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INTRODUCTION 

This report presents geologic and thermal data for the 

Thermopolis hydrothermal system in Wyoming. The study area is 

adjacent to Western Area Power Administration's (WAPA) facility in 

Thermopolis (see Figure 1 for general location). 

Items included in this report are: a general description of the 

Thermopolis hydrothermal system; water chemistry and temperature 

data; static water levels in existing wells; a basic geologic map of 

the area surrounding WAPA's facility; land ownership in the area; 

results of computer numerical modeling of heat transfer in the 

hydrothermal system; and a discussion of geothermal permitting 

procedures. Based upon this information, a favorable drill site is 

chosen and discussed. 

This study was funded by the Western Area Power Administration 

of the U . S .  Department of Energy and the Wyoming Water Research 

Center of the University of Wyoming. 
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THE ~ R M O P O L I S  HYDROTHERMAL SYSTXM 

The Thermopolis hydrothermal system is located along the 

Thermopolis anticline (see Figure 2 )  . Measured water temperatures of 

the hydrothermal system decrease from 162 OF ( 7 2  OC) at the northwest 

end of the anticline to 130 OF ( 5 4  OC) at Hot Springs State Park in 

Thermopolis, Static water levels in wells also generally decrease in 

the same direction (see Figure 2 ) .  However, the chemistry of the 

warm water remains relatively constant within the hydrothermal system 

(see Table I) . 
The heat source for the hydrothermal system is deep circulation 

of water. The Park City Formation, Tensleep Sandstone, Madison 

Limestone, and Bighorn Dolomite are considered major aquifers in the 

Big Horn Basin (see Figure 3 in Appendix I). Far to the west of the 

anticline, these rocks are recharged by surface waters . Immediately 

to the west of the anticline, some of the aquifers have been folded 

to a depth of over 6000 feet (1.8 km). Given the increase in 

temperature with depth for the region, the water circulating in these 

rocks is near a temperature of 162 OF (72  OC), 

The Thermopolis anticline is an asymmetrical uplift in which 

these aquifers are folded near the surface Thus, water circulating 

through these rocks moves rapidly near the surface without much heat 

dissipation. A more detailed description of the mechanism of 

operation, geology, and hydrology of the Thermopolis hydrothermal 

system is given in Hinckley, et ale, 1982. This report is included 

as Appendix I, 
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Table I. 

1 Chemical Data for Springs and Wells in the Thermopolis Area 

Sample Temp. Flow Date 

NO . 2 Lat i t udc Longitude (OC) (l/m) Analyzed Description 

1 43O 40.3’ 

2 43O 39.2’ 

3 43’ 39.2’ 

4 43O 39.2’ 

5 4 3 O  43.6’ 

6 43’ 41.6’ 

7 43’ 39.6’ 

8 43O 39.2’ 

9 43’ 30.8’ 

108O 12.2’ 

108” 11.6’ 

108’ 11.6’ 

108O 11.6’ 

108O 20.5 

108O 18.6’ 

108O 12.6’ 

108O 11.6’ 

108O 13.4’ 

53 

56 

55 

53 

73 

64 

55 

56 

3792 

11000 

0 

760 

0 

0 

0 

11000 

0 

‘Data from Heasler, 1984. 
*See Figure 2 for location of samples. 

7/81  

7 /81  

7 /81  

7/81 

6/82  

6/82  

6/82 

6 /82  

4/81 

Flowing well named Sacaj awea near Thermopolis 
Big Spring at Thermopolis 

Black Sulphur Hot, Spring at Thermopolis 

White SuLphur Hot Springs at Thermopolis 

Geothermal test well near Thermopolis (UWT-1) 
Geothermal test well near Thermopolis (UWT-2) 

Geothermal test well near Thermopolis (UWT-3) 

Big Spring at Thermopolis 

Non-flowing well owned by Carl Spomer 
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Samp 1 e 
No. Na K 

2 70 

238 

268 

257 

212 

253 

257 

233 

270 

54 

47 

50 

50 

42 04 

42.6 

42.5 

42.5 

35 

B Ca 

397 

314 

3 10 

357 

263 

280 

3 36 

320 

1.0 340 

T a b l e  I ( c o n t . ) .  Chemica l  Data for S p r i n g s  and Wells in t h e  Thermopol i s  Are8 ( v a l u e s  r e p o r t e d  i n  ppm) 

Mg Si Z03 F C 1  P NO3 SO4 pH 

77.8 2.86 

63.5 3.28 

64.3 3.38 

70.4 2.87 

60.6 3.1 

61.3 3.0 

9 3  - 6  3.1 

68.5 3.7 

66  34 620 4.5 

338 <a5 <.5 802 

326 < . 5  <.5 648 

378 <.5 < . 5  708 

360 < . 5  <.5 778 

205 632  7.67 

287 646 7.64 

260 911 7.77 

239 631 7.70 

360 - 1  760 6.6 

TDS Cu C r  Ni Fe Cd Zn Mn Pb Ag A s  Se Hg Ba 

<.05 <.05 <.1 .02 <.05 

<.05 ( - 0 5  <.I  .30 <.05 

(-05 <.05 <.1 <.02 <.05 

<.05 <.05 <.I -02 <.05 

<.05 -07 <.l 1.4 <.05 

<.05 .08 <.l 1.3 <.05 

<.05 -06  < a 1  07 <.05 

( - 0 5  .05 <.I  .05 <.05 

2300 .2 <.05 < . I  1.3 <.03 

< .02 
c.02 

< .02 

-08 

- 0 3  

.04 

.05 

.03 

-30 

.05 

.07 

< .05 

<a05 

< -05 

< .05 

< 005 

< -05 

-06 

<.2 <a05 

<.2 <.05 

<.2 <.05 

<.2 <a05 

<.2 <*05 

<.2 <.05 

<.2 <.05 

( - 2  <SO5 

( -2  <.05 < a 0 0 5  <.005 <.001 < * I  

Samples  1-8 were a n a l y z e d  at  t h e  Department  of Geology and G e o p h y s i c s ,  U n i v e r s i t y  of Wyoming, 

D i v i s i o n  of L a b o r a t o r i e s ,  Laramie, Wyoming. 
Laramie ,  Wyoming by Dr. S t e v e  Boese. Sample 9 was a n a l y z e d  by t h e  Wyoming Depar tment  of A g r i c u l t u r e ,  
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SITE ASSESSMENT 

The l o c a t i o n  of WAPA‘s Thermopolis f a c i l i t y  is  shown on t h e  land 

ownership map (F igu re  3 ) .  The c l o s e s t  Federal  land is  loca ted  about  

1 m i l e  (1.6 km) t o  t he  nor th  of t he  f a c i l i t y  as shown on Figure 3 .  

Geologic mapping was completed near  WAPA’s f a c i l i t y  t o  determine 

t h e  p o s s i b i l i t y  of encounter ing w a r m  water with an on - s i t e  d r i l l  

ho le .  The area of mapping was expanded as it became clear t h a t  

l i t t l e  hydrothermal p o t e n t i a l  ex i s t ed  on-s i te .  

F igu re  4 shows the  geologic  map f o r  the  reg ion  near  t h e  

f a c i l i t y .  An on-s i te  d r i l l  hole  would have t o  be a t  least  2500 f e e t  

(760 meters )  deep t o  encounter  t he  shal lowest  hydrothermal a q u i f e r s  

( t h e  Park Ci ty  Formation and Tensleep Sandstone) If the  Thermopolis 

a n t i c l i n e  i s  f a u l t e d  as suggested by Hinckley e t  a l . ,  1982, and 

o t h e r s ,  then  t h e  depth t o  the a q u i f e r s  may be cons iderably  g r e a t e r .  

A major f a u l t  p a r a l l e l i n g  the  a x i s  of t he  a n t i c l i n e  might a l s o  

s e p a r a t e  a q u i f e r s  (see Figure 5 i n  Appendix I). This  would tend t o  

restrict  warm water movement such t h a t  t he re  would be no water f low 

perpendicular  t o  the  a n t i c l i n e  in t he  reg ion  of WAPA’s f a c i l i t y .  

Thus, even i f  a deep ho le  ( g r e a t e r  than 2500 f e e t  [760 me te r s ] )  were 

d r i l l e d  on - s i t e ,  i t  probably would not encounter water as w a r m  as on 

the  a n t i c l i n e .  Computer modeling (d iscussed  l a t e r )  a l s o  i n d i c a t e s  

warm water flow p a r a l l e l  t o  t he  crest of the a n t i c l i n e .  

I 

Addi t iona l  mapping i n d i c a t e s  t h a t  a favorable d r i l l  site exists 

about 1 / 2  m i l e  ( . 8  km) nor th  of the f a c i l i t y  on p r i v a t e  land owned by 

Carl Spomer ( s e e  F igures  3 and 4 ) .  A t  t h i s  s i t e  the  s t a t i c  water l e v e l  

w i l l  probably be near  4390 f e e t  (1338 meters)  i n  e l e v a t i o n  
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and the  temperature  near  130 OF (54 OC). 

Such a d r i l l  s i t e  i s  favorable  f o r  many reasons.  F i r s t ,  i t  i s  

n o r t h  of any major f a u l t  bounding the a n t i c l i n e .  Thus, a d r i l l  ho le  

should encounter  water a t  a temperature  of 130 OF ( 5 4  OC) as i n  

nearby geothermal tes t  w e l l  UWT-3 ( s e e  Figure 5). 

A second advantage of t h i s  s i t e  is  a p red ic t ed  s t a t i c  water 

l e v e l  of 4390 f e e t  (1338 meters)  and a ground e l e v a t i o n  of 4580 f e e t  

(1396 meters)  which w i l l  r e q u i r e  about 190 f e e t  (58 meters )  of 

v e r t i c a l  pumpage. This s t a t i c  water l e v e l  estimate is based upon t h e  

r eg iona l  t rend  from Figure  2 .  However, i n  F igure  2 i t  can be seen  

t h a t  a repor ted  water l e v e l  i n  a w e l l  about 1300 f e e t  (400 meters )  

w e s t  of t he  p o t e n t i a l  s i t e  was 4470 feet  (1362 meters ) .  Such a 

s t a t i c  water l e v e l  would r equ i r e  only 110 feet  ( 3 3 . 5  meters )  of 

v e r t i c a l  pumpage. (This  e x i s t i n g  w e l l  i s  owned by Carl Spomer. 

Chemical ana lyses  f o r  t h e  w e l l  are given i n  Table I.) 

A t h i r d  advantage of t h i s  s i t e  is i t s  proximity t o  a zone of 

h igh  hydrau l i c  t r a n s m i s s i v i t y  ( s e e  s e c t i o n  on computer numerical  

modeling).  This  zone may r e s u l t  from f r a c t u r i n g  of the a q u i f e r  a long  

t h e  crestal  p o s i t i o n  of t he  a n t i c l i n e .  High hydrau l i c  

t r a n s m i s s i v i t i e s  will i nc rease  the  p o t e n t i a l  water y i e l d  of a 

product ion  w e l l  . 
A f o u r t h  advantage of t h i s  p o t e n t i a l  s i t e  is t h a t  i t  is  

r e l a t i v e l y  close (approximately 1/2 m i l e  [.8 km]) t o  WhPA’s 

f a c i l i t y .  Also, s i n c e  Carl Spomer’s land a d j o i n s  land owned by 

Pacific Power and Light  Company, n e g o t i a t i o n s  f o r  a d r i l l  s i t e  and 

p ipe  l i n e  access would involve only  one p r i v a t e  land owner. 

I 
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The depth  of a w e l l  a t  t h i s  s i t e  cannot be s p e c i f i e d  a t  t h i s  

t i m e .  The f i n a l  depth w i l l  depend on engineer ing  c r i te r ia  such as 

t o t a l  f low of water r equ i r ed ,  diameter of t he  product ion w e l l ,  and 

type of pump used. Geologic cons ide ra t ions  which w i l l  i n f luence  t h e  

depth  of t h e  w e l l  inc lude :  

1). once w a r m  water is  encountered i n  a d r i l l  ho le ,  water 

temperature  only s l i g h t l y  inc reases  wi th  inc reas ing  depth 

( s e e  Figure 5 f o r  examples); 

2 ) .  

a q u i f e r  a t  t h i s  si te.  

t h e  Madison Limestone may be the  most product ive 

Thus, a l though d r i l l i n g  700 f e e t  ( 2 1 3  meters )  t o  the  Madison 

Limestone a t  t h e  s i t e  would probably na t  r e s u l t  i n  s i g n i f i c a n t l y  

g r e a t e r  water temperature ,  i t  could r e s u l t  i n  a w e l l  capable  of 

producing a g r e a t e r  q u a n t i t y  of water. 

Another s i t e  was inves t iga t ed  as a p o t e n t i a l  d r i l l  s i t e .  This  

s i t e  w a s  on Federa l  l and  about 1 m i l e  (1.6 km) nor th  of WAPA's 

f a c i l i t y  ( s e e  Figure 3 ) .  

t he  s i t e  on Carl Spomer's land.  F i r s t ,  wi th  a predic ted  s t a t i c  water 

l e v e l  of 4390 f e e t  (1338 meters)  and a ground e l e v a t i o n  of about 4600 

t o  4900 f e e t  (1402 t o  1493 meters ) ,  a product ion w e l l  would r e q u i r e  

from 200 t o  500 f e e t  (61  t o  152 meters )  of pumping. 

water would have t o  be pumped over Cedar Ridge and more than 1 m i l e  

(1.6 km) a c r o s s  p r i v a t e  lands  to  WAPA's f a c i l i t y .  

t he  rocks may not  be as f r ac tu red  as near  the  crest  of t he  

a n t i c l i n e .  

w e l l  due t o  decreased hydraul ic  t r a n s m i s s i v i t i e s  . 

This s i te  does not have the  advantages of 

In  a d d i t i o n ,  t h e  

Al so ,  i n  t h i s  area 

This  would tend t o  decrease  the water p roduc t iv i ty  of a 
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THERMAL JlODELING 

A one-dimensional, steady state, conductive heat transport model 

is discussed in Appendix I. 

calculate the depths necessary for the observed well temperatures and 

then to determine if water flow to such depths was geologically 

reasonable. This simple model indicated that water flow direction 

was generally from the west near the northwest end of the Thermopolis 

anticline. 

The purpose of this simple model was to 

In order to more precisely determine thermal and hydrologic 

properties along the Thermopolis anticline, the conductive and 

convective transport of heat in two dimensions were numerically 

modeled. The steady state equation used was 

3T 
a K x  ax + 

3T a~ - 
Y aY 
aY = o  

where T represents temperature, K, and K 

conductivity of the fluid-saturated rock in the x and y directions, 

V, and v 
water, and c is the specific heat of water. The equation was solved 

numerically on the University of Wyoming's Cyber 760 computer using 

Gauss-Side1 iteration on a centered difference approximation for the 

second-order partial differentials and a one-sided difference 

oriented into the f l o w  direction for the first-order partial 

differentials. 

are the thermal Y 

are the Darcian velocity of the water, p is the density of Y 

The location of the model is along the crest of the Thermopolis 
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a n t i c l i n e  as shown i n  Figure 2 by the  l i n e  A t o  A ’ .  

c o n d i t i o n  f o r  t h e  model (ground su r face )  was a cons t an t  7 OC 

t empera ture .  For the  l e f t  boundary cond i t ion  temperatures  were set 

equa l  t o  those measured i n  w e l l  UWT-2 near  the northwest end of t h e  

Thennopolis a n t i c l i n e .  Temperatures were not  set cons t an t  f o r  t he  

r i g h t  boundary. I n s t e a d ,  t he  boundary cond i t ion  s p e c i f i e d  was t h e  

v e r t i c a l  t r a n s p o r t  of hea t .  The b a s a l  boundary cond i t ion  was t h a t  

t h e  h e a t  f low i n t o  the  model was 67 x 

Heasler, e t  a l . ,  1983, f o r  hea t  f low va lues  i n  t h e  Big Horn Basin) .  

The thermal  c o n d u c t i v i t i e s  and th i ckness  used i n  the  model are 

The top boundary 

watts meter‘2 (see 

shown i n  Table 11. The computer model w a s  s i m p l i f i e d  by using j u s t  3 

l a y e r s  each wi th  the  appropr i a t e ly  weighted thermal c o n d u c t i v i t i e s .  

( s e e  Table 11). 

Water flow was set a t  a cons t an t  h o r i z o n t a l  Darcian v e l o c i t y  

from l e f t  t o  r i g h t  a c r o s s  the  model w i th in  a l l  but t he  upper 50 

meters of the  a q u i f e r  s ec t ion .  The v e l o c i t i e s  were va r i ed  and t h e  

r e s u l t i n g  temperatures  compared with temperature  p r o f i l e s  from w e l l s  

i n  t h e  area. The r e s u l t s  of t he  model are shown i n  Figure 6. 

Resu l t s  of Darcian flow v e l o c i t i e s  of 6 x lo’’ and 6 x 

meters secondo1 correspond t o  t h e  observed temperature  d i s t r i b u t i o n s  

i n  wells UWT-1, UWT-2 and UWT-3. Given the  water l e v e l s  f o r  t h e  

t h r e e  w e l l s  as shown on Figure 2 ,  and the  assumed s a t u r a t e d  a q u i f e r  

t h i ckness  of 350 meters, a range of t r a n s m i s s i v i t i e s  f o r  t h e  

a n t i c l i n e  may be c a l c u l a t e d  using Darcey’s l a w .  The c a l c u l a t e d  

t r a n s m i s s i v i t i e s  a long the  crest of t h e  a n t i c l i n e  range from 
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TABLE 11 

Thermal Conductivity and Thickness Parameters 
Used in Computer Modeling. 1 

F orma t ion Thickness Thermal Total Weighted 
Thermal (meters) Conductivity Thickness 

(Wm-l K - l )  Conductivity 

Phosphoria 80 4 .O 

Tensleep 85 4 04 Paleozoic 

Amsden 

Madison 

Bighorn 
. 

85 

145 

40 

3 03 

4.0 - 

4.6 

Aquifers 

435 meters 

4 .O 

Gallatin 145 3.1 

Gros Ventre 155 2.5 Undivided 2.9 
Cambrian 

345 meters 

Flathead 45 3 06 

3 03 3.3 Pre-Cambrian --- 

'Values are from Header, 1978 and Hinckley et al., 1982. 



16 

\ 

A Oarcian velocity = 6 lo-' meters second-' A' 

c 
E 

f 
3 
Y 

Distance (km) 

A Oarcion velocity = 6 x lo-' meters second" A' 

0.3 

0.4 1 
0.5 

g o . 6  TS 

0.7 - 
0.8 - 
0.9 84 

m 

0 2 4 6 8 10 12 14 16 18 
I .o 

Distance (km) 

A Dotcian velocity = 6 * Id' meters second'' A' 

Distance (km) 

A Oarcian velocity = 6 x 10.' meters second-' A' 

0.3 I 

0.8 - 
0.9 84 

f 
'"0 2 4 6 8 I0 I2 14 16 I8 

Distance (km) 

Figure  6 .  R 2 s u l t s  of numerical  modeling f o r  varying Darc ian  flow 
v e l o c i t i e s .  
modeled area from 50 meters t o  400 meters i n  d e p t h .  
F i g u r e  2 f o r  l o c a t i o n  and Table XI f o r  parameters  used 
i n  t h e  model. 

Water flow is from l e f t  t o  r i g h t  a c r o s s  
See 

Contours are i n  degrees  C e l s i u s .  



approximately 

gal lons  day'l 

17 

.32 to 3.2 meter2 second-l (2.19 x lo6 to 21.9 x lo6 

f t") . 
The implications of the computer model are as f o l l o w s .  

1). The observed temperature distribution along the 

anticline can be easily explained by conductive heat l o s s  of 

water moving along the axis of the anticline. This implies 

relatively little flow perpendicular to the axis of the 

anticline. 

2 ) .  The crest of the anticline is an area of high 

transmissivities. 

These implications suggest that a drill site should be located as 

close to the  crest of the anticline as possible f o r  greatest 

potential water production and temperature. 
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PERMITTING PROCEDURE 

L i s t e d  i n  Tables 111, IV, and V are t h e  va r ious  agencies  and 

permi ts  p e r t a i n i n g  t o  geothermal development i n  the  v i c i n i t y  of 

Thennopol is ,  Wyoming. The Tables l i s t  the  agency, type of permit and 

addres s  for l o c a l  (Table III), S t a t e  (Table I V ) ,  and Federa l  (Table  

V) agencies  p o t e n t i a l l y  involved i n  t h e  geothermal permi t t ing  

process .  Data contained i n  the  Tables  are p r imar i ly  from Aspinwall 

e t  a l . ,  1980. 

