-17 10 0001 1.56 -0156 4596 . 28 71.70 
17- 19 10 .001 . 54 . 0054 11490.69 62 . 05 
19- 21 10 ' .00031 200 1.35 . 00405 22981 38 93 . 07 
21-23 10 ' .00031 200 1.57 .00471 40217.41 189.42 

c - 46 - 



- 

w 

W 

V 

0 

U 

Qd 

w 

(9 

Y 

S t a .  

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

C13-15 
17-19 
19-21 
21 -23 
23 - 25 
25- 27 

C15-17 
19-21 
21-23 
23-25 
25-27 
27-29 

C17-19 
21-23 
23-25 
25- 27 
27-29 
29-31 

C19-21 
23-25 
25- 27 
27-29 
29- 31 
31 -33 

C21-23 
25- 27 
27- 29 
29-31 
31-33 
33-35 

C23-25 
27- 29 
29- 31 
31 -33 
33-35 

Range 

100 
10 
10 I 
10 I 
10 I 

100 
10 
10 
10 
1 

100 
10 
10 
10 
1 

100 
10 
10 
10 
10 

100 
10 
10 
10 
10 

100 
100 

10 
10 
10 

100 
100 

10 
10 

MA 

. O O l  

.001 

.00031 

.00031 

.00031 

0 001 
0 001 
001 . 001 

. O O l  

.001 . 001 . 001 . 001 . 001 

0001 
0001 . 001 
0001 
0001 

.001 

. O O l  . 001 

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

V o l t a g e  

.001 133 

. O O l  133 

-001 100 
0001 100 . 001 100 
. O O l  100 . 001 100 

. 001 
0001 
.001 100 
. O O l  100 

100 
100 
200 
200 
200 

100 
100 
100 
100 
133 

100 
100 
100 
133 

100 

133 

133 

100 
100 
100 

v P  D V /  I 

.47 -047 
1.07 .0107 
1.94 .00582 
1.30 .00390 
1.08 .00324 

.46 .046 
1.43 .0143 

.69 . 0069 
45 .0045 

3.50 . 0035 

.46 . 046 
1.64 . 0164 . 79 . 0079 . 54 -0054 
3.82 . 00382 

. 71  .071 
2.22 .0222 
1.30 .0130 . 74 .0074 

.65 . 006 5 

1.08 .lo8 
3.43 -0343 
1.64 -0164 
1.30 .0130 . 78 . 0078 

1.46 .146 . 41 .041 
2.73 .0273 
1.46 .0146 . 89 .0089 

1.80 . 180 
.74 .074 

3.24 . 0324 
1.91 00191 

G.F. Pa 

1149 . 07 
4596 . 28 

11490 . 69 
22981.38 
40217.41 

1149 . 07 
4596.28 

11490.69 
22981 . 38 
4021 7 . 41 

1149 -07 
4596 . 28 

11490.69 
22981.38 
40217.41 

1149.07 
4596 . 28 

11490 . 69 
22981 . 38 
40217.41 

1149.07 
4596 . 28 

11490.69 
22981.38 
4021 7 . 41 

1149 . 07 
4596 . 28 

11490.69 
22981 . 38 
40217.41 

1149.07 
4596 . 28 

11490.69 
22981 . 38 

54.01 
49.18 
66 . 88 
89.63 

130.30 

52.86 
65.73 
79.29 

103.42 
140.76 

52.86 
75.38 
90.78 

124.1 
153.63 

81.58 
102.04 
149 . 38 
170.06 
261 -41 

124.1 
157.65 
188.45 
298 . 76 
313 . 70 

167 . 76 
188.45 
313.70 
335 . 53 
357 093 

206 . 83 
340.12 
372.3 
438 . 94 
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TABLE 6. LINE B (CONT.) 

S t a  Range MA V o l t a g e  V p  

C25-27 
29-31 100 0001 100 2.64 
31-33 100 0001 . 70 
33-35 10 .001 3.81 

C27-29 , 

31-33 100 .OOl 100 " 2.65 
33-35 100 .OOl 100 .81 

C29-31 
33-35 100 .OOl 133 3.02 

D V /  I G.F. 

. 264 1149 -07 

.070 4596.28 

.0381 11490 . 69 

.265 1149.07 

.081 4596 -28 

. 302 1149.07 

LEGEND: Range = Gain  
MA = Dummy TX C u r r e n t  S w i t c h  
Vp = Balance  C o n t r o l  t o  N u l l  M e t e r  
G.F. = Geometr ic  F a c t o r  
Pa = Apparent R e s i s t i v i t y  
D V / I  = Range x MA x Vp 
N.R. = No Reading 

c 

303 . 35 
321.74 
437 -80 

ii 
304 50 
372.30 

347 . 02 

b 
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V 
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0 

Y 

U 

1p 

Y 

w 

TABLE 7. LINE C 

Ra 

- 

COLORADO GEOLOGICAL SURVEY 
Geophysi c a l  E x p l o r a t i o n  

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

LOCAT I ON PROJECT DATE 
Ranger Warm S p r i n g s  L i n e  C 11 J u n e 9 8 1  

CHIEF OPERATOR ASS I STANTS METHOD 
R o b e r t  Fargo Memmi 'and S t r o n g  D i  p o l  e-Di  p o l  e (Nx 

COLORADO GEOLOGICAL SURVEY 
Geophysi c a l  E x p l o r a t i o n  

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

LOCAT I ON PROJECT 
nger  Warm S p r i n g s  L i n e  C 
CHIEF OPERATOR ASS I STANTS 

R o b e r t  Fargo Memmi 'and S t r o n g  D i  

DATE 
11 J u n e 9 8 1  

METHOD 
p o l  e-Di  p o l  e (Nx 

Sta.  

