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ABSTRACT 

S i x  geothermal r e s e r v o i r s  w i th  f l u i d  temperatures  
over 200°C and t e n  geothermal systems wi th  measured 
f l u i d  temperatures  of 150-200°C have been 
discovered i n  t h e  no r the rn  Basin and Range Province 
of t h e  USA. 
mod era t e- t emp e r a  t u r  e s y s t ems shows cons id  e r  ab le  
ove r l ap  i n  geographical  d i s t r i b u t i o n ,  geology, and 
phys ica l  p r o p e r t i e s .  
between moderate and high-temperature systems using 
f l u i d  chemistry has  been l imi t ed  by o f t e n  
inaccura t e  e s t ima tes  based on shal low samples and 
by a b i a s  i n  t h e  NaKCa geothermometer which, i n  
t h i s  province,  overest imates  f l u i d  temperatures  a t  
economic d r i l l i n g  depths  f o r  both shallow and deep 
samples. The b e s t  i n d i c a t i o n s  of a p o s s i b l e  high 
temperature  r e s e r v o i r  nea r  a moderate-temperature 
we l l  appear t o  be s i l i c a  base temperatures  above 
210°C f o r  deep f l u i d  e n t r i e s  and a high-temperature 
g r a d i e n t  i n  t h e  bottom of t h e  we l l .  

A comparison of t h e s e  high and 

Our a b i l i t y  t o  d i s t i n g u i s h  

INTRODUCTION 

Exp l o r a  t i 
r e s e r v o i r s  
province of 

.on f o r  high-temperature geothermal 
i n  t h e  no r the rn  Basin and Range geologic  

discovery of  s i x  r e s e r v o i r s  w i th  confirmed f l u i d  
temperatures  above 200°C and t e n  geothermal systems 
wi th  f l u i d  temperatures  of 150°C t o  200°C. I n  a l l  
of t h e s e  a r e a s  t h e r e  has  been a t  l e a s t  some f l u i d  
product ion.  Deep d r i l l i n g  a t  25 o t h e r  geothermal 
p rospec t s  i n . t h i s  province has  so f a r  not  r e s u l t e d  
i n  announced d i s c o v e r i e s  of f l u i d s  wi th  
temperatures  above 150°C. Benoit and Bu t l e r  (1983) 
summarized a v a i l a b l e  d a t a  f o r  a l l  of t h e  
high-temperature systems and fou r  of t h e  moderate 
temperature systems, t h r e e  of which have 
temperatures  above 200°C i n  non-producing zones. 

t h e  western USA has r e s u l t e d  i n  t h e  

The o b j e c t i v e s  of t h i s  paper a r e  t o  (1 )  d e s c r i b e  
t h e  mod e r a  t e- t emp er a t u r  e s y s t ems not  i n c  1 ud ed i n  
Benoit  and Bu t l e r  (19831, (2 )  summarize and compare 
temperature and chemical d a t a  from a l l  of t h e  known 
moderate and high-temperature systems i n  t h i s  
province,  ( 3 )  comment on t h e  accuracy of t h e  two 
chemical geothermometers most commonly used t o  
p r e d i c t  r e s e r v o i r  temperature.  I n  t h i s  paper t he  
term "high temperature system'' r e f e r s  t o  those  
systems which have produced f l u i d  from zones with 
temperatures  above 200°C. The term 

P h i l l i p s  Petroleum Company 

"mod e r a  t e- t emp e r a  t u r  e sy s t em" r e f  e rs t o s y s t ems 
where produced f l u i d  has  come from zones wi th  
temperatures  between 150 and 200OC. 

SUMMARIES OF MODERATE TEMPERATURE SYSTEMS 

The t e n  moderate-temperature systems f o r  which 
d a t a  a r e  a v a i l a b l e  are  l i s t e d  i n  Table 1. The 
r eade r  should n o t e  t h a t  Long Valley has been 
divided i n t o  two a r e a s  on Table 1: t h e  Casa Diablo 
a r e a ,  which i s  c u r r e n t l y  undergoing development, 
and e a s t e r n  Long Val ley where we l l s  d r i l l e d  t o  d a t e  
have not  found temperatures  above 150°C. The 
l o c a t i o n s  of a l l  geothermal a r e a s  discussed i n  t h i s  
paper a r e  shown i n  F igu re  1. 