The type of permits w i l l  p a r t i a l l y  depend on the  land ownership 

of the d r i l l  site. For example, i f  t he  d r i l l  s i t e  i s  on Fede ra l ly  

owned l a n d ,  Tables  111, I V ,  and V show t h a t  t he  agencies  l i s t e d  f o r  

t h e  Town of Thermopolis and the  State Board of Land Commissioners 

w i l l  not  have t o  be contac ted  f o r  permits .  However, i n  a l l  cases t h e  

Wyoming State Engineer must be contac ted .  This  is because under 

Wyoming l a w  (Wyoming S t a t u t e  41-3-901) underground water i s  def ined  

as any water, i nc lud ing  ho t  water o r  geothermal steam, under t h e  

s u r f a c e  of t he  land .  Since underground water i s  c o n t r o l l e d  by t h e  

S t a t e  Engineer’s Of f i ce ,  any geothermal e x p l o r a t i o n  o r  product ion of 

water must be permi t ted  through t h a t  o f f i c e .  

Shown i n  Table  VI i s  a summary of Tables  111, LV, and V. 

Table V I  l i s t s  the  agencies  involved i n  geothermal l e a s i n g ,  mandatory 

s ta te  permi ts ,  and c o n d i t i o n a l  permits  which depend on land ownership 

of t h e  d r i l l  s i t e .  

Although t h e  t a b l e s  are be l ieved  t o  r ep resen t  t he  agencies  and 

permi ts  necessary  f o r  geothermal development i n  the  v i c i n i t y  of 

Thennopol is ,  i t  would be wise t o  confirm with each agency the  l i s t  of 

permi ts  necessary .  



TABLE 111 

C i t y  Agency Permit 

C i t y  P lanning  Commission Zoni ng 

Local Agencies and Pe rmi t s  Involved  
i n  Geothermal Development i n  t h e  Thermopolis Area 

Required Prior To 

Cons t r u c  t i o n  

Address 

Town of Thermopolis 
Thermopolis,  Wy. 82443 

Note 

Appl i e s  to  development 
within C i t y  l i m i t s .  

C i t y  Bu i ld ing  I n s p e c t o r  Bui ld ing  Permit S t a r t  of C o n s t r u c t i o n  Same as above 
C e r t i f i c a t e  of 

Occupancy Use of Bui ld ing  

County Agency 

County P lanning  Commission/ 
Board of Adjustment Zoning C o n s t r u c t  i o n  

Hot Spr ings  County Cour thouse  
Thermopolis,  Wy. 82443 May no t  be r equ i r ed .  

County C l e r k  Bu i ld ing  Permit S t a r t  of C o n s t r u c t i o n  SQme as above May n o t  be r equ i r ed .  



State Agency 

State Board of Land 
C ommi s s i one r s 

Wyoming Department 
of Highways 

State Engineer 

TABLE IV 

State Agencies and Permits Involved 
in Geothermal Development in the 

Pemi t Required Prior To 

Exploration Exploration 
Permit 

Land Lease Development 

Encroachment Building Utility 
Permi t Lines 

Oversize Vehicle Moving Oversize/Over- 
Permi t we 1 gh t Equipment 

Permit to Appro- Drilling Geothermal 
priate Ground- Well 
water 

Exploratory Operation of Plant 
Permit to 
Appropriate 
Groundwater 
Product ion 

Department of Environ- 
mental Quality 
Air Quality Division Construct ion Start of Construction 

Permi t 

Land Quality Division "Reclamation" Start of Construction 
Permit 

Thennopolis Area 

Address 

Pioneer Building 
2425 Pioneer Ave 
Cheyenne, Wy. 82002 

P.O. Box 1708 
Cheyenne, Wy. 82002 

Herschler Building 
Cheyenne, Wy. 82002 

Hathaway Building 
Cheyenne, Wy. 82002 

Note 

Applies to development 
on State owned land only. 

Requi red t o  bui Id 
utility lines or place 
pipe in highway right of way. 

Required irrespective of 
ownership of land. 

May require public hearings. 

May require extensive 
site studies. 

1 



TABLE IV (Continued) 

State Agency 

Department of Environ- 
mental Quality 
Solid Waste Management 
P c ogr am 

Water Quality Division 

Industrial Siting Council/ 
Administration 

Perrit Required Prior To Address 

Industrial Solid Start of Construction 
Waste Disposal Operation of Plant 
Permit 

t 

Construct Ion Start of Construction 
Pe rmi t 

Nat tonal Start of Plant 
Pol lu t i on 
Discharge 
Elimination 
Sys tem Permit 

Operation 

Indus t r i a1 Start of Construction Boyd Building 
1720 Carey Avenue Siting 

Permit Cheyenne, Wy. 82002 

Note 

Site Inspections 
required but may be 
waived by the agency. 

May require extensive 
socio-economic and site 
studies. For projects 
over $67,400,000 in 
1979 dollars. 



TABLE V 

Federal Agencies and Permits Involved 
in Geothermal Development in the Thermopolls Area 

Federal Agency Permit Required Prior To 

U.S. Department of the 
Interior Conduct Site Exploration and devel- 
U.S. Geological Survey Specific Envi- opment (after lease 

ronmen r a 1 by surface manage- 
analyses and ment agency) 
Approval of 
operation and 
Development Plans 

Exploration Exploration 

Environmental Gathering of 1 years 
Easel ine environmental data 
Data 

Development Drilling of production 
wells 

Utilization Construction of power 
plants or area heat 
plants, injection 
systems, etc . 

Productf on Commercial Utility Use 

Note 

B.L.M. should automatically 
submit penni ts for 
U.S.G.S. approval. 

Requires many letters of 
permission and site easements. 

Must be complete before 
development plan fs 
submi t Ted. 

Development, utilization, and 
and production plans 
can be submitted 
and processed concurrently.. 

Includes production data 
from wells and delivery 
timeliness. 



F e d e r a l  Agency Permit  

U.S. Department of 
the  I n t e r i o r  
Bureau of Land kngement Permit f o r  pre- 

l e a s e  Operation 

Lease f o r  BLM 
Lands 

Plant S i t  i ng 
Permit 

TABLE V (Continued) 

Required P r i o r  To Mdresa Mote 

Ex p 1 o ra t ion 

Major e x p l o r a t i o n  and 
cons eruct  1 on 

P1 ant Construct  i o n  

2515 Warren Ave. Appl ies  pr imari ly  
P.O. Box 1829 to development 
Cheyenne, Wy. on Federal land. 

82002 

Approval of 
Operation 
Plans with  
U.S. Ceolog- 
i c a l  Survey 



TABLE VI 

Suinmary of Geothermal Permits for the Thermopolis Area 

Requirement Agency 

Land Purchase or Lease 

Federal Lands 
State Lands 
Local Public Lands 
Private Lands 

Mandatory State Permits * .  

Permit to  Appropriate 
Groundwater: Exploratory 

Fermit to Appropriate 
Groundwater: Production 

Water Quality Construction 
Permit 

National Pollut€on Discharge 
Elimination System Permit 

Land Quality Construction/ 
"Reclamation" Perm1 t 

Air Quality Construction 
Permit 

Industrial Solid Waste 
Disposal Permit 

B.L.M. 
Board of Land Comm. 
C i t y  or County 
Individuals 

Wy. State Engineer 

Wy. State Engineer 

D.E.Q., Water Quality 

D.E.Q., Water Quality 

D.E.Q. ,Land Qual€ty 

D.E.Q., Air Qual€ty 

D.E.Q., Solid Waste 

See Table 

V 
IV 
I11 

IV 

TV 

IV 

IV 

IV 

IV 

IV 



Requirement 

C o n d i t i o n a l  P e r m i t s  

Loca l  
Zoning P e r m i t  
B u i l d i n g  P e r m i t  

S t a t e  
P e r m i t  to P r o s p e c t  f o r  

Geothermal  Resource 
I n d u s t r i a l  S i t i n g  Pe rmi t  

O v e r s i z e  V e h i c l e  P e r m i t  
Encroachment  Pe rmi t  

Table VI (Con t inued)  

Agency 

F e d e r a l  
Easements  for P a s s a g e  

across  a b u t t i n g  l a n d s  
Pre-Lease Operation Permi t  
Geothermal  O p e r a t i o n  and 

Dew lopment P1 a n s  

Wy. C i t y  or County  
Wy. City or  County  

Wy. Board of Land 
C oinmi ss i one  rs 

Wy, I n d u s t r i a l  S i t i n g  
C ommi s s i u n  

Wy, Dept ,  of Highways 
Wy. Dept ,  of Highways 

A b u t t i n g  T,and Owners 

B.L.M. 
U.S. Geologica ' l  Survey  

See Table 

111 
1x1 

I V  

IV 

I V  
IV 

V 

v 

N cn 
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SlTJmARY 

The area near  Western Area Power Adminis t ra t ion 's  Thermopolis 

f a c i l i t y  is favorably loca ted  f o r  the  use of geothermal energy. 

p r i v a t e  land approximately 1/2 m i l e  (08 km) n o r t h  of t he  f a c i l i t y ,  

130 OF (54 OC) water may be encountered a t  depths  of 110 t o  190 f e e t  

(34 t o  58 meters ) .  The p o t e n t i a l  p roduc t iv i ty  of a w e l l  a t  t h i s  s i t e  

is high due to  modeled hydraul ic  t r a n s m i s s i v i t i e s  i n  the range of 2 x 

lo6 t o  20 x lo6 gallons day -1 foot'l ( .32 t o  3.2 meters' second-I). 

Two o the r  s i t e s  s tud ied  are less favorable .  A t  WAPA's f a c i l i t y  

a d r i l l  ho le  would have t o  be deeper than 2500 f e e t  (760 meters)  and 

On 

may not  encounter water as w a r m  as a t  the  p re fe r r ed  s i t e .  A t  a s i t e  

on Federa l  land which is over one m i l e  (1.6 km) t o  t he  nor th  of the  

f a c i l i t y ,  a d r i l l  hole  would be up t o  500 f e e t  (150 meters)  deep, and 

may not be as product ive as the  main s i t e .  

P o t e n t i a l  problems which e x i s t  with a l l  t h r e e  si tes mainly 

revolve  around the  acceptance of geothermal development by people i n  

t h e  Thermopolis area. 
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SYNOPSIS 

Thermopolis i s  t h e  s i t e  o f  Hot 
Springs S t a t e  Park, where numerous 
hot sp r ings  produce nea r ly  3,000 ga l -  
lons pe r  minute (gpm) of  130°F (54°C) 
water.  
thermal Resource Assessment Group has 
s tud ied  a 1 , 700-square-mile a rea  cen- 
t e r e d  roughly on t h e  S t a t e  Park. 
Avai lable  l i t e r a t u r e  , bottom-hole tem- 
p e r a t u r e s  from over 400 o i l  well logs,  
62 o i l  f i e l d  d r i l l  stem tests,  t h e  
Wyoming S t a t e  Engineer 's  water wel l  
f i l e s ,  60 formation water analyses ,  
thermal logs  o f  19 ho le s ,  and f i e l d  
i n v e s t i g a t i o n s  o f  geology and hydrology 
form t h e  b a s i s  of t h i s  r epor t .  

The Univers i ty  of  Wyoming Geo- 

The present  sp r ings ,  a s  well a s  i n -  
d i ca t ions  o f  previous spr ings ,  a r e  lo-  
ca ted  a t  t h e  crest  of t h e  Thermopolis 
Ant ic l ine .  This  i s  an asymmetric f o l d ,  
much s t eepe r  t o  t h e  south,  which plunges 
east and northwest from Thermopolis. 
The a n t i c l i n e  appears  t o  be broken 
along i t s  axis by a major basement 
f a u l t  and by smal le r  t ransverse  f a u l t s .  
From t h e  c r e s t  o f  t h e  a n t i c l i n e ,  where 
Permian and Triassic formations a r e  
Jxposed, s t r a t a  up through Cretaceous 
d ip  s t e e p l y  southward i n t o  a sharp 
syncl ine ,  then r ise  gent ly  up t h e  no r th  
f l ank  o f  t h e  Precambrian-cored O w l  
Creek Mountains, 

Analysis  of  thermal d a t a  r evea l s  t h a t  
temperatures o f  up t o  161°F (72°C) occur 
along t h e  c r e s t  o f  t h e  Thermopolis Anti-  
c l i n e  wi th in  500 f e e t  o f  t h e  sur face .  
Thermal g rad ien t s  along the  a n t i c l i n e  
range from 43 t o  300"F/1,000 f e e t ,  i n  
c o n t r a s t  w i th  g rad ien t s  o f  around lS°F/ 
1,000 f e e t  f o r  a reas  t o  the  nor th  and 
south.  In  add i t ion  t o  t h i s  low-tem- 
pe ra tu re  hydrothermal resource a rea  
(approximately 30 square miles) along 
t h e  Thermopolis Ant ic l ine ,  t h e r e  i s  a 

marginal resource i n  t h e  Red Spring 
Ant ic l ine  a rea  8 miles  e a s t  o f  Ther- 
mopolis which shows gradien ts  of  up 
t o  51°F/1,000 f e e t ,  Thermal g rad ien t s  
wi th in  t h e  resource a r e a  increase  wi th  
proximity t o  t h e  c r e s t  of t h e  a n t i c l i n e .  
The h ighes t  g rad ien ts  and temperatures 
a r e  found near  t h e  northwest end of  t h e  
s t r u c t u r e .  

We have s tudied  t h e  hydrology and 
hea t  flow of these  geothermal anomalies. 
Inves t iga t ions  i n d i c a t e  t h a t  waters  
discharging a t  Hot Springs S t a t e  Park 
e n t e r  upper Paleozoic aqu i f e r s  which 
crop out  i n  the  mountains t o  t h e  south  
and west. 
r e l a t i v e l y  impermeable T r i a s s i c  s i l t -  
s tones  and mudstones, and they flow 
under a r t e s i a n  pressure  through t h e  i n -  
te rvening  syncl ine  t o  sur face  along 
f a u l t s  breaking t h e  c r e s t  o f  t h e  Ther- 
mopolis Ant ic l ine .  Although t h r e e  hea t -  
ing  mechanisms have been proposed, geo- 
l o g i c a l  cons idera t ions  and thermal model- 
i ng  i d e n t i f y  simple conductive hea t ing  i n  
t h e  deep p o r t i o n s  of  t h e  sync l ine  as 
most p l a u s i b l e .  Furthermore, flow and 
hea t ing  models i nd ica t e  t h a t  t h e  maxi- 
mum temperatures l i k e l y  t o  be produced 
from t h e  system a t  reasonab1.e d r i l l i n g  
depths a r e  140°F (60°C) i n  t h e  immediate 
v i c i n i t y  of Thermopolis and 170°F (77°C) 
i n  an a rea  8 miles  t o  t h e  northwest.  A r -  
t e s i a n  pressure  i s  apparent ly  s u f f i c i e n t  
t o  ensure sur face  flow f o r  wells i n  a 
broad a r e a  along t h e  Bighorn River south 
and no r th  of  Thermopolis. 

These waters a r e  confined by 

The major aqu i f e r s  f o r  t h e  Thermopolis 
geothermal system a r e  t h e  Permian Park 
Ci ty  Formation (mostly l imestone) , t h e  
Pennsylvanian Tensleep Sandstone, and ' 
t h e  Mississ ippian Madison Limestone. 
The Flathead Sandstone o f  Cambrian age 
may a l s o  y i e l d  hot waters ,  though a t  far  



grea te r  depths .  Chemical comparisons 
between i d e n t i f i e d  aqu i f e r  waters  and 
t h e  Thermopolis hot  sp r ings  suggest t h e  
Madison Limestone as t h e  major water 
source,  though con t r ibu t ions  from over- 
l y ing  u n i t s  a r e  l i k e l y .  Po ten t i a l  y i e l d  
gene ra l ly  inc reases  from t h e  Park Ci ty  
Formation t o  t h e  Tensleep Sandstone, 
and again t o  t h e  Madison Limestone. 
Ind iv idua l  wel l s  i n t o  t h e  Madison L i m e -  
s tone  i n  t h e  southern Bighorn Basin 
have produced nea r ly  3,000 gpm. Exis t -  
i n g  hot  wells (less than  1,000 feet  
deep) i n  t h e  a r e a  j u s t  nor th  o f  Ther- 
mopolis flow up t o  1,000 gpm from t h e  
Park C i t y  Formation. 

That geothermal waters  a r e  mixing be- 
tween t h e  upper Paleozoic formations 
along t h e  Thermopolis Ant ic l ine  is  demon- 
s t r a t e d  by isothermal  condi t ions i n  
d r i l l  ho le s ,  homogeneous chemistry,  and 
s i m i l a r i t y  of  hydraul ic  head. Thus, 
d r i l l i n g  deeper than  necessary t o  se- 
cure adequate flow i s  un l ike ly  t o  pro- 
duce s i g n i f i c a n t l y  higher temperatures,  
higher  p re s su res ,  o r  super ior  chemical 
c h a r a c t e r i s t i c s .  Waters wi th in  t h i s  
geothermal r e s e r v o i r  a r e  similar i n  

composition t o  t h e  e x i s t i n g  spr ings :  
calcium s u l f a t e  and bicarbonate waters  ' 
with t o t a l  dissolved s o l i d s  o f  around 
2,300 mil l igrams per  l i t e r .  

Geothermal waters  have been used 
f o r  r e s i d e n t i a l  space heat ing on a 
l imi ted  b a s i s  i n  Thermopolis f o r  s eve ra l  I 
decades. These app l i ca t ions ,  using 
su r face ,  a r t e s i a n  discharge o f  ho t  wel l  , 

water v i a  subf loor  p ip ing ,  may pro- 
v ide  use fu l ,  long-term d a t a  on poss ib l e  
development problems. Dr i l l -ho le  
casing cor ros ion  and co l lapse  o r  mineral  
depos i t ion  may be respons ib le  f o r  de- 
c l i n i n g  flows i n  seve ra l  wells; exces- 
s i v e  calcium carbonate depos i t ion  i s  
known t o  be a problem i n  c e r t a i n  cases .  
Legally,  development of t h e  Thermopolis 
geothermal system must comply wi th  Wyo- 
ming S t a t e  Engineer r egu la t ions  on 
water appropr ia t ions  and wi th  var ious ' 

Federal and S t a t e  agency procedures 
f o r  l ea s ing  and d r i l l i n g .  An addi- 
t i o n a l  c o n s t r a i n t  s p e c i f i c  t o  t h e  Ther- 
mopolis a r e a  i s  t h a t  t h e  flow o f  t h e  
spr ings  o f  Hot Springs S ta t e  Park i s  
e x p l i c i t l y  pro tec ted  by s t a t u t e .  

INTRODUCTION 

We have s tud ied  t h e  Thermopolis 
hydrothermal system as p a r t  o f  a s t a t e -  
wide geothermal resource  assessment 
program. The Thermopolis system has 
rece ived  s p e c i a l  a t t e n t i o n  because of  
t h e  spec tacu la r  n a t u r a l  hydrothermal 
f e a t u r e s  loca ted  over it and because 
t h e r e  is p o t e n t i a l  use f o r  t he  geo- 
thermal resource i n  Thermopolis. 

The s tudy a rea  f o r  t h i s  r e p o r t  en- 
compasses about 1,700 square miles  i n  
t h e  southern end o f  t h e  Bighorn Basin 
i n  northwest Wyoming. The Bighorn 
Basin i s  t h e  sub jec t  o f  a r eg iona l  geo- 
thermal ana lys i s  (Hinckley and Heasler,  
i n  prepara t ion)  and includes s i t e - spe -  
c i f i c  s t u d i e s  at Cody (Heasler,  1982) 
and Thermopolis ( t h i s  r e p o r t )  (Figure 
1). The major su r face  expression 

expression o f  the Thermopolis hydro- 
thermal system i s  a group of spr ings  
represented l o c a l l y  as the  "World's 
Largest Mineral Hot Spring." These 
spr ings  give t h e  town o f  Thermopolis 
i t s  name and form t h e  nucleus of  t he  
640-acre Hot Springs S t a t e  Park (Figure 
2). The s ing le  l a r g e s t  vent i n  t h e  
group, known a s  Big Spring,  flows 2,419 
gpm [Wyoming S t a t e  Engineer 's  f i les1 on 
average, a t  132°F (56°C). Including 
f i v e  hot water we l l s  d r i l l e d  j u s t  no r th  
o f  the  S t a t e  Park,  t h e  system produces 
4,861 @,m a t  124 t o  132°F (51 t o  56°C) 
(see Table 1). 