c1-2  
3-4 
4-5 
5-6 
6-7 
7-8 
8-9 

C2-3 
4-5 
5-6 
6-7 
7-8 
8-9 
9- 10 

c3-4 
5-6 
6-7 

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

c4-5  
6-7, 
7 -8 
8-9 
9-10 
10- 11 

C5-6 
7-8 
8-9 
9- 10 
10- 11 

Range 

1000 
100 
10 
10 
10 
1 

100 
100 
10 
10 
10 

100 
100 
10 
1 
10 
1 

100 
100 
10 
1 
1 

100 
10 
10 
10 

MA V o l t a g e  
- 

0001 . 001 . 001 
0001 . 001 
0001 

0001 . 001 . 001 
0001 . 001 

,001 . 001 . 001 
0001 . 001 . 001 

200 
200 
200 
200 
200 
225 

166 
166 
166 
166 
166 

166 
166 
166 

v P  D V / I  
- 

.001 166 . 001 
0001 . 001 166 
0001 166 

0001 133 . 001 
0001 . 001 

- 49 - 

. 42 . 52 
1.78 
1.09 . 58 
3.29 

2.89 . 43 
1.. 93 . 87 
42 

2.75 . 55 
1.91 
8.55  . 55 
4.0 

3.03 
.50 

1.73 

5.96 

2.11 
3.14 
1.70 
.92 

.42 . 052 . 01 78 

.0109 
-0058 
.00329 

.289 

.043 . 01 93 

.0087 . 0042 

.275 . 055 
00191 
-00855 . 0055 . 0040 
. 303 
.050 
.0173 

.00596 

0211 
-0314 
-01703 
.0092 

G.F. 

574.53 
2298 . 14 
5745.34 
11490.69 
20108 . 71 
32173.93 

574.53 
2298 . 14 
5745.34 
11490.69 
20108.71 

574.53 
2298 . 14 
5745.34 

11490.69 
20108 . 7 1 
32173 . 93 
574.53 
2298.14 
5745 . 34 

20108.71 

574 . 53 
2298.14 
5745.34 
11490.69 

100 ' ) 

Pa 

241 . 30 
119.50 
102.27 
125.25 
116.63 
105.85 

166.04 
98.82 
110.89 
99.97 
84.46 

- N O R . -  

158.00 
126.40 
109.74 
98.25 
110.60 
128.70 

174.08 
114.91 
99 . 31 
119.85 
- N O R . -  

121 -23 
72.16 
97.67 
105.71 



' t  

TABLE 7. LINE C (CONT). 

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

C6-7 
8-9 10 . 01 66 3.67 
9- 10 10 .Ol .75 
10-11 1 .Ol 2.74 

C7-8 
9-10 100 .OOl 133 '3.47 
10-11 100 0001 133 ". . 67 

C8-9 
10- 11 10 . 01 66 2.78 

LEGEND: Range = Gain  
MA = Dummy TX C u r r e n t  S w i t c h  
Vp = Balance  C o n t r o l  t o  N u l l  M e t e r  
G.F. = Geometr ic F a c t o r  
Pa = Apparent  R e s i s t i v i t y  
D V / I  = Range x MA x Vp 
N.R.  = No Reading 

- 50 - 

D V /  I G.F. 

. 367 574.53 

.075 2298.14 
-0274 5745.34 

. 347 574 . 53 

.067 2298.14 

-278 574.53 

Pa 

b 

210.85 
172.36 
157.42 

e 199.36 
153.98 

159.72 
t 

c 

c 



APPENDIX  F 

TABLE 8. LINE D 

COLORADO GEOLOGICAL SURVEY 
Geophysi c a l  E x p l o r a t i o n  

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

LOCAT I O N  PROJECT DATE 
Ranger Warm S p r i n g s  L i n e  D 1 2  J u n e 1 9 8 1  

CHIEF OPERATOR ASS I STANTS METHOD 
Memmi 'and Strong R o b e r t  Fargo  D i  p o l  e -D i  p o l  e (NxlOO ' ) 

S t a .  

c1-2 
3-4 
4-5 
5-6 
6-7 
7 -8 
8-9 
9-10 

C2-3 
4-5 
5-6 
6-7 
7-8 
8-9 
9- 10 
10-11 

c3-4 
5-6 
6-7 
7-8 
8-9 
9- 10 
10- 11 
11-12 

c4-5 
6-7 
7-8 
8-9 
9- 10 
10-11 
11-12 

Range 
- 

10 
10 
1 

10 
1 
1 
1 

10 
10 
1 

10 
1 
1 
1 

10 
10 
10 
10 
1 
1 
1 

100 
10 
10 
10 
1 
1 

MA 
- 

. 01 . 01 

. O l  . 001 . 001 . 001 . 001 

. 01 . 01 . 01 . 001 
0001 
. O O l  . 001 

. 01 . 01 . 001 . 001 
0001 . 001 . 001 

. 01 . 01 . 001 

.DO1 
0001 . 001 

V o l t a g e  V p  

66 3.15 
.39 

1.14 
300 . 57 

3.06 
1.63 
1.14 

100 2.90 . 40 
1.01 

400 52 
400 2.45 
400 1.67 
433 .87 

100 3.51 
.43 

400 1.19 
43 

2.55 
1.26 . 96 

66 . 40 
66 . 54 

225 1.06 
225 . 49 
225 2.10 
225 1.54 

D V / I  

-315 
.039 
.0114 
.0051 
.00306 
-00163 
.00114 

.290 
.040 - 
.0101 
.0052 
.00245 
-00167 . 00087 

. 351 . 043 
mol19 
.0043 
-00255 
-00126 . 00096 

40 
.054 
.0106 . 0049 
.00210 
.00154 

G.F. Pa 

574.53 180.98 
2298.14 89.63 

65.50 5745 . 34 
11490.69 58.60 
20108 . 7 1  61.53 
32173.93 52.44 
48260.90 55 . 02 

