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I GEOTHERMAL R E S O U R N  ASSESSMENT OF HOT SULPHUR SPRINGS, COLORADO 
by 

Richard Howard Pearl Ted 6. Zacharakis, and Charles D. Ringrose 

A8 STRACT 

t h - t h e  U.S. Dept. 
-of Energy, i n i t i a t e d  a program t o  evaluate t h  tent!al of those 
thermal areas  i n  Colorado hav ing  po ten t ia l .  f o r  near ter elopment. One of 
the areas  invest igated was Hot Sulphur. S rings i n  *northwest Colorado. 

a t ion ,  steam baths and 
laundry purposes a r e  located a t  Hot S u l p h u r  Springs; 

which i s  about normal f o r  western Colorado. Recent work t ends  t o  show t h a t  
surface and reduced heat flow i n  the mountains of northern Colorado could be 
h igh .  

Hot Sul phur  S p r i n g s  i s  located approximately i n  the center  of Middle Park, 
a l a rge  intermountain, synclinal basin located between the Front Range on the 
e a s t  and the Park-Gore Range on the west. Precambrian igneous and metamorphic 
rocks a re  exposed less than a mile southwest of the s p r i n g s  i n  Byers Canyon. 
Unconformably overlying these rocks and d i p p i n g  t o  the northeast  i s  a sequence 
of sedimentary rocks over 10,000 f t  (3.1 km) ,  thick ranging i n  age from 
Ju ras s i c  t o  Recent, which a re  deformed by two f a u l t s .  The Mount Bross T h r u s t  
Faul t  is located w i t h i n  one-half mile northeast  of the s p r i n g s  and a small 
normal f a u l t  is just west o f  the sp r ings .  

The thermal waters have an estimated discharge of 50 gpm, a temperature 
tha t  ranges from 104°F (40°C) t o  a h i g h  of l l l ° F  (44"C), and a t o t a l  dissolved 
s o l i d  content of 1,200 mg/l .  The waters a re  a sodium bicarbonate type w i t h  a 
la rge  concentration of sulphate. I t  is estimated t h a t  the most l i k e l y  reservoi r  
temperature of t h i s  system ranges from 167°F (75°F) t o  302°F (150°C) and t h a t  
the areal extent  of the system could encompass 1.35 sq m i  (3.50 sq km) and 
could contain 0.698 Q ' s  ( lo15 B.T.U.'s) of heat energy. 

To a i d  i n  t h e  evaluation o f  t h i s  system, soi l  mercury and e l e c t r i c a l  
r e s l s t i v i t y  surveys were conducted. Unlike other areas  of Colorado, the soil 
mercury survey proved less than sa t i s f ac to ry  i n  helping t o  de l inea te  the 
geological conditions control 1 i n g  the occurrence o f  the thermal waters. 

T h e  geophysical survey del ineated several areas  of low resist ivity 
associated w i t h  the n o r t h  t r e n d i n g  f a u l t  t h a t  passes just t o  the west of the 
s p r i n g  area.  I t  appears t h a t  this f a u l t  is sa tura ted  w i t h  thermal waters and 
may be the conduit along which the thermal waters a re  moving up from depth.  
From the evidence gathered, the Mount Bross Faul t  does not appear t o  control 
the occurrence o f  the springs.  

While no deep hydrogeological information is ava i lab le ,  i t  appears t h a t  
the Hot Su lphur  Spr ings  thermal waters represent deep c i r cu la t ion  of meteroric 
waters along numerous f a u l t s  and f r ac tu res  i n  an area of above normal heat 
flow. Recharge t o  the system probably occurs on the high ground t o  the eas t .  

- 

In 1979 The  Colorado Geological Survey, i 

Approximately.10 spr ings  whose waters a re  use a ̂ for  re 

Estimated heat-flow a t  Hot S u l p h u r  Springs is  approximately 100 W m 2 ,  

1 
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I t  i s  n o t  possible t o  make any accurate predictions concerning required 
circulat ion depths due t o  the thick sequence o f  i n s u l a t i n g  P ie r r e  shale found 
i n  the area. Due t o  the presence of this u n i t  i t  i s  possible t h a t  low-to 
moderate-temperature waters 158"F-212"F, ( 70"C-1OO0C) could be found a t  i t s  
base. 

The appendecies t o  t h i s  report  include tab les  showing water temperatures 
required f o r  various i n d u s t r i a l  processes, as  well as dissolved minerals, t r ace  
elements and rad ioac t iv i ty  l e v e l s  found i n  the thermal waters. Also presented 
are a complete descr ipt ion of the f ac to r s  a f fec t ing  the e l e c t r i c a l  r e s i s t i v i t y  
measurements, a descr ipt ion of the e l e c t r i c a l  r e s i s t i v i t y  equipment used, and 
the r e s i s t i v i t y  f i e l d  procedures. Electr ical  r e s i s t i v i t y  ca lcu la t ions  are also 
included i n  the appendecies. 
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INTRODUCTION 

In 1979, the Colorado Geological Survey, i n  cooperation w i t h  the U.S. 
Department of Energy, Division of Geothermal Energy, i n i t i a t e d  a program t o  
del inea te  the geological fea tures  control1 i n g  e occurrence of those 
geothermal resources i n  Col orado bel i eved to  have h i g h  potent ia l  fo r  near 
term devel opment . T h i s  e f f o r t  consi s ted of a 1 i t e r a t u r e  search, geologic and, 
hydrogeol ogical mapping, geophysical surveys , and so i l  mercury geochemical 
surveys. The  areas  evaluated under this program were: The Animas Valley, north 
of Durango; Canon City Area; Hartsel Hot Springs; Hot S u l p h u r  S p r i n g s ;  Idaho 
Springs;  Ouray; Ranger Hot Springs Shaws Spring, western San Luis Valley; and 
Steamboat-Routt Hot S p r i n g s .  

T h i s  repor t  presents the geothermal esource assessment e f f o r t s  conducted 
i n  and around the community of Hot Su lphur  S p r i n g s  i n  Grand County. 
Sulphur  S p r i n g s  i s  a community of approximately 405 persons, located o 
Colorado River 97 miles (156 kin) northwest of Denver (Fig. 1). In t h i s  area 
there  is a group of thermal springs located just t o  the northwest of the town 
on the n o r t h  side of the Colorado River. (Fig. 2) .  The  s p r i n g s  a r e  pr iva te ly  
owned and are  used f o r  swimming, steam baths and laundry purposes. 

: Figure 1. Index map of Colorado. 

T h i s  study was necessi ta ted by the f a c t  t h a t  geothermal energy, the 
natural heat of the ea r th ,  is  a v iab le  a l t e r n a t i v e  source of energy t h a t  can be 
p u t  t o  a wide range f uses. Normal l y ,  geothermal energy i s  either too diffuse 
or found a t  depths too g rea t  t o  be of prac t ica l  value. However, i n  some 
instances,  where i t  s occurs c lose t o  the surface,  i t  can be developed and p u t  
t o  pract ical  use, w i t h  read i ly  ava i lab le  techniques and equipment. A brief 
descr ipt ion of geothermal energy and some of the uses i t  can be p u t  t o  a r e  
presented i n  Appendix A. 
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Qal Quaternary a1 1 u v i  um 
Qls Quaternary lands1 ide 
Qt Quaternary terrace gravel 

TKm Tertiary-Cretaceous Middl e 

Kp Cretaceous Pierre Shale 
Kn Cretaceous Niobrara Fm. 

Kb Cretaceous Benton Shale 
. Kd Cretaceous Dakota Group 

J m  Jurassic Morrison Fm. 

Park Formation 

WqmPrecambrian quartz 
monzonite 

peqd Precambrian quartz diorite - Geologic contact - F a u l t ,  dashed where 
inferred, dotted where 
concealed 
High angle reverse f a u l t ,  
sawteeth on upper plate, 
dashed where inferred, 
dotted where concealed 

-L 5 Strike and dip of beds 
-L 7 Strike and dip of foliation 
d, Hot spring 

Base modified from U.S.G.S. 
74' topographic quadrangle map. 

Figure 2. Geology and thermal springs, , 
Hot S u l p h u r  Springs area (Geology 
modified from Ize t t  and Hoover, 1963). 



Figure 3. Hot Sulphur Springs circa 1899. 
l e f t  center of photo. 
Soc i ety. ) 

Hot springs located a t  extreme 
(Photo courtesy of Colorado Historical 

Figure 4.  Hot Sulphur Springs circa 1976. 
o f  white building. 

Springs  located to  rear and l e f t  
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THERMAL CONDITIONS OF THE HOT SULPHUR SPRINGS AREA 

Thermal Waters 

A l l  the thermal waters i n  the Hot S u l p h u r  S p r i n g s  area a r e  located a t  the 
r e s o r t  across the Colorado River from the community by the same name. T h e  
s p r i n g s  issue from a l a r g e  t r a v e r t i n e  mound north of the main r e s o r t  b u i l d i n g s  
and i n  a marshy area t o  the west. The thermal waters range i n  temperature from 
104'F (4OOC) t o  l l l ° F  (44OC). Due t o  modification of t h e  spring's discharge 
point i t  is  hard t o  determine accurately just how many spr ings  e x i s t ,  b u t  there 
appear to  be 5-10 individual spr ings,  

Heat Flow 

No measurements of heat-flow have been made i n  the v i c i n i t y  of Hot S u l p h u r  
Springs, however the best es t imate  of the heat-flow i n  t h i s  re ion is the 
regional heat-flow map of Colorado prepared by Zacharakis (19817 (F ig .  3). 
T h i s  map, which  is based on approximately 45 p u b l i s h e d  heat-flow values ,  shows 
t h a t  the estimated heat-flow a t  Hot Sulphur Springs i s  approximately 100 
mW/m2, which  is  normal f o r  western Colorado. 

While the Middle  Park region of Colorado is  not  normally thought t o  have 
h i g h  heat-flow, recent w o r k  by Decker and o the r s  (1981) of the University of 
Wyoming showed t h a t  surface and reduced heat  flow i n  the mountains of  Wyoming 
along the Wyoming-Colorado border is low t o  normal, while t h a t  i n  the mountains 
of northern Colorado, i n c l u d i n g  North and Middle Parks, i s  high. 

. 

Buelow (1980) noted t h a t  these parks could be a high heat-flow area 
s imi la r  t o  the Rio Grande Rif t  i n  southern New Mexico and west Texas. In 
attempting t o  explain t h i s ,  Decker and o thers  (1981) suggested two 
in t e rp re t a t ions :  "First, the unreal i s t i c i a l l y  high ca lcu la ted  temperatures 
suggests t h a t  the f l u x  may be explained by t r a n s i e n t  conductive o r  
nonconductiveaheat sources i n  the subsurface. Secondly, the hea t  sources t h a t  
produce the excess f l u x  m u s t  be i n  the crust because the depicted northern 
border of the anomaly is  narrow ( 4 0  km)".  They (Decker and o the r s ,  1981) 
noted the cool i n g  of a low density rock body a t  a d e p t h  between 16,404 and 

I' 

Figure 5 .  Prel iminary heat  flow map o f  Colorado (Adopted 
from Zacharakis, (1981.) 
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32,808 f t  ( 5  and 10 km) i n  the upper  crust would a1 so explain the h i g h  hea t  
flow i f  they were emplaced about 2 mil l ion years  ago a t  i n t rus ion  temperatures 
O f  1,112-1,292"F ( 600-700°C) 

Decker and o the r s  (1981) s t a t e d  t h a t  due t o  the following reasons high 
heat-flow m i g h t  not  be res t r ic ted t o  a simple north-south t rending zone b u t  
might be found throughout the area: Late Miocene age volcanic rocks are found 
i n  the Elkhead F i e l d ;  r e l a t i v e l y  young (>2  mi l l ion  year  o ld )  igneous rocks a r e  
found throughout the western and cent ra l  p a r t s  of western Colorado i n  the 
Basal t  Mountain-Flat Tops-State Bridge area;  and the high heat  flow a t  Hahn's 
Peak. They a l s o  pointed out  t h a t  the h i g h  heat-flow of North and Middle Park 
suggest t h a t  these areas  could be underalin by ho t  dry rock resources.  (Decker 
and o thers ,  1981). The most favorable  area f o r  these resources would be i n  the 
Basal t  Mountain-F1 a t  Top-State Bridge area southwest of the Hot S u l p h u r  S p r i n g s  
area . 