Cursory s t u d i e s  of t h e  Thermopolis 
system have been made by var ious  work- 
e r s ,  inc luding  Darton (1906), Woodruff 
(1909), B a r t l e t t  (1926), Burke (1952), 
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---and Breckenridge and Hinckley (1978). 
The p resen t  s tudy is  t h e  first at tempt  
t o  synthes ize  thermal,  geologic,  hy- 
d ro log ic ,  and chemical d a t a  f o r  t h e  
system s ince  ex tens ive  o i l  exp lo ra t ion  
and our own well logging have made 
such d a t a  ava i l ab le .  The f i r s t  sec- 

I--t ion o f  t h i s  r epor t  develops the  s t r u c -  

I 

tural  and s t r a t i g r a p h i c  framework o f  
t h e  Thermopolis area. Next, we p re -  
s e n t  t h e  r e s u l t s  of  our  thermal and 
hydrologic  inves t iga t ions ,  wi th  d i s -  
cuss ions  of  hea t ing  mechanisms , water 
chemistry and a v a i l a b i l i t y ,  and flow 
p a t t e r n s  f o r  t h e  system. 
t i o n  i s  a summary o f  our conclusions on 
t h e  ex ten t  and funct ioning o f  t h e  
hydrothermal system, a d iscuss ion  o f  t h e  
development impl ica t ions  o f  our f ind -  
i ngs ,  and a suggestion o f  product ive  
d i r e c t i o n s  f o r  f u r t h e r  study. Compil- 
a t i o n s  of a l l  bottom-hole temperature,  
water chemistry,  and hydraul ic  head d a t a  

The f i n a l  sec- 

a r e  ava i l ab le  as Open F i l e  Report No. 
82-3 from t h e  Geological Survey o f  Wyo- 
ming, BOX, 3008, Universi ty  S ta t ion ,  
Laramie, Wyoming 82071. 

Funding f o r  t h i s  p r o j e c t  was provid- 
ed by t h e  United S t a t e s  Department of 
Energy under Cooperative Agreement 
DE-F107-79ID12026 with t h e  Univers i ty  
of  Wyoming Department of  Geology and 
Geophysics. Co-principal i n v e s t i g a t o r  
a t  t h e  incept ion  of  t h e  p r o j e c t  was 
Edward Decker, whom we thank f o r  h i s  
c r i t i c a l  review o f  t h e  manuscript. We 
wish t o  thank Coronado O i l  Company and 
t h e  people i n  t h e  Thermopolis a r e a  who 
allowed thermal logging o f  d r i l l  holes  
and gave us t h e i r  observat ions:  Tom 
Anderson, Daune Bird,  Lewis Freudenthal,  
Alice  Jones,  Dave Jones,  Anna Maret, 
Clayton Merrit, V i r g i l  Russel,  Norman 
Sanford, Tom Sanford , Tom Sul l ivan  , 
Scot t  Taylor,  and Zola Van Norman. 

Table 1. Well and sp r ing  d a t a  f o r  t h e  Hot Springs S t a t e  Park a rea .  

Surface Average Depth, 
Name temperature flow, gpm f e e t  

Van Norman Well 

Quarry Well 

Maytag Well 

Sacaj awea Well 

McCarthy Well #1 

McCarthy Well # 2  

Bathtub Spring 

White Sulphur Spring 

B 1  ack Sulphur /Terr ace Spring 

Rai l road Spring 

P i l i n g  Spring 

Big Spring 

TOTAL 

124°F (51°C) 

115°F (46°C) 

128°F (53°C) 

128°F (53°C) 

129°F (54°C) 

128'F (53°C) 

127°F (53°C) 

127°F (53°C) 

131°F (55°C) 

>95"F (35°C) 

132°F (56°C) 

Flow weighted average temperature = 130°F (54°C) 

Contro 1 led  550 

'L3 7902 

7362 900 (?) 

1,0002 900 (?) 

52g2 510 

<1 450 

2 l  

lo1 

<3l  

<3l 

1632 

2,41g2 

4,861 

References: 'Breckenridge and Hinckley, 1978; 'Wyoming S t a t e  Engineer; 
3Bartlett , 1925. 
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GEOLOGY 

Within 10 miles no r th  and south o f  
Thermopolis a r e  outcrops o f  rocks span- 
n ing  over 3 b i l l i o n  yea r s  o f  geologic  
time. The names, genera l  arrangement 
and compositions,  and ages o f  t hese  
rock s t ra ta  a r e  presented  i n  Figure 3 
along wi th  a b r i e f  s ta tement  on t h e i r  
water-bearing p r o p e r t i e s  Surface ex- 
posure of  t h e  var ious  u n i t s  is con- 
t r o l l e d  by how they  have been folded,  
f a u l t e d ,  and eroded. Plate 1 and Fig- 
ure 4 d i s p l a y  t h i s  information along 
wi th  t h e  names o f  major f o l d s ,  and o f  
o i l  and gas f i e l d s ,  i n  t h e  s tudy area .  

A l l  o f  t h e  thermal sp r ings  i n  t h e  
S t a t e  Park p r e s e n t l y  flow from the  
lower Chugwater Format ion  along the  
Bighorn River.  Extensive t r a v e r t i n e ,  
su lphur ,  and gypsum depos i t s ,  mostly 
west o f  t h e  r i v e r  (Figure 4 ) ,  i n d i c a t e  
t h a t  hydrothermal a c t i v i t y  has not al-  
ways been confined t o  i t s  p resen t  lo -  
c a t i o n .  Commercial q u a n t i t i e s  o f  s u l -  
phur co inc ident  wi th  Park Ci ty  Forma- 
t i o n  outcrops mark a major focus o f  
a c t i v i t y  4 miles west-northwest of  town 
(Major, 1946) , and t r a v e r t i n e  caps on 
Round Top and T H i l l  (Figure 2) mark 
mineral  sp r ings  a c t i v i t y  up t o  600 
f e e t  h igher  than  a t  p re sen t .  Logical ly ,  
such sp r ings  w i l l  seek t h e  lowest a v a i l -  
ab l e  o u t l e t ,  so  the  s h i f t i n g  p a t t e r n  
o f  a c t i v i t y  may, i n  p a r t ,  r e f lec t  con- 
t i nued  downcutting o f  t h e  Bighorn River.  
The p r e s e n t  l oca t ion  of t h e  sp r ings  
and B a r t l e t t ' s  (1926) observat ion of  
numerous small ho t  sp r ings  i n  t h e  Big- 
horn River support  t h e  proposal  of  
topographic  con t ro l .  That a l l  t h e  hot  
sp r ings  may one day abandon t h e i r  p re-  
s e n t  sites f o r  topographica l ly  lower 
vents  i s  ind ica t ed  by Breckenridge 
and Hinckley's (1978) conclusion,  based 
on f l u o r i m e t r i c  s t u d i e s ,  t h a t  t h e  waters 
o f  r e c e n t l y  dec l in ing  Black Sulphur 

Spring are now vent ing d i r e c t l y  i n t o  
t h e  r i v e r .  

The s t r i n g  o f  hydrothermal de- 
p o s i t s  shown i n  Figure 4 corresponds 
c lose ly  wi th  t h e  a x i s  o f  t h e  Thermo- 
p o l i s  Ant ic l ine ,  an asymmetric f o l d  
t rending  and plunging roughly east and 
west-northwest from Thermopolis. Five 
domes occur a long t h e  a n t i c l i n e :  from 
west t o  east they  a r e  Rose Dome (Red 
Rose Dome, Ot tey  Dome), Cedar Ridge 
(Cedar Mountain Ant ic l ine ,  White Rose 
Dome), Condit s Dome, West Warm Spring 
Dome, and East Warm Spring Dome. The 
southern f l ank  of  t h e  a n t i c l i n e  has  
s t e e p l y  dipping s t ra ta ,  ranging from 
30" t o  v e r t i c a l  o r  s l i g h t l y  overturned.  
The s t ra ta  on t h e  nor thern  f l ank  d ip  
at  much g e n t l e r  angles ,  5 t o  20". 
Dips on both limbs a re  less s t eep  on 
t h e  po r t ion  o f  t h e  a n t i c l i n e  east o f  
t h e  Bighorn River.  

J u s t  south  o f  and p a r a l l e l  t o  t h e  
Thermopolis An t i c l ine  is a s t rong ly  
asymmetric sync l ine ,  t h e  no r th  limb o f  
which has s t e e p l y  south-dipping u n i t s  
which bend sharp ly  upward a t  t h e  syn- 
c l i n e  a x i s .  In t h e  south limb, t h e  
u n i t s  r i s e  gent ly  (5-10" d ips )  toward 
outcrops on t h e  no r th  f l ank  o f  t h e  O w l  
Creek Mountains. Like t h e  a n t i c l i n e ,  
t h e  sync l ine  plunges northwest.  It i s  
t runca ted  t o  t h e  east by t h e  Red Spring - 
Wildhorse Butte Ant ic l ine .  I ts  a x i s  
i s  roughly p a r a l l e l  t o  and wi th in  one 
mile o r  less o f  t h e  a n t i c l i n e  a x i s .  

This  t i g h t ,  apparent ly  s i m i l a r  fo ld -  
ing  i s  accompanied by th inn ing  of  
shaley u n i t s  , f r a c t u r i n g ,  and f a u l t -  
ing.  Aerial photographs r e v e a l  t h i n -  
n ing  of  t h e  Chugwater Formation on t h e  
s t eep  south f l ank  o f  t h e  a n t i c l i n e  
j u s t  no r th  o f  Therrnopolis, on t h e  south- 
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WATER-BEARING CHARt\CTIRISTICS PI I y s I C:\L il I: sc I< I 1'1' I 0 N 
f-- I 

0-2400 Volcanics and pyroclastics. of 
chiefly andesitic composition. 

Highly variable water yields due to 
heterogeneous lithology. 

9 '  

I 
Clay sandstone, shale; some con- 
glomerate. 

Same as abovc.  0 
Tertiary 

3300 

W 
0 Thin-bedded sandstone and canglo- 

merate, shale; some coal beds. 
Water yields primarily a function of 
sandstone content, which is highly 
variable both vertically and later- 
ally. Secondary permeability less 
developed than in lower rocks. 

3300 I 

1600 Thick-bedded sandstone and shale Same as abovc.  

Tuffaceous sandstone, shale; some 
bentonite and coal beds. 

Same 2s a b o v e .  1300 

650-1300 Interbedded sandstone and shale; some coal beds. 

2500- 
2800 

Shale; some thin sandstone beds. Small quantities of water from sandy 
andlor fractured zones. 

Cretaceous 
Sandstone with interbedded shales; 
some thin bentonite beds 

Good water supply from sandstone 
beds. 610-950 

Shale, commonly siliceous, numcrous 
thin bentonite beds. 

Little or no water supply 270-300 

340-420 Shale, Muddy Sandstone near base. Some water from Muddy Sandstone. 

Sandstone, siltstone, shale, con- 
glomerate at base. 

Small quantities of wafer from sand- 
stone beds. 170-260 

190-300 

200-230 

80-175 

Claystone and sandstone. 
Shale, fine sandstone, some thin 
limestone beds. 

Shale, limestone, and gypsum. 

Little or no water supply. 
Little or no water supply. 

4 

Jurassic 
May produce good yields locally due 
to gypsum solution. 

1000- 
1190 

Siltstone, shale, and fine sand- 
s tone. 

Fair water yields from sandstone 
beds, little or no water supply 
otherwise. Triassic 

Siltstone, with some dolomitic beds. 
Limestone and dolomite, with some 
siltstone and shale. 
Sandstone, with some dolomitic beds. 

Little or no water supply. 
Good water supply from frac- 
turcd zones. 
Good water supplies comonly under 
artesian pressure. 

40-80 
200-280 Permian 

280-390 

Pennsy lvonion Shale, dolomite, local basal sand- 
stone. 
Limestone and dolomitic limestone. 

240-320 

Excellent water quantities locally 
due to solution permeability, com- 
monly under artesian pressure. 

330-490 

85-250 Massive dolomite Same as above 

Interbedded limestone, siltstone, 
and silty shale. 

Lithology suggests poor 
water supply. 440-470 

Cambrian 

Shale with some sandstone and 
limestone beds. 
Sandstone, conglomeratic arkose at 
base. 

Lithology suggests poor 
water supply. 
Assumed to be good water 
supply * 

360-510 

190-250 

i Granite, gneiss, and schist. Water only from weathered andlor 
fractured zones. 

, F i g u r e  3. Geolog ic  column for the Thennopo l i s  s t u d y  area .  See page 43 for 
credits. Column thicknesses a r e  t o  s c a l e  1:12,000 for Frontier and 
below, 1:52,800 for C o d y  and above .  I 
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west s i d e  o f  Rose Dome, and poss ib ly  
(contac ts  a r e  covered) on t h e  northwest 
end o f  Cedar Ridge; e s t ima tes  of  Chug- 
water th inn ing  a r e  400, 500, and 200 
f e e t ,  r e spec t ive ly .  Thinning of  t h e  
Morrison Formation i s  repor ted  a t  t h e  
same loca t ion  on Rose Dome (Lease and 
Palse, 1952), and th inn ing  of  t h e  sha le s  
i n  t h e  Sundance and Cloverly Formations 
on Rose Dome was observed by Summer- 
fo rd  e t  a l .  (1947). There i s  photo- 
graphic  evidence f o r  t h inn ing  o f  t h e  
Cloverly Formation and Thermopolis 
Shale on t h e  s t e e p l y  dipping f l ank  o f  
t h e  northwest end o f  Cedar Ridge. 

There i s  a l s o  abundant evidence of  

A pronounced r eve r se  f a u l t  i s  
f a u l t i n g  along the  Thermopolis Anti- 
c l i n e .  
ev ident  on a e r i a l  photographs o f  t h e  
southern p a r t  o f  Rose Dome. 
L i t t l e t o n  (1961) d i d  not  p l o t  a f a u l t  
here ,  bu t  t hey  d i d  i n d i c a t e  t h a t  t h e  
Sundance, Morrison, and Cloverly For- 
mations a r e  not  p re sen t  i n  t h i s  a r ea ,  
and p l o t t e d  a l o c a l l y  wider outcrop 
o f  t h e  Chugwater Formation.. They d i d  
map a reverse  f a u l t  on t h e  south s i d e  
o f  Cedar Ridge, where we found evidence 
of t h inn ing  o f  t h e  Chugwater Formation. 
Aerial photography sugges ts  t h a t  t h i s  
f a u l t  could extend much f u r t h e r  t o  t h e  
e a s t  along t h e  base o f  s t eep  Phosphoria 
and Dinwoody Format ion  out  crop s . 
a l s o  see a f a u l t ,  o f  undetermined mo- 
t i o n ,  on t h e  s t eep  f l ank  of t h e  a n t i -  
c l i n e  j u s t  no r th  of  Thermopolis. The 
eastward p r o j e c t i o n  of  t h i s  f a u l t  
t race is  between t raver t ine-capped  
Monument H i l l  and Big Spring i n  Hot 
Springs S t a t e  Park. 

Berry and 

We 

Hoppin (1974) has proposed t h a t  a 
lineament extends from t h e  Bighorn 
Mountains e a s t  o f  t h e  s tudy  area ,  
along t h e  Thermopolis An t i c l ine ,  and 
on west t o  Hamilton Dome, suggest ing 
t h a t  t h e  a n t i c l i n e  i t se l f  may be t h e  
r e s u l t  of a basement f a u l t .  Hamilton 
Dome i s  a s t r u c t u r e  very similar t o  t h e  
Thermopolis Ant ic l ine .  Located 8 
mi les  t o  t h e  west-northwest (P la te  1), 
it appears a s  a down-plunge ex tens ion  
o f  t h e  Thermopolis s t r u c t u r e .  The 
dome lacks  s u r f i c i a l  evidence of  a major 
r eve r se  f a u l t ,  but it does have t h i n -  

n ing  of  s h a l e  u n i t s  on the  s t eep  f l a n k  

ning o f  t he  Chugwater Formation (Berg, 
1976). Berg concludes,  from extens ive  
o i l  and gas well logs,  t h a t  Hamilton 1 

Dome r e s u l t s  from a r eve r se  f a u l t  crit- 
t i n g  Paleozoic rocks and Precambrian 
basement. 
a zone of  broken and sheared rock i n  
discont inuous wedges, dipping a t  an 
angle o f  60" o r  l e s s  no r th  i n t o  the  
Bighorn Basin (Berg, 1976). The s i m i -  9 

l a r i t y  i n  s t r u c t u r a l  form o f  the  Ther- 
mopolis Ant ic l ine  and Hamilton Dome, 
sha le  th inning ,  ad jacent  l oca t ion ,  and 
loca t ion  along t h e  same lineament, as 
wel l  as t h e  ex is tence  o f  r eve r se  f a u l t s  
a t  t he  sur face  o f  t he  Thermopolis Anti- 
c l i n e ,  s t rong ly  suggest t h a t  t he  Ther- 
mopolis s t r u c t u r e  i s  over  a basement 
f a u l t  similar i n  s t r u c t u r a l  s t y l e  t o  
t h a t  proposed by Berg f o r  Hamilton 
Dome. Figure 5 incorpora tes  t h i s  
hypothesis  i n t o  a c ros s  s e c t i o n  per -  
pendicular  t o  t h e  northwest end o f  
Cedar Ridge. 

(Krampert, 1947) and subsurface t h i n -  -* 

I 

The f a u l t  i s  thought t o  be 

Yet another f e a t u r e  common t o  Ham- 
i l t o n  Dome and t h e  Thermopolis A n t i -  1 

c l i n e  i s  small normal f a u l t s  crudely ! 

perpendicular  t o  t h e  main s t r u c t u r a l  
axes.  Krampert (1947) descr ibes  such 
f a u l t s  on Hamilton Dome; aer ia l  photo- 
graphs and our  f i e l d  examinations r e -  
vealed numerous sho r t  f a u l t s  perpendi- 
c u l a r  t o ,  b u t  no t  c ross -cu t t ing ,  t h e  
Thermopolis An t i c l ine  ax i s .  Differen-  
ces  i n  t h e  p o s i t i o n s  and o r i e n t a t i o n s  
of  t he  rock s t ra ta  on opposi te  s i d e s  
of  t h e  Bighorn River i n d i c a t e  major 
f a u l t i n g  t h e r e  and suggest t h a t  subsur- 
face  f a u l t i n g  may a f f e c t  t he  p a t t e r n  
o f  domes and in t e rven ing  saddles  a l l  
along the  a n t i c l i n e .  Surface mapping 
t o  i d e n t i f y  t h e  na tu re  o f  t h e  apparent  
s t r u c t u r a l  d i s c o n t i n u i t y  ac ross  O w l  
Creek i n d i c a t e s  t h a t  t h e  Cedar Ridge 
and Rose Dome f o l d s  may be two sepa- 
ra te  f o l d s  plunging p a s t  one another .  
S t r u c t u r a l  r e l a t i o n s h i p s  a t  depth may I 

change under t h e  inf luence  of  more 
p r e s i s t e n t  basement f e a t u r e s .  At 
t h i s  p a r t i c u l a r  s i t e ,  seve ra l  nor th-  
t rending  f o l d s  impinge on Rose Dome, 
f u r t h e r  complicating t h e  subsurface 
geometry. 
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THERMAL INVESTIGATIONS 

Thermal da t a  f o r  t h e  Thermopolis 
a r e a  have been co l l ec t ed  from t h r e e  

' p r i n c i p a l  sources:  (1) Bottom-hole 
temperature and depth measurements 
from over 400 well logs (ava i lab le  
through t h e  Wyoming Geological Sur- 
vey and t h e  Wyoming O i l  and Gas Con- 
se rva t ion  Commission), (2) measure- 
ments from wells thermally logged 
as p a r t  o f  t h e  p re sen t  s tudy,  and (3) 
measurements of  s u r f  ace temperatures 
o f  spr ings  and wells. 

BOTTOM-HOLE 
TEMPERATURE DATA 

Bottom-hole temperature (BHT) va lues  

were used t o  compute thermal g rad ien t s  
us ing  the  expression,  

Gradient = (BHT - 46"F)/Depth 

46" Fahrenheit (7.8"C) being t h e  mean 
annual a i r  temperature o f  Thermopolis 
(Lowers, 1960). This  i s  used an an ap- 
proximation of  mean su r face  temperature 
and i s  assumed not  t o  vary s i g n i f i c a n t l y  
across  t h e  s tudy a rea .  A complete l i s t -  
ing  of  a l l  o i l - f i e l d  bottom-hole temper- 
a t u r e  d a t a  used i n  t h i s  r epor t  i s  a v a i l -  
ab l e  separa te ly  as Geological Survey 
o f  Wyoming Open F i l e  Report No. 82-3. 