574 . 53 
2298.14 
5745.34 

11490.69 
20108 . 7 1  
32173.93 
48260.90 

574 . 53 
2298 . 14 
5745 . 34 

11490.69 
20108 . 7 1 
32173.93 
48260 . 90 

166.61 
91.93 
58 . 03 
59.75 
49.27 
53.73 
41.99 

201 -66 
98.82 
68.37 ' 

49 . 41 
51.28 
40 . 54 
46.33 

574.53 229.81 
2298.14 124.10 
5745 . 34 60 . 90 

11490.69 . 56.30 
20108.71 42.23 
32173.93 49 . 55 

I .  
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S t a  . Range 

C5-6 
7-8 100 
8-9 10 
9-10 10 ' 
10-11 10' 
11-12 10 ' 

C6-7 
8-9 100 
9- 10 10 
10-11 10 
11-12 10 

C7-8 
9-10 100 
10- 11 1 
11-12 1 

C8-9 
10-11 10 
11-12 10 

c9- 10 
11-12 10 

MA 
- 

.Ol 

.Ol 

.00031 . 0003 1 . 0003 1 
0001 
0 001 
0001 
.OOl 

0001 . 01 . 01 
. 01 . 01 
. 01 

LEGEND: Range = Gain 

TABLE 8. L I N E  D (CONT.) 

V o l t a g e  

66 

200 

133 
133 
133 
133 

225 
66 

66 
66 

v P  

. 42 . 38 
3.61 
1,31 
.83 

2.54 
3.10 . 77 . 43 
2.69 
2.67 
1.00 

1.98 
.31 

3.12 

MA = Dummy TX C u r r e n t  Swi tch  
Vp = Balance  C o n t r o l  t o  N u l l  M e t e r  
G.F. = Geometr ic F a c t o r  
Pa = Apparent R e s i s t i v i t y  
D V / I  = Range x MA x Vp 
N.R.  = No Reading 

i 

DV/  I 

. 42 

.038 . 00483 

.00393 

.00249 

. 254 
-0310 
.0077 
,0043 

.269 

.0267 
0010 

. 198 

.031 

.312 

G.F. Pa 

574 . 53 
2298 . 14 
5745.34 
11490 . 69 
20108.71 

574 .A3 
2298.14 
5745.34 
11490 . 69 
574.53 
2298 . 14 
5745 . 34 
574 . 53 

2298 . 14 
574 . 53 

241 . 30 
87 . 33 
27.75 
45.16 
50 . 07 
145.93 
71.24 
44 . 24 
49.41 

154.55 
61 . 36 
57.45 

113.76 
71.24 

179.25 

cii 

b 

c: 

b 

b 

c 

t 
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A P P E N D I X  F 

TABLE 9. LINE E 

COLORADO GEOLOGICAL SURVEY 
Geophysi c a l  E x p l o r a t i o n  

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

LOCAT ION PROJECT DATE 
Ranger Warm S p r i n g s  L i n e  E 15 June1981 

CHIEF OPERATOR ASSISTANTS METHOD 
“r Rober t  Fargo  Memmi ‘and St rong  D i p o l e - D i p o l e  ( N x 1 0 0 ’ )  

Y 

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

c1-2 
3-4 
4-5 
5-6 
6-7 
7-8 
8-9 
9- 10 

100 
100 
10 
10 
10 

300 

,275 

574 . 53 
2298 . 14 
5745.34 
11493 . 4 
20108 . 7 1 
32173.93 
48260 . 90 

162 . 59 
209.13 
172.36 
73 . 56 
140 . 76 
125.48 
136 . 58 

eo01 . 001 
0001 . 001 
-001 
0001 . 001 

2.83 
.91 

3.00 
1.27 . 70 
3.90 
2.83 

.283 
0091 . 0307 . 0064 
.0070 . 0039 
-00283 

1 
1 

C2-3 
4-5 
5-6 
6-7 
7-8 
8-9 
9- 10 
10- 11 

c3-4 
5-6 
6-7 

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

574.53 
e98.14 
5745 . 34 
11490 . 69 

293.01 
204 . 53 
149.95 
136.74 
120.65 
129.98 
139.47 

100 
100 
10 
10 
10 
1 
1 

. 01 . 001 . 001 
0001 . 001 . 001 . 001 

66 
166 

. 51 . 89 
2.61 
1.19 . 60 
4.04 
2.89 

. 510 . 089 . 026 1 

.0119 . 0060 . 00404 . 00289 
20108 . 7 1 
32173 -93 166 
48260.90 

. 01 . 01 

.OOl 

.OOl 
0001 
moo1 
001 

100 
10 
10 
10 
10 
10 
1 

66 . 43 . 73 
2.54 
1.03 
63 . 43 

3.87 

. 43 
-073 
.0254 
.0103 
.0063 
.0043 . 00387 

574.53 
2298.14 
5745.34 
11490.69 
20108 . 71 
32173 . 93 
48260.90 

247 . 05 
167 . 76 
145 : 93 
118.35 
126.68 
138.35 
186 . 77 

166 

200 

c4-5 
6-7 100 . 01 

Y 7-8 10 01 
8-9 10 . 001 
9- 10 10 0001 
10-11 10 . 001 
11-12 10 0001 
12-13 001 * 

66 

300 
300 
300 
300 
333 

. 44 

.71 
2.15 
1.08 . 65 

53 

. 44 

.071 
-0215 
-0108 . 0066 . 005 3 

574 . 53 
2298.14 
5745 34 
11490 . 69 
20108 . 71 
32173.93 

252 . 80 
163.17 
123.52 
124.10 
132.72 
170.52 
-NOR.- 

1 -  - 53 - I 



S t a .  
- 
C5-6 

7 -8 
8-9 
9- 10 
10- 11 
11-12 
12-13 
13-14 

C6-7 
8-9 
9-10 
10-11 
11-12 
12-13 
13-14 
14- 15 

C7-8 
9- 10 
10- 11 
11-12 
12-13 
13-14 
14- 15 

C8-9 
10-11 
11-12 
12-13 
13- 14 
14-15 

c9- 10 
11-12 
12-13 
13- 14 
14- 15 

Range 

100 
10 
1 
1 

10 
10 
1 
1 

TABLE 9. LINE E (CONT.) 