Decker and o the r s  (1981) f e l t  t h a t  i f  the geological condi t ions were r i g h t  
t h a t  moderate t o  high temperature thermal waters sui t a b l e  f o r  the generation of 
e l e c t r i c i t y  could be found i n  some p a r t s  of North and Middle Parks. They a l s o  
believed t h a t  there was a good chance f o r  the development of these higher 
temperature resources i n  the Basal t Mountain-Flat Top-State Bridge a rea ,  
southwest of Hot Sul p h u r  Springs. 



GEOLOGY 

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

Hot S u l p h u r  S p r i n g s  is  located approx ima te ly  i n  t h e  c e n t e r  of Middle Park, 
a l a r g e  i n t e r m o n t a i n e  basin just  west of t he  C o n t i n e n t a l  D iv ide  ( F i g .  4 ) .  
Middle Park i s  bounded on the west by the Park-Gore Range, on the n o r t h  by a 
low range  of h i l l s  c a l l e d  the R a b i t t  Ears Range, w h i c h  d i v i d e s  Middle Park from 
North Park, and on t h e  east  and south by the C o n t i e n t a l  Div ide .  U n l i k e  the 
other two l a r g e  i n t e r m o n t a i n e  b a s i n s  i n  Colorado,  North and South P a r k s ,  Middle 
Park from t h e  ground a p p e a r s  t o  be q u i t e  i r r e g u l a r  and rough. I t  i s  only from 
the a i r  t h a t  the open n a t u r e  o f  the l a n d  is a p p a r e n t .  When viewed from the a i r  
i t  a p p e a r s  t h a t  North and Middle  Park are r ea l ly  one l a r g e  b a s i n ,  and they are 
often refered t o  a s  the North-Middle Park r eg ion .  

F i  gure 6. Index map showing basement compl e x ,  Colorado. 

Severa l  comprehensive p a p e r s  have been written d e s c r i b i n g  the g e o l o g i c a l  
condi t ions o f  the Hot S u l p h u r  S p r i n g s  r e g i o n .  I z e t t  (1968 and 1975) and I z e t t  
and Hoover (1963)  described the g e o l o g i c a l  c o n d i t i o n s  o f  the Hot Su lphur  
S p r i n g s  a r e a  i n  d e p t h ,  w h i l e  S teven  (1975)  described i n  g e n e r a l  terms the 
v o l c a n i c  r o c k s  found i n  the a r e a .  Tweto (1975)  presented a discussion on the 
t e c t o n i c  development of the r e g i o n .  The  f o l l o w i n g  discussion is  t a k e n  from 
these pape r s  . 

Middle Pa rk ,  l i k e  many o f  the o t h e r  s t r u c t u r a l  features of w e s t e r n  
Colorado, deve loped  a s  a result of mountain b u i l d i n g  f o r c e s  d u r i n g  the Laramide 
Orogeny which  ex tended  from Late Cre taceous  t o  e a r l y  Tertiary time. The  
mountains  and several major  b a s i n s  o f  n o r t h e r n  Colorado and southern Wyoming 
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developed on the s i t e  of the l a t e  Paleozoic Ancestral Front Range. One of 
these basins is  the North-Middle Park basin,  a synclinal basin between the 
F r o n t  Range on the e a s t  and the Park-Gore Range on the west. As this basin had 
l i t t l e  o r  no pre-Laramide expression, the sedimentary rock sequence i n  i t  i s  
not exceptionally t h i c k .  

The low range of h i l l s  d i v i d i n g  North and Middle Parks, the Rabbit Ears 
Range, i s  capped by a sequence of mafic, intermediate,  and s i l i c ic  volcanic 
rocks t h a t  a r e  c u t  by a series of volcanic necks and intrusive s t ruc tu res  t h a t  
mark the roots  of ancient  volcanoes (Steven, 1975). Most o f  the volcanic rocks 
have been dated as Oligocene and Miocene(?) age and are  included i n  the Rabbit 
Ears Volcanics. 

Stratigraphy 

As shown on Fig 2 Precambria gneous and metam0rphi.c rocks are exposed 
less than one mile southwest of .town i n  Byers. Canyon. Unconformably overlying 
these rocks and dipping to  the northeast  i s  a sequence o f  sedimentary 
sandstones, si1 t s tones ,  sha les ,  dnd  limestones belonging i n  ascendipg order  t o  
the Morrison, Dakota, Benton, Niobrara, and Pierre Formations. Overlying these 
formations, w i  gu la r -  unconformity, is the Ter t ia ry  Middle Park Formation 
consi s t i n g  of flows and associated s i l t s t o n e  and sandstones. Table 1 
presents a brief descripti he rock u n i t s  found i n  the Hot Su lphur  Springs 
area . 

. Less than one-half t h e  hot spr ings is t h e  Mount Bross 
Faul t ,  a major hSgh angle northwest-trending reverse f au l t .  In the v i c in i ty  of 
the hot springs the Mount Bross Fau l t  has brought Pierre Shale i n t o  contac t  
w f t h  the Middle Park Formation. T h i s  f a u l t  does n o t  appear t o  control the 
occurrence of the s p r i n g s ,  s ince  they a re  located just e a s t  of a small north 
t r end ing  normal f a u l t  (Fig. 2 ) .  T h i s  small f a u l t  i s  well exposed i n  a roadcut 
near the northern end Canyon where i t  cu t s  the Morrison Formation. 

i n g  along t h i s  f a u l t  zone. Not shown on F i  ure The thermal waters may 
2 because i t  i s  o n east-west thrust f a u l t  wh ich  Ize t t  (1 68) 
shows terminating ne mile west o f  t h e  sp r ings .  

8 
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Table  1. Rock u n i t s ,  Hot Sulphur  S p r i n g s  a r e a  
(Adapted from I t e t t ,  1968 and I z e t t  and Hoover, 1963) 

------ ’Se?iTs- FoTmTtTo’ii Th%xnk’s - - - e - - EeTcFiEtxoZ 1 1 5 1 _-- - S S e E  - - - - - - - - - - - - - - - - - - - - - - - 
Qua ternary A l l u v i u m ,  l ands l ide  deposits and 

te r race  deposits.  
----------------L-------------------- 

Miocene Troublesome Si 1 tsone, tuffaceous,  moderate, 
Fm . 0-400 f t  grayish-orange t o  light-brown. 

Conglomeratic lenses  and s t r ingers .  
Local th in  beds of l ight-gray 

(0-122 m )  

Ter t ia ry  Middle + 4,700 f t  

Paleocene Formation 
Park r1,433 e) 

-?- ?- ?- ?- 1- ?- 

Micaceous si1 ts tone,  sandstone, 
and conglomerate a1 1 complexly 
interbedded , gray, brown, p u r p l e  
and green. Locally carbonaceous 
and impure coal beds and t h i n  
discontinuous limestone beds near 
base; local volcanic breccia and 
conglomerate beds. 

0-200 f t  Breccia of Marietta Creek: Andesite 

dark-gray and purplish-gray. 
Locally contains volcanic si1 ts tone  
sandstone and conglomerate. 

Windy 6ap Volcanic Member. 
Andesite, medium to dark gray and 
purpl ish-gray. Trachyandesi t e  
porphyry breccia.  Poorly sor ted 
poorly s t r a t i f i e d  i n  lower and 
middle par t .  Upper p a r t  contains  
we1 1 bedded volcanic til ts tone,  
sandstone, and conglomerate beds. 

. (0-61m) porphyry breccia,  medium-gray t o  

0-1.100 f t  
(0-335111) 

. . . . . . . . . . . . . . . . . . . . .  ----------- 
Intrusive Porphyri t ic  trachyandesi te. Very 
Rocks fine grained, dark-gray, augi te ,  

b i o t i t e ,  and hornblende phenocrysts 
Occurs as  dikes and plugs. 
Porphyri t ic  augi te  syenite, medium 

Cretaceous greenish-gray, f ine-grained, occurs 
a s  dikes and plups,------- 

Upper 

----------- -------- 
Pier re  0 - 4,000 f t  Shale, s i l t s t o n e  and claystone. 
shale  (0-1,219 IO) Few ledge-forming s i l t s t o n e  and 

Niobrara 550 f t  Claystone, limey, l i g h t  t o  dark . Lieey s i l t sone  and impure ray iaestone,  l ight-gray, i n  lower 
Formation (168 ml 

par t .  

c---------------------------- . sandstone beds. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cretaceous Upper Benton 450 f t  Claystone, si1 ty  and clayey, medium 

shale (137 e) t o  dark gray. Topmost beds contain 
? ? ? ?  very f ine  grained sandstone.---- 

C - - - - L - - - - - - - - - - - - - - -  -------- 
Lower Dakota 185 f t  Sandstone, l ight-gray t o  l i g h t  

sandstone (56 ml brown, loca l ly  conglomeratic. 
Lenticular conglomeratic sandstone 
and chert pebble conglomerate i n  

- - - - - - - - - - - - - - - - - - - lo!!!% e a z L  - - - - - - - - - - - - 
Jurass ic  Upper Morrison 100-300 f t C1 aystone , variegated color ,  inter- 

bedded w i t h  s i1  tsone and Sandstone, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  few t h i n  limestone beds. _ _ _ _ _  
Precambrian 

Fonnation (30-91 a1 

Quartz  nonzoni te,  Bioti  te-quartz d i o r i t e ,  and Quartz 
- - - - - - L - - -g!!eLs2*- - - - - - - - - - - - - - - - - - - - - - - - - 
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. HYDROGEOLOGICAL CONDITIONS OF THE HOT SULPHUR SPRINGS THERMAL WATERS 

Introduction 

A l l  the thermal waters i n  the Hot Su lphur  Spr ings  area a re  found a t  the 
r e s o r t  across the Colorado River from the town of Hot S u l p h u r  S p r i n g s  ( F i g .  2) .  
On the h i l l s i d e  behind the r e s o r t  i s  a la rge  deposit  of grayish t r a v e r t i n e  
approximately 200 f t  ( 6 1  m) i n  diameter and perhaps 40 f t  ( 1 2  m )  th ick.  Some of 
-the thermal waters issue from the t r ave r t ine  khile others  issue around the 
swimming pool bui 1 d ing  . Due t o  the  .construction of .an extensive co l l ec t ion  
system through which t h  piped i n t o  the r e s o r t  b u i l d i n g s ,  i t  is  
impossible t o  accurately the exact number of sp r ings  present. 
However, i t  appears t h a t  there  may be as  many as  10 s p r i n g s .  The waters a re  
used for  a wide va r i e ty  o f  purposes i n  the resort. 

The fo l lowing  authors have discussed i n  de t a i l  one or  more aspects of t h i s  
thermal system: Barre t t  and Pearl (1976 and 1978); Berry and others  (1980);  
George and o thers  (1920);  Lewis (1966);  Mallory and Barnett  ' (1973) ;  Peale 
(1886);  Pearl (1972 and 1979); and Waring (1965) .  

timated t o t a l  dischar 50 gpm, a temperature t h a t  
r a  (40°C t o  44OC) and a t o t a l  dissolved s o l i d  content 
of rs a r e -  a sodium bicarbonate type w i t h  a l a rge  
co t i o n b o f  s u l f a t e  ( B a r r e t t  and Pear l ,  1976 and 1978) .  A complete l i s t  o f  
a l l  the dissol  mineral found i n '  the the a1 waters 1s presented i n  Appendix 
6. I n  add i t i  amounts of 'the var iou t r ace  el emen ts  and radioac ti v.i t y  
associated w i t h  the thermal waters a r e  a l so  presented i n  Appendix B. The waters 
appear t o  b from the -un der1 y i  ng kota sandstone. 