While var ious au thors  have used o i l  
well bottom-hole d a t a  t o  c a l c u l a t e  
thermal g rad ien t s ,  t h e  accuracy o f  such 

11 
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d a t a  i s  highly va r i ab le .  Bas ica l ly ,  
t h e r e  a r e  var ious  d r i l l i n g  assoc ia ted  
complications inconsonant w i th  t h e  s i m -  
p l e  use o f  a l l  a v a i l a b l e  bottom-hole 

7 temperatures .  Heasler (1981) p re sen t s  
a d iscuss ion  o f  techniques (both q u a l i -  
t a t i ve  and q u a n t i t a t i v e )  through which 
d a t a  can be f i l t e r e d  t o  arrive at  a 
reasonably accurate assessment o f  t h e r -  
mally anomalous a reas .  

. -- 

Gradients  for  t h e  s tudy area are 
p l o t t e d  wi th  genera l ized  geology on 
P la t e  1 and Figure 4. The gradien ts  
of Figure 4 a r e  e n t i r e l y  der ived from 
o i 1 - f i e Id bottom- ho 1 e temperature da t  a ; 
Figure  5 inc ludes  thermally logged 
ho le s  (denoted T) f o r  which gra-  
d i e n t s  were determined by s ta t i s t ica l  
ana lys i s  o f  logged i n t e r v a l s .  Since 
bottom-hole temperature d a t a  a r e  only 
s i n g l e ,  average, top-to-bottom gra- 
d i e n t s  whereas thermal logs are mea- 
surements of  many small g rad ien t  i n t e r -  
vals ,  t h e  two techniques may produce 
d i f f e r e n t  r e s u l t s .  The importance 
of  grad ien t  changes wi th in  a s ing le  
hole  i s  well i l l u s t r a t e d  by t h e  
temperature-depth p l o t s  i n  Figure 6. 

Gradients der ived  from bottom-hole 
temperatures range from 8 .1  t o  300°F/ 
1,000 f e e t  i n  t h e  s tudy  area, and high- 
e s t  g rad ien t s  occur along t h e  Ther- 

r mopolis Ant ic l ine  (43.1 t o  300"F/1 ,000 
f e e t ) ,  and t h e  Red Spring Ant ic l ine  
(15.5 t o  51.0°F/1,000 f e e t )  (Figure 
5) . Along t h e  Thermopolis s t r u c t u r e  , 
measured temperatures wi th in  1,800 
f e e t  o f  t h e  sur face  reach  a maximum of  
161°F (71.7"C). Data from Red Springs 
include temperatures  as high as 116°F 
(47°C) a t  depths  of less than 1,600 
feet .  I t  i s  d i f f i c u l t  t o  p i c k  o u t  a 
s i n g l e  value f o r  a %ormaltt g rad ien t ,  
b u t  thermal d a t a  from throughout t h e  
Bighorn Basin g ives  an average gradien t  
o f  15.4"F/1,000 f e e t .  

I 

The h igh  gradien ts  observed on t h e  
Thermopolis and Red Spring An t i c l ines ,  
i f  coupled wi th  favorable  geologic and 
hydrologic  condi t ions ,  could represent  
v i a b l e  geothermal resource areas. The 
area o f  high gradien ts  along t h e  Ther- 

I 

, 

mopolis Anticline, from the  southeas t  
p a r t  o f  T.44N., R.96W. t o  t h e  south- 
west p a r t  o f  T.43N., R.93W., i d e n t i -  
f i e s  t h e  t t resource area" of t h i s  re- 
p o r t .  
e a s t  may be a marginal resource area. 
The well d a t a  of  Table 2 include both 
Thermopolis and Red Spring areas. 

The Red Spring Ant ic l ine  t o  t h e  

Gradient and temperature d i s -  
t r i b u t i o n s  wi th in  and around t h e  re- 
source a r e a  provide evidence f o r  two 
add i t iona l  features o f  t h i s  hydro- 
thermal system: (1) There i s  a gen- 
e r a l  decrease i n  maximum temperature 
and gradien t  from west t o  eas t  along 
t h e  a n t i c l i n e .  The maximum bottom- 
hole  temperature f o r  Rose Dome i s  161°F 
(72°C); f o r  Cedar Ridge, 143°F (52°C); 
f o r  Condits Dome, 106°F (41°C); f o r  
East Warm Spring,  101°F (38°C); and f o r  
Red S?ring, 116°F (47°C). (2)  The 
high temperatures and gradien ts  are 
c lose ly  confined t o  t h e  c r e s t a l  por-  
t i o n  of  t h e  a n t i c l i n e .  Five t o  s i x  
miles  no r theas t ,  along the  Bighorn 
River,  g rad ien t s  range only from 1 2  
t o  23"F/1,000 f e e t ,  and 5 t o  10 miles 
southwest,  g rad ien t s  have dropped t o  
1 2  t o  25"F/1,000 f e e t .  The Red 
Spring s t r u c t u r e  shows s i m i l a r  gradient  
d i f f e rences  with g rad ien t s  o f  16 t o  
25"F/1,000 feet l e s s  than 2 miles 
nor theas t  of t he  a n t i c l i n e  ax is .  

A s  can be seen on P l a t e  1, we do 
not  have a continuous g r i d  o f  grad ien t  
da t a .  Thus, our d e f i n i t i o n  of  high 
&d low gradien t  areas can only be as 
f i n e  as t h e  loca l  d a t a  spacing. The 
s t r u c t u r e  o f  t h e  Wildhorse Butte 
Ant ic l ine ,  f o r  example, suggests  
t h a t  it may be an extension o f  t h e  
i d e n t i f i e d  marginal resource area a t  
Red Spring,  but  no temperature d a t a  
were found f o r  Wildhorse Butte.  Tom 
Anderson and Norman and Tom Sanford 
(per sonna 1 communication, 1979) have 
mentioned tchot t t  water wells a t  Black 
Mountain and Kirby Creek o i l  f i e l d s .  
These areas may a l s o  be marginal re- 
source areas, but  here ,  again,  i n -  
s u f f i c i e n t  d a t a  are ava i l ab le  t o  
proper ly  eva lua te  t h a t  p o s s i b i l i t y .  

I 
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Table 2. Well d a t a  f o r  t h e  Thermopolis Ant ic l ine . '  

Bottom- 
ho le  

Well temp., Depth, 
"F("C1 feet  Format ion No . 2 

c122 

c3 

T1 

T2 

c4 

T13  

c5 
T 3  

C6 

T4 

c7 

T15 

T14 

T5 

T6 

T7 

C14 

T16 

122(50) 

161 (72) 

158 (70) 

131 (55) 

150 (66) 

96 (36) 

145 (63) 

143(62) 

116(47) 

60(16) 

126(52) 

115(46) 

98 (37) 

77 (25) 

128 (54) 

127 (54) 

106 (41) 

75 (24) 

1,764 

723 

70 5 

372 

1 , 798 

313 

418 

21 6 

385 

110 

305 

359 

105 

141 

497 

607 

200 

20 4 

Tensleep 

Park Ci ty  

Tensleep 

Chugwater 

G a l l a t i n  

Tensleep 

Tensleep 

P a r k  C i ty  

Tensleep 

Chugw ater 

Park Ci ty  

Chugwater 

Chugwater 

Chugwater 

Chugwat e r  

Park Ci ty  

Park C i ty  

Chugw a t e r  

Bottom- 
hole  

Well temp. , Depth, 
No. "F("C) feet Formation 

"17 

c15 

T18 

T19 

C16 

c19 

C26 

T8 

C 27 

C 28 

c33 

c34 

C41 

T9 

T10 

T11 

T12 

109 (43) 

74 (23) 

109 (43) 

110 (43) 

101 (38) 

85(29) 

85 (29) 

80 (27) 

116 (47) 

85 (29) 

94 (34) 

84 (29) 

88(31) 

55 (13) 

103 (40) 

56 (14) 

77 (25) 

20 7 

3 70 

455 

282 

1,166 

903 

1,056 

1,280 

1,373 

1 , 585 

1,425 

2,543 

2,673 

262 

1 , 450 

213 

1,044 

Park C i ty  

Park C i t y  

Tensleep 

Park C i t y  

Tensleep 

unknown 

UnknOWn 

Amsden 

Tensleep 

Park C i t y  

unknown 

Tensleep 

Madison 

Cody 

F r o n t i e r  

Cody 

F r o n t i e r  

'Bottom-hole tempera tures  and depths  are from o i l  and gas well l ogs  (C) o r  t h e r -  
mal logging (T); format ions  are from well logs ,  Petroleum Information ca rds ,  o r  
ex tens ion  from nearby wells. 
logged are shown i n  Figure 6. 

Temperature-depth p l o t s  f o r  a l l  wells the rma l ly  

2See Figure 4, pages 8 and 9, f o r  l oca t ions .  
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THERMAL LOGGING DATA 
P 

D r i l l  holes thermally logged by 
University of Wyoming personnel, 
although much l e s s  numerous than 
o i  1 we 11 bot tom-ho le temperatures , 
provide valuable,  quan t i t a t ive  
checks on o i l  well d a t a  and allow 
ca re fu l  study of gradient va r i a t ion  

' with depth. Nineteen holes ,  from 67 
t o  1,250 f e e t  deep, have been logged i n  
the  Thermopolis area.  These logs a r e  
presented i n  Figure 6, along with 
annotations of s t r a t ig raphy  and water 
leve l  (see Figure 4 f o r  t h e i r  lo- 
ca t ions) .  The four holes west of 
t he  Zimmerman o i l  f i e l d  (T9-T12) con- 
firm the  "normal" gradients found i n  
the  bottom-hole temperatwe da ta  f o r  
t h a t  area.  Their p l o t s  show a syste- 
matic temperature increase with depth 
(except f o r  the  shallow, seasonal 
thermal disturbances recorded near t he  
tops of t he  holes ) .  
Rose Dome and Cedar Ridge (Tl-T3, T13- 
T15), on Condits Dome (T16-T19), and i n  
the  Red Spring o i l  f i e l d  (T8), s i m i -  
l a r l y  subs t an t i a t e  t he  anomalous gra- 
d i e n t s  c i t e d  above f o r  these  a reas  
(e.g., 158°F (70OC) was thermally 
logged i n  well C3, while the reported 

' bottom-hole temperature was 161°F 
(72°C)) . 

, 

Holes logged on 

An important f ea tu re  of holes  i n  
the  resource a rea  can be seen i n  logs 
TLT3 and T8: temperatures increase 
rap id ly  with depth, a s  expected, but 
abruptly cease t o  r i s e  below a c e r t a i n  
depth. That c r i t i c a l  depth c lose ly  
coincides with the water leve l  i n  the  
hole. This information c l e a r l y  demon- 
s t r a t e s  t h e  danger' of simply extrapo- 
l a t i n g  measured o r  ca lcu la ted  gra-  
d i e n t s  downward t o  estimate deeper 
temperatures. More important , t he  
isothermal character of the- water over 
a range o f  depths s t rongly  suggests 
t h a t  water i s  c i r c u l a t i n g  within the  
aqui fe rs  , homogenizing temperatures 
a s  heat i s  added from depth. 

I n  con t r a s t ,  the  three  holes near 
the Zimmerman f i e l d ,  though f u l l  of 
water, show steady temperature in -  

crease with depth. The difference 
is e a s i l y  explained by differences 
i n  l i thology: t he  Zimmerman holes 
were d r i l l e d  almost e n t i r e l y  i n  
t he  Cody Shale, a r e l a t i v e l y  i m -  
permeable u n i t ,  cu t  o f f  from much 
deeper zones by a t h i c k  sequence of  
low-permeability formations (see 
Figure 3). The holes along the an- 
t i c l i n e ,  however, were d r i l l e d  i n t o  
productive aqui fe rs  of t he  Paleozoic 
sec t ion .  (The hydrologic character- 
i s t i c s  of these  formations w i l l  be 
discussed i n  a l a t e r  sec t ion) .  An 
exception t o  the  isothermal pa t te rn  
once s i g n i f i c a n t  water is encountered 
along the  Thermopolis Anticline is  
thermal log T17. In  t h i s  case tem- 
pera tures  continue t o  increase down 
a 150-foot water column i n  the Park 
City and uppermost Tensleep Format ions. 
'The bottom-hole temperature i n  t h i s  well ,  
however, agrees with bottom-hole tem- 
p e r a t y e  i n  much shallower wells i n  
the  a rea  (logs T18, T19). O u r  i n t e r -  
p re t a t ion  i s  t h a t  well  T17 penetrates 
an unfractured zone o f  low perme- 
ab i 1 i t y  through which therma 1 waters 
do not c i r c u l a t e .  That heavy o i l  i s  
found i n  these s t r a t a  and t h a t  t h i s  
o i l  has produced only very poorly even 
under steam dr ive  (Tom Sullivan, per- 
sonnal communication, 1981) a re  ev i -  
dence t h a t  t h i s  portion of Condits 
Dome i s  an a rea  of  low permeability. 

We were unable t o  log the springs of 
Hot Springs S t a t e  Park, but d id  t h e r -  
mally log two o f  the  hot flowing wells 
north o f  the  springs: McCarthy #1 and 
Maytag (see Figure 2 and Table 1). 
The flow of hot water i n  these wells 
i s  from Paleozoic formations. A l -  
though there  a r e  many wells i n  the  
immediate a rea  [Wyoming S ta t e  En- 
g ineer ' s  f i l e s ] ,  only those pene t ra t ing  
through the  Chugwater Formation r e -  
ceive hot water flow. Since water 
y ie ld  da t a  a re  very sparse for  Ther- 
mopolis a rea  aqui fe rs  , i d e n t i f i c a t i o n  
of the  formation(s) supplying these 
wel l s  is  important. Unfortunately, 
reported depths f o r  the hot ,  flowing 
wells vary with author:  those depths 
we judged most r e l i a b l e ,  including 
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well logs  and records  made nea r  t h e  
time of  d r i l l i n g ,  p l ace  t h e  McCarthy 
we l l s  a t  510 and 450 f e e t  i n  t h e  Park 
C i ty  Formation ( B a r t l e t t ,  1925) , and 
t h e  Van Norman wel l  a t  550 f e e t  i n  t h e  
Park C i ty  Formation [Wyoming S t a t e  
Engineer, Pe rmi t  #P47OC]. 

The 790-foot depth r epor t ed  f o r  t h e  
Skidmore #3 well, next  t o  t h e  Van 
Norman well, suggests  a Tensleep com- 
p l e t i o n ,  but  wel l  logs  l i s t  Yimestone" 
(Park City?)  as t h e  water source [Wyo- 
ming S t a t e  Engineer f i l es ;  Permit 
#P471C]. Breckenridge and Hinckley (1978) 
quote loca l  sources  as remembering t h e  
Maytag and Sacajawea wells t o  be 900 
f e e t  deep, which would p l ace  them i n t o  
t h e  Tensleep Sandstone. This  agrees  
wi th  t h e  r e p o r t  o f  S t ea rns  e t  a l .  
(1937) o f  ho t  Tensleep wells "north o f  
ThermopolisYtt  b u t  confl ic ts  wi th  
C o l l i e r ' s  (1920) d e s c r i p t i o n  o f  t he  
Sacajawea(?) well as being only 498 
f e e t  deep , i n d i c a t i n g  product ion from 
t h e  lowermost Chugwater Formation. We 
were unable t o  lower a probe beyond 
497 f e e t  i n  t h e  Maytag well and found 
t h e  Sacajawea well t o  be obs t ruc t ed  
by mineral  depos i t s  a t  8 f e e t  i n  Feb- 
rua ry  1981 (see Figure 6 f o r  temperature- 
depth p l o t s ) .  Thus, t h e  two most pro- 
duc t ive  wel l s  can only be designated 
a s  Park Ci ty  - o r  Tensleep producers.  

S ix  add i t iona l ,  r e l a t i v e l y  shallow 
holes  f u r t h e r  witness  high tempera- 
t u r e s  near  t h e  sur face .  A col lapsed  
sulphur  exp lo ra t ion  hole  on t h e  no r th  
s i d e  o f  Cedar Ridge has  a measured 
temperature o f  98°F (37OC) a t  a depth 
o f  only 67 feet .  Two wells logged i n  
the  Chugwater Formation on t h e  south-  
west f l a n k  of  Cedar Ridge (T4, TS) 
have temperatures o f  60°F (18°C) and 
70°F (25°C) a t  150 feet  and 141 f e e t ,  
r e spec t ive ly .  
t h e  n o r t h  f l ank  of Cedar Ridge and 
T16 on t h e  no r th  f l a n k  of  Condits 
Dome have temperatures o f  115"F, (46°C) 
98°F (37"C), and 75°F (24°C) a t  360, 
204, and 104 f e e t ,  r e spec t ive ly  (see 
Figure 4 f o r  l o c a t i o n s ) .  

Wells T15 and T14 on 

THERMAL DATA FROM 
SPRINGS AND WATER WELLS 

The temperatures o f  t h e  p r i n c i p a l  
spr ings  of Hot Springs S t a t e  Park are 
127 t o  133°F (53  t o  56OC) and temper- 
a tu re s  from t h e  flowing we l l s  no r th  o f  
town a re  124 t o  128°F (51 t o  54OC) 
( t h i s  study; Breckenridge and Hinckley, 
1978). Since these  wells a l l  reach  
Paleozoic aqu i f e r s ,  and s ince  s i m i -  
l a r l y  hot  waters a re  encountered i n  
the  Paleozoic sec t ion  a l l  along t h e  
Thermopolis Ant ic l ine ,  we i n f e r  t h a t  
t he  spr ings  a l s o  o r i g i n a t e  i n  forma- 
t i o n s  below t h e  Chugwater Formation. 
The coincidence o f  t h e  sp r ings  wi th  
the  most s t e e p l y  folded po r t ion  of  
t h e  a n t i c l i n e ,  t h e  proposed t r a c e  o f  a 
major basement f a u l t ,  and t h e  p o s s i b l e  
ex is tence  o f  a s e r i e s  of  t r ansve r se ,  
normal f au l t s  (see Geology sec t ion )  
suggest t h a t  a f rac ture-suppl ied  con- 
d u i t  f o r  sub-chugwater waters  i s  most 
probable.  
l a t i n g  i n  the  upper Paleozoic strata,  
adjacent  water-bear ing beds i n  t h e  
Chugwater Formation o f f  t h e  a n t i c l i n e  
should be w a r m ,  bu t  without  hy- 
d r a u l i c  communication. Evidence 
support ing t h i s  conten t ion  is t h e  
common occurrence o f  nonpressurized,  
warm waters i n  t h e  Chugwater Formation 
no r th  of town (Van Norman, person- 
n a l  communication, 1981), t h e  high 
thermal g rad ien t s  (average 145"F/1,000 
f e e t )  logged i n  ho le s  i n  t h e  Chug- 
water Formation on t h e  f l anks  o f  t h e  
a n t i c l i n e  (T4-T5, T14-T16), and a 70°F 
(21°C) Chugwater water well temperature  
measured on t h e  west end o f  town (T5). 

If  hot  waters  a r e  c i r c u -  

There a r e  a l s o  sp r ings  i n  the  Ther- 
mopolis a r e a  from Mesozoic formations.  
We have measured temperatures , ranging 
from 50 t o  53°F (4 t o  12°C) i n  s i x  of  
these ,  which i n d i c a t e  only shallow 
c i r c u l a t i o n  of  probably l o c a l l y  de- 
r ived  groundwater. 

HEATING MECHANISMS 
AND THERMAL MODELING 

Q u a l i t a t i v e  explana t ions  o f  t h e  tem- 
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pera tu re  o f  t h e  thermal sp r ings  o f  
Hot Springs S t a t e  Park f a l l  i n t o  
t h r e e  general  ca t egor i e s :  (1) hea t ing  
by a young, bur ied  igneous mass, (2) 
hea t ing  by exothermic chemical reac- 
t i o n s  wi th in  t h e  rocks,  and (3) con- 
duc t ive  hea t ing  o f  groundwater a t  
depth coupled wi th  upward migra?i-on 
due t o  a r t e s i a n  and convective forces .  
(see Breckenridge and Hinckley, 1978, 
f o r  a h i s t o r i c a l  summary). 