MA V o l t a g e  V p  DV/  I - - 
0 01 66 .39 . 39 
0 01 100 .58 .058 . 01 2.13 .0213 
0 01 . 97 .0097 
001 

TX would not  l o c k  onto  'h igher  
power se t t ' i  ngs 

. 01 100 3.34 . 334 . 01 100 .70 . 070 
0 01 100 2.10 .0210 . 01 100 . 98 . 0098 

TX g e t t i n g  t o o  c l o s e  t o  b u r i e d  t e l e p h o n e  
c a b l e s  t o  l i n e  between s t a t i o n s  11 & 12 and a t  
S t a t i o n  #9 ( ? )  

100 
10 
1 
1 

100 
10 
1 
1 

100 
1 
1 
1 

001 . 01 . 01 

. 01 . 01 . 01 

.Ol 

.Ol . 01 . 01 . 01 

100 .52 .52 
077 .077 

2.88 . 0288 

66 . 48 . 48 
66 1.00 .0100 
66 1.01 .0101 

.81 . 0081 

100 .51 .51 
4.01 .040 1 
1.55 .0155 . 76 .0076 

G.F. 

574.53 
2298.14 
5745 . 34 
11490 -69 

2 574.53 
2298 . 14 
5745 . 34 
11490.69 

574 . 53 
2298 . 14 
5745 . 34 

574.53 
2298.14 
5745 . 34 
11490 . 69 

574.53 
2298.14 
5745.34 
11490.69 

Pa 

224.07 
133.29 
122 . 38 
111.46 
- N O R . -  

- N O R . -  

- N O R . -  

191 -89 
160.87 
120.65 
112.61 
- N O R * -  

-NOR.- 
-N O R  . - 
298.76 
176.96 
165 -47 
- N O R . -  

- N O R . -  

- N O R . -  

275.78 
229.8 
58.03 
93 . 07 

- N O R . -  

293.01 
92 . 16 
89 . 05 
87.33 

' ( r  

L; 

c 

c 

b 

c 

G 

c 

Q 

t 

t - 54 - 



3 

Sta  . Range MA . - - 
TABLE 9. LINE E (CONT.) 

V o l t a g e  V i  D V / I  G.F. Pa - 
c10-11 

3 I 
574.53 121.80 ~ 

12-13 100 . 001 200 2.12 0212 
.001 200 3.64 . 0364 2298.14 83.65 * 13-14 10 14-15 10 . 001 200 1.55 -0155 5745 . 34 89 -05 

C l l - 1 2  
V 13-14 100 . 0001 275 -2 54 .254 574.53 145.93 

14-15 100 .001 275 . 45 . 045 2298.14 103.42 

C12-13 
14-15 100 0001 275 2.24 .224 

Y 

LEGEND : 

u 

Range = Gain  
MA = Dummy TX C u r r e n t ' S w i t c h  
Vp = Balance  Cont ro  0 N u l l  M e t e r  
G.F. = Geometr ic  F a c t  
Pa = Apparent  R e s i s t i v i t y  
D V / I  = Range x MA x Vp 
N.R. = No Reading 

# 

e 

574.53 128.70 



APPENDJX F 

TABLE 10. LINE F, 

COLORADO GEOLOGICAL SURVEY 
Geophysi c a l  E x p l o r a t i o n  

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

\ 

LOCAT I O N  PROJECT DATE 
Ranger Warm Spr ings  L i n e  F 16 June1981 

CHIEF OPERATOR ASSISTANTS METHOD 
Rober t  Fargo Memmi .and St rong  D i  p o l  e -Di  p o l  e (Nx200 ' ) 

S t a  . 
- 
C1-3 

5-7 
7-9 
9-11 
11 - 13 
13-15 

c3-5 
7-9 
9-11 
11-13 
13- 15 
15-17 

c5-7 
9-11 
11-13 
13-15 
15- 17 
17-19 

c7-9 
11-13 
13-15 
15-17 
17-19 
19-21 

c9- 11 
13-15 
15- 17 
17-19 
19-21 
21-23 

Range 

10 
10 
1 
10 
10 

10 
1 
10 
1 
1 

10 
10 
10 
1 
10 

10 
10 
10 
1 

10 
1 
10 
10 
10 

MA 
- 

. 01 . 01 . 01 . 001 . 001 

. 01 . 01 . 001 . 001 

.OOl 

. 01 
0001 . 001 
.OOl 
.OOl 

. 01 . 001 
0001 . 001 

. 01 . 01 . 001 
0.00 1 . 001 

V o l t a g e  

100 

133 
333 

66 

166 
166 

. 66 
133 

166 

66 
166 
166 
166 

66 

200 

225 

VP 

1.44 . 32 
1.18 . 60 
.40 

1.72 
2.82 
1.06 
5.79 
3.32 

1.59 
2.63 
1.10 
5.65 . 27 
1.41 
2.89 
1.15 
4.84 

1.42 
2.95 
1.05 . 55 
.38 

- 56 - 

DV/  I G.F. 