Estimated Size and Exten f Thermal System 

-Based on geotherm er analysis  Ba r re t t  and Pearl (1978)'  estimated t h a t  
the most l i k e l y  reservoi r  temperature of this system ranges from 167'F t o  302°F 
(75 t o  1 5 O O C ) .  Due t o  t h e  chemical composition of the thermal waters they noted 
t h a t  these estimates should be questioned because many o f  the assumptions t h e .  
model s are  based on are  vlolated.  Pearl (1979)  estimated t h a t  the areal  extent' 
of the Hot S u l p h u r  Spr ings  thermal system could encompass 1.35 sq m i  (3.50 sq 
km) and could contain 0.698 Q ' s  (1 Q = 1,000,000,000,000,000 BTU's) o f  thermal 
energy a t  a temperature o f  104'F (4OOC). 
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SOIL MERCURY INVESTIGATIONS 

Introduction 

The majority of exploration methods used i n  geothermal exploration a re  the 
more common ones such as geology, geophysics, and hydrogeological mapping; 
however, new methods a r e  beginning to  be used. One of these,  s o i l  mercury 
surveys, has proven successful i n  a number of instances.  For example Capuano 
and Bamford (1978 1, Cox and C u f f  (19801, Klusman and others  ( 19771, K1 usman and 
Landress (19791, and Matlick and Buseck (1976)  have demonstrated the use of 
So i l  mercury surveying as a geothermal exploration tool .  Both Matlick and 
Buseck (19761, and more recently,  Cox and C u f f  (19801, have used so i l  mercury 
surveys on a regional scale .  On a detai led sca le ,  Klusman and Landress (1979)  
and Capuano and Bamford (1978)  have shown how soil mercury surveys can 
delineate f a u l t s  or  permeable zones i n  geothermal areas. The associat ion of 
mercury w i t h  geothermal deposits has been shown by White (1967) .  Matlick and 
Buseck (1976)  s t a t ed  t h a t  areas  w i t h  known thermal a c t i v i t y ,  such a s  the 
Geysers, Cal i fornia  ; Wai rakei , New Zeal and; Geyser, Ice1 and; Larderel 1 0 ,  I t a l y  
and Kamchatka, Russia contain mercury deposits . 

Mat1 ick and Buseck (19761, i n  presenting the geochemical theory behind the 
associat ions of mercury w i t h  geothermal deposi ts ,  noted t h a t  mercury has g rea t  
v o l a t i l i t y  and the elevated temperatures of most geothermal systems tends t o  
cause the element t o  migrate upward and away from the geothermal reservoir .  In 
addition, they noted the work of White (19671, and White and o thers  (1970) 
which showed t h a t  r e l a t i v e  h i g h  concentrations of mercury a r e  found i n  thermal 
waters. Matlick and Buseck (1976)  t h e n  pointed out t h a t  s o i l s  i n  thermal a reas  
should be enriched i n  mercury, w i t h  the mercury being trapped on t h e  surfaces  
of c lays  and organic and organometall ic compounds. 

Matlick and Buseck (1976)  presented 4 case studies where they used s o i l  
mercury concentrations as a exploration tool .  Three of t h e  four a reas  tested, 
Long Val 1 ey, Cal i f o r n i a ,  Summer Lake, Oregon and K l  amath Fa1 1 s, Oregon, 
indicated pos i t ive  anomalies. A t  the f o u r t h  area,  East Mesa i n  the Imperial 
Valley of California ,  no anomaly was observed a1 though i so la ted  elevated values 
were recorded. 

Klusman and others  (1977) evaluated the soil mercury concentration a t  s i x  
geothermal areas i n  Colorado. These areas  were Routt Hot Spr ings ,  Steamboat 
Hot Spr ings ,  Glenwood S p r i n g s ,  Cottonwood Hot Spr ings ,  M t .  Princeton Hot 
Springs, and Poncha Hot Springs.  Their sampling and ana lys i s  procedures d i f fe r  
from Matlick and Buseck (1976)  ' i n  t h a t  they f i r s t  decomposed the s o i l s  u s i n g  
hydrogen peroxide and s u l f u r i c  acid; t h e n  a ' flameless atomic absorption 
procedure was used to  determine the concentration of mercury. They presented 
the resul ts f o r  only one of the six areas  sampled, 61 enwood Springs. T h e i r  
survey indicated anomalous zones b u t  they noted t h a t  their  data would require 
more anal ysi  s . 

Soil Mercury surveys were r u n  by Capuano and Bamford (1978)  a t  the 
Roosevel t Hot Spr ings  Known Geothermal Resource Area Utah. They analyzed the 
so i l  samples w i t h  a Jerome Instrument Corp. gold f i l m  mercury detector .  The 
results of their  invest igat ion showed t h a t  mercury surveys can be useful fo r  
inden t i fy ing  and mapping f a u l t s  and other s t ruc tu res  control1 ing the flow o f  
thermal waters and f o r  de l  ineating areas  overly1 ng near-surface thermal 
ac ti v i t y  . 
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Objectives 

The aim of the geochemical sampling program by the Colorado Geological 
Survey was t o  evaluate  those thermal a reas  deemed t o  have h i g h  commercial 
development poten t ia l  . As the time a l l o t e d  for this program was l imi ted ,  the 
s o i l  mercury surveys had t o  be prel  fminary i n  nature.  The geochemical sampling 
program s t a r t e d  i n  1979 and continued i n t o  1980. The surveys conducted during 
the summer of 1979 were aimed a t  determining the s t r u c t u r a l  condi t ions 
con t ro l l i ng  the hot springs.  T h i s  approach was s t rongly  influenced by the 
results o f  Capuano and Bamford (1978 oader t a r g e t  
was considered, r a t h e r  than just p l  i n g  a1 ong traverses ocated over 
suspected f a u l t s ;  g r id  sampling pa t t e rns  were used where possible .  If 
anomal ous mercury concentrat ions were detected, t h e n  fo l  1 ow-up samples were 
co l lec ted  a t  a more de t a i l ed  level. f o r  those thermal - a r e a s  where g r i d  
sampling was not  poss ib le  due t o  lack of access ,  s o i l  dis turbance,  o r -u rban  
development, traverses were chosen i n  a similar method t o  the procedure used i n  

course of the inves t iga t ions  several  r e s t r i c t i o n s  became 
. apparent. One of these was s o i l  disturbance caused by urban development. One 

cannot r e a l l y  be sure whether the surface depos i t s  i n  - t h e  back streets and 
o r ig ina l  o r  have ' been brought i n .  Another problem occurred 

i n  sampling a l luv ia l  a n d t o l l u v i a l  surf ic ia l  deposi ts ;  such depos i t s  
because of their  o r i g i n  ask, d i l u t e ,  and/or 
d i s t o r t -  any anomal ies 

During 1980 a s l i g h t l y  

Sampl ing Methods 

A t  se t  ected sample s i te  5 were taken a t  po in ts  w i t h i n  
- 1 5  t o  20 f t  ( 4.6 m'to 6.1 m )  of each other.  The notat ion of sampling l o c a l i t y  
i s  explained i n  Miesch,.(l9 in t e rva l  between pl ing sites depends on 
the t a r g e t .  being r e a s  inves t iga ted  e s i t e  in t e rva l  
a s  ei ther 100 f t  hen using a 400 
t (122 m )  jnterval, t h e  a rea  i n  the jmmediate v i c in i ty  'hot spr ing was 
onsidered the t a r g e t  r a t h e r  than any p a r t i c u l a r  faul t .  ' Sampling i n t e r v a l s  of 
00 r f t -  (61  m) -6r -less were- used where attempts were made t o  de l inea te  

con t ro l l i ng  f a u l t s .  T h i s .  spacSng was used by. Capuano and .Barnford (1978). 
However, Klusman and L ss (1979) seem t o  t h i n k  t h a t  t he  sample m u s t  be 

_- taken-  dire'ctlly over t l t i n g  f o r  detect ion.  Considering . the empir3cal 
. result of Capuano and Bamford (19781, it was believed ' thgt some-anomahus 

mercury Val ues shoul 
spring area was used. 
study area is being influenced 
indica te  t h a t  the- ho 
relative to '  the; surr 

o f  sample lines across  suspected f a u l t s  

430.5 m, 6t m :or 

The sampling proced 
the 3thi!rmal * areas .  Samples were 

In most of the a reas  inves t iga ted  d u r i n g  1980, three 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  get an est imate  o f  how the 
variance between sample l o c a l i t i e s  compared w i t h  the variance a t  a sample 
l o c a l i t y .  If the comparison suggested t h a t  there is  a s  much var iance a t  a 
sample l o c a l i t y  a s  there is between sample l o c a l i t e s ,  t h e n  the data would be 
interpreted on a poin t  t o  poin t  bas i s .  Contouring the data would more t h a n  
1 ike ly  lead  t o  fa1 se in t e rp re t a t ion .  I.- 

a t  i n  0 f t  e lines. 
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Two ra t iona le s  have been used f o r  determining the sampling dep th .  The 
method recommended by Cupuano and Bamford (1978) i s  t o  determine the p r o f i l e  of 
mercury down to  a d e p t h  o f  approximately 15 i n  (38  cm); the d e p t h  a t  which t h e  
p r o f i l e  peaks determines the sampling d e p t h .  The o ther  method cons i s t en t ly  
samples a s o i l  horizon, such a s  the A o r  B horizon. The problem w i t h  u s i n g  the 
A horizon i s  t h a t  i t s  normally h i g h  organic content  has been shown t o  have 
strong secondary effects  i n  cont ro l l ing  mercury i n  the s o i l .  Also, the 
sampling d e p t h  i n  the A horizon may not be deep enough t o  avoid the "baking" 
e f fec t  of the s u n .  

The method used d u r i n g  1979 consis ted of using p r o f i l e s  t o  determine 
sampling depths .  A sampling depth  of approximately 6 i n  (15.2 cm), w i t h  an 
interval  of about .4 i n  ( 1  cm), was used f o r  most of the p ro f i l e s .  Dur ing  
1980, each sample was taken over an in te rva l  of 5 t o  7 i n  (13 t o  18 cm). I t  was 
hoped t h a t  some of variance due t o  dep th  would be smoothed out  by sampling over 
a wider in t e rva l .  Also a t  t h a t  depth i t  was hoped t h a t  the s u n  would not  be 
a f fec t ing  the 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, the ground was broken w i t h  a shovel t o  a depth of 8 
t o  10 i n  (20 t o  25.4 cm). A spa tu la  and metal cup were t h e n  used t o  c o l l e c t  
approximately 100 grams of mater ia l .  The  contents  o f  the cup were t h e n  p u t  i n  
a marked p l a s t i c  bag. A t  the end of t h e '  day the mater ia l  i n  each bag was l a i d  
out and allowed t o  dry over night.  Sometimes i t  would take  more than one n ight  
t o  dry. Normally, the following morning the dr ied  mater ia l  would be sieved 
down t o  an 80 mesh s i z e ,  ou ts ide  i n  a shaded area ,  and s tored  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 period of 7 days, the samples were analyzed 
fo r  mercury us ing  the Model 301 Jerome gold film mercury de tec tor .  

Background vs Anomaly 

For an accurate  ana lys i s  o f  geochemical data  i t  is necessary t o  
d i f f e r e n t i a t e  between background and anomalous values. There a r e  var ious 
s t a t i s t i c a l  ways o f  accomplishing t h i s .  For those a reas  where the 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 which looks fo r  a break i n  t h e  accumulative frequency p l o t  o f  the 
mercury data can be used. Hopefully, the break d i s t ingu i shes  the two 
populations - the background and t h e  geothermal induced population (Cupuano and 
Bamford, 1978; Lepel i t o r ,  1969; Levinson, 1974). 

For those instances where the data were analyzed using a cumulative frequency 
diagram, the following procedure was used. 

1). 

2 ) .  

3 )  

4 ) .  

Determine the number of c l a s s  i n t e r v a l s  by mult iplying the logarithm 
of t h e  sample by 10. 

Determine t h e  range o f  each c l a s s  i n t e rva l  by dividing the maximum 
recorded value,  determined above, by one less. 

Determine logarithm o f  top  end of  each in t e rva l .  