We know of  no evidence f o r  igneous 
a c t i v i t y  i n  t h e  area.  The nea res t  vol-  
can ic  rocks are 30 miles west o f  Ther- 
mopolis and t h e  neares t  known i n t r u s i v e  
rocks are 20 miles f u r t h e r  west. By 
c a l c u l a t i n g  t h e  hea t  loss over time f o r  
a hypothe t ica l  i n t r u s i o n  beneath Ther- 
mopolis o f  t h e  same age as t h e  known 
igneous a c t i v i t y  t o  t h e  west, ( a f t e r  
Carslaw and Jaeger ,  1959 and Jaeger ,  
1964) we have concluded t h a t  such a 
heat  source would have thoroughly d i s s i -  
pated by t h e  present  even i f  it were 
t h e r e .  Laughlin and Aldrich (1981) 
s i m i l a r l y  conclude t h a t  igneous 
rocks o l d e r  than  3 mi l l ion  yea r s  have 
probably l o s t  t h e i r  o r i g i n a l  hea t .  
Thus, t h e  n e a r e s t  known igenous rocks  
young enough t o  support  p resent  t h e r -  
mal anomalies are i n  Yellowstone Nat ional  
Park, over 100 miles  t o  t h e  north-  
west. 
t h e  hea t  d i f f u s i n g  from a deep igneous 
mass would produce a much broader t h e r -  
mal anomaly than the  narrow band seen 
along t h e  Thermopolis Ant ic l ine .  To 
generate  t h e  observed hea t  d i s t r i b u -  
t i o n  magmatically would r e q u i r e  a re- 
l a t i v e l y  shallow i n t r u s i o n  with an elon-  
ga te  geometry co inc ident  wi th  t h a t  o f  
t h e  a n t i c l i n e  and a temperature increas-  
i ng  t o  t h e  northwest)  . 

( In  t h i s  contex t ,  we nolte t h a t  

The i d e a  o f  hea t ing  by chemical re- 
a c t i o n  has  only been proposed i n  general  
terms, e.g.  by Bartlett (1926). But a 
flow o f  over 2; b i l l i o n  ga l lons  a year  
has  no t  s i g n i f i c a n t l y  reduced tempera- 
tures i n  t h i s  century (Breckenridge and 
Hinckley, 1978); no one has proposed 
s p e c i f i c  r e a c t i o n s  capable o f  producing 
t h e  200 m i l l i o n  BTU/hour necessary t o  
w a r m  t h e  flow o f  e x i s t i n g  wells and 

spr ings ;  and, most important,  water 
from t h e  same formation but  d i f f e r e n t  
s t r u c t u r a l  s e t t i n g s  v a r i e s  s i g n i f i c a n t -  
l y  i n  temperature (e .g . ,  Madison temp- 
e r a t u r e s  a t  Red Springs a r e  67°F (37°C) 
cooler  than a t  Rose Dome). These facts 
a l l  suggest t h a t  chemical hea t ing  is 
a t  most o f  a u x i l i a r y  importance. 

I n  1906, Darton proposed a simple 
model of t he  Thermopolis spr ing  system 
c o n s i s t i n g  o f :  (1) sur face  water r e -  
charge o f  northward dipping Paleozoic 
aqu i f e r s  i n  the  O w l  Creek Mountains, 
(2) confinement o f  t h i s  northward 
flowing water by much l e s s  permeable 
beds i n  t h e  overlying Chugwater For- 
mation, (3) hea t ing  o f  t h e  water by 
normal conductive grad ien ts  i n  t h e  
deepest  po r t ions  of  t h e  sync l ine ,  and 
(4). r i s i n g  of water by a r t e s i a n  p res -  
sure  t o  flow a t  t h e  sur face  where t h e  
Chugwater Formation is  breached by 
f r a c t u r i n g  along the c r e s t  of  t h e  
Thermopolis Ant ic l ine .  Such a system 
is i l l u s t r a t e d  diagrammatically i n  
Figure 7. 

We were able  t o  make a q u a n t i t a t i v e  
eva lua t ion  o f  t h i s  model, based on 
hea t  flow and rock conduct ivi ty  mea- 
surements. For a l l  ca l cu la t ions ,  t h e  
hea t  flow was taken t o  be 1.75 pca l /  
cm2sec. This is  t h e  mean o f  values  
obtained f o r  t h e  O w l  Creek Mountains 
by Decker e t  a l .  (1980) and f o r  t h e  
Gebo o i l  f i e l d  by Blackwell (1969). 
The ground sur face  temperature was 
assumed t o  be 46°F (7.8"C). The 
formation th icknesses  and thermal con- 
d u c t i v i t i e s  used, along with the  pre-  
d i c t e d  temperature f o r  each forma- 
t i o n ,  a r e  tabula ted  i n  Table 3. 

The temperatures o f  Table 3 a re  
based on "s teady-state"  o r  equi l ibr ium 
condi t ions .  Any process  which, over  
geologic t ime, changes the  su r face  
temperature w i l l  a l s o  have a f f ec t ed  
geothermal grad ien ts .  Evaluation of  
condi t ions i n  t h e  Bighorn Basin dur- 
ing  t h e  l a s t  10 mi l l i on  years  as r e -  
por ted  by Mackin (1936,1937) and R i t -  
t e r  (1975) suggests  t h a t  t h e  most 
thermally d i s rup t ive  s i t u a t i o n  which 
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Figure 7. Diagrammatic cross section of the simplest model for the Thermo- 
polis hydrothermal system (temperatures and depths from the Rose Dome 
thermal model). 

i s  geo log ica l ly  reasonable  i s  approx- 
imately 6,000 f e e t  o f  r eg iona l  u p l i f t  
and 3,000 f e e t  o f  e ros ion  uniformly 
d i s t r i b u t e d  over  t h e  p a s t  4 mi l l i on  
years .  Using t h e  commonly accepted 
value o f  32 km2/million-years f o r  
t h e  sediments '  thermal d i f f u s i v i t y  
and a n a l y t i c a l  expressions from 
Benfield (1949), u p l i f t  and ero-  
s i o n  would r e s u l t  i n  grad ien ts  a t  
depths  g r e a t e r  than  2,600 f e e t  no 
more than  12.6 percent  higher' than 
those  based on equi l ibr ium model- 
ing .  This  same "maximum" dev ia t ion  
t r a n s l a t e s  i n t o  a c t u a l  temperatures  
5.6"F (3.1"C) and 15.8"F (8.8"C) 
higher  than those  modeled at  2,600 
and 7,800 f e e t  , r e s p e c t i v e l y .  
Heasler (1978) has addressed t h e  
e f f e c t s  o f  g l a c i a t i o n  and o f  

3,000 f e e t  o f  e ros ion  d i s t r i b u t e d  
over  j u s t  t h e  last 2 mil l ion  years  
f o r  t he  Bighorn Basin and has ca:-- . 
cu la t ed  dev ia t ions  from equi l ibr ium 

' smaller than  those  c i t e d  above. In 
summary, we be l i eve  t h a t  t h e  tem- 
pe ra tu res  o f  Table 3 a re  geologica l ly  
reasonable  e s t ima tes ,  and t h a t  
g l a c i a t i o n  and eros ion  would have 
r a i s e d  temperatures only s l i g h t l y  
even i n  t h e  extreme cases  d i s -  
cussed. 

The h ighes t  temperature measured 
i n  t h e  Cedar Ridge v i c i n i t y  i s  
133°F (56°C) a t  Big Spring. In  a 
sync l ine -an t i c l ine  flow system l i k e  
t h e  one depic ted  i n  Figure 7 ,  or i en ted  
perpendicular  t o  t h e  Thermopolis Anti- 
c l i n e  a t  Cedar Rige, modeling p r e d i c t s  

b 

, 

22 



c- 

Table 3. Thermal models at  Thermopolis and Rose Dome. .- 

t 

1- 

Formation Thermal 
t h i  ckne s s Conduc - Tenper a t u r  e 

t i v i t y :  feet* inc rease  i n  Temperature a t  bottom 
of formation,  "F ( " ~ 1 '  

Rose - Dome Thermopo l i s  
Rose Thermo- 10-3ca l  formation,  

Format ion  Dome p o l i s  cmOCsec "F ("C)6 

Cody Shale  

F r o n t i e r  Fm. 

Mowry Shale  

Thermopo l i s  Shale  

Cloverly Fm. 

Morrison Fm. 

Sundance Fm. 

Gypsum Spring Fm. 

Chugwater Fm. 

Dinwoody Fm. 

Park C i ty  Fm. 

Tensleep Sandstone 

Amsden Fm. 

Madison Limestone 

Bighorn Dolomite 

G a l l a t i n  Limestone 

Gros Ventre Shale  

F 1 a t  he ad Sandstone 

Grani te  and Gneiss 
TOTAL 

. 

1,565 

850 

2 80 

400 

240 

230 

250 

155 

1,100 

55 

260 

280 

280 

480 

130 

4 70 

5 10 

150 

? 

7,685 

250 

400 

240 

2 30 

250 

155 

1 , 100 

55 

260 

280 

280 

4 80 

130 

470 

510 

150 

? 

5,240 

4.03 37.6 (20.9) 

~ l . 4 ~ '  3'5 18.5(10.3) 

3.g2 

6. l 2  

8. 72 

6.32 '5  

7.42 

2.42 

7. 2 2  

2.82 

9.62 

10 .42 

8.03'5 

11.0~ 

7.44 

6 . 0 3 ~ ~  

9.62 

8 . S 3 "  

7.g3 

6.8 (3.8) 
6.1 (3.4) 
6 .3  (3.5) 

2.7 (1.5) 

3.4 (1.9) 

3.2 (1.8) 

6 .1  (3.4) 

14.6 (8.1) 

2.0 (1.1) 

2.7 (1.5) 

2.5 (1.4) 

e4 (1.9) 

3.,6 (2.7) 

1.1 (0.6) 

6 .1  (3.4) 

8.3 (4.6) 

1.6 (0.9) 

83.7 ( 2 8.7) 

103.3 (39.0) 

109.0(42.8) 

115.3(46.3) 

118.0 (47.8) 

121.5 (49.7) 

124.7 (51.5) 

130.8 (54.9) 

145.4 (63.0) 

147.4(64.1) 

150 . 1 (65.6) 

152.6 (67.0) 

150.0 (68.9) 

160.9 (71 6) 

162.0(72.2) 

168.1 (75.6) 

176.4(80.2) 

178.0 (81.1) 

0 

52.2 (11.2) 

58.5 (14.7) 

61.2 (16.2) 

64.4 (18.1) 

67.8 (19.9) 

73.9 (23.3) 

88.5 (31.4) 

90.5 (32.5) 

93.2 (34.0) 

95.7 (35#4) 

99.1 (37.3) 

104.0 (40.0) 

105.1 (40.6) 

1 1 1 . 2  (44.0) 

119.5 (48.6) 

1 2 1 . 1  (49.5) 

'After well logs i n  Horn (1963), Ary (1959), C o l l i e r  (19 , Fanshawe (1939), Maughan 
(1972a, 1972b), Shelmon (1959), Berry and L i t t l e t o n  (1961), Annonymous (1952), Mees 
and Bowers (1952). 2Heasler (1978). 3Garland and Lennox (1962). 4Sass  and o t h e r s  
(1971). 
1 . 7 5 ~ 1 0 - ~  cal/crn2 sec. 
1968). 

'Estimate based 7 on composition o f  rock u n i t .  %sing a hea t  flow of  
Assuming a 46°F (7.8"C) ground su r face  temperature  (Lowers, 

i "rounded t o  n e a r e s t  5 feet .  
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t h a t  133°F (56OC) would be reached i n  
the  Precambrian basement rocks,  and 
t h a t  t he  temperature a t  t h e  base o f  
t he  Madison would be 104°F (40°C). 
As noted e a r l i e r ,  however, the  syn- 
c l i n e  plunges northwest, providing 
grea te r  depths and higher temperatures 
i n  t h a t  d i r ec t ion .  A similar c a l -  
cu la t ion  f o r  t h e  sync l ine-ant ic l ine  
system a t  Rose Dome, 8 miles north- 
west of  Thermopolis, r evea l s  t h a t  
temperatures i n  the  Park City For- 
mation should be g rea t e r  than the  ob- 
served spr ing  temperatures , t h a t  the  
161°F (72OC) temperatures reported 
from nearby well C3 (Figure 5) 
could be produced from t h e  base of 
t he  Madison, and t h a t  waters c i rcu-  
l a t i n g  t o  the  bottom of the  Paleo- 
zoic sec t ion  should be 178°F (81°C). 

To obta in  a more accurate idea  of 
ac tua l  temperatures within the  Ther- 
mopolis hydrothermal system, severa l  
adjustments may be made t o  t h e  s i m -  
p l i f i e d  model of Figure 7. F i r s t ,  
as Figure 5 shows, t he  deepest p a r t  
o f  t he  syncline may be deeper than 
has been modeled i n  Figure 7; tem- 
pera tures  would be correspondingly 
higher than those ca lcu la ted  abcve. 
Second, i f  the re  i s  a major, deep 
f a u l t  a s  ind ica ted ,  i t  may pro- 
vide a means o f  much deeper c i r cu la -  
t i o n  and higher temperatures than those 
poss ib le  within the  folded sedimentary 
aquifer model. Fault-increased per- 
meab i l i t i e s  have already been pro- 
posed as con t ro l l i ng  the  loca t ion  of 
thermal spr ings  and spr ing  depos i t s  
i n  the  The-f.mopolis a r ea  (p. 18, 19, 
27) ; increased permeabili ty may a l so  
decrease cooling o f  ascending waters 
by allowing r ap id  access t o  near-sur- 
face zones. Third, our thermal logs 

ind ica te  t h a t  gradients i n  the  Thermo- 
p o l i s  a rea  may be equi l ibra ted  t o  a 
surface temperature as much as  14°F 
(7.8"C) warmer than the  46°F (7.8"C) 
used i n  the  preceding ca lcu la t ions ;  

by a l i k e  amount may be appropriate.  

! 
1 

increasing ca lcu la ted  temperatures f 

t We f e e l  t h a t ,  with t h e  modifications j 

out l ined above , the  bas ic  heating 
model of Darton (1906) i s  substan- 
t i a l l y  cor rec t .  While one cannot 
absolutely exclude igneous and chemical 
hea t  sources, the  r e l a t i v e  s impl i c i ty  
of  an a r t e s i an ,  sync l ine-ant ic l ine  
system and i t ' s  agreement with the  ob- 
served temperature and gradient d i s  - 
t r i b u t i o n s  ind ica t e  t h i s  a s  t he  pre- 
dominant heating mechanism. 

t 

i 

Another model was ca lcu la ted  t o  e s -  
timate the  necessary enthalpy t r a n s f e r  
f o r  t he  Thermopolis system. 
model t he  enthalpy of t he  volume o f  
water equal t o  the  t o t a l  surface d i s -  
charge o f  t he  hydrothermal system 
(4,681 gallons per  minute), brought 
from'32"F (0°C) t o  167°F (80°C) (Kit- 
t e l ,  1969; Handbook of Chemistry and 
Physics, 1968) was used t o  ca l cu la t e  
the  area needed t o  supply the- required 
heat.  Using a heat flow of 1.75 
pcal/cm2sec, an area  o f  34 square 
miles would be needed t o  heat t he  ob- 
served flow of  water. This should 
be considered alminimwn area s ince  
it i s  unl ike ly  t h a t  t he  e x i s t i n g  
springs cons t i t u t e  t he  t o t a l  output 
of t he  hydrothermal system. 
t h a t  over 500 square miles a re  probably 
contributing heat t o  waters enroute 
t o  t he  Thermopolis a n t i c l i n e ,  however, 
suggests t h a t  p o t e n t i a l  heating a rea  
i s  not a l imi t ing  f a c t o r  i n  t h i s  case. 

I n  t h i s  

The f a c t  

HYDROLOGY AND WATER CHEMISTRY 

Basically,  groundwater flows from t e r i a l s  t o  transmit water (permeabil- 
a r eas  o f  recharge t o  a reas  o f  discharge. 
Flow p a t t e r n s  a re  pr imar i ly  determined 
by the  a b i l i t y  of t he  subsurface ma- 

i t y )  and by the  forces "pushing1' the  
water, namely the  confining e f f e c t s  
of surrounding water and rock and 
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t h e  d i f f e rence  i n  h y d r o s t a t i c  head 
between t h e  recharge area and t h e  
discharge a rea .  A s  su r f ace  recharge 
water moves i n t o  and through t h e  
e a r t h ,  it i s  modified by t h e  miner- 
als,  temperatures,  and p res su res  en- 
countered. By consider ing t h e  rock 
u n i t s  and s t r u c t u r e s  through which 
water passes ,  we can eva lua te  t h e  
water y i e l d s  and q u a l i t y  l i k e l y  t o  be 
developed from various sources;  conver- 
s e l y ,  measured y i e l d s  and chemistry 
can be used t o  i d e n t i f y  sources .  Pres-  
su re  and thermal d a t a  can be used t o  
eva lua te  water flow p a t t e r n s  and t o  
p r e d i c t  a v a i l a b l e  temperatures  and 
pumping l i f ts  . 

Recharge f o r  t h e  Thermopolis hy- 
drothermal system is  gene ra l ly  be- 
l i eved  t o  occur on t h e  no r th  f l ank  of 
t he  O w l  Creek Mountains where p r e c i p i -  
t a t i o n  and su r face  water e n t e r  north-  
ward-dipping s t ra t  a. Surface discharge 
occurs  a t  t h e  sp r ings  i n  Hot Springs 
S t a t e  Park (see e.g. Darton, 1906; 
Berry and L i t t l e t o n ,  1961; Black- 
s tone ,  1971; Bredehoeft and Bennett ,  
1972). While t h e r e  i s  cons iderable  
room f o r  d i scuss ion  on water pathways 
wi th in  t h e  Paleozoic rocks ,  t h e r e  is  con 
sensus t h a t  r e l a t i v e l y  l i t t l e  flow moves 
through t h e  Chugwater Formation, and 
t h a t  t h e  Chugwater Formation "genera l ly  
l i m i t s  upward movement of  groundwater 
from Paleozoic aquifers'" (Cooley, 1981). 
We do n o t  have permeabi l i ty  d a t a  f o r  
d i r e c t  comparison o f  Chugwater s h a l e s  
and Park C i ty  l imestones,  bu t  p e r -  
m e a b i l i t i e s  f o r  similar rock types  
( see ,  e .g . ,  Freeze and Cherry, 1979, 
p. 29) suggest t h a t  permeabi l i ty  d i f -  
fe rences  o f  many o rde r s  of  magnitude 
a r e  poss ib l e .  Breckenridge and 
Hinckley (1978) c i t e  t h e  importance of  
t h e  Triassic Chugwater Formation as a 
"caprc on hydrothermal systems state- 
wide, and t h e  l imi t ed  d r i l l i n g  d a t a  f o r  
t h e  Thermopolis area i n d i c a t e  a s i m i -  
lar  condi t ion  (see d iscuss ion ,  p. 19).  
Therefore,  we f e e l  j u s t i f i e d  i n  r e s t r i c -  
t i n g  the Thermopolis d i scuss ion  t o  Pa- 
leozoic  s t ra ta .  (Figure 3 p r e s e n t s  
genera l  hydrologic  d a t a  f o r  a l l  units i n  
t h e  area. Libra  et a l .  (1981) present  

a thorough hydrologic  d iscuss ion  f o r  
t h e  e n t i r e  Bighorn Basin).  

AQUIFER DESCRIPTIONS 

The f irst  v i ab le  aqu i f e r  beneath 
t h e  Chugwater Formation i s  t h e  PARK 
CITY FORMATION (Phosphoria, Embar), a 
t h i n -  t o  thick-bedded sequence o f  
dolomit ic  limestone and dolomite 
with some mudstone (Maughan, 1972a). 
Whereas sandstone owes i t s  a b i l i t y  t o  
t ransmi t  water t o  pathways around and 
between t h e  cons t i t uen t  mineral  g ra ins  
(primary permeabi l i ty ) ,  limestone and 
dolomite develop secondary permeabi l i ty  
through f r a c t u r e s  and so lu t ion  openings. 
Frac tures  tend t o  develop i n  response t o  
rock s t r e s s ,  a s  do f o l d s  and f a u l t s .  
Solu t ion  f e a t u r e s  develop as rock is  
d isso lved  away by flowing groundwater, 
commonly along bedding p lanes  and frac- 
t u r e  zones. The r e s u l t  i s  a very he t -  
erogeneous permeabi l i ty  d i s t r i b u t i o n .  
This  i s  r e f l e c t e d  i n  52 o i l  wel l  d r i l l  
stem t e s t s  o f  t he  Park Ci ty  Formation 
throughout t h e  s tudy  a r e a  (Petroleum 
Information, 1981) which recovered 
anywhere from 0 t o  3,758 f e e t  o f  water 
i n  t e s t s  during flow per iods  genera l ly  
between 60 and 120 minutes.  

Due t o  the  high mineral  content  
of  water from t h e  Park Ci ty  Formation, 
water supply wells i n t o  t h e  formation 
are not  common. Flows from t e n  r epor t -  
ed flowing wells from t h e  Park C i ty  
Formation vary from <lgpm t o  t h e  529 
gpm flow o f  t h e  McCarthy #1 hot we l l  and 
687 gpm f o r  an o i l  wel l  repor ted  by C r a w -  
ford  (1940) t h r e e  mi les  south  o f  Ther- 
mopolis. 
mouth of  Wind River Canyon flows 989 
gpm (Breckenridge and Hinckley, 1978). 