The r eade r  i s  r e f e r r e d  t o  Benoit and B u t l e r  
(1983) f o r  summary d e s c r i p t i o n s  of t h e  Long Valley,  
Humboldt House, Brady's,  and Soda Lake geothermal 
systems. Explorat ion r e s u l t s  a t  t he  s i x  moderate 
temperature  systems no t  covered by Benoit  and 
Bu t l e r  p l u s  some supplementary d a t a  on t h e  Soda 
Lake system a r e  summarized below. 

Soda Lake 
Basin and Range s t r u c t u r e s ,  buried beneath t h e  

s u r f i c i a l  cover of t h e  Carson Deser t ,  a r e  important 
f l u i d  condui ts  f o r  t h e  Soda Lake geothermal system. 
D r i l l i n g  and seismic d a t a  have defined a narrow, 
NNE-trending graben which probably c o n t r o l s  both 
f l u i d  upwelling and t h e  e rup t ion  of Quaternary 
b a s a l t s  NNE and SSW of t h e  f i e l d .  
Na-Cl waters, r i c h  i n  COP, r i s e  along 
graben-bounding f a u l t s  and charge l a t e r a l l y  flowing 
thermal a q u i f e r s  i n  b a s i n - f i l l i n g  sediments and i n  
deeper T e r t i a r y  tu f f aceous  rocks.  Flow i n  t h e s e  
a q u i f e r s  i n  l a r g e  p a r t  c o n t r o l s  t h e  broad, 
non-linear form of t h e  shallow thermal anomaly a t  
Soda Lake. Shallow temperature  d a t a  i n d i c a t e  
s t rong  northward f low of thermal a q u i f e r s  i n  
alluvium, down t h e  r e g i o n a l  hydrologic g r a d i e n t  
toward d i scha rge  a t  t h e  Carson Sink. Flow 
d i r e c t i o n s  i n  deeper T e r t i a r y  a q u i f e r s  are a s  y e t  
poorly understood, and may be independent of t h e  
shallow system. 

Low-salinity 

To d a t e ,  a l l  product ion i n  t h e  f i e l d  (two w e l l s )  
i s  from outf low zones. No wells p e n e t r a t e  h o t t e r  
upwelling condu i t s  which, based on c o n s i s t e n t  
chemistry of deep produced f l u i d s ,  should have 
temperatures  nea r  220OC. Long-term t e s t i n g  of a 
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183°C a q u i f e r  i n . t h e  84-33 w e l l  y ie lded  flow r a t e s  
up t o  136,000 kg/hr.  
c o n t i n u i t y  has been demonstrated by i n t e r f e r e n c e  
t e s t s  of t h e  two producing wells which a r e  1.8 km 
a p a r t .  

Exce l len t  r e s e r v o i r  

S t i l l w a t e r  
The S t i l l w a t e r  thermal anomaly is  27 km e a s t  o f ,  

and s t r a t i g r a p h i c a l l y  s i m i l a r  t o ,  t h e  Soda Lake 
anomaly. However, s t r u c t u r a l l y  it i s  on t rend  wi th  
t h e  S a l t  Wells anomaly 19 km t o  t h e  south.  
S t i l l w a t e r  and S a l t  Wells a r e  l inked  by an a c t i v e  
f a u l t  system which p a r t l y  c o n t r o l s  hydrothermal 
c i r c u l a t i o n  a t  both anomalies. A t  S t i l l w a t e r ,  two 
c e n t e r s  of upwelling along t h i s  f a u l t  zone supply 
156°C water t o  a 482 m deep sandstone a q u i f e r ,  
c r e a t i n g  a shallow thermal anomaly wi th  an a rea  of 
about 62 sq km (E. Beuck, 1984 pers  comm; Morgan, 
1982). 
t e s t e d  during t h e  d r i l l i n g  of t h e  f i r s t  deep 
exp lo ra to ry  well, t h e  Reynolds 1. However, when 
subsequent tests i n  vo lcan ic  formations below t h i s  
a q u i f e r  found decreas ing  temperatures the  well was 
abandoned. 