Determine c l a s s  frequency by ca lcu la t ing  the number o f  values i n  each 
class. 
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$1. Determine r e l a t i v e  frequency by d i v i d i n g  each c l a s s  frequency value by 
t o t a l  number of values. 

Construct frequency d i s t r i b u t i o n  graph by p lo t t ing  c l a s s  frequency 
1 og Val ues by cumulative frequency. 

Note where break i n  slope 

For those cases where the 

. 
1. 

a1 ues were clustered 
near the lower detect ion limit of the instrument, w i t h  a few h i g h  values a t  the 
opposite extreme, a more empirical 'method was used. T h i s  method ca l led  fo r  
arranging the data i n  ascending numerical order t h e n  ect ing the data f o r  
any gaps . The anomalous Val ues a re -d i f f e ren t i a t ed  from ground values. For 
the lack of a proper sampling design,and computer f ac i  s, the  gap between 
background and the anomaly was hosen subject ively,  r a the r  than using a 
s t a t i s t i c a l  test  as  recommended by Miesh (1976). When background was 
determined i n  t h i  s manner, sometim the anomaly c r i t e r i a  of four times typical  

ackground was used t o  see how i t  compared w i t h  the anomalous results of the 
anki ng method. 

As a further a i d  i n  determining background mercury values,  sample 
l o c a l i t i e s  were chosen w i t h i n  a mile or  two of the study area.  Care was taken 

I t  was o sample on the same parent material as i n  the study -area. 
ha t  there  were no- extreme regional trends. 

SOIL MERCURY SURVEYS HOT SULPHUR SPRIN 

Introduction 

the resource assessment program of the Hot Sulphur Spr ings  
mples were co l lec ted  and analyzed f o r  mercury from two areas  

(F ig .  7 ) .  I n  f i rs t  area samples were co l lec ted  along four l i n e s  across the 
'Mount  Bross Fault .  The second region encompassed a l a rge  geographic area south 
and west of Hot S u l p h u r  Spr ings .  U n l i k e  some other  areas i n  Colorado where t h i s  
method was employed, the method proved less than sa t i s f ac to ry  i n  helping t o  
del inea te  the geological conditions control1 i n g  the occurrence o f -  the Hot 
Sul phur  Springs thermal waters. 

S o i l  Description 

On t h e  h i l l  s ide  i n  back o f  the Hot S p r i i g s  Motel, t h e  s o i l  appears t o  have 
formed from the Middle Park Formation. T h e - B  horizon, from which samples were 
taken, is l i g h t  brown, unconsolidated, and sandy t o  clayey. The vegetation 
cons is t s  of a sparse cover of grasses and sage, on a slope averaging 15'. In 
the southern pa r t  of the s tudy area where most of the f au l t i ng  occurred, the 
so i l  appeared t o  have formed from the bed rock of the Dakota and Morrison 
Formations and the Precambrian g r i n i t i c s .  The B horizon i n  t h i s  locataion has . 
more var ia t ion  i n  l i tho logy ,  organic and c lay  matter. The  vegetation is 

2 

~ 

thicker  , w i t h  1 odge ine ,  juniper, scrub oak and aspen. z 

Mercury Surveys 

The d i s t r i b u t i  the  analyt ical '  data does not l e n d  itself t o  
s t a t i s t i c a l  methods for background ana anomalous determinations. While 
analyt ical  values ranged up t o  358 ppb, 92% of the values a re  l e s s  than 21  ppb 
(Table 2 and Fig. 8) .  I t  i s  not possible  t o  accurately determine what the 
background value a re  f o r  the low values a re  near the detection limit of the ' 

instrument. T h u s ,  i t - i s  qui te  probably t h a t  typical  values could range a s  high 
as  20 ppb. 

- 15.- 



I 

c1 
OI 

I 

T 
2 u 
r 
I 
U 

EXPLANATION 

0 1  Sampling l o c a l i t y  with sample 
analysis i n  ppb of mercury 

I Sees Figure 2 f o r  geology 
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7%' topographic quadrangle map. 

Figure 7. Location o f  so i l  mercury 
sample si tes,  Hot Sulphur Springs area. 



c To determine background values,  37 s o i l  samples were co l l ec t ed  
approximately 5 m i  (8  km) from the s tudy area across  the Mount Bross Fault .  
Analytical values ranged from a low of 0 ppb t o  a high of 48 'ppb  w i t h  a median 
value of o f  6 ppb mercury. W i t h  one exception there was no not iceable  
difference i n  the ana ly t i ca l  data  across  the Mount Bross Faul t .  T h u s ,  i t  is  
concluded t h a t  anomalous mercury values i n  the Hot Su lphur  S p r i n g s  area a r e  
above 40 t o  50 ppb, based on subjective judgement a s  t o  where a break i n  the 
ranked data  occurs. 

Aside from the high mercury value found " i n "  the hot  s p r i n g s  o r  i n  the 
immediate v i c i n i t y  of the springs, there a r e  only two o r  three values  (Fig. 7 )  
t h a t  m i g h t  be considered anomalous. The values don ' t  i nd ica t e  any pa t t e rn  and 
appear t o  be well away from any structure. 

Table 2 Analytical  mercury data* arranged i n  ascending rank. 
See Fig .  6 *for  loca t ion  of sample points .  

0 0 0 0 1 2 8 15 56 
0 0 0 1 2 8 16 62 

0 0 1 2 8 16 66 
0 

9 16 81 
- 0  0 

0 -  0 0 0 1 2 
0 0 0 1 2 10 17 280 
0 0 0 1 3 10 18 358 

0 .  

0 0 0 1 3 10 18 
0 

0 0 0 1 1 5 10 .18 
0 

2 1  

0 0 0 1 2 .  7 12 28 
0 0 0 1 2 7 13 31  
0 0 0 1 2 8 13 35 

*Represents just  one of-  the values a t  a sample l o c a l i t y .  

0 0 0 1 1 6 11 
0 0 0 1 2 6 12 2 1  

0 o *  0 1 2 a 14 48 

100 

8 
a 
L 

C 
Q) 

U 

LL 
50 

0 

Mercury Concentration - ppb 

Figure 8. Soil  mercury ana ly t ica l  frequency d i s t r ibu t ion .  
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ELECTRICAL GEOPHYSICAL RESISTIVITY SURVEYS 

Introduction 

Prior t o  this investigation no geophysical surveys had been conducted i n  
and adjacent t o  the Hot Su lphur  S p r i n g s  geothermal area. As pa r t  of the 
assessment program d ipo l  e-dipol  e e l ec t r i ca l  r e s i s t i v i t y  measurements were made 
along six lines to ta l ing  9,300 f t  (2.83 K m )  ( F i g .  9)  w i t h  a Scintrex RAC-8 
e lec t r ica l  r e s i s t i v i t y  system. These measurements were made t o  de tec t  areas of 
low r e s i s t i v i t y .  Areas o f  low r e s i s t i v i t y ,  indicators  of thermal reservoirs ,  
a re  normally due t o  water saturat ion,  higher than normal temperatures and a 
h i g h  clay matrix zone caused by f au l t s .  Due to  combination o f  geological 
conditions p l u s  equipment l imi ta t ions  i t  was not possible t o  acquire 
res is t ivi ty  measurements below a depth of approximately 500 f t  (152 m ) .  A 
complete description of the various fac tors  w h i c h  m i g h t  possibly a f f e c t  
e l ec t r i ca l  resistivity measurements i s  presented i n  Appendix C and a 
description of the equipment used is presented i n  Appendix D a t  the end of the 
paper. 

One o f  the more common methods o f  portraying and interperat ing e l ec t r i ca l  
r e s i s t i v i t y  data is through the use of pseudosections which a re  cross  sect ions 
showing the resistivity values measured along each l ine.  In their  
interpretat ion one mus t  .be aware t h a t  r e s i s t i v i t y  values obtained along the 
l i n e  of the traverse may be influenced by l a t e r a l  var ia t ions i n  the subsurface 
geological conditions. Figures 10 t o  15 are  pseudosections drawn along the six 
traverse lines. An interperation of the geological conditions be ing  measured by 
the resist ivity data i s  presented on each figure. 

Concl usi ons 

Due t o  steep hi l ls ides ,  canyon walls, the r ive r ,  ra i l road ,  and homes 
d i p o l  e-dipole resistivity surveys were r e s t r i c t ed  i n  areal extent.  From the low 
r e s i s t i v e  zones delineated i t  i s  bel ieved t h a t  the extent thermal system was 
outlined. Several areas of low r e s i s t i v i t y  appear t o  be associated w i t h  the 
north trending f a u l t  zone west of the h o t  springs. T h i s  suggests t h a t  the f a u l t  
zone is saturated w i t h  thermal water and may well be the conduit along which  
the waters a re  moving up from depth. A1 though the la rge  Mount Bross Faul t ,  i s  
located less than one half mile to  the northeast ,  i t  does n o t  appear t o  control 
the occurrence of the s p r i n g s .  

- 18 - 
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c quadrangle map. 

Figure 9. Hot Sulphur Springs 
geophysical r e s i s t i v i t y  l ines.  
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LENGTH: 2100 11 (640m) 

SEPARATION: n Value 

DATE: July 0,1981 

TYPE : Dipole - D i m  

SPREAD: a=  io0 rt 

R E S S m m r :  In ohm meters 

Hot Spring 

Figure  10. Dipole-Dipole Pseudosection Line A: Along this 
northeast- southwest 1 ine r e s i s t i v i t i e s  values dropped from a 
h i g h  of 77 ohm meter t o  a low of 7 ohm meters i n  the v i c i n i t y  
o f t h e  h o t  s p r i n g s .  The  contact  between the  Dakota Sandstone 
and the Middle Park Formation was detected a t  s t a t i o n s  6 
through 10 where the thermal waters were emerging. 

. 

- a North South 
11 10 9 8 7 ‘  6 5 4 .  3 2 1 

44 

LENGTH: 1KK) ft (335 m) 

SEPARATKW: n Value 

DATE : July 10, -81 

TYPE : Dipole - Dlpole 

SPREAD: a=  wq f t  

RESISTIVITY: In ohm meters 

n= 1 

2 
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4 

5 
100 F f  
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7 

Figure 11. Dipole-Dipole Pseudosection Line B: Approximately 
1100 f t  (335 m) i n  l e n g t h ,  t rends i n  a northeast-southwest 
direct ion.  No s t rong  resistive low zones were noted, b u t  the 
possible contact  between the Dakota Sandstone and the Middle 
Park Formation i s  readi ly  discerned by the h i g h e r  resistivity 
values as  the l i n e  t raverses  the Dakota formation ( F i g  9 ) .  A 
low r e s i s t i v i t y  zone between s t a t ion  2 through 6 is  observed a t  
a shallow depth. A surface ravine manifests i t se l f  i n  this 
area. 
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LENGTH: 1600 ft (48Sm) 

SEPARATION: n Value 

RATE : July 15,1981 

TYPE : Dipole- Dipole 

SPREAD: a = m t t  
RESISTIVITY : In ohm meters 
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Figure 14. Dipo le-Dipole Psuedosection L i n e  E: No data were 
obtained from s t a t i o n  1 through 5 because o f  c u l t u r e .  A deep 
seated r e s i s t i v i t y  low e x i s t s  t h e  e n t i r e  l e n g t h  o f  t he  l i n e ,  
however, s t r u c t u r a l l y  no fea tu res  are apparent. Th i s  low zone 
may be due t o  the water saturated a l l uv ium t h a t  under lay t h e  
1 ine. 
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LENGTH: 1200 ft (366rn) 

SEPAFtATION: n Value 

DATE : July 16,1981 

TYPE : Dipole - Dipole 

SPREAD: a=wo tt 
RESISTNITY: In ohm meters 

Hot Spring 

Figure 15. Dipo le-Dipole Pseudosection L i n e  F: Along t h i s  
northwest- southwest t r e n d i n g  l i n e  a deep seated low e x i s t s  
between s t a t i o n s  5 and 6 where the values decrease t o  13 
ohm-meter. Th i s  i s  probably due t o  the t r a v e r t i n e  deposi ts  
associated w i t h  the spr ing.  A lso the  c o n t a c t  between t h e  
Dakota Sandstone and the  Middle Park Formation i s  i n d i c a t e d  a t  
t h i s  area. 
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ORIGIN OF THE THERMAL WATERS 

. W i t h  the exception of th i s  assessment program no other  geological , 
geophysical or  hydrogeological information per ta ining t o  the thermal condi t ions 
of  the area i s  ava i l ab le  rom which a meaningful in te rpera t ion  of the thermal 
condi t ions can be made. However, based on hydrogeol ogical and geothermal 
conditions elsewhere, a working model of t h i s  system can be developed. T h i s  

el w i l l  have await  further explorat ion e f f o r t s  o determine i t s  accuracy. 