A Park C i ty  sp r ing  at  t h e  

Water i s  being produced with o i l  
from t h e  Park Ci ty  Formation a t  t h e  
Hamilton Dome, Kirby Creek, Lake Creek, 
Gebo, L i t t l e  Sand Draw, Warm Springs,  
Waugh Dome, and Zimmerman Butte o i l  
f i e l d s  i n  water t o  o i l  r a t i o s  of up t o  
40: l  water :o i l  (Biggs and Espach, 
1960). 
C i ty  Formation has a l s o  occurred from 

O i l  product ion from t h e  Park 
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Table 4.  Water chemistry f o r  t h e  Thermopolis s tudy area :  mean/coefficient-of-vari- 
a t i o n .  Mean values i n  mg/l. n = number of samples. All d a t a  taken'  from Wyo- 
ming Geological Survey Open F i l e  Report No. 82-3. 

8 

1 

Park C i ty  Tensleep Madison Hot sp r ings  
Format ion  Sandstone Limestone and wells 

n 23 
Ca 406/0.65 

- Mg 105/0.55 
Na+K 2,561/1.26 

26 
192/1.09 
45/0.80 
402/1.80 

7 14 
318/0.64 353/0,80 
86/0.69 81/0,18 
230/0.68 299/0.13 

732/0.06 * HCO 3 1,223/1.29 561/1 61 697 f 0.56 
so 4 3,549/0.96 863/1.86 743/0,57 754/0.12 
c1 1,634/1.67 254/2.53 223/0.92 301/0.22 
TDS 8,866/1.07 1,913/1.40 1,950/1.40 2,317/0.03 - 

14 samples from 
hot  sp r ings  and wel l s  

Na 249/0 . 20 
K 51/0.35 
co 3 0 

F 4.8/0.31 
NO 3 0.4 
Si02 40/0.24 

S 001/1.30 
B 54/0.37 
Fe .20/2.26 

6.9/0.04 
2.7/0.58 

pH . 
H2S 

3 samples from 
hot  sp r ings  and we l l s  

As C . 5  
Ca <.01 
Mn <.05 

Zn <.02 
Ba < . 5  
Cd <.01 

Cr <,1 
Pb <,1 
Se <.001 

Ag <.5 
Hg <. 001 
N i  <.I 
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t h e  Wildhorse Butte s t r u c t u r e  and from 
two small f o l d s  no r theas t  o f  t h e  
Murphy and Zimmerman f i e l d s  (Horn, 
1963). Reports desc r ibe  heavy o i l  
s a t u r a t i o n  but  no product ion from the  
Park C i ty  Formation a t  Cedar Ridge 
(Summerford e t  a l . ,  1947) and Condits 
Dome (Ary, 1959). Libra e t  a l .  (1981) 
c i t e  o i l  f i e l d  determinat ions of 
p o r o s i t y  (5-24 p e r c e n t ) ,  permeabi l i ty  
(0.61-76 m i l l i d a r c i e s ) ,  and t ransmis-  
s i v i t y  (0.9-40 gpd/foot) f o r  t h e  Park 
Ci ty  Formation i n  t h e  Thermopolis 
a rea .  

Twenty t h r e e  water chemistry 
ana lyses  f o r  t h e  Park Ci ty  Formation 
wi th in  t h e  s tudy a r e a  (Figure 4) a r e  
on f i l e  [Geological Survey o f  Wyoming 
Open F i l e  Report No. 82-31, Major 
ca t ion  and anion 
c i e n t s  of  v a r i a t i o n  f o r  these  samples 
a r e  presented i n  Table 4,  p. 26. As 
t h e  high c o e f f i c i e n t s  o f  v a r i a t i o n  in -  
d i c a t e ,  chemical concent ra t ions  f o r  
analyzed Paleozoic  formation water 
vary g r e a t l y  s ince  t h e  chemical d a t a  
comes from a v a r i e t y  o f  s t r u c t u r a l  and 
hydrologic  s e t t i n g s .  

averages and c o e f f i -  

One f i n d s  gene ra l ly  less v a r i a t i o n  
when only t h e  propor t ions  o f  ions a re  
considered. Craw ford  (1963) i d e n t i f i e s  
a Ca:Mg r a t i o  o f  around 4 : l  and a S0k:Cl 
r a t i o  g r e a t e r  than  1 as c h a r a c t e r i s t i c ;  
he remarks on t h e  g rea t  range o f  t o t a l  
s o l i d s  conten ts  and notes  t h e  f requent  
occurrence o f  H2S gas i n  Park City 
water i n  t h e  Bighorn Basin. The H2S 
i s  t h e  r e s u l t  o f  b a c t e r i a l  sulphate  
reduct ion  and i s  assoc ia ted  with higher  
COz content  a s  well (Crawford, 1963). , 

Below t h e  Park Ci ty  Formation i s  
t h e  TENSLEEP SANDSTONE, f i n e -  t o  
medium-grained, genera l ly  calcareous 
sandstone with some dolomite and sandy 
dolomite beds (Maughan, 1972a). P r i -  
mary permeabi l i ty  i n  t h e  Tensleep 
Sandstone v a r i e s  somewhat due t o  v a r i -  
a t i o n  i n  cementation (Todd, 1963) , and 
i s  s u b s t a n t i a l l y  added t o  by secon- 
dary permeabi l i ty  i n  zones o f  f r ac -  

t u r i n g  (Berry and L i t t l e t o n ,  1961). 
One q u a l i t a t i v e  ind ica t ion  of  t h e  
genera l ly  g rea t e r  pe rmeab i l i t i e s  of  
t h e  Tensleep Sandstone than of  t h e  
Park Ci ty  Formation i s  t h a t  i n  t h e  16 
Tensleep d r i l l  stem t e s t s  examined, 1 2  
recovered from 1,500 t o  8,905 f e e t  o f  
water i n  flow per iods  of  from 15 t o  160 
minutes. 
from t h e  Tensleep Sandstone a t  t h e  
Gebo, L i t t l e  Sand Draw, Hamilton Dome, 
Lake Creek, and Murphy Dome o i l  f i e l d s ;  
Kirby Creek and Waugh Dome r e p o r t  on ly  
water i n  t h e  Tensleep Sandstone (Biggs 
and Espach, 1960). The Tensleep 
Sandstone i s  t h e  main o i l  producer i n  
t h e  Black Mountain f i e l d  and is  r e -  
por ted  t o  conta in  water i n  the  
Warm Springs and Zimmerman f i e l d s ,  i n  
s t r u c t u r e s  ad jacent  t o  t h e  Murphy 
and Zimmerman f i e l d s  (Horn, 1963)., 
and i n  the  O w l  Creek Ant ic l ine ,  15 
miles  west of Thennopolis (Lease and 
Pa lse ,  1952). The only r e p o r t s  o f  
t e s t s  which found no water i n  t h e  
Tensleep Sandstone a re  from the  Wild- 
horse Butte Ant ic l ine  (Horn, 1963) 
and Cedar Ridge (Summerford e t  a l . ,  
1947), though heavy o i l  s a t u r a t i o n  
was repor ted  i n  t h e  l a t t e r  case.  
I t  should be borne i n  mind t h a t  o i l  
f i e l d  d a t a  f o r  t h e  s tudy area  i s  
confined t o  a n t i c l i n e s  and domes, which 
a re  e s p e c i a l l y  l i k e l y  t o  experience 
f r a c t u r e  - increased permeabi l i ty .  Mees 
and Bower (1952), fo r  example, re- 
p o r t  t h e  Tensleep Sandstone t o  be hard 
and t i g h t  on the  gent le  nor th  f l ank  o f  
t h e  Gebo Ant ic l ine  bu t  f r ac tu red  on the  
s t eep  south limb. 

O i l  and water a r e  produced 

The Tensleep Sandstone has n o t  been 
much developed f o r  water supply i n  the  
Thermopolis area.  O f  t h e  4 flowing 
we l l s  and spr ings  repor ted ,  only two 
flows a re  given: 20 gpm from a s p r i n g  
i n  Wind River Canyon [Wyoming S t a t e  
Engineer 's  f i l e s ]  and 5 gpm from a 
1,135-foot hole  3 miles  south o f  
town (Lowry e t  a l . ,  1976) which was 
found clogged with rocks i n  January 
1981. If the  Sacajawea Well no r th  o f  
Thermopolis does indeed flow from t h e  

, 
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Tensleep Sandstone, i t s  flow o f  1,002 
gpm [Wyoming S t a t e  Engineer 's  f i l e s ]  
must be added. Cooley (1981) classes 
t h e  Tensleep as one o f  t h e  ffmajor" 
a q u i f e r s  o f  t h e  southeas te rn  Bighorn 
Basin (as  compared wi th  ffminor'f s t a t u s  
f o r  t h e  Park C i ty  Formation), and 
S t a t e  Geologis t  John Marzel (1929) saw 
t h e  Tensleep Sandstone as such Ifan i m -  
mense r e s e r v o i r  o f  water [ t h a t  it] would 
r e q u i r e  more than  thousands o f  years  t o  
even apprec iab ly  diminish.  . .even though 
t h i s  water  were n o t  replenished."  
Marzel concluded t h a t  t h e  Tensleep 
Sandstone was t h e  "obvious" source f o r  
a l l  t h e  hot  sp r ings  and wells around 
Thermopolis, apparent ly  on t h e  b a s i s  
on ly  o f  h i s  rhapsodic  view o f  i t s  water- 
bear ing  p r o p e r t i e s .  

Flows f o r  17 i d e n t i f i e d  Tensleep 
wells i n  t h e  Tensleep, Wyoming a rea  
(see Figure 1) vary  from 2 t o  900 gpm 
and average 203 gpm (Lowry, 1962). 
Overa l l  p o r o s i t y  va lues ,  which r e l a t e  
c l o s e l y  t o  permeabi l i ty  va lues  i n  t h i s  
case  (Fox e t  a l . ,  1975a), are 16-17 
percent  f o r  t h e  Tensleep area versus  
14  percent  f o r  t h e  Thermopolis a r ea  
according t o  Fox e t  a l .  (1975b), bu t  
f r a c t u r e  -induced permeabi 1 i t y  i s  very 
l i k e l y  g rea t e r  i n  the  s t r u c t u r a l l y  more 
complex Thermopolis area. Libra  e t  a l .  
(1981) c i te  o i l - f i e l d - d e r i v e d  values  
o f  10-14 percent  f o r  p o r o s i t y ,  0.8-99 
m i l l i d a r c i e s  f o r  permeabi l i ty ,  and 10- 
300 gpd/feet  f o r  t r a n s m i s s i v i t y  f o r  t h e  
Tensleep Formation i n  t h e  Thermopolis 
s tudy  area .  

For t h e  twenty-s ix  Tensleep Sand- 
s tone  water  ana lyses  on f i l e ,  [Geologi- 
cal Survey o f  Wyoming Open F i l e  Report 
No. 82-31, sumnary s ta t i s t ics  a r e  pro- 
vided i n  Table 4 .  In t h e  Bighorn Basin, 
Tensleep water i s  gene ra l ly  more d i l u t e  
than  Park C i ty  water, and ''a d e f i n i t e  
and unmistakable t r e n d  towards higher  
concent ra t ions  and s a l i n i t y  basinward" 
from outcrop a r e a  i s  noted (Crawford, 
1963). 

The AMSDEN FORMATION has been l i t t l e  

Maughan 
explored f o r  e i t h e r  hydrocarbons o r  
water i n  t h e  Thermopolis a rea .  
(1972a) desc r ibes  an upper sandy dolo- 
mite member and a lower sandstone mem- 

be r  p re sen t  on ly  l o c a l l y ;  both hydro- 
l o g i c a l l y  and l i t h o l o g i c a l l y  t h e  d i s -  
t i ngu i sh ing  f e a t u r e  of  t h e  Amsden For- 
mation i s  t h e  sha le  member. Very low 
permeabi l i ty  i n  t h e  absence o f  s i g -  
n i f i c a n t  fo ld ing  and f r a c t u r i n g  i s  
demonstrated i n  t h e  Tensleep area 
by t h e  wellhead p res su re  d i f f e rences  
o f  100 p s i  between t h e  Tensleep 
Sandstone and t h e  Madison Limestone 
repor ted  by Cooley (1981). Burk 
(1952) repor ted  hot water i n  t h e  ,411s- 
den Formation a t  Rose Dome; 125 f e e t  o f  
water were recovered i n  a 30 minute 
d r i l l  stem t e s t  on t h e  O w l  Creek Anti- 
c l i n e  (Petroleum Information, -1981) ; 
and 10 gpm flow from a 3,469-foot Ams- 
den(?) well i n  t h e  Lake Creek Fie ld  
[Wyoming S t a t e  Engineer 's  f i l e s ] .  O i l  
i s  produced i n  l imi t ed  q u a n t i t i e s  from 
t h e  Amsden Formation a t  Black Moun- 
t a i n  (Horn, 1963). 

No water chemistry d a t a  from the  Ams- 
den Formation i n  t h e  s tudy area  a re  
ava i l ab le .  Ten ana lyses  from o the r  p a r t s  
o f  t he  Bighorn Basin i n d i c a t e  t h a t  t h e  
water-bearing zones o f  t h e  Amsden For- 
mation produce water similar t o  Madison 
Limestone water (Hinckley and Heasler,  
i n  p repa ra t ion ) .  

The MADISON LIMESTONE, probably t h e  
most famous aqu i f e r  i n  Wyoming, i s  noted 
f o r  producing l a rge  q u a n t i t i e s  o f  water. 
The Madison i n  t h e  Thermopolis a r ea  i s  
descr ibed as '!limestone and dolomit ic  
l imestone i n t e r s t r a t i f i e d  wi th  dolomite" 
(Maughan, 1972a). Permeabi l i ty  i s  
c h i e f l y  secondary, due t o  f r a c t u r i n g  and 
t o  so lu t ion  f e a t u r e s  descr ibed a s  "caver- 
nous1! (Lowry e t  a l . ,  1976). Fracture- in-  
duced permeabi l i ty  i s  l i k e l y  confined t o  
deformed p o r t i o n s  o f  t h e  Madison. 

O f  t h e  6 Madison d r i l l  stem t e s t s  
examined (Petroleum Information, -1981), 
a l l  recovered s i g n i f i c a n t  q u a n t i t i e s  of  
water ,  560-6,428 f e e t  during flow per iods  
averaging 80 minutes. O i l  and water 
are produced from t h e  Madison Limestone 
i n  t h e  Hamilton Dome and Red Spring 
f i e l d s  (Biggs and Espach, 1960), and 
Madison o i l  product ion occurs a t  Black 
Mountain (Horn, 1963). Water i s  
found i n  t h e  Madison Limestone a t  Wild- 
horse Butte,  Kirby Creek, Lake Creek, 
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Murphy Dome, Warm Springs, and Zimmer- 

Anticline (Lease and Palse,  1952), and 
Rose Dome and Cedar Ridge (Berry and 

a well encountering 155°F (68°C) water 
!'rushing" i n t o  a cavernous zone i n  the 
Madison Limestone on Rose Dome. 

- man Butte f i e l d s  (Horn, 1963), O w l  Creek 

, . L i t t l e t o n ,  1961). Burk (1952) describes 

r-. 

__._ 

No Madison springs o r  flowing wel l s  
have been located within the  study area. 
Lowry (1962) r e p o r t s  6 Madison wells i n  
the Tensleep, Wyoming area ,  3 flowing 
over 2,500 gprn and 3 flowing 84-380 gpm. 
This grouping of flows agrees with Lowry 
e t  a l .  (1976), who conclude t h a t  t he  Madi- 
son Limestone (considered together with 
t h e  underlying Bighorn Dolomite) i n  the  
Bighorn Basin w i l l  y i e ld  e i t h e r  more than 
1,000 gpm o r  l e s s  than 500 g p m  t o  water 
wel l s ,  t he  bimodal d i s t r i b u t i o n  r e s u l t i n g  
from the  i r r e g u l a r  and cavernous nature 
of the  aquifer.  

Libra e t  a l .  (1981) provide one o i l -  
f i e l d  ana lys i s  f o r  t he  Madison Limestone 
i n  the  Thermopolis study area: 
s i t y  = 16 percent ,  permeabili ty = 25 
mi l l i da rc i e s ,  t ransmiss iv i ty  = 70 gpd/ 
foot.  Cooley (1981) t e s t e d  water wells 
northeast  o f  the  study area ,  and de- 
termined Madison t r ansmiss iv i t i e s  of 
3,846 t o  14,615 gpd/foot. Differences 
i n  t ransmiss iv i ty  estimates are par- 
t i a l l y  due t o  o i l  f i e l d  ca lcu la t ions  
being based on only the  petroleum pay 
thickness and on rock permeabi l i t i es  
t o  o i l .  Nonetheless, these  estimates 
a l s o  r e f l e c t  high v a r i a b i l i t y  of per- 
meabi l i t y  with t h i s  aqui fe r .  

poro- 

Seven Madisod Limestone water analy- 
s e s ,  a l l  from o i l  f i e l d s ,  a r e  on f i l e  
[Geological Survey of Wyoming Open F i l e  
Report No. 82-3; a l so  see  Table 31. 
Crawford's (1963) Bighorn Basin analy- 
sis f inds  t h a t  Madison waters tend t o  
have more Ca and Mg than those from the  
Tensleep Sandstone, and generally lower 
t o t a l  so l id s .  

Cooley (1981) who worked northeast  
of t he  Thermopolis a rea ,  agrees with 

, Lowry e t  a l .  (1976) i n  grouping the  
Madison Limestone and BIGHORN DOLOMITE 
as a s ing le  e f f e c t i v e  aqui fe r ;  very 

l i t t l e  information e x i s t s  on the  Big- 
horn Dolomite exclusively.  The GALLATIN 
and GROS VENTRE FORMATIONS generally do 
not produce much water (Cooley, 1981) , 
consistent with the  r e l a t i v e l y  low 
permeabili t ies suggested by t h e i r  shale 
and s i l t s t o n e  l i t ho log ie s .  Berry and 
L i t t l e ton  (1961) repor t  water of unknown 
q u a n t i t i e s  i n  these formations on the  
O w l  Creek Anticline.  
water analyses from the  preceding 
group o f  formations, a sample from 
the Bighorn Dolomite a t  Hamilton Dome 
and a sample-from the  Gros Ventre For- 
mation a t  Red Spring [see Geological 
Survey of Wyoming Open File Report No. 

We have only two 

82-33 

The lowest sedimentary un i t  above 
the Precambrian basement rocks i s  t h e  
.FLATHEAD SANDSTONE, described a s  a 
'!major" aquifer i n  t h e  Tensleep a rea  
(Cooley, 1981). A repor t  of Flathead 
water a t  Rose Dome (Berry and L i t t l e t o n ,  
1961) i s  the  only datum avai lab le  f o r  
t he  Thermopolis area. 
area,  the  Flathead Sandstone produces 
500-800 gpm under a r t e s i a n  wellhead 
pressure up t o  400 p s i  (Cooley, 1981). 
Both the  two Flathead samples on f i l e  
[Geological Survey of Wyoming Open F i l e  
Report No. 82-31 and Crawford's (1963) 
conclusions ind ica te  p a r t i c u l a r l y  
high Na values f o r  t h e  Flathead Sand- 
stone water. Otherwise, it is moder- 
a t e l y  d i l u t e  water with t o t a l  s o l i d s  
averaging 343 mg/l. 

In  the  Tensleep 

The Precambrian rocks i n  t h i s  a r e a  
a re  ch ie f ly  g r a n i t i c  and almost en- 
t i r e l y  dependent on weathering and 
f r ac tu r ing  fo r  permeabili ty (Berry and 
L i t t l e ton ,  1961). They may be impor- 
t a n t  i n  f rac tured  por t ions  of the  Ther- 
mopolis Anticline. Lowry e t  a l .  (1976) 
estimate t h a t  waters from the  Precam- 
br ian  rocks l i k e l y  contain l e s s  than 
500 mg/l t o t a l  so l id s .  

WATER MOVEMENT 

The general pa t t e rn  of flow f o r  t he  
Thermopo l i s  hydrothermal system ( r e  charge 
i n  O w l  Creek Mountains, discharge under 
a r t e s i a n  pressure a t  Thermopolis) is  
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o u t l i n e d  above (p. 2 1 ) .  The r eade r  w i l l  
r e c a l l  t h a t  flow d i r e c t l y  perpendicular  
t o  t h e  a n t i c l i n e  a t  Thermopolis appears 
t o  be t o o  shallow t o  produce t h e  ob- 
served s p r i n g  temper a t  ure  s without 
ex tens ive  c i r c u l a t i o n  i n t o  basement 
rock.  The s p r i n g  temperatures a r e  
r e a d i l y  explained,  however, by flow p a t -  
t e r n s  more complex both v e r t i c a l l y  and 
h o r i z o n t a l l y  than  t h e  simple scheme of  
Figure 7. 