.144 1149 . 07 

.032 4596.28 

.0118 * 11490.69 . 0060 22981 . 38 . 0040 40217.41 

. 172 1149.07 

.0282 4596.28 

.0106 11490 . 69 

.00572 22981.38 

.00332 4021 7 . 41 

.159 1149 . 07 . 0263 4596.28 

.0110 11490.69 
,00565 22981 . 38 
.002728 40217.41 

. 141 1149.07 

.0289 4596.28 

.0115 11490.69 . 00484 22981 . 38 

142 1149 -07 
.0295 4596 . 28 
.01053 11490 . 69 
.0055 22981.38 . 0038 402 17 . 41 

165.47 
147 . 08 
135.59. 
137.89 
160.87 

197.64 
129.61 
121 -80 
133.06 
133.52 

182.70 
120.88 
126.40 
129.84 
108 . 59 
162.02 
132.83 
132.14 
111.23 
-N.R.-  

163.17 
135.59 
120.65 
126.40 
152.83 



TABLE 10. LINE F ( C O N T . )  

S t a  . Range 

Cll-13 
15-17 10 
17-  19 1 
19-21 10 or  1 
21-23 10 
23-25 

C13-15 
17-19 10 
19-21 10 
21-23 10 
23-25 10 
25-27 1 

C15-17 
19-21 100 
21 -23 10 
23-25 10 ' 

25-27 10 
27-29 10 

C17-19 
21-23 10 
23-25 1 
25-27 10 
27-29 10 
29-31 1 

C19-21 
23-25 10 
25-27 10 
27-29 10 
29-31 1 
31-33 1 

C21-23 
25-27 * 10 I 

27-29 1 
, 29-31 10 

I 31-33 1 
33-35 1 

C23-25 
27-29 10 
29-31 10 
31-33 b 
33-35 1 
35-37 . 

MA 
- 

. 01 . 001 

.001 . 001 
0001 

. 01 . 001 
0001 . 001 . 001 

. 001 
0001 
0001 . 001 
0001 

. 01 
0 01 
0001 
0001 
. O O l  

. 01 
0001 . 001 
0001 
0001 

. 01 
001' 
0001 
0 001 
0001 

0.01 
0001 

0001 . 001 

b o o 1  

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

66 1.42 .142 1149.07 163.17 

275 8.94 . 00894 11490.69 102.73 
275 . 60 . 0060 22981.38 137.89 

27 5 - N O R  - 

- N O R . -  

66 1.44 . 144 1149.07 165.47 
2.62 .0262 4596.28 120.42 
1.29 .0129 11490.69 148.23 

22981 . 38 133.29 
3.70 .0037 40217.41 148.80 

225 

. 58 . 0058 

133 1.16 .116 1149.07 133.29 
133 3.37 .0337 4596.28 154.89 
133 1.28 .0128 11490 . 69 147 . 08 
133 . 59 .0059 22981 . 38 135 . 59 
133 . 25 .0025 40217.41 100.54 

66 1.46 . 146 1149.07 167.76 
2.87 . 0287 4596.28 131.91 

133 1.15 -0115 11490.69 132.14 
133 . 45 -0045 22981.38 103.42 

1.32 .00132 40217.41 53.09 

66 1.51 .151 1149.07 173.51 
200 3.00 .0300 4596.28 137.89 
200 . 92 .0092 11490.69 111.46 
200 1.55 -00155 22981 . 38 35.62 

- 7 7  * .00077 40217.41 30.97 

66 1.46 -146 1149.07 . 167.76 
2.35 . 0235 4596.28 108.01 

6 . 46 -0046 11490.69 52.86 
1.40 .0014 22981.38 32.17 . 67 .00067 40217.41 26 . 95 

66 1.24 . 124 1149.07 142.48 
100 1.23 .0123 4596.28 , 56.53 
100 2.92 -00292 11490 . 69 33.55 
100 1.38 -00138 22981 . 38 31.71 
133 0 N . R . -  

- 57 -. 



. c 
TABLE 10. LINE F (CONT.) 

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

b C25-27 
29-31 10 0001 
31 -33 10 0001 
33-35 1 0001 
35-37 1 . 001 
37-39 1 0001 

100 
133 

4.33 
1.03 
3.55 
1.58 
1.01 

.0433 * 

.0103 

.00355 

.00158 

.00101 

1149.07 49.75 
4596 . 28 47.34 
11490 . 69 40.79 
22981.38 36 . 31 
40217.41 40.62 c 

C27-29 
31-33 100 0001 
33-35 10 0001 
35-37 10 0 001 
37-39 1 . 0001 
39-41 1 . 001 

100 
133 
133 
133 

. 72 
1.24 
.41 

2.14 
1.81 

-072 
.0124 
.0041 
.00214 
.00181 

1149.07 82.73 
4596 . 28 56.99 
11490.69 47.11 
22981 . 38 
40217.41 72.79 49.18 G 

C29-31 
33-35 10 . 01 
35-37 10 0001 
37 - 39 1 0001 
39-4 1 1 0001 
41 -43 1 . 001 

1149.07 81.58 
4596 . 28 50.10 
11490.69 
22981.38 66 . 65 
402 17.41 80.43 

51.02 t 

66 
225 
225 

.71 
1.09 
4.44 
2.90 
2.00 

.071 

.0109 

.00444 

.0029 

.0020 

C31-33 
35-37 10 .Ol 
37-39 10 . 001 
39-41 10 . 001 
41 -43 1 . 001 
43-45 10 . 001 

. 065 

.0119 

.005 1 

.00281 . 0020 

1149.07 74.69 

11490 . 69 58.60 
22981 . 38 64.58 
4021 7 . 41 80.43 

4596 . 28 54.70 cr 
66 

250 
250 
250 

-65 
1.19 
.51 

2.81 . 20 
c33-35 

37-39 10 . 01 
39-41 1 .Ol 
41 -43 10 0001 
43-45 10 .OOl 
45-47 10 . 001 

66 

166 

. 57 
1.25 . 52 
.27 
.22 

.057 

.0125 

.0052 
-0027 
.0022 

t 1149.07 65 . 50 
4596 . 28 57.45 
11490.69 59.75 
22981.38 62.05 
40217 -41 88.48 

c35-37 
39-41 10 .Ol 
41-43 10 .OOl 
43-45 10 . 001 
45-47 10 .OOl 
47-49 10 . 001 