Based on world wide occurrences determined t h a t  thermal 
waters are of three or jg ins :  meteoric, magmatic o r  a combination o f  the two. 
Meteroric waters a r e  normal groundwaters which  or ig ina ted  as p rec ip i t a t ion  
f a l l i n g  on the sur face  of the land, some of w h i c h  flowed downward along f a u l t s  
and f r a c t u r e s  t o  a g r e a t  d e p t h  where they became heated. The actual  process by 
which these waiters became heated is  not known b u t  i s  probably due t o  high 
heat-flow. Buelow (1980) and Decker and o thers  (1981) have suggested t h a t  the 
heat flow o f  the Middle Park area may be higher than normal- Another poss ib le  
heating mechanism could -be hea t  given off  by the d i s in t eg ra t ion  of rad ioac t ive  
minerals. Wells, (1960) showed t h a t  t h e  concentration l e v e l s  of r ad ioac t ive  
minerals i n  the Tertiary age rocks of the Front Range are 15 t o  25 'times 
grea te r  than t h a t  f o r  average grani t ic  6ock o Val ues are ava i l  ab1 e- on the 
radioact ive mineral concentrat io  he ' g ran i t i c  rocks i n  t h e  Hot 
S u l p h u r  Springs,  b u t  t h i s  could . 

re those given okf. during the late cool ing s tages  of a 
k body, l i k e  a ba thol i th .  Based on pub1 i shed  geological 

information, no evidence has been given f o r  the presence of such a f ea tu re  i n  
the Hot Su lphur  Springs,area.  Therefore this  o r ig in  i s  not considered a v i ab le  
a1 ternat ive:  

eve t h a t  the Hot Sulphur  
Springs -thermal waters represent deep c i r c u l a t i o n  of meteoric waters along 
numerous f a u l t s  and fractures i n  an a rea  of  above normal heat  flow. Recharge t o  
the system probably occurs on the high ground t o  the e a s t .  

l e  heat  source. 

Based on a l l  ava i l ab le  evidence 

Due t o  the t h i c k  sequence of i n su la t ing  Pierre sha le  found just t o  the 
e a s t  and south of the study area ,  i t  i s  not poss ib le  t o  make any accurate  
predict ions on required c i r c u l a t i o n  depths .  Decker and o the r s  (1981 1 noted note 
t h a t  the h i g h  heat-flow values ,  l a t e  Cenozoic igneous a c t i v i t y  and numerous hot  
spr ings a l l  provide most compel1 i n g  evidence t h a t  low t o  moderate temperature 
resources could e x i s t  a t  shallow d e p t h s  i n  northwest Colorado. They noted t h a t  
i n  a reas  where t h i c k  sequences of sha le  e x i s t  t h a t  low-to moderate-temperature 
waters (70-1OO0C (158OF-212'F)) could be found a t  their  base. 



SUMMARY AND CONCLUSIONS 3 

T h e  geothermal resources of the Hot S u l p h u r  S p r i n g s  area a r e  restricted t o  
a small area on the north side o f  the Colorado River i n  the community of Hot 
S u l p h u r  Springs. In t h i s  area there a re  approximately 10 spr ings  having a 
maximum temperature of 111°F (44"C), and a combined discharge of approximately 
50 gpm. The waters a re  a sodium bicarbonate type. 

A s  determined by geology and reconfirmed by geophysical surveys, the 
s p r i n g s  a r e  associated w i t h  a small northeast  trending f a u l t .  No evidence was 
gathered t h a t  would determine i f  they were or  were not associated w i t h  t h e  

n t  Bross f a u l t  located to  the northeast .  

e no' data 'was co l lec ted  t o  prove or  disprove i t ,  i t  i s  the  authors  
belief t h a t  the thermal waters a re  normal meteoric ground waters t h a t  became 
heated due to  deep c i r cu la t ion  i n  an area of above normal heat  flow. Pearl 
(1979) estimated t h a t  the areal extent of the Hot S u l p h u r  Springs geothermal 
system could encompass approximately 1.35 sq m i  (0.91 sq K m )  and'could contain 
0.0698 0 ' s  of heat  energy a t  a temperature of 104°F ( 4 O O C ) .  Pearl (1979) 
estimated t h a t  this system was bounded by the Mount Bross. f a u l t  on the north. 
Evidence gathered during the course of th i s  inves t iga t ion  d i d  not support  t h i s  
conclusion. Therefore, i t  i s  here estimated tha t '  the Hot S u l p h u r  Springs 
geothermal area does not encompass more than 1 sq m i  (2.59 sq K m )  and i s  
primarily restricted t o  an area bounded on the west by the north trending 
f a u l t .  Due t o  the presence of a favorable impermeable, i n s u l a t i n g  caprock i n  
the form of the Pierre shale ,  i t  i s  n o t "  possible  t o  es t imate  d e p t h  of 
c i r cu la t ion .  The presence of t h i s  caprock means t h a t  thermal waters may a l s o  
be found a t  r e l a t i v e l y  shallow depths  (6,000 f t  C1.52 km)] e a s t  o f  H o t  Sulphur  
S p r i n g s .  Decker and o thers  (1981) b e l i v e d  t h a t  moderate t o  high temperature 
waters, .adequate f o r  the generation of e l e c t r i c i t y ,  could exist  i n  some p a r t s  
of North and Middle Parks i f  an adequate impermeable caprock e x i s t s .  They noted 
t h a t  the most l i k e l y  area f o r  th i s  occurrence would be i n  the Basal t  
Mountain-F1 a t  Top-State Br idge  a rea ,  southwest of the Hot S u l p h u r  Springs area.  

- 
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r APPENDIX A 

GEOTHERMAL ENERGY AND ITS POSSIBLE USES 

Geothermal energy, the heat generated by natural  processes beneath the 
e a r t h ' s  surface,  normally occurs a t  g rea t  depths. In some places,  however i t  
can be found close to  o r  a t  the surface i n  the form of volcanoes, geysers o r  
hot s p r i n g s .  Where i t  occurs near the surface i t  can be developed and p u t  t o  
beneficial  use. Geothermal energy i n  the form of h o t  spr ings has been used by 
mankind f o r  medicinal and cooking purposes since the e a r l i e s t  days of recorded 
history.  In the l a s t  100 years  development of this energy source f o r  other  
uses has occurred, and i t  is  now used f o r  such purposes as: Generation of  
e l e c t r i c i t y ;  heating and cooling o f  b u i l d i n g s ;  processing of food and other  
goods; heating c a t t l e  barns, greenhouses and f i s h  ponds; m i l k  pasteurizat ion;  
and recreation and medicinal. Due t o  declining petroleum reserves I t  i s  
ant ic ipated t h a t  i n  years  t o  come development of t h i s  energy source w i l l  
increase. Figure 15 l ists  some of the uses geothermal energy could be p u t  t o  
and the temperatures required. 

Coe (1978 and 1982) has presented a discussion on the possible uses, of 
geothermal energy development i n  Colorado and some of the problems associated 
w i t h  i t s  development. If the reader i s  in te res ted  i n  l ear ing  more about 
geothermal enery and i t s  poss ib le  development helshe i s  re fer red  t o  papers by: 
Anderson and Lund (1979);  Kruger and Otte  (1973); Muffler (1979); and White and 
Williams (1975) .  Listed on the back cover i s  a complete l i s t i n g  of a l l  papers 
and reports published by the Colorado Geological Survey r e l a t i n g  t o  the 
geothermal resources of Colorado. 
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Figure 16. Temperature range for some direct uses of geothermal energy. 
(Adopted from Aderson and Lund, 1979, p.4-26.) 
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APPENDIX B 

Table  3. Physical  P r o p e r t i e s  and Chemical Analys is  of  Hot Sulphur  S p r i n g s  
Thermal Waters. 

SPg A 

Arsenic ( u g / l ) :  6 
Boron ( u  / l ) :  570 
Cadmium u g / l ) :  0 

14 Calcium (mg/l)  : 
Chlo r ide  (mg/l):  140 
F1 uor ide  (mg/l)  : 12 
Iron ( u g / l ) :  20 
L i t h i u m  ( u g / l ) :  1 , 100 
Magnesi um (mg/ 1 1 : 

Merc.ury ( ug/l  ) : 
Nitrogen (mg/l)  : 0.02 

Ortho d i s s .  as P ,  (mg/l): 0.01 

9 

3.7 
Manganese ( u g / l ) :  70 

0 

Phosphate 

Potassium (K), (mg/l): 25 

Sodium (mg/l)  : 430 
Sul fate (mg/l)  : 140 

A 1  kal i n i t y  
As Calcium Carb. (mg/l): 667 
As Bicarbonate  (mg/l):  81 3 

Hardness 

Tota l ,  (mgll) :  50 
Spec i f i c Conductance 

(Micromohs) : 1 , 920 
Total d i s so lved  s o l i d s  

pH, F i e l d  6.6 

Ortho, (mg/l):  0.03 

Selenium ( u g / l )  : 0 
S i l i c a  (mg/l):  35 

Zinc (ug / l ) :  0 

Noncarbonate (mg/l)  : 0 

(TDS), (mg/l):  1, 200 

Discharge (gpm) 12 
Temperature ( " C )  : 44 
Date Sampled 7/75 

Location : 

SPg B 

5 
570 

0 
15 

140 

100 
1,100 . 

12 

3.1 
80 
0 
0 

0.04 
0 . i 2  

24 
0 

35 
430 
140 

0 

670 
81 7 

0 
50 

1 , 850 

1 ; 200 

1E 
4 1  

6.7 

7/75 

Spr ing  A. Located amrox.  250 f t .  n o r t h  of 

SPg c 
4 

530 
0 

15 
140 
12 
60 

1, 100 
3.5 

90 
0 
0. 

0 
0 

25 
0 

35 
440 
140 

0 

668 
814 

0 
52 

1 , 870 

1, 210 
6.8 
3 

40 
7/75 

1 odge 

SPg D 

9 
570 

0 
16 

140 

200 
1 , 500 

90 

9.1 

3.0 

0.1 
0.02 

0 
0 

23 
0 

30 
430 
150 
20 

648 
790 

0 
52 

1 , 800 

1, 190 

23 
40 

7.1 

10/75 

Spr ing  B. 
Spr ing  C. Located a t  base of nor th  wall on indoor  swimming pool bldg. 
Spr ing  D .  Located approx. 50 f t .  south of pool b u i l d i n g  i n  mashy area. 
E = Estimated 

Located abprox. 75 f t .  nee. of Spg. A i n  collection box. 

Source o f  da ta :  Barrett & Pearl, 1976. 
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TABLE 4. Trace Elements In Hot Sulphur Spr in t s  Thermal Waters 
Val ues -reported i n  Microgramdliter ( U G / L )  

SPg A SPg B 

Beryl 1 i um . <  2 ( 2  
B i s m u t h  < 9  < 9  
C hrom i um < 9  < 9  
Cobal t < 9  < 9  
Copper 3 2 
Gal 1 ium ( 4  < 4  
Germani urn < 9  < 9  
Lead < 9  < 9  
Nickel < 9  < - 9  
S i  1 ver < 1  < 1  

T i n  < 9  < 9  
T i t a n i u m  < 5  < 5  
V and i um < 9  < 9  

A1 uminum 95 130 
Barium 100 130 

S t ron t i  um 630 790 

Z i  rconi urn <15 
Source o f  data:  Barrett and Pearl ( 

b l e  5, Associated r a d i o a c t i v i t y  thermal waters. 
Spring B. 
Values reported i n  Picocuries/liter (PCI/ l )  
Source: Barrett and Pearl (1976) 

Rn-222 510. + 51 U-235 < 0.01 
Ra-226 3.2 T 0 . 2 7  U -238 0.041 + 0.021 
Ra-228 
U -234 - 

NYA . Th-230 < 0.0069- 
0.057+ 0.024 Th-232 < 0.0085 

- 31 .. 