In t  erformational  Flow 

In ter format iona l  ( v e r t i c a l )  water 
movement can be examined on s t r u c t u r a l ,  
hydrau l i c ,  thermal ,  and chemical 
grounds. In t h e  Tensleep, Wyoming a r e a ,  
Cooley (1981) found t h e  Paleozoic s t r a t a  
t o  be d i v i s i b l e  i n t o  3 d i s t i n c t ,  major 
aqu i f e r s :  Tensleep, Madison/Bighorn, 
and Flathead. 
fers i s  small enough t h a t  well head pres-  
su re  d i f f e rences  o f  up t o  150 p s i  a r e  
common. However, Cooley repea ted ly  
notes  t h e  importance of  f r a c t u r i n g  i n  
g r e a t l y  inc reas ing  in te r format ion  per -  
m e a b i l i t i e s ;  f o r  example, he expla ins  
one a r e a  of  abnormally high Tensleep 
p res su res  by upward movement o f  F l a t -  
head water  due t o  f r a c t u r i n g  around a 
small dome. The no r th  f l ank  of  t h e  O w l  
Creek Mountains i s  analogous t o  t h e  
Tensleep a rea ;  but  once t h e  sharp  fo ld -  
ing  and f a u l t i n g  o,f t h e  Thermopolis syn- 
c l i n e / a n t i c l i n e  a r e  encountered, l a rge  
head d i f f e r e n c e s  may well be equal ized 
by in t e r fo rma t iona l  flow. Since s t ra t i -  
g raph ica l ly  lower u n i t s  have higher  r e -  
charge a reas  and hence h igher  heads,  t h i s  
flow should be predominantly upward, i n t o  
s h a l  lower format ions.  

Flow between t h e s e  aqui- 

Big Spr ing ' s  flow o f  2,500 gpm from 
t h e  Chugwater Formation c l e a r l y  demon- 
s t r a t e s  in te r format iona l  flow , a t  
least f o r  t he  s p r i n g  s i t e .  Much wider 
support  is  provided by d r i l l  stem tes t  
d a t a  (Petroleum Information, -1981). 
Analysis  o f  100 t e s t s  of t h e  P a r k  Ci ty ,  
Tensleep , and Madison Formations with- 
i n  t h e  s tudy a r e a  shows no systematic  
d i f f e rences  i n  hydraul ic  head between 
formations.  Test d a t a  from two o r  more 
formations i n  t h e  same hole  commonly 

*- 

d i f f e r  by less than  SO f e e t  (22 p s i ) .  
Although d r i l l  stem t e s t  d a t a  a r e  i n -  
s u f f i c i e n t  t o  "prove" hydrologic  i n -  
tercommunication, t h e  ind ica t ion  is  
c l e a r l y  towards some degree o f  i n t e r -  
formational  flow. 

c- 
Thermal evidence f o r  v e r t i c a l  mix- 

ing  i s  provided by bottom-hole temper- 
a t u r e  d a t a  and our own thermal logs.  
The isothermal  cha rac t e r  of  t h e  
Paleozoic wells logged was discussed 
i n  an e a r l i e r  s e c t i o n ;  of re levance 
here  i s  t h a t  temperatures do not  vary 
g r e a t l y  f o r  wells t o  d i f f e r i n g  depths 
and formations i n  t h e  same area .  On 
Rose dome, f o r  example, temperatures 
of 145 t o  161°F (63 t o  71OC). 145°F 
(63OC) and 150°F (66°C) are repor ted  
f o r  t h e  Tensleep, Amsden, and Madison 
Formations r e spec t ive ly .  On t h e  
nor theas t  limb o f  t h e  s t r u c t u r e  
a t  Red Spring, temperatures of 85'F 
(29"C), 84°F (29"C), and 88°F (31°C) 
a r e  repor ted  f o r  t h e  Park Ci ty ,  
Tensleep, and Madison Formations, 
r e spec t ive ly  . 

Chemical evidence f o r  interforma- 
t i o n a l  water movement stems p r imar i ly  
from at tempts  t o  assign an aqu i f e r  
t o  t h e  e x i s t i n g  h o t  sp r ings  and wells. 
Ind iv idua l  chemical analyses  f o r  t he  
waters  of t h e  Paleozoic formations 
and o f  t h e  Thermopolis hot  sp r ings  
and w e l l s ,  a r e  on f i l e  [Geological 
Survey o f  Wyoming Open Fi le  Report 
No. 82-31 wi th  a d iscuss ion  o f  d a t a  
sources and r e l i a b i l i t y .  S i g n i f i -  
cant  l y ,  t h e  chemistry of t h e  var ious  
we l l s  and sp r ings  d i f f e r s  very l i t t l e .  
Thus, i n  s p i t e  o f  t h e  fact t h a t  t h e  
we l l s  and spr ings  a c t u a l l y  flow var -  
i ous ly  from t h e  Park Ci ty ,  Tensleep, 
o r  Chugwater Formations, a s i n g l e ,  
common r e s e r v o i r  is  indica ted .  

The average o f  13  hot  sp r ings  and 
well analyses  (Breckenridge and Hinck- 
ley ,  1978) are l i s t e d  i n  Table 4 along 
with averages f o r  t h e  Park Ci ty ,  Ten- 
s l e e p ,  and Madison Formations. The 
hot  sp r ings  and wells a r e  very d i f -  
f e r en t  from Park C i ty  o r  Tensleep 
averages f o r  t h e  a r e a ,  but  a r e  q u i t e  
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similar t o  t h e  average Madison va lues .  
Most va lues  a re  wi th in  10 percent  f o r  
t h e s e  two d a t a  s e t s  and, important ly ,  
t h e  propor t ions  of  anions and ca t ions  
a r e  nea r ly  i d e n t i c a l .  The c o e f f i c i -  
e n t s  of  v a r i a t i o n  suggest t h a t  t h i s  
"matcht1 i s  i n  p a r t  a func t ion  of  
averaging and t h a t  Madison water analy-  
s e s  are much l e s s  cons i s t en t  than 
are those  f o r  t he  spr ings .  Nonethe- 
l e s s ,  o f  t h e  51 ind iv idua l  analyses  
a v a i l a b l e  f o r  Park Ci ty ,  Tensleep, and 
Madison water, those c l o s e s t  t o  hot  
sp r ings  and wel l  analyses  i n  both ion  
concent ra t ions  and propor t ions  are from 
Madison Limestone water.  Analyses be- 
yond t h e  major ions a re  not ava i l ab le  
for  a r ea  Madison waters ,  so the  pos- 
s i b i l i t y  of  d i screpancies  i n  t h e  minor 
c o n s t i t u e n t s  has  not  been assessed.  

The general  chemical s i m i l a r i t y  of 
t h e  hot sp r ings  and area Madison water 
and t h e i r  s u b s t a n t i a l  d i s s i m i l a r i t y  with 
a r e a  Park Ci ty  and Tensleep water lead 
us t o  a Madison assignment f o r  t h e  sp r ing  
waters ,  f o r  t h e  p re sen t .  This  i s  con- 
s i s t e n t  wi th  t h e  hydrologic p r o p e r t i e s  
of  t h e  Madison Limestone and agrees  
wi th  t h e  conclusion o f  Berry and L i t t l e -  
t on  (1961) and Breckenridge and Hinck- 
l e y  (1978). Thus, upward movement of 
l a rge  volumes o f  water from a t  l e a s t  
as low a s  t h e  Madison Limestone i s  
ind ica t ed  f o r  t h e  c r e s t  'of t h e  Ther- 
mopolis Ant ic l ine .  

If waters r ise  from t h e  Madison 
Limestone (?) , t h e i r  mixing wi th  h igher  fo r -  
mation waters may cause chemical modifi- 
ca t ion .  
H2S gas, a t y p i c a l  Park C i ty  d e r i v a t i v e ,  ; 

i s  common i n  t h e  sp r ing  waters.)  
t h e  formational  chemistry v a r i a t i o n s  
ev ident ,  it i s  d i f f i c u l t  t o  "prove" 
o r i g i n  i n  a s p e c i f i c  formation. In 
c o n t r a s t ,  t h e  homogeneity of  h o t  we l l  
and sp r ing  chemistry allows an unam- 
biguous s ta tement  of  t he  water q u a l i t y  
l i k e l y  t o  be encountered i n  develop- 
ment o f  t h i s  system. 

(For example, t h e  presence of  

Given 

A major zone of  f r a c t u r i n g  along 
t h e  Thermopolis Ant ic l ine  i s  thus  
ind ica ted  by water movement. Such 
a zone of  high permeabi l i ty  extend- 
ing  i n t o  basement rocks would pro- 
vide f o r  deep c i r c u l a t i o n ,  dr iven by 
f r e e  convection a s  cooler  water de-  
scends and deep heated water r ises with-  
i n  t h e  f r ac tu red  rock. Chemical com- 
par i sons  ind ica t e  t h a t  a major con- 
t r i b u t i o n  t o  t h e  sp r ing  system o f  
sub-Madison Formation water would 
genera l ly  s h i f t  composition away 
from t h a t  observed, towards higher 
Nay K, Sob,  C 1  and TDS concentra- 
t i ons , -  and i s  t h e r e f o r e  not  ind ica ted .  
Given t h e  highly product ive cha rac t e r  
o f  t he  Madison Limestone, however, Ma- 
dison chemistry might dominate even 
i f  o ther  a q u i f e r s  had f r e e  access  
t o  t h e  system. C i rcu la t ion  wi th in  
t h e  Precambrian basement rocks 
would be un l ike ly  t o  a l t e r  water 
chemistry s i gni f i can t 1 y . 

Hydraulic Heads and Flow Volumes 

Horizontal  water movement can be 
evaluated through cons idera t ion  o f  t h e  
d i s t r i b u t i o n  of hydraul ic  head, t h e  
l e v e l s  t o  which water w i l l  r i s e  i n  
t i g h t l y  cased wel l s .  The sur face  
represented by contouring these  water  
l e v e l s  i s  termed a poten t iomet r ic  
surface and, assuming a l l  da t a  a r e  
from the  same s t r i c t l y  confined 
aqui fe r ,  p r e d i c t s  t h e  d i r e c t i o n  o f  
water movement much a s  su r face  topo- 
graphy con t ro l s  surface flow. Beyond 
t h e  q u a l i t a t i v e  eva lua t ion  of  flow 
d i r e c t i o n s ,  t hese  values  a l s o  pro-  
vide empir ica l  d a t a  on t h e  d i s t r i -  
bu t ion  of  a r t e s i a n  p res su re .  Avail-  
ab le  d a t a  on flowing wells, s t a t i c  water 
l eve l s  i n  we l l s ,  and measured formation 
f l u i d  p re s su res  have been compiled f o r  
113 wel l s  i n  t h e  s tudy area .  These a r e  
l i s t e d  with loca t ion ,  formation, hy- 
d r a u l i c  head e l eva t ion ,  and datum source 
i n  Geological Survey of  Wyoming Open 
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Recharge a reas  f o r  t h e  Paleozoic 
rocks  on t h e  O w l  Creek Mountains begin 
a t  around 4,600 f e e t  i n  e l eva t ion  f o r  
t h e  Park C i ty  Formation and range up 
t o  ex tens ive  Madison Limestone out -  
c rops  a t  around 7,000 f e e t .  These, 
then ,  are t h e  maximum poss ib l e  e l e -  
va t ions  f o r  t h e  poten t iomet r ic  sur- 
face o f  t hese  formations.  Outcrop p: 

e l e v a t i o n s  i n  t h e  Wind River Canyon 
(see Figure 4) begin a t  4,360 f e e t  
f o r  t he  Park C i ty  Formation, 4,365 
feet  f o r  t h e  Tensleep Sandstone, 
4,390 f e e t  f o r  t h e  Madison Limestone, 
and around 4,600 feet  f o r  t h e  Flathead 
Sandstone. Springs i s su ing  from t h e  
Park C i ty  (Breckenridge and Hinckley, 
1978), Bighorn, and G a l l a t i n  Formations 
(Lease and Palse, 1952) and t h e  Ten- 
s l eep  Sandstone* i n  t h e  canyon i d e n t i f y  
i t  as an area of  discharge r a t h e r  than 
recharge ( f o r  t h e s e  formations) and 
show t h a t  po ten t iomet r ic  sur faces  a r e  . 
higher  i n  a reas  away from t h e  canyon. 

Bredehoeft and Bennett (1972) pro-  
vide a poten t iomet r ic  su r face  map f o r  
t h e  Tensleep Sandstone i n  t h e  Bighorn 
Basin. From a 6,000-foot contour 
along t h e  c r e s t  o f  t h e  O w l  Creek Moun- 
t a i n s ,  t h e  surface mapped s lopes  down- 
ward t o  a 4,400-foot contour running 

. through t h e  Hamilton Dome, L i t t l e  Sand 
Draw, and Gebo o i l  f i e l d s ,  looping 
sharp ly  back upstream t o  t h e  mouth 
o f  t h e  Wind River Canyon, then  back o u t  
t o  p a s s  no r th  and west o f  t h e  Zimmer- 
man f i e l d  and j u s t  no r th  o f  Murphy 
Dome. 
Survey of  Wyoming Open F i l e  Report 
No. 82-3 i n d i c a t e  a l o c a l l y  depressed 
po ten t iome t r i c  su r face  around the  hot  
sp r ings  and a much less severe depres- 
s ion  of t h e  surface along t h e  r i v e r ,  
but otherwise demonstrate t h e  same gen- 
e ra l  t r e n d s  as t h e  much spa r se r  d a t a  
o f  Bredehoeft and Bennett (1972): 
t h e  sp r ings  o f  Hot Springs S t a t e  Park 
(4,310-4,370 f e e t  i n  e l eva t ion ,  t h e  
lowest n a t u r a l  su r f ace  discharge po in t  
f o r  Paleozoic waters  within t h e  s tudy 
area)  occupy a l a rge  area o f  f a i r l y  
similar hydraul ic  head. Hydraulic 

The d a t a  compiled i n  Geological 

head e l e v a t i o n s  a r e  higher  west and 
south  of  t h e  Thermopolis An t i c l ine  and 
east o f  t h e  Red Spring - Wildhorse Butte 
An t i c l ine ,  i n d i c a t i n g  flow i n t o  t h e  
Thermopolis and Red Spring areas from 
those  d i r e c t i o n s .  

Thus, waters w i l l  t r a v e l  through 
t h e  sync l ine  southwest and west of 
Thermopolis and migrate along t h e  a n t i -  
c l i n e  t o  d ischarge  a t  the  h o t  spr ings .  
The depth o f  t h e  ad jacent  sync l ine  p re -  
d i c t s  t h e  observed general  temperature 
increase  along t h e  a n t i c l i n e  westward 
of  Thermopolis (see d iscuss ion ,  page 
l S ) ,  a s  does t h e  hydrologic i n d i c a t i o n  
of  ho t  water i n f l u x  from t h a t  d i r e c -  
t i o n .  If ho t  waters  a r e  migra t ing  
along t h e  a n t i c l i n e ,  temperatures should 
drop ab rup t ly  t o  t h e  e a s t  o f  t h e  p re -  
s en t  sp r ings ,  r e f l e c t i n g  only l o c a l  
sync l ine  depth s ince  t h e r e  is  no 
impetus f o r  waters t o  move l a t e r a l l y  
beyond t h e  spr ings .  Temperature 
measurements f o r  t h e  east end o f  t h e  
a n t i c l i n e  do show t h i s  r e l a t i o n s h i p  
(see Figure 5 ) .  3 

Addit ional  suggest ions o f  flow 
p a r a l l e l  t o  t h e  Thermopolis Anti-  
c l i n e  are t h e  temperatures o f  a flowing 
Tensleep well (67"F, 20°C) and a Park 
C i ty  sp r ing  (72*F, 22"C), "Wind River 
Canyon Spring" o f  Breckenridge and 
Hinckley (1978), south of  town. These 
occur,  no t  on the  Thermopolis Anti- 
c l i n e ,  . bu t  on t h e  northward dipping 
limb o f  t h e  sync l ine  where a simple 
model o f  flow perpendicular  t o  t h e  
a n t i c l i n e ,  from t h e  O w l  Creek Mountains 
t o  Thermopolis, would p r e d i c t  on ly  cool ,  
descending flow. The r e l a t i v e l y  low 
e l eva t ion  o f  t hese  f ea tu res ,  on ly  10 
feet  higher  than Big Spring,  however, 
r e q u i r e s  t h a t  t hey  be discharge p o i n t s ,  
ev iden t ly  drawing water from deeper 
a r e a s  t o  t h e  west-northwest. 

East o f  Thermopolis, observed tem- 
pe ra tu res  on t h e  a n t i c l i n e  agree wi th  t h e  
pred ic ted  flow and thermal condi t ions ,  
except f o r  t h e  116°F (47°C) value from 
t h e  Red Spring f i e l d .  Hydraulic head 
d a t a  suggest  t h a t  some water may a l s o  
be moving up t h e  e a s t  f l a n k  o f  t h e  

*Wyoming S t a t e  Engineer f i les .  
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Red Spr ing  - Wildhorse Butte Ant ic l ine ,  
bu t  t h e  thermal impl ica t ions  of  such 
flow have not  been determined. That 
t h e  temperatures  from seve ra l  neighboy- 
ing  ho le s  are c o n s i s t e n t l y  lower (and i n  
agreement wi th  temperatures  p red ic t ed  
f o r  flow from t h e  south and southwest ) 
suggests  t h a t  t h e  116°F (47°C) r e p o r t  
may be i n  e r r o r .  Examination o f  t h e  
wel l  log  f o r  t h i s  ho le  r e v e a l s  no 
obvious reason f o r  suspec t ing  t h e  value , 
however, so  it remains problematic.  

Calcu la ted  and measured hydraul ic  
head e l eva t ions  f o r  t h e  Park Ci ty  
Formation and t h e  Tensleep Sandstone 
i n  t h e  Thermopolis Ant ic l ine  a rea  a r e  
c o n s i s t e n t l y  around 4,400 f e e t .  Hy- 
d r a u l i c  head e l eva t ions  of  4,376, 
4,406, 4,361 and 4,378 f e e t  come from 
Rose Dome, 4,392 and 4,450 f e e t  from 
Cedar Ridge; Big Spring flows at  
4,370 f e e t ,  and t h e  Red Spring a r e a  
has  heads o f  4,470 and 4,366 f e e t .  A 
north-south t r a n s e c t  shows similar 
values:  4,380 f e e t  f o r  a Park Ci ty  
sp r ing  and a Tensleep we l l  4 and 3 
miles , r e spec t ive ly ,  south  o f  Ther- 
mopolis, and 4,340, 4,318, 4,400, 
4,312, 4,361, and 4,340 f e e t  along t h e  
Bighorn River 1.3, 1 .7 ,  1 .7 ,  1.8,  4 .0 ,  
and 5 . 5  miles  no r th  o f  town. Thus, it 
appears as though flowing wel l s  could 
be developed i n  many areas along t h e  
Bighorn River and t h a t  pumping l i f t s  
elsewhere should be less than the  
d i f f e r e n c e  between sur face  e l eva t ion  
and 4,300 f e e t .  

The l a s t  aspect  o f  water flow t o  
be considered is  volume. The r a t e  a t  

, which water w i l l  flow t o  a well bore 
is  much harder  t o  p r e d i c t  than e i t h e r  
p re s su re  or temperature. .  As ex- 
p l a ined  i n  t h e  aqu i f e r  desc r ip t ions ,  
permeabi l i ty  i s  h ighly  dependent on 
f r a c t u r i n g  and, i n  t h e  carbonate rocks ,  
on s o l u t i o n  f ea tu res .  The 500-1,000 
gpm flows o f  t h e  e x i s t i n g  spr ings  and 
wells o f  t h e  Thermopolis system demon- 
strate t h e  p o s s i b i l i t i e s .  Two Wyoming 
S t a t e  Geologis ts  (Barlett,  1925; Mar- 
z e l l ,  1929) inves t iga t ed  the  quest ion 
o f  t h e  2,270 gpm flow from t h e  h o t  
wells decreas ing  t h e  flow o f  t h e  spr ings  
o f  Hot Springs S t a t e  Park and both con- 

cluded t h a t  t h e r e  had been no e f f e c t .  
S t ea rns  e t  al .  (1937) s t a t e  simply 
t h a t  "large" a r t e s i a n  flows were ob- 
t ained without "appreciably" a f f e c t  - 
i n g  sp r ing  discharge.  
p i l e d  by Breckenridge and Hinckley 
(1978) s i m i l a r l y  suggest t h a t  the flow 
o f  Big Spring has  no t  decreased s i g -  
n i f i c a n t l y  s ince  1909 (10 years  before  
the  first we l l s ) .  