* 
66 . 72 . 072 1149.07 82 . 73 
200 1.70 .0170 4596 . 28 78.14 
200 .84 . 0084 11490 . 69 96.52 
200 .50 . 0050 22981.38 114.91 

.26 .0026 40217.41 104.57 
G 

c37-39 
41 -43 10 . 01 
43-45 1 .Ol 
45-47 10 0001 
47-49 10 . 001 
49-51 10 . 001 

66 077 .077 1149.07 88.48 
1.97 .0197 4596 . 28 90.55 

166 1.05 .0105 11490.69 120.65 
.61 .006 1 22981.38 140.19 . 50 .0050 40217.41 201.09 G 

b - 58 - 



3 

TABLE 10. LINE F (CONT.) 

Sta . Range 

3 
C39-41 

43-45 10 
45-47 10 
47-49. 10 
49-51 10 
51 -53 10 V 

MA V o l t a g e  V p  DV/  I G.F. Pa - v 

. 0 1  66 1.05 . 105 1149.07 120.65 
0001 200 2.62 .0262 4596.28 120.42 . 001 200 1.21 00121 11490.69 139.04 . 001 200 . 83 .00835 22981 . 38 190 . 75 
.001 .83 .0083 40217.41 333.80 

C41-43 
45-47 10 . 0 1  66 1.06 . 106 1149.07 121.80 
47-49 10 0001 200 2.66 . 0266 4596.28 122.26 
49-51 10 . 001 1.46 .0146 11490.69 167.76 

0 51-53 10 . 001 1.30 .0130 22981.38 298.76 

47-49 10  . 0 1  66 . 99 . 099 1149.07 113.76 
49-51 10 ,001 200 3.11 .0311 4596 . 28 142 . 94 
51-53 0 .001 200 2.29 .0229 11490.69 263.14 

c43-45 

Y - 
c45-47 

49-51 , 10 . 0 1  66 1.26 . 126 1149.07 144.78 
51 -53 10 . 01 .58 . 058 4596.28 266 . 58 

51-53 10 . 0 1  66 1.77 . 1 7 7  1149.07 203.39 
c47-49 

LEGEND: Range = Gain 
MA = Dummy TX C u r r e n t  Swi tch  
Vp = Balance  C o n t r o l  t o  N u l l  M e t e r  

0 G.F. = Geometr ic  F a c t o r  
Pa = Apparent R e s i s t i v i t y  
O V / I  = Range x MA x Vp 

* = Q u e s t i o n a  l e  Reading E ' N.R. = No Readin 

cr, 

Y 

. 
W - 59 - 
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TABLE 11. LINE G. 

COLORADO GEOLOGICAL SURVEY 
Geophysi c a l  E x p l o r a t i o n  

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

LOCATION PROJECT 
Ranger Warm Spr ings  L i n e  G 

CHIEF OPERATOR ASSISTANTS 
R o b e r t  Fargo  Memrni 'and St rong  

S t a .  Range 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

MA 
- 
.001 
0001 
0001 
0001 
0001 
.OOl . 001 
.eo01 
0001 
.001 
0001 
.001 . 001 . 001 
.001 
.OOl 
.001 
.OOl 
0001 
0001 

0001 
0001 
.OOl 
.OOl 
0001 
0001 
0001 
0001 
0001 . 001 . 0.01 
0001 

V o l t a g e  V p  

300 1.47 
275 1.79 

1.50 
250 1.18 

1.35 
1.34 
1.06 
1.40 
1.26 
1.29 
1.14 
1.55 
1.74 
1.92 
1.57 
1.12 
1.70 
1.45 
1.66 
1.69 

.92 
1.37 

300 1.53 
1.75 
1.53 
1.58 
1.21 
1.23 
1.14 
1.44 
1.41 
1.10 

D V /  I 

-0147 
.0179 
.0150 
-0118 
.0135 
.0134 
.0106 
.0140 
.01236 
.0129 
-0114 
.0155 
.0174 
.0192 
.0157 
.0112 
.0170 
.0145 
.0166 
.0169 

.0092 

.0137 
-0153 
.0175 
00153 * 
.0158 
.0121 
.0123 
.0114 * 
-0144 
.0141 
.0110 

b 

DATE 
16 June1981' 

METHOD 
G r a d m r  r a y  

a = 100' = 900' 

G.F . Pa 

27 . 58 c .ll .28 .76 
-11 .28 -76 33 . 59 
.ll .17 .875 32.40 
-11 .06 .96 27 -97 
.11 -06 -96 32.00 

.ll .28 .76 19.89 
-11 .28 .76 26.27 
.ll .17 .875 27.22 
.ll -06 .96 30.57 
.ll -06 -96 27.02 

-11 .28 .76 32 . 65 
-11 .28 -76 36.03 
.ll .17 .875 33.92 
.ll -06 .96 26.55 
.I1 .06 .96 40.29 

.11 .28 .76 31.35 

.ll .28 .76 31.71 

.ll .06 .96 21.81 

.ll -06 .96 32.47 

.ll .28 .76 32.84 

.ll -28 .76 28.71 

.11 -17 .875 34.13 
-11 .06 -96 28 . 68 
.ll -06 .96 29.15 

-11 .28 .76 27.02 
.ll -28 .76 26 . 46 
.11 -17 -875 23.76 

.11 .17 -875 28.95 &i 

-11 -17 -875 33.48 c 

.ll .17 -875 31.32 L 

-11 .17 -875 33.05 e 

.ll .17 .875 24.63 c 

- 60 - 



W 

TABLE 11. LINE G (CONT.) 