APPENDIX C 

FACTORS AFFECTING RESISTIVITY 

Electr ical  r e s i s t i v i t y  geophysical methods used i n  geothermal exploration 
measure the e l ec t r i ca l  r e s i s t i v i t y  o f  rocks a t  various d e p t h s .  Temperature, 
porosity, s a l i n i t y  of f l u i d s ,  and the content of clays w i l l  normally be higher 
w i t h i n  the geothermal reservoir  than i n  the surrounding subsurface rocks. 
Consequently, the e l ec t r i ca l  r e s i s t i v i t y  i n  thermal reservoirs  i s  low compared 
to  the s u r r o u n d i n g  rock. Basically, r e s i s t i v i t y  methods uti1 ize  manmade 
currents which enter  the subsurface via two electrodes w i t h  the r e su l t an t  
potential measured a t  two other electrodes (Soil  Test Inc., 1968).  

The d i f f i cu l ty  w i t h  in terpretat ion stems from t h e  f a c t  t h a t  resist ivity i s  
a complicated function of the following parameters: temperature, porosity, 
s a l i n i t y ,  and clay content. For example, a low temperature, highly sa l ine  
ground water can provide the identical  low r e s i s t i v i t y  anomaly as a h i g h  
temperature, moderatately sal ine geothermal system. Therefore, t o  be most 
e f fec t ive ,  this method' should be used i n  conjuction w i t h  d i r e c t  temperature 
gradient measurements and other types of data t h a t  are  of value i n  determining 
the reason for  t h e  resist ivity values obtained (Soil Test Inc., 1968).  

Zones of low r e s i s t i v i t y  i n  a geothermal environment can be caused by a 
h i g h  d i sso lved  sol i d  content of thermal water versus ground water, h i g h e r  clay 
content due t o  t h e  hydrothermal a l t e r a t ion  w i t h i n  t h e  f a u l t  zones, and t h e  
higher temperature of the thermal f l u i d s .  Finally,  the a b i l i t y  of  the 
geophysicist t o  i s o l a t e  any of the aforementioned fac tors  and r e l a t e  i t  t o  the 
object o f  the r e s i s t i v i t y  exploration program rests upon a combination of 
elimination process of constant or  slowly varying fac tors  from those t h a t  a r e  
most susceptible to change. 
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APPENDIX D 

INSTRUMENTATION . 

independent of each o ther ,  requir ing-no references wires:between them. T h i s  
allows a grea t  deal of e f f ic iency  and f l e x i b i l i t y  i n  f i e l d  procedures and 
eliminates any p o s s i b i l  i t y  of interference from current  leakage o r  capac i t ive  
coupling w i t h i n  the sy 

The t ransmi t te r  wave output a t  a prese t  
el ec t ronical  l y  s t a b i l  i zed, 
level is switch se l ec t ab le  
m i l  1 iamps . 

The receiver  is  a 
locks onto the transmi 

, synchronous de tec tor  which 

a t a .  With the low 
ess of 1500 f t  
imum of 1000 V 

ondit ions approaches 80 

i n t e n t  was t o  de l inea te  gross potent ia l  differences i n  r e s i s t i v i ty . .  In some 
e l i t h o l o g y  re f lec ted  small differences i n  r e s i s t i v i t y ,  the RAC-8 

average the penetrated 1 i tho logic  sequences r a the r  than 
r i n g  cos t  and time cons t r a in t s ,  the system 
d best  r eas  of resi s t i v f  t y  .' 

- 33 - 



-. - 

APPENDIX E 

RESISTIVITY FIELD PROCEDURES 

Before discussing the various electrode spreads used, i t  is necessary t o  
consider w h a t  i s  ac tua l ly  measured by an array of current and potential  
electrodes. By measuring vol tage ( V )  and current  ( I ) and knowing the electrode 
configuration, a r e s i s t i v i t y  ( p )  i s  obtained. Over homogeneous i so t ropic  
ground this r e s i s t i v i t y  w i l l  be constant f o r  any current  and electrode 
arrangement. That i s ,  i f  the current  i s  maintained constant and the electrodes 
a re  moved around, the potential  voltage ( V )  will adjust  a t  each configuration 
t o  keep the r a t i o  (V/I) constant (Sumner, 1976). 

-Apparent Res is t iv i ty :  I 

Pa = 2 ~ 1 a  V/I General Formula 

VI1 = Voltage current  r a t i o  
Pa = apparent r e s i s t i v i t y  

2PI = 6.2 

. I  

' > '  a = Spread l e n g t h  

7 f o r  a schematic diagram for  r e s i s t i v i t y .  
. -  

One of the most widely used e l ec t r i ca l  processing techniques f o r  
geothermal resource exploration is  the r e s i s t i v i t y  prof i l ing  and sounding 
method. The method u t i l i z e s  various arrays,  b u t  the most common are  the 
Wenner , the Schl umberger and the D i  pol e-Di pol e schemes T h e  Colorado 
Geological Survey extensively employed the l a t t e r  method primarily because of 
the ease of use and also being able t o  obtain both horizontal and ver t ica l  
sections 

If the ground is  unhomogeneous, however, and t h e  electrode spacing is  
varied, o r  the spacing remains fixed w h i l e  the whole array i s  moved, t h e n  the 
r a t i o  w i l l  i n  general change. T h i s  results i n  a d i f f e ren t  value of P f o r  each 
measurement. Obviously the magnitude is intimately involved w i t h  the 
arrangement of el ectrodes. 

T h i s  measured quantity i s  known as the apparent r e s i s t i v i t y ,  Pa. Although 
i t  is  diagnostic,  t o  some extent, of the actual r e s i s t i v i t y  of a zone i n  the 
v ic in i ty  of the electrode array,  t h i s  apparent r e s i s t i v i t y  i s  de f in i t e ly  n o t  
an average value. Only i n  the case of homogeneous ground i s  the apparent value 
equivalent t o  the actual ' r e s i s t i v i t y  (Sumner, 1976).  

Wenner Array 

In the Wenner Spread ( F i g .  18) the electrodes are  uniformly spaced i n  a 
1 ine (Sumner , 1976 ) . 

In sp i t e  of the simple geometry, th i s  arrangement i s  often quite 
inconvenient for  f i e l d  work and has some disadvantages from the theoret ical  
p o i n t  of view as  well. For depth exploration u s i n g  the Wenner Spread, the 
electrodes are expanded about a fixed center ,  increasing the spacing i n  steps. 
F r l a t e ra l  explora i o  or m p ' q  t h  s ac'n rema s c qs tan t  nd a l l  f o  r e?ectrodes are  move8 afong t&! I i i e ,  the! a loig ano&er Pine, an8 so on. Yn 
mapping, the apparent r e s i s t i v i t y  fo r  each array position is  plot ted against  
the center of the spread. 
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Current elecfrode Current eteotrode 

Current electrode nt electrode I elmtrod& Potential electrode 

Figure 18. Wenner array. (Adopted from Combs, 1980.) 
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Schl umberger Array 

For the Schlumberger array,  the cur ren t  e lectrodes a re  spaced much fu r the r  
apar t  than the potential  electrodes ( F i g .  19) .  

In depth p rob ing  the potential  e lectrode remains fixed w h i l e  the cur ren t  
e lectrode spacing i s  expanded symmetrically a b o u t  the center  of the spread. 
For la rge  values o f  L i t  may be necessary t o  increase 21 i n  order t o  maintain a 
measurable poten t ia l .  T h i s  procedure is  more convenient than the Wenner 
expanding spread because only two electrodes need move. In addi t ion,  the 
e f f e c t  of shallow r e s i s t i v i t y  var ia t ions  is  constant w i t h  f i x e d  potent ia l  
spread (Sumner, 1976) . 

In summary, s h o r t  spacing between the outer  e lectrodes assumes shallow 
penetration of cur ren t  flow and computed r e s i s t i v i t y  w i l l  r e f l e c t  propert ies  of 
shallow depth. As the electrode spacing i s  increased, more cur ren t  penetrates 
t o  greater  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  propert ies  of each 
material a t  g rea te r  dep th .  T h i s  method was used on a few lines fo r  sampling 
purposes i n  array.  

D i  pol e-D i pol e Array 

The potential  e lectrodes a re  c lose ly  spaced and remote from the cu r ren t  
e lectrodes which a re  c lose together.  There is  a separation between C and A ,  
usually 1 t o  5 times the dipole lengths (Fig.  20) .  

Inductive coupling between potential  and cur ren t  cables i s  reduced w i t h  
t h i s  arrangement. T h i s  method was primarily used t h r o u g h o u t  a l l  study areas  
because o f  r e l i a b i l i t y  and ease of f ie ld  operation. A diagram of t h i s  method 
i s  depicted i n  Figures 21 and Figure 22. 

W i t h  reference t o  F i g u r e  21  and 22, an in - l ine  100 f o o t  dipole-dipole 
e lectrode geometry was used. Measurements were made a t  dipole separat ions of n 
= 1, 2,  3, 4 ,  5.  T h e  apparent r e s i s t i v i t i e s  have been plot ted a s  
pseudosections, w i t h  each data p o i n t  being plot ted a t  the in t e r sec t ions  of two 
l i n e s  drawn a t  45" from the center  of the t ransmit t ing and receiving dipoles.  
T h i s  type of survey provides b a t h  resolut ion of ver t ica l  and horizontal 
res1 s t i v i t y  cont ras t s  s ince the f i e l d  procedures generate both ve r t i ca l  
sounding  and horizontal p ro f i l e  measurements The principal advantage of t h i s  
technique is  t h a t  i t  produces b e t t e r  geologically in te rpre tab le  r e s u l t s  than 
the other two methods ( Wenner, Schl umberger),. In addi t ion,  the dipol e -d ipo l  e 
array is  eas i e r  t o  maneuver i n  rugged t e r r a i n  than e i t h e r  o f  the  other  methods. 
I t s  main disadvantage compared t o  the Schlumberger array i s  t h a t  i t  usually 
requires more current ,  and therefore  a heavier generator f o r  the same 
penetration depth. Another disadvantage of this method is  t h a t  i t  i s  very 
d i f f i c u l t  t o  make an accurate geological in te rpre ta t ion  from the data co l lec ted  
(Sumner , 1976 1. 

- 36 - 

i 



Figure 19. Schlumberger array. (Adopted from Combs, 1980.) 
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Figure 21. Data plotting scheme for dipole-dipole array. 

(Adopted from Combs, 1980.) 
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Figure 22. Typical dipole-dipole array. (Adopted from Combs, 1980.) 
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APPENDIX F.  RESISTIVITY CALCULATIONS 

TABLE 6. LINE A. 

COLORADO GEOLOGICA 
Geophysical E 

(Resi s t i v i t  

LOCATION 
Hot Sulphur Spgs. 
CHIEF OPERATOR 

Sta  . 
1-3 
5-7 
7-9 
9-11 
11-13 

3-5 1 

-7-9 
9-11 
11-13 
-13-15 
15-17 

9-11 
11-13 
13-15 
15-17 
17-19 

5-7 

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

Range M A  v o l t a g e  v,, 
~~ 

- _  D V / I  G.F. Pa 

1149 65 . 51 
4997 44 . 48 

1 11493 14.94 
1 225 N.R. 