Flow da ta  com- 

Van Norman (personnel communication, 
1981) claims t h a t  t h e r e  have been a t  
l e a s t  two more we l l s  i n  t h e  pas t  than 
a t  p re sen t  i n  t h e  a rea  nor th  of Ther- 
mopolis producing ho t  water from t h e  
P a r k  Ci ty  Formation and Tensleep Sand- 
s tone.  The Wyoming S t a t e  Engineer 's  
f i l e s  inc ludes  one of  t hese  wel l s ,  
l i s t e d  as producing from ll l imestonel '  
a t  a depth o f  560 f e e t .  No tempera- 
t & e  is  provided. Van Norman (per- 
sonnel communication, 1981) r e p o r t s  
t h a t  t hese  w e l l s  slowly l o s t  t h e i r  flow 
over time and t h a t  t h e  present  Van 
Norman Well flows "much l e s s f 1  than when 
it was first d r i l l e d .  She a l so  has 
convincing photo graphic  evidence t h a t  
t h e  Maytag Well produced considerably 
more water i n  1928 than a t  present .  
These flows and flow d i f f e rences  had no 
repor ted  effect  on t h e  n a t u r a l  hot 
spr ings .  Possible  explanat ions f o r  
such decrease i n  flow inc lude  con- 
s t r i c t i o n  o f  well bores  by mineral  de- 
p o s i t i o n  and cas ing  d e t e r i o r a t i o n  t o  
t h e  po in t  o f  borehole co l lapse .  
Apparently no s p e c i a l  p rovis ions  have 
been made t o  con t ro l  e i t h e r  of t hese  
problems commonly assoc ia ted  wi th  pro-  
duc t ion  of geothermal waters. 

I t  should be noted t h a t  flow d a t a  
f o r  any component of  t h e  hydrothermal 
system a r e  so re ly  lacking.  The 8 flow 
measurements from which the  Table 2 
value f o r  Big Spring i s  der ived span 
1 2  years  and range from 2 , 2 1 2  t o  2,908 
@m* Five measurements each f o r  t h e  
Sacajawea, Maytag, and McCarthy Wells 
over t h e  same per iod  a r e  879-1,539 
gpm, 498-1,027 gpm, and 224-745 gpm, 
r e s p e c t i v e l y  [Wyoming S t a t e  Engineer 's  
f i l e s ] .  
measurements f o r  t h e  t h r e e  wells do 
no t  coincide,  nor do they  occur a t  t h e  

The d a t e s  of  t h e  extreme 
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same time o f  t h e  year .  Thus, wi th in  
t h e  r e s o l u t i o n  o f  sdch sparse  da t a ,  
we conclude t h a t  t hese  v a r i a t i o n s  a re  
not  t h e  r e s u l t  o f  o v e r a l l  changes o f  
t h e  system nor o f  yea r ly  cyc les  o f  
flow. The d a t a  suggest ,  i n s t ead ,  
complex v a r i a t i o n s  i n  t h e  system's 
water y i e l d  i n  both space and time. 
Although B a r t l e t t  (1925) concluded t h a t  
t h e  ho t  sp r ings  had not  been a f f ec t ed  
by t h e  wells, he was l e s s  su re  of  
f u t u r e  wells, and became t h e  first o f  
many t o  suggest t h a t  sys temat ic  and 
f requent  monitoring be p rac t i ced .  No 
such program has  been,undertaken t o  
da t e .  

There has been more c a r e f u l  monitor- 

Develop- 
i n g  of t h e  Paleozoic aqu i f e r s  i n  t h e  
Tensleep a r e a  (see Figure 1 ) .  
ment o f  t h e  Tensleep, Madison/Bighorn, 
and Flathead a q u i f e r s  i n  t h a t  area 
increased flow from an average o f  
1,900 g p m  from we l l s  i n  8 townships 
i n  1953 (Lowry, 1962) t o  8,372 gpm, 
predominantly from Madison wells, i n  
1976 (Cooley, 1981). In  1962, Lowry 
concluded t h e r e  had been no percept 
t i b l e  o v e r a l l  l o s s  o f  p re s su re  from 
these  a r t e s i a n  systems; from 1978. d a t a ,  

Cooley concluded t h a t  though t h e r e  
had been no apparent  p re s su re  reduct ion  
i n  t h e  Tensleep a q u i f e r ,  the  Madison/ 
Bighorn had experienced a pressure  
decrease i n  "somef' we l l s ,  and "most" 
Flathead w e l l s  no longer produced com- 
pletion-magnitude pressures .  

One c e r t a i n l y  should no t  assume t h a t  
t h e r e  i s  a limitless supply of  ho t  
water a t  Thermopolis. A t  t he  same 
time, a v a i l a b l e  evidence i n d i c a t e s  t h a t  
s u b s t a n t i a l  q u a n t i t i e s  o f  water could 
be developed from t h e  system without 
d e l e t e r i o u s  e f f e c t s ,  p a r t i c u l a r l y  i f  
r e i n j e c t i o n  o f  waste water i s  prac-  
t i c e d .  
dary permeabi l i ty  development i n  t h e  
aqu i f e r s  o f  t h e  system, water y i e l d s  
w i l l  l i k e l y  vary from p lace  t o  p l ace .  
The p resen t  h o t  well flow o f  500-1,000 
g p m  r ep resen t s  "safe' '  y i e l d s  o f  t h e  
p a s t .  A we l l  20 mi les  north-northwest 
o f  Tensleep which flows 2,880 gpm from 
the  Madison Limestone (Lowry e t  a l . ,  
1976) r e f l e c t s  t he  magnitude o f  pro-  
duct ion p o s s i b i l i t i e s ,  though t h e  e f f e c t  
o f  such production on t h e  hot spr ings  
cannot be p red ic t ed  a t  t h i s  time. 

Given t h e  importance o f  secon- 

SUMMARY IMPLICATIONS AND RECOMMENDATIONS 

Geologic and hydrologic condi t ions  
i n  t h e  Thermopolis study a rea  ind ica t e  
water movement northeastward o f f  t h e  
f l ank  o f  t h e  O w l  Creek Mountains, , 

through t h e  in te rvening  syncl ine  , and 
up t h e  s t eep  no r th  f l ank  of t h e  Ther- 
mopolis Ant ic l ine .  Largely confined by 
t h e  l e s s  permeable beds o f  t h e  overlying 
Chugwater Formation ,, water i s  under 
a r t e s i a n  p res su re  i n  Paleozoic aqui- 
f e r s .  Extensive f r a c t u r i n g  along t h e  
sha rp ly  folded a n t i c l i n e ,  and a prob- 
ab le  basement f a u l t  beneath it, allow 
upward flow and subsequent discharge 
a t  t h e  e x i s t i n g  h o t  spr ings .  Chemical 
ana lyses ,  supported by observed high 
discharge volumes, suggest t h a t  spr ing  
water is predominantly o f  Madison 
Limestone o r ig in .  

. 

Thermal modeling p r e d i c t s  Madison 
temperatures o f  160°F (71°C) i n  t h e  
sync l ine  opposi te  Rose Dome and 104°F 
(40°C) i n  t h e  immediate Thermopolis 
a rea .  Water migrat ing southeast  from 
t h e  Rose Dome a r e a  t o  discharge a t  
t h e  sp r ings  should e l eva te  sp r ing  tem- 
pe ra tu res  above those  i n  the  adjacent  
sync l ine  , whereas areas f u r t h e r  e a s t  
should no t  r ece ive  t h i s  hea t ing  com- 
ponent. Observed temperatures agree 
extremely well wi th  t h i s  model o f  
water flow and temperature:  161°F 
(71°C) was measured on Rose Dome, 
t h e  temperatures  o f  t h e  hot  spr ings  
are near  130°F (54"C), and maximum 
temperatures drop abrupt ly  t o  around 
100°F (38°C) along t h e  eas t e rn  end of  
t h e  a n t i c l i n e .  Water from formations 
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below t h e  Madison Limestone and deep 
convective c i r c u l a t i o n  i n  a f a u l t  zone 
may con t r ibu te  higher  temperatures  t o  
t h e  system, b u t  it appears un l ike ly  
t h a t  s i g n i f i c a n t  volumes o f  water can 
be developed a t  temperatures  exceed- 
i n g  170°F (77°C) a t  Rose Dome, 150°F 
(66°C) a t  Cedar Ridge, and 140°F (60°C) 
i n  t h e  v i c i n i t y  of  Thermopolis townsi te .  

These es t imates  r e s u l t  from mea- 
sured and r epor t ed  temperature and 
gradien t  va lues ,  thermal modeling, and 
cons idera t ion  o f  temperature l o s s  
as hot  waters r ise  t o  t h e  sur face .  
To eva lua te  t h i s  last p o i n t ,  t he  flow 
o f  Big Spring was modeled as  a r r i v -  
ing  through a (1-meter) 3.3-foot d i a -  
meter conduit  (following Truesde l l  e t  
a l . ,  1977) extending e i t h e r  t o  the  
base o f  t h e  Madison o r  p e n e t r a t i n g  
1,300 f e e t  o f  Precambrian rock. Using 
a s tandard rock d i f f u s i v i t y  value of  
32 km2/mill ion-years,  both models i n -  
d i c a t e  l e s s  than  9°F (5°C) temperature 
drops even i n  t h e  extreme case o f  res- 
e r v o i r  temperatures as  high as  194°F 
(90°C). Logs o f  wells flowing from t h e  
Thermopolis system support  t h i s  conclus- 
ion empir ica l ly :  measured temperature 
lo s ses  f o r  t h e  Maytag and McCarthy 
wells were only 0.26'F (0.14"C) and 
0.34OF (0.10"C) per  1,000 f e e t ,  r e s -  
pec t ive ly ,  i n  well bores  l e s s  than 1 
foor  i n  diameter (see Figure 6,  pages 
12-16). 

The marginal resource  i d e n t i f i e d  
i n  t h e  Red Spring a r e a  has  not  been 
thermally modeled. 
from t h e  south  and southwest should 
show temperatures similar t o  those pro-  
j e c t e d  f o r  t h e  e a s t  Thermopolis Anti-  
c l i n e ;  t h e  thermal impl ica t ions  o f  flow 
from t h e  east have not  been s tudied .  
The next s t e p  i n  t h e  eva lua t ion  o f  t h i s  
a r e a  should be v e r i f i c a t i o n  of  repor ted  
temperatures  i n  excess  o f  100°F (38°C). 

Flow i n t o  t h e  area 

An important impl ica t ion  o f  t h e  
model developed so f a r  i s  t h a t  once 
ho t  water i s  encountered, deeper d r i l l -  
i n g  i s  not  l i k e l y  t o  r e s u l t  i n  s i g n i f i -  
c a n t l y  h igher  temperatures .  Movement 
between formations,  a t  least  from t h e  
Park C i ty  Formation t o  t h e  Madison 
Limestone, appears t o  be s u f f i c i e n t  

t o  homogenize temperatures ,  producing 
isothermal  condi t ions  throughout t h i s  
s ec t ion  along t h e  Therrnopolis Ant ic l ine .  
I t  i s  l i k e l y  t h a t  aqu i f e r  water y i e l d  
inc reases  from t h e  Park C i ty  Forma- 
t i o n  t o  t h e  Tensleep Sandstone and 
poss ib ly  from t h e  Tensleep Sand- 
s tone t o  t h e  Madison Limestone, 
so deeper d r i l l i n g  may r e s u l t  i n  g rea t -  
e r  flow; but  we f e e l  t h a t  the  tempera- 
t u r e s  presented above a r e  t h e  maximums 
l i k e l y  t o  be encountered a t  f e a s i b l e  
d r i l l i n g  depths.  

The importance o f  f r a c t u r e  -induced 
permeabi l i ty  i n  t h e  upper Paleozoic 
aqu i f e r s  genera t ing  great water y i e l d s  
has been emphasized repea ted ly  above. 
Such zones of  f r a c t u r e  and f a u l t i n g  
occur along t h e  c r e s t  o f  t h e  Thermopo- 
l i s  Ant ic l ine  and perhaps i n  a reas  
perpendicular  t o  t h e  a n t i c l i n e  a t  
dome boundaries. Detai led mapping 
i n  t h e  a rea  i s  necessary t o  p rec i se ly  
d e l i n e a t e  such zones. Lowry (1962) 
advises  t h a t  low-yield wells i n t o  these  
upper Paleozoic a q u i f e r s  may be s i g -  
n i f i c a n t l y  improved by wel l - s t imula t ion  
techniques aimed a t  increas ing  per-  
meabi l i t y .  

Exis t ing  wells show t h a t  y i e lds  i n  
excess of 500 g p m  can be developed 
from high permeabi l i ty  zones. De ta i l s  
o f  hydrologic c h a r a c t e r i s t i c s  o f  ' t h e  
Thermopolis area a q u i f e r s  are l a rge ly  
unknown. We have located no pump 
t e s t  determinat ions f o r  t he  a rea ,  nor 
even d e t a i l e d  records  o f  well flows. 
Given the  number o f  wells which have 
been d r i l l e d  i n t o  t h i s  hydrothermal 
r e s e r v o i r ,  we feel  t h a t  a c a r e f u l l y  
implemented program o f  wel l  t e s t i n g  
and monitoring would be very usefu l .  
Hydraulic head d a t a  i n d i c a t e  t h a t  
thermal waters once encountered w i l l  
r i s e  t o  an e l eva t ion  of 4,320-4,380 
f e e t  o r  flow a t  t h e  sur face ,  whichever 
comes first.  

Although h igh  water temperatures 
may be found i n  Paleozoic rocks over 
a l a rge  area nor th  o f  t h e  a n t i c l i n e ,  
the  nor thern  boundary o f  t h e  v i ab le  
resource area i s  f ixed  by d r i l l i n g  
depths .  
around go,  a given stratum i s  836 f e e t  

A t  t h e  p r e v a i l i n g  d ip  of  
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deeper every mile  nor th-nor theas t  from 
t h e  c r e s t  of  t h e  a n t i c l i n e .  While t h e  
Park Ci ty  Formation i s  458 f e e t  below 
t h e  su r face  a t  t h e  McCarthy we l l s  
( B a r t l e t t ,  1925), i t  should be 1,015 
f e e t  deep one-half  mile north-north-  
e a s t .  
i s  due t o  increased su r face  e l eva t ion .  
Thus, it is  necessary t o  i n t e g r a t e  
sur face  e l eva t ion ,  depth t o  aqu i f e r ,  
and hydraul ic  head d a t a ,  as we l l  as 
t o  t r y  t o  i n t e r s e c t  a zone o f  high 
permeabi l i ty ,  i n  a c t u a l l y  s i t i n g  a 
well. 

Part of  t h e  depth i n  t h i s  case 

An approximation o f  t h e  depth t o  a 
given formation can be obta ined  by 
determining t h e  su r face  formation 
(Figure 3) and summing t h e  th icknesses  
o f  t h e  in t e rven ing  formations (Table 
3, page 23). Depths w i l l  be g r e a t e r  
than t h e  simple,  summed th icknesses  
as d i p  increases ,  but  w i l l  be l e s s  
than  2 percent  i n  e r r o r  f o r  d i p s  l e s s  
than l o o .  An add i t iona l  cau t ion  on 
depth is  t h a t  t h e  formations i n t o  
which t h e  rocks are d iv ided  may be 
no more uniform v e r t i c a l l y  than  they 
a r e  ho r i zon ta l ly ;  i . e . ,  it may be neces- 
sa ry  t o  d r i l l  well i n t o  a formation 
t o  r e a l i z e  s i g n i f i c a n t  product ion.  
For example, while t h e  McCarthy well  
flows nea r ly  1,000 gpm from t h e  upper 
10 feet  o f  t h e  Park C i ty  Formation, 
a well j u s t  west of  town was d r i l l e d  
188 f e e t  i n t o  the-  Park C i ty  Formation 
before  producing water,  which then rose  
t o  a depth of  55 f e e t  i n  t h e  well [Wyo- 
ming S t a t e  Engineer 's  f i l e s ] .  

On t h e  south f l ank  o f  t h e  Thermopolis 
Ant ic l ine ,  d ips  are very s t e e p .  The 
thermal necess i ty  t o  s t a y  n o r t h  of  t h e  
sync l ine  t o  i n t e r c e p t  t h e  h o t t e s t  flow 
confines  explora t ion  to -  a very narrow, 
geo log ica l ly  complex s t r i p  j u s t  o f f  
t h e  crest  (see Figure 6 ) .  The sca l e  
and d e t a i l  o f  geologic  i n v e s t i g a t i o n s  
needed t o  i d e n t i f y  p o t e n t i a l  develop- 
ment si tes i n  t h i s  area are beyond 
t h e  scope of  t h i s  r e p o r t .  
t i g a t i o n  should c e r t a i n l y  precede any 
development planning. 

Such inves-  

One engineer ing  and environmental 
problem t h a t  may appear i s  t h e  hand- 
l i n g  o f  l a rge  volumes o f  mineral ized 
water. The t r a v e r t i n e  t e r r a c e s  and 
t i p i s  of Hot Springs S t a t e  Park t e s t -  
i f y  t o  t h e  depos i t i ona l  p o s s i b i l i t i e s  
of the  waters .  Norman Sanford, (per- 
sonal communication, 1979) r e p o r t s  
such r a p i d  t r a v e r t i n e  depos i t ion  t h a t  
a pump i n  wel l  C 3  (Rose Dome) was ren-  
dered inoperable  i n  only  3 years .  
During t h a t  same pe r iod ,  approximately 
one inch o f  t r a v e r t i n e  had b u i l t  up 
on t h e  wel l - fed s tock  tank. Cessa- 
t i o n  o f  flow from some wel l s  n o r t h  o f  
town (see page 33) ,  and t h e  dec l in ing  
flow o f  t h e  Maytag well, may a l s o  
be due t o  mineral  depos i t ion .  On 
t h e  o ther  hand, Big Spring shows no 
s ign  o f  dec l in ing  flow, and, while t h e  
Van Norman wel l  flow has  decreased 
over time, t h e i r  house has  been geo- 
thermally heated f o r  over 40 years  
(Van Norman, personal  communication, 
1981) without  excessive minera l iza t ion  
problems. The Taylor house i s  s i m i -  
l a r l y  heated by t h e  waters of  t he  Mc- 
Carthy we l l ,  and, though t h e i r  system 
i s  of  more recent  v in tage  than the  
Van Norman system, it has  experienced no 
problems t o  da t e  (Scot t  Taylor ,  per -  
sona l  communication, 1981). Mineral 
depos i t ion  i s  l i k e l y  a r e s u l t  o f  
changes i n  temperature and p res su re .  
Given t h e  f a i r l y  cons tan t  chemistry o f  
t h e  Thermopolis hydrothermal waters ,  
it should be p o s s i b l e  t o  c a l c u l a t e  
t he  magnitude o f  t h e  p o t e n t i a l  min- 
e r a l  problem as a func t ion  o f  how t h e  
waters a re  t o  be managed (see Anderson 
and Lund, 1979). 

The major l e g a l  obs t ac l e  t o  develop- 
ment of  t h e  Thermopolis resource  
appears t o  be a p o s s i b l e  c o n f l i c t  
with t h e  flow of  t h e  spr ings  i n  Hot 
Springs S t a t e  Park. Water r i g h t s  with- 
i n  t h e  S t a t e  Park a r e  con t ro l l ed  by 
the  Wyoming S t a t e  Board of  C h a r i t i e s  
and Reform [Wyoming S t a t u t e s  1977, 
s ec t ion  36-8-3051, and t h e  Wyoming 
S t a t e  Enginner i s  s p e c i f i c a l l y  
charged wi th  t h e  p r o t e c t i o n  o f  t h e r -  
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I ma1 springs on S t a t e  Lands [Wyoming 
I Sta tu tes  1977, section 41-1-1091. 
i The Sta te  Engineer's authori ty  ex- 

tends t o  any d r i l l i n g ,  p r iva te  or pub- 
l i c ,  i n  the Thermopolis area. In 
our discussion of avai lable  flow 
volumes on pages 33-34, we conclude 
t h a t  it is possible t h a t  s i g n i f i c a n t  
nonconflicting development could 
occur. Certainly,  any such development 
should be undertaken with caution, 

I 

within the  framework of a program of 
carefu l  monitoring of ex is t ing  wells 
and springs,  and with every consider- 
a t ion  given t o  minimizing the  p o s s i b i l i t y  
of  conf l ic t .  The aes the t ic ,  recre-  
a t iona l ,  and therapeutic value of  Hot 
Springs S ta te  Park should not be under- 
estimated, nor should unfounded concern 
over the  flow o f  the springs preclude 
responsible exploration and development 
of t h i s  p o t e n t i a l l y  valuable resource. 

I 
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