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

34 10 .001 . 1.21 00121 .ll -06 -96 
35 10 0001 1.50 . 01 50 .11 .06 .96 
36 10 0001 1.55 .0155 .ll -17 .875 
37 10 . 001 1.66 .0166 -11 .28 .76 

- - - 
w 

W 
LEGEND: Range 

MA 
VP 
G.F. 
Pa 
D V / I  * 9 

= Gain  
= Dummy TX C u r r e n t  SwiYtch 
= Balance  C o n t r o l  t o  N u l l  M e t e r  
= Geometr ic  F a c t o r  
= Apparent  R e s i s t i v i t y  
= Range x MA x Vp 
= Q u e s t i o n a b l e  Reading 

28.68 
35.55 
33.48 
31 . 15 

w 
- ,  61 - 



APPENDIX F 

TABLE 12.  LINE H .  

COLORADO GEOLOGICAL SURVEY 
Geophysi c a l  Exp l  o r a t i o n  

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

LOCAT I O N  
Ranger Warm S p r i n g s  

PROJECT 
L i n e  H 

DATE 
18 J K 1 9 8 1  

METHOD 
CH 1 EF OPERATOR ASSISTANTS G r a d i e n t  Array 

Rober t  Fargo Memmi and S t r o n g  a = 100' = 750' 

Sta  . 
- 
H - 1  
H-2 
H-3 
H-4 
H-5 
H-6 
H-7 
H -8 
H-9 
H-10 
ti-11 
H-12 
H 13 
H -  14 
H-15 
H -  16 
H-17 
H-18 
H-19 
H-20 
H-21 
H-22 
H-23 

Range 

100 
100 
100 

10 
100 
100 
100 
100 

100 
100 
100 

100 
10 
10 
10 

100 
100 
100 
100 

10 

MA 

. O O l  

. O O l  . 001 . 001 

. O O l  . 001 . 001 

.001 
0001 
,001 
. O O l  
. O O l  
.001 
.001 
. O O l  
. O O l  
0001 
. O O l  
0001 . 001 
0001 
. O O l  

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

166 .78 . 74 . 59 
5.21 . 41 

.54 . 56 

.64 

.10 

.18 

.15 

.10 

.21  

.38 . 10 

.68 

.13 
1 .oo 

.05 

.08 

LEGEND: Range = Gain 
MA = Dummy TX C u r r e n t  S w i t c h  
Vp = Balance C o n t r o l  t o  N u l l  Meter  
G.F. = Geometr ic  F a c t o r  
Pa = Apparent  R e s i s t i v i t y  
D V / I  = Range x MA x Vp 
* = Q u e s t i o n a b l e  Reading 

.078 

.074 

.059 

.0521 
-041 . 054 . 056 
.064 

0010 * 
.018 * 
.015 * 
.010 * 
.0021 * 
.0038 * 
.0010 * 
.068 
.013 . 100 
-005 * 
.0008 * 

-13 .27 -80 
.13 -13  .93 
013 0 097 
.13 .13 .93 
.13 .27 -80 
.13 - 2 7  .80 
.13 .13 .93 
.13 0 097 

-13 .27 .80 
-13 - 2 7  -80 
.13 -13 .93 

.13 .13 -93 

.13 - 2 7  -80 
-13 '.27 .80 
-13 -13 .93 
.13 0 097 

.13 .27  -80 

.13 .27 .80 

.13 -13 .93 

.13 .13 .93 

106.98 
117.99 

98.12 
83.07 
56 . 24 
74.07 
89.29 

106.44 

13.72 
24.69 
23.92 

15.94 
2.88 
5.21 
1.59 

113.09 

17.83 
137.06 

7.97 
1.28 

- N O R . -  

- N O R . -  

-N.R.- 

- 62 - 
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A P P E N D I X  F 

TABLE 13. LINE I. 

COLORADO GEOLOGICAL SURVEY 
Geophysi c a l  Expl  o r a t i o n  

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

DATE 
LOCATION PROJECT 19 June1981 

Ranger Warm S p r i n g s  L i n e  I METHOD 
CHI EF OPERATOR ASSISTANTS G r a d i e n t  A r r a y  

R o b e r t  Fargo  Memmi and St rong  a = 100' = 900' 

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

1 10 0001 
2 10 0001 
3 10 . 0001 
4 10 0001 
5 10 . 001 
6 10 0001 
7 10 0001 
8 10 . 001 
9 10 . 001 
10 10 0001 
11 10 0001 
12 10 0001 
13 10 0001 
14 10 0001 
15 10 0001 
16 10 0001 
17 10 0001 
18 10 . 001 
19 10 . 001 
20 10 0001 
21 10 . 001 
22 10 .001 
23 10 0001 
24 10 0001 
25 10 0001 
26 10 0001 
27 ' 10 0001 
28 10 . 001 
29 10 0001 
30 10 0001 
31 10 0001 
32 10 0001 
33 10 0001 
34 10 0001 

166 1.50 
1.42 
1.32 
1.27 
1.27 
1.47 
1.69 
1.46 
1.40 
1.40 
1.50 
1.67 
1.85 
1.65 
1.53 
1.51 
1.65 
1.91 
2.09 
1.82 
1.66 
2.11 
1.82 

166 1.94 

.0150 

.0142 
-0132 
.0127 
.0127 
.0147 
.0169 
-0146 
.0140 
.0140 
-0150 
.0167 
.0185 
.0165 
.0153 
.0151 
.0165 
.0191 . 0209 
.0182 
.0166 
00211 
.0182 
.0194 

1.92 .0192 
1.74 .0174 
1.56 -0156 
1.64 .0164 
1.82 .0182 
2.06 .0206 
1.95 .0195 
1.76 . 01 76 
1.59 -0159 
1.34 .0134 