10 
10 

100 * 100 7 -  0.67 1149 77.00 
1 .OOl 100 5.56 0.00556 4997 27 . 78 
1 2 .  .00031 200 4.05 11493 13 ;79 
1 .00031 ' 200 * 1.39 22987 9.19 
1 .00031 200 0.66 40226 8.04 

10 . 001 100 3;55 0 .'0355 40 . 80 
10 . 001 100 * 0.58 0.0058 24 . 99 
10 .00031 200 0.61 21 . 84 
1 .00031 200 2.44 18.39 
1 .00031 200 2.76 0.0008 32.18 

1.77 0 . 0549 1149 63.06 
10 .00031 166 1.63 0 . 0050 4997 25.25 
10 .00031 166 0.49 0.0015 11493 17.46 
1 .00031 166 2.45 0 . 00076 22987 17.46 
1 .00031 166 1.23 0.00038 40226 15.34 

100 .30031 133 
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TABLE 6. LINE A (CONT.) 

LOCATION PRO3 ECT DATE 
Hot Sul phur Spgs. L i n e  A 9 3 x 1 9 8 1  
CHIEF OPERATOR ASSISTANTS METHOD 

Robert Fargo Memmi and Strong D i p o l  e - D m (  Nx200 ' 
Sta. 

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

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

13-15 
17-19 
19-21 

15-17 
19-21 

D V / I  Range MA Vol tage Vp  
- - 

10 . 001 100 2.52 0.252 
1 . 001 100 4.05 0.0040 
1 . 001 100 1.45 0.00145 
1 .00031 166 2.33 * 0.00072 

10 .-00031 100 5.04 0.0156 
10 .00031 133 1.12 0 . 00347 
1. .00031 133 3.84 0.00119 

100 .00031 100 0.55 0.0170 
10 .00031 100 1.12 0.00347 

100 .00031 100 0.55 0.0170 

LEGEND: Range = Gain 
MA = Dummy TX Current  Switch 
Vp = Balance Contro l  t o  N u l l  Meter 
G.F. = Geometric Factor  
Pa = Apparent R e s i s t i v i t y  
D V / I  = Range x MA x Vp 

G.F.. Pa - 
1149 28.96 
4997 20.24 

11493 16 . 66 
22987 16.60 

1149 17 . 96 
4997 17.35 

11493 13.68 

1149 19.60 
4997 17.35 

1149 19.60 
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APPENDIX F.  RESISTIVITY CALCULATIONS 

TABLE 7. LINE B. 

COLORADO GEOLOGICAL SURVEY 
Geophysical Explorat ion 

(Resi s t i v i t y  Survey) 

LOCATION PROJECT DATE 
Hot  Sul phur Spgs. L i n e  B 10 J-1981 
CHIEF OPERATOR ASSISTANTS METHOD 

Robert  Fargo Memmi and Strong D i p o l e - D v ( N x l O 0 '  ) 

Stal Range 

11-10 
9-8 
8-7 
7 -6 
6-5 
5-4 
4 -3 
3 -2 

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

. 3-2 
2 -1 

9-8 
7-6 
6-5 
5 -4 
4-3 
3 -2 
2-1 

8-7 
6-5 
5-4 
4-3 
3-2 
2-1 

> 

10 
1 
10 
10 
1 
1 
1 

100 
10 
10 
1 
1 
1 
1 

100 
10 
10 
10 
10 
1 

100 
10 
10 
10 
1 

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

. 01 . 01 . 001 . 001 

.OOl 

.OOl . 001 

. 001. . 001 . 001 . 001 . 001 . 001 

.OOl 

-001 . 001 
.QO1 . 001 . 001 . 001 
. 001 . 001 . 001 
. O O l  
, 001 

66 -0.77 0.077 575 44.25 
2.30 0.0230 2299 52.87 

100 0.98 0.0098 5747 51.72 
0.52 0.0054 11493 62 . 06 
2.38 0.00238 20113 47 . 87 

. 2.24 0.00224 32181 72 . 09 
~ 1.30 0.00130 47698 62 . 01 

.66 ' 1 0.62 0.062 575 35 . 63 
66 1.75 0.017 2299 40.23 
66 0.82 0 . 0082 5747 47 . 12 
66 3.54 0 . 00354 .11493 '40 . 69 
66 53.01 .' : 0.00301 . , 60.54 

0,00171 , 55.03 66 *1 . 71 
66 0.68 

66 0.68 
2.40 
0.87 
0.70 

. 0.41 
1.46 

66 0.66 
1.47 
1.05 
0.55 
2.02 

0.00068 

0.0680 
0 . 0240 
0 . 0087 
0 . 0070 
0.00415 
0 . 00146 

47698 32.42 

575 39.08 
2299 55.17 
5747 50 . 00 
11493 80 . 45 
20113 82.46 
32182 46 . 98 

0.066 575 37 . 93 
0 . 0147 2299 33.79 
0 . 0105 5747 60.34 
0 . 0055 11493 63 . 21 
0 . 0020 20113 40 . 63 
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TABLE 7. LINE B (CONT.) 

L OC AT I ON PROJECT DATE 
Hot SUI Dhur SDas. L i n e  B 10 J c 1 9 8 1  
CHIEF OPERATOR- ASSISTANTS METBOD 
Robert Fargo Memmi and Strong D i  p o l  e-D-( N x l O O  ' ) 

Sta. 

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

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

Range 

100 
10 
10 
1 

100 
10 
10 

MA Vol tage 
- 
. 001 66 
. O O l  
. O O l  . 001 

. O O l  66 . 001 . 001 

vP D V / I  

0.41 
1.79 
0.82 
2.85 

0.98 
1.49 
0.46 

0.041 
0.0179 
0.0082 
0 . 00285 

0.50 
0.0149 
0.0046 

5 -4 
3-2 10 0 001 100 3.67 0.367 
2-1 10 . 001 0.84 0.0084 

4-3 
2-1 100 . 001 100 0.67 0.067 

G.F. Pa - 
57 5 23.56 

2299 41.15 
5747 47.12 

11493 32 . 76 

575 28.73 
2299 34.25 
5747 26.43 

57 5 21.09 
2299 19.31 

575 38.50 

LEGEND: Range = Gain 
MA = Dummy TX Cur ren t  Switch 
Vp = Balance Contro l  t o  N u l l  Meter 
G.F. = Geometric Fac to r  
Pa = Apparent R e s i s t i v i t y  
D V / I  = Range x MA x Vp 
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APPENDIX F. RESISTIVITY CALCULATIONS 

TABLE 8. LINE C. 

COLORADO GEOLOGICAL SURVEY 
Geophysical Exploration 

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

LOCATION PROJECT DATE 
Hot Sul phur Spgs Line C 13 July1981 
CHIEF OPERATOR ASSISTANTS METHOD 
Robert Fargo Memmi and S t  rong D i pol e - D m (  N x l O O  ' 

Sta . Range MA Voltage 

1-2 
3-4 
4-5 
5 -6 
6-7 
7 -8 
8-9 
9-10 

2 -3 
4-5 
5 -6 
6-7 
7-8 
8-9 
9-10 
10-11 

100 
10 
10 
10 
10 
10 
1 

100 
100 
10 
10 
10 
10 
1 

. 001 133 . 001 . 001 . 001 . 001 166 . 001 . 001 

. 001 133 . 001 . 001 . 001 . 001 

.OOl 133 . 
3 -4 

5-6 100 . 001 166 
6 -7 10 
7 -8 10 200 
8-9 10 . 001 
9- 10 10 . 001 
10-11 10 .OOl 
11 -12 10 .OOl 

4-5 
6-7 100 . 001 166 
7 -8 10 . 001 
8-9 10 .OOl 
9-10 10 . 001 
10-11 10 . 001 
11-12 10 . 001 166 

VP - 
1.99 
3.31 . 
1.65 
0.73 
0.35 
0.29 
1.72 

1.92 
0.76 
2.95 
1.25 
0.90 
0.55 
3.71 

1.16 
3.15 
1;16 . 
0.83 
0.52 
0.31 
0.15* 

0.88 
1.86 
1.. 06 
0.68 
0.40 
0.20 

D V / I  

0 . 1990 
0 . 0331 
0.0165 
0 . 0073 
0.0035 
0.0029 
0.00172 

0.1925 
0 . 0765 
0 . 0295 
0.0125 
0 . 0090 
0 . 0550 
0 . 00371 
0.116 
0 . 0315 
0.0116 
0.0083 
0.0052 
0.0031 
0.0015 

0 . 088 
0 . 0186 
0.0106 
0.0068 
0 . 0040 
0 . 0020 

G.F. - 
575 
2299 
5747 
11493 
20113 
32181 
47698 

574 
2299 
5747 
11493 
20113 
32181 . 
47698 

575 
2299 
5747 
11493 
20113 
32182 
47697 

575 
2299 
5747 
11493 
20113 
32182 

114.36 
76 . 09 
94.82 

- 83.90 
70 . 40 
93.33 
82.04 

110.34 1 

174.70 
169.53 
143.67 
181 . 02 
177 . 00 
176.96 

66 . 66 
72 . 41 
66.66 

104.59 
99.76 
71 . 55 
95 . 39 t 

50.57 
42 . 75 
60 . 91 
78.15 
80.45 
64.36 
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TABLE 8. LINE C (CONT.) 

LOC AT I ON PROJECT DATE 
H o t  Sul phur Spgs L i n e  C 13 July1981 
CHIEF OPERATOR ASSISTANTS METHOD 
Robert  Fargo Memmi and Strong D i p o l  e-Dl ’pole( N x l O O  ’ ) 

Sta. 

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

8-9 
9-10 
10-11 
11-12 

6-7 

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

10-11 
11 -12 

8-9 

9-10 
11 -12 

LEGEND: 

Range 

100 
10 
10 
10 
10 

100 
10 
10 
10 

100 
10 
10 

100 
10 

100 

Ranqe = Gain 

MA 
- 

. O O l  

.OOl 

.OOl 

.OOl 

.OOl 

0 001 
.OOl 
0 001 
.OOl 

.OOl 

.OOl 

.OOl 

.OOl 

.OOl 

.001 

Vol tage V p  

133 0.55 
2.21 
1.20 
0.69 
0.30 

133 0.61 
2.16 
1.08 
0.47 

100 0.56 
1.80 
0.81 

0.75 
100 2.11 

100 0.71 

D V / I  G.F. 

0.055 57 5 
0.0221 2299 
0.0120 5747 
0.0069 11493 
0.0030 20113 

0.0610 575 
0.0216 2299 
0.0108 5747 
0.0047 11493 

0.0560 575 
0.0180 2299 
0.0081 5747 

0.075 575 
0.0211 2299 

0.071 575 

Pa 

G.F. = Geometric Factor  

31.61 
50.80 
68.96 
79.30 
60.34 

35.05 
49.65 
62.06 
54.02 

32.18 
41.38 
46.55 

43.10 
48.50 

40.80 

- 
MA = Dummy TX Cur ren t  Switch Pa = Apparent R e s i s t i v i t y  
Vp = Balance Contro l  t o  N u l l  Meter D V / I  = Range X MA x Vp 
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APPENDIX F. RESISTIVITY CALCULATIONS 

TABLE 9. LINE D 

COLORADO GEOLOGIC 
Geophysical Exp lora t ion  

( Resf s t i  v i t y  Survey) 

LOCATION PROJECT DATE 
Hot  Sul phur Spgs mz-r 14 July1981 
CHIEF OPERATOR ASSISTANTS METHOD 

D V / I  G.F. Pa Sta  Range MA Vol tage Vp 

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

3 -5 
7 -9 

. ‘9-11 
11 -13 
13-15 
15-17 

5 -7 
9-11 

11 -13 
13-15 
15-17 
17-19 

100 
10 
10 
10 
1 

10 
10 
10 
1 
1 

10 
10 
1 
1 
1 

.OOl 66 0.39 0 .D39 1149 44 . 82 . 001 0.75 0.0075 4997 37.48 . 001 0.48 0.0048 1 493 55.17 

.00031 133 1.52 0 . 00047 40226 18.95 

.OOl 1.52 0.00152 22986 34 . 94 

. 001 

.OOl . 00031 

.0003 1 . 00031 

.001 

.OOl 

.OOl 

.00031 
-00031 

2.35 0.0235 1149 
0.07- 0.0107 4997 

100 0.98 0.00304 11493 
100 2.51 0.00075 2 2 986 

1.28 0.00040 40226 

66 .65 1149 
0.74 4997 
1.62 11493 

100 2.60 0.00081 22986 
1.56 0.00048 40226 

66 27.01 
53.47 
34.94 
17.31 
15.97 

41 . 95 
36.98 
18.62 
18.53 
19.47 

7-9 
11-13 10 .OOl 100 1.65 0.0165 1149 18.96 
13-15 1 .OOl 2.69 0 . 0027 4997 13.44 
15-17 1 .00031 166 3.65 0.001135 11493 13.04 

.00031 200 1.95 0.000605 22986 13.91 17-19 1 
19-21 1 .0003 1 1.23 0.000381 40226 15.33 

9-11 
13-15 10 .OOl 100 1.53 0.0153 1149 17.58 
15-17 10 .OOl 0.41 0 . 0041 4997 20.49 
17-19 1 .OOl 1.91 0 . 001 91 11493 21 . 95 
19-21 1 ,00031 200 3.21 0.00100 22986 22.87 
21-23 1 .00031 1.77 0.000549 40226 22.08 
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TABLE 9. LINE D (CONT.) 

LOCATION PROJECT DATE 
Hot Sulphur Spgs iXi5-D- 14 J u l y 1 9 8 1  
CHIEF OPERATOR ASSISTANTS METHOD 
Robert Fargo Memmi and Strong D i p o l  e - D w (  Nx200 ' 

Sta. 

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

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

Range 
- 

10 
10 
1 
1 

10 
10 
1 

MA Voltage 

. O O l  . 001 

. O O l  

.00031 200 

. O O l  66 . 001 

. O O l  66 

vP - 
1.45 
0.45 
1.94 
2.88 

1.63 
0.47 
1.52 

15-17 
19-21 - 10 . 001 66 2.17 
21 -23 10 . O O l  0.40 

17-19 
21-23 10 0 001 66 1.63 

LEGEND: Range = Gain 
MA = Dummy TX Current  Switch 
Vp = Balance Contro l  t o  N u l l  Meter 
G.F. = Geometric Factor  
Pa = Apparent R e s i s t i v i t y  
D V / I  = Range x MA x Vp 

D V / I  G.F. 

0.0145 1149 
0.0045 4997 
0.00195 11493 
0 . 000893 22986 

0 . 0163 1149 
0.0047 4997 
0 . 001 52 11493 

0.0217 1149 
0.0040 4997 

0 . 0163 1149 

Pa - 
16.66 
22 . 49 
22 . 41 
20.53 

18.73 
23 . 49 
17.47 

24 . 94 
19.99 

18.73 
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APPENDIX F. RESISTIVITY €ALCULATIONS 

TABLE 10. LINE E. 

COLORADO GEOLO SURVEY I . 
Geophysical Exploration 

( Re s i  s t i v i ty  Survey ) 
1 

LOCATION PROJECT DATE 
Hot- Spgs mzT- 15 July1981 
CHIEF OPERATOR ASSISTANTS METHOD 
Robert Fargo Memmi and Strong Dipole-Dipole (Nx100' 

Sta. 

5-6 
7-8 
8-9 
9-10 
10-11 
11-12 
12-13 

6-7 
8-9 
9-10 
10-11 
11 -12 
12-13 
13-14 

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

8-9 
10-11 
11-12 
12-13 
13-14 
14-15 
15-16 

Range 

100 
10 
10 
1 
1 
1 

10 
10 
10 
1 
1 
1 

100 
10 
10 
10 
10 

10 
10 
10 
1 
10 
1 

VP D V / I  G.F. Pa MA V o l t  

. 001 200 0.66 0.066 574 38.13 . 001 1.24 0.0124 2298 28.50 . 001 5746 25.29 . 001 20113 18.91 . 001 0.94 0.00094 20113 18.91 . 001 0.48 0.00048 32181 15- 13 

. 133 4.92 0 . 0492 574 28.27 . 001 0.87 0 . 0087 2298 20.00 . 001 0.37 0.0037 5746 21.26 . 001 0.93 0.00093 11493 10.69 . 001 0.94 0 . 00094 20113 18.91 . 001 0.47 0.00047 32181 15.13 

. 100 0.57 0.057 574 32 . 76 
1.04 0.0104 2298 23.91 23.56 . 001 . 001 5746 

.001 11493 56 . 32 
,00031 200 98 20113 20.07 

. 001 66 5.28 0.0528 575 30.34 
1.00 0.0100 2299 22 . 99 

0001 . 0.34 0.0034 5747 19.54 
. 001 
. 001 66 1.67 0.00167 11493 19.19 
.00031 133 0.30 0.00093 20113 18.71 . 00031 1.57 0.00487 32181 15.67 
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TABLE 10. LINE E. (CONT.) 

LOCATION 
Hot  Sulphur Spgs 
GHIEF OPERATOR 
Robert Fargo 

PROJECT 
Line E 

DATE 
15 J c 1 9 8 1  

ASS I STANTS METIHOD 
Memmi and Strong D i p o l e - D w ( N x 1 0 0 '  

Sta. Range MA Vol tage Vp 

9- 10 
11 -12 10 .OOl 100 4.47 
12-13 10 ..001 0.89 
13-14 10 . 001 3.28 
14-15 10 . 001 1.73 
15-16 1 . 001 0.75 

12-13 10 . 001 133- 4.74 
13-14 10 . 001 133 0.96 
14-15 10 .001 * 133 0.44 
15-16 ' 1 . 001 1.56 

10-11 

11-12 
' 13-14 100 

14-15 10 
15-16 10 

12-13 
14-15 100 
15-16 10 

. 001 100 . 001 . 001 

. 001 100 

.OOl 

0.44 
1.05 
0.35 

0.53 
0.86 

13-14 
15-16 100 .OOl 100 0.50 

LEGEND: Range = Gain 
MA = Dummy TX Current  Switch 
Vp = Balance Control  t o  N u l l  Meter 
G.F. = Geometric Factor  
Pa = Apparent R e s i s t i v i t y  
D V / I  = Range x MA x Vp 

D V / I  G.F. - 
0.0447 575 
0.0089 2299 
0.00328 5747 
0 . 00173 11493 
0 . 00075 201 13 

0 . 0474 575 
0.0096 2299 
0 . 0044 5747 
0.00156 . 11493 

0.044 575 
0.0105 2299 
0.0035 5747 

0.053 575 
0.0086 2299 

0.050 575 
F 

Pa - 
25.69 
20.46 
18.85 
19.88 
15.09 

27.24 
22 . 07 
25 . 28 
17 . 93 
25 . 28 
24.14 
20.11 

30.46 
19.77 

28.73 
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APPENDIX F. RESiSTIVITY CALCULATIONS 

TABLE 11. LINE F. 
I 

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

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

L OC AT I ON PROJECT DATE 
H o t  Sulphur Spgs Line-T 

S t a  Rang MA D V / I  G.F. 
- - 

1-2 
'3-4 1,000 . 001 100 ', 0.5 1 1 . 51  574 

10 . 001 3.71 0.0371 2298 '4-5 
5-6 
6-7 
7-8 
8-9 

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

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

3 -4 

4-5 
6-7 

9 7-8 
8-9 
9-10 

10-11 
11-12 

1.08 0.0108, 5745 
' - .3.44 0.00344 11491 . 001 1.44 0.00144 20109 

0,00067 32174 . 001 

1 

> *  

1 
1 .  

106 .- I, ' 

10 
10 
1 
1 . . .  
1 

100 
10 
10 
10 
1 
1 

100 
10 
10 
1 
1 

10 

. ooi 133 1.40 . 001 2.11 

0.84 . 001 0.41 

. 001 133 2.26 . 001 3.82 . 001 1-09,  . 001 ti. 39 
001 1.82 . 001 1.54 

. 001 100 1.20 . 001 2.44 . 001 0.73 
001 3.10 . 001 100 2.43 

.00031 200 0.57 

0.140 574 
0.0211 2298 
0 . 0054 5746 ' 

. 0.00194 11491 
0,00084 20109 
0 . 00041 32174 

0.226 574 
0 . 0382 2298 

, ,0.0199 5746 
0.0039 
0 . 00182 
0.00154 32174 

0.120 575 
0 . 0244 2299 
0 . 0073 5747 
0 . 00310 11491 
0.00243 20109 
0.00171 32174 

293 . 01 
85 26 
62 . 05 
39.53 
28.96 
21 -56 

80.43 
48.49 
31.02 
22.29 
16 . 89 
13.19 

129.93 
-87 . 79 1 

62 . 62 
44 . 81 
36 . 60 
49 . 55 

68.94 
56 . 07 
4 1  . 94 
35.62 
48.96 
55.02 
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TABLE 11. LINE F. (CONT.) . 
LOCAT I O N  PROJECT DATE 

H o t  Sulphur Spgs L i n e  F 16 July1981 
CHIEF OPERATOR ASSISTANTS METHOD 
Robert Fargo Memmi and Strong D i pol  e - D v (  NxlOO ' ) 

S t a .  

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

6-7 
8-9 
9-10 
k0-11 
11-12. 

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

8-9 
10-11 
11-12 

11 -12 
9-10 

Range 

100 
10 
10 
10 
10 

100 
10 
10 
10 

100 
10 
10 

10 
10 

10 

MA 
- 
.OOl . 001 . 001 
0 001 
.OOl 

. 001 

.OOl 

.OOl 

.OOl 

. 001 . 001 
,001 

.OOl 

.001 

.OOl 

Vol tage 

66 

100 

100 

100 

133 

vP - 
1.57 
2.73 
0.88 
0.60 
0.38 

0.88 
1.92 
1.01 
0.55 

0.49 
1.71 
0.76 

3.80 
1.07 

3.56 

D V / I  

LEGEND: Range = Gain 
MA = Dummy TX Current  Switch 
Vp = Balance Contro l  t o  N u l l  Meter 
G.F. = Geometric Fac to r  
Pa = Apparent- R e s i s t i v i t y  
D V / I  = Range x MA x Vp 

0.157 
0 . 0273 
0.0088 
0 . 0060 
0.00385 

0 . 088 
0.0192 
0 . 0101 
0 . 0055 
0.049 
0.0171 
0 . 0076 
0.038 
o . 0107 
0.0356 

G.F. 

575 
2299 
5747 
11491 
20109 

575 
2299 
5747 
11491 

Pa - 
86 . 75 
62.74 
50.56 
68.94 
76.41 

50.56 
44.12 
58.03 
63.20 

575 28.15 
2299 39.30 
5747 43.66 

575 21. 83 
2299 24.59 

575 20.45 
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AND P-1, PAGOSA SPRINGS, COLORADO, by W.W. R t k i n s o n ,  1980, 95 p .  $10.00 

COLORADO, ed. by T. G .  Zacharakis,  1981, 69 p., Free over the counter. 
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Connor, 1981, 32 p., Free over t h e  counter. 

Scale  1:500,000, Free over the counter. 

Scale 1:1,000,000, Free over the counter. 
. Map Se r i e s  20, GEOTHERMAL GRADIENT MAP OF COLORADO, by F.N. Repplier and 

R.L. Fargo, 1981, Scale 1: 1,000,000, Free over the counter. 

IN COLORADO, by J.K. Bar re t t ,  R.H. Pearl and A.J. Pennington ,  1976, 
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SECTION E ,  GLENWOOD SPRINGS; SECTION F, STEAMBOAT SPRINGS, 1981, $1.50 
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Special Pub. 16, GEOTHERMAL RESOURCE ASSESSMENT OF WAUNITA HOT SPRINGS, 

Special Pub. 18, GROUNDWATER HEAT PUMPS IN COLORADO, AN EFFICIENT AND COST I 
I 
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Map Se r i e s  18, REVISED HEAT FLOW MAP OF COLORADO, by T.G. Zacharakis, 
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~ 
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Resqurce Ser. 23, GEOTHERMAL RESOURCE ASSESSMENT OF HOT SULPHUR SPRINGS, 
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