- ,  63. - 

.ll .28 
011 017 
.11 .06 
.11 .06 
.11 .17 
.11 .28 
.ll .28 
.ll .17 
.11 .06 
.11 .06 
-1 1  .17 
.11 .28 
.11 .28 
.11 .17 
.11 .06 
.11 -06 
.11 .17 
.11 .28 
.11 .28 
.I1 .17 
.11 .06 
.ll .06 
.11 .17 
.11 .28 
.11 -28 
-11 .17 
.11 .06 
.11 .06 
.11 -17 
-11 .28 
.11 .28 
.11 .17 
.11 .06 
.11 .06 

.76 . 875 

.96 

.96 

.875 . 76 . 76 

.875 

.96 

.96 . 875 

.76 

.76 

.875 . 96 . 96 

.875 . 76 . 76 
-875 . 96 . 96 . 875 . 76 . 76 
.875 . 96 
-96 
.875 . 76 
.76 
.875 . 96 
.96 

28.15 
30.68 
31.29 
30.10 
27 -44 
27.58 
31.71 
31 . 54 
33.18 
33.18 
32 . 40 
31.34 
34.71 
35.64 
36.26 
35.79 
35 . 64 
35 . 84 
39 . 22 
39 . 32 
39.34 
50 . 01 
39 . 32 
36 . 40 
36.03 
37.59 
36.97 
38.87 
39 . 32 
38.65 
36 . 59 
38.02 
37.68 
31.76 



S t a .  Range MA 

TABLE 13. LINE I (CONT.) 

35 
36 
37 
38 
39 
40 
41 
42 

10 
10 
10 
10 
10 
10 
10 
10 

0001 
0001 
0001 
001 
.001 
0001 
0001 . 001 

1.59 
1.94 
1.70 
1.40 
1.37 
1.43 
1.67 
"1 . 85 

.0159 

.0194 
-0170 
-0140 
.0137 
.0143 
-0167 
.0185 

LEGEND: Range = Gain 
MA = Dummy TX C u r r e n t  Swi tch  
Vp = Balance  C o n t r o l  t o  N u l l  M e t e r  
G.F. = Geometr ic F a c t o r  
Pa = Apparent  R e s i s t i v i t y  
D V / I  = Range x MA x Vp 

- 64 - 

G.F . 
.11 .17 
.11 .28 
-11 .28 
011 017 
-11 -06 
.11 .06 
.ll -17 
- 1 1  .28 

- 
. 875 . 76 . 76 
-875 . 96 . 96 . 875 
.76 

Pa 

ir 
34 . 35 
36 40 
31 . 90 
30.24 
32 -47 

36.08 
34.71 

33.89 b 

G 

e 

c 

c 



3 

A P P E N D I X  G 
G E O M E T R I C  FACTOR T A B L E S  

T A B L E  14. SCHLUMBERGER G E O M E T R I C  FACTOR T A B L E  

U 

21 

25 50 75 100 200 300 
( f t )  

L ( f t )  

50 
75 

100 
200 
300 
400 

v 500 
600 
700 
800 
900 

1000 
w 1100 

1200 
1300 
1400 
1500 

95.78 
215 . 5 
383.11 

1532.44 
3447 . 99 
6129.87 
9577 . 77 
1391 -99 

18772.43 
24519.1 
31031.99 
38311.1 
46356.42 
55167.97 
64745.74 
75083 . 74 
86199 . 96 

47.89 
107 . 75 
1 9 1  . 55 
766.22 

1724 
3064 . 89 
4788.89 
6896 
9386 . 22 

12259.54 
1551 5 . 99 
19155.55 
23178.21 
27583 . 99 
32372.87 
37544 . 87 
43099.98 

31.93 
7 1  -83  

1’27.70 
510.81 

1149.33 
2043 . 26 
3192 . 59 
4597 . 33 
6257 -48  
8173.03 

10344 
12770.36 
15452.14 
18389.32 
21581.91 
25029 . 9 1  
28733 . 32 

23.94 
53.87 
95 . 78 

383.11 
86 2 

1532.44 
2394.44 
3447 . 99 
4693.11 
6129.77 

9577 077 
11589 . 11 
13791.99 
16186.44 
18772.44 
21548.98 

. 7758 

Y 

T A B L E  15. D I P O L E - D I P O L E  G E O M E T R I C  FACTOR 

25 

143 . 67 
574.67 
1436 . 7 
2873.4 
5028.45 
8045 . 52 

11924.61 
17240.4 
23705 . 55 
31607.4 

50 

287 . 33 
1149.32 

5746.6 
1056.55 

16090 . 48 
23848.39 
34479.6 
47409 -45 
63212.6 

2873 . 3 

100 150 

574 . 67 862 
2298 . 67 3448 
5746 . 7 8620 

11493.4 17240 
201 13 . 45 301 70 
32181 . 52 482 7 2 
47697.61 71546 
68960 . 4 103440 
94820.55 14230 

126429.4 189640 

11.97 
26 . 94 
47 . 89 

191  . 56 
43 1 
766.22 

1197.22 
1724 
2346 . 55 
3064.89 
3879 
4788.89 
5794.55 
6896 
8093 . 22 
9386.22 

10774.99 

T A B L E  

200 

1149.33 
4597.32 
11493.3 
22986.6 
40226.55 
64362.48 
95394 . 39 

189639 . 45 
252852.6 

137913 06 

7.98 
17.96 
31.93 

127 . 70 
287 . 33 
510.81 
798.15 

1149 . 33 
1564.37 
2043.26 
2586 
3192.59 
3863.04 
4597 . 33 
5395.48 
6257 -48  
7183.3 

300 

1724 
6896 
17240 

3480 
60340 
96544 

143092 
206880 
284460 
379280 

e 
TABLE 16. WENNER GEOMETRIC FACTOR TABLE 

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

6.2 157 314.16 628.32 1256.64 1884.64 2513.27 3141.6 
W 

Y - 65 - 6 6  
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