I n  1964 t h i s  a q u i f e r  was success fu l ly  

From 1976 t o  1982, Union O i l  Company d r i l l e d  
t h r e e  observa t ion  wells and two explora tory  wells 
a t  S t i l l w a t e r .  The f i r s t  exp lo ra to ry  we l l ,  t he  
Debraga 2,  was d r i l l e d  1.2 km nor th  of and on 
s t r u c t u r a l  t rend  wi th  t h e  Reynolds 1. A test 
through s l o t t e d  l i n e r  of s e v e r a l  zones i n  vo lcan ic  
format ions  present  from 731 m t o  a f i n a l  depth of 
2,110 m flowed 68,000 kg/hr .  Geochemistry of t h e  
produced water i nd ica t ed  a maximum base temperature 
of 187°C (Union O i l ,  1980?).  The second Union 
exp lo ra to ry  we l l ,  t h e  R. Weishaupt 1, was 
d i r e c t i o n a l l y  d r i l l e d  t o  a f i n a l  v e r t i c a l  depth of 
2,917 m a t  a p o s i t i o n  about 1.5 km west of t he  
Reynolds 1. Temperatures i n  t h i s  we l l  (F igure  21, 
which a l s o  bottomed i n  volcanic  rocks ,  were 
s l i g h t l y  l e s s  than i n  prev ious  w e l l s  a t  comparable 
depths  and t h e  wel l  d id  not f low when t e s t e d  (Ash, 
e t  a l . ,  1982). 

S a l t  Wells 

the  western margin of t h e  S a l t  Wells bas in  23 km 
sou theas t  of Fa l lon ,  Nevada. The only  su r face  
i n d i c a t i o n s  of a major geothermal system a t  S a l t  
Wells a r e  s i n t e r  d e p o s i t s  l e f t  from hot sp r ings  
r epor t ed ly  a c t i v e  i n  t h e  l a t e  1800's and a cold 
sp r ing  of Na-C1 water which g i v e s  a NaKCa 
temperature of 207°C. The thermal anomaly extends 
from t h e  community of S a l t  Wells south  t o  the  
Cocoon Mountains, a d i s t a n c e  of over 1 2  km. About 
h a l f  of t h e  46 sq km anomaly i s  unde r l a in  by 
a q u i f e r s  a t  depths  of l e s s  than 100 m wi th  
temperatures above 100°C r e s u l t i n g  i n  a l a r g e  
anomalous hea t  flow of 54 MW (Blackwell ,  1980, 
p r i v a t e  r e p o r t ) .  

The S a l t  Weils geothermal anomaly i s  loca ted  on 

I n  1980 Anadarko d r i l l e d  a 2,591 m explora tory  
we l l  i n  Simpson Pass where geo log ica l  and 
geophysical studieL ind ica t ed  t h e  p o t e n t i a l  f o r  
deep f r a c t u r i n g  i n  a l a r g e  h o r s t  block a t  t he  
convergence of two a c t i v e  f a u l t  systems. Af t e r  
d r i l l i n g  through 670 m of vo lcan ic  rocks t h e  w e l l  
en te red  a qua r t z  monzonite which p e r s i s t e d  t o  f i n a l  
depth.  Both formations a r e  f r a c t u r e d  and 

hydrothermally a l t e r e d .  While d r i l l i n g  wi th  
ae ra t ed  water t he  well produced up t o  76,000 kg/hr  
of water from f r a c t u r e s  a t  1,859 m and 2,057 m. The 
maximum tempera ture  i n  t h i s  i n t e r v a l  i s  160°C 
(Figure  2) .  Deeper f r a c t u r e s  a t  temperatures of up 
t o  177°C were less product ive .  
t hese  f r a c t u r e s  had h ighe r  s a l i n i t y  and lower base 
temperatures than water from the  shallow h o l e s  and 
probably came from a s e p a r a t e  source (Geothermex, 
1981, p r i v a t e  r e p o r t ) .  High-resolution tempera ture  
logging of t hese  f r a c t u r e s  i n d i c a t e s  no f l u i d  
movement under n a t u r a l  condi t ions .  

The water from 

Cen t ra l  Dix ie  Valley 

exp lo ra to ry  w e l l  a t  a l o c a t i o n  19  km south  of 
Sunedco' s high-tempera t u r e  geothermal d iscovery  i n  
Dix ie  Valley.  The d r i l l i n g  h i s t o r y  f o r  t h i s  w e l l ,  
t h e  Dix ie  Federa l  45-14, no te s  a s i g n i f i c a n t  f l u i d  
e n t r y  occurred i n  t h e  i n t e r v a l  from 1 ,774  m t o  
1,789 m. F lu id  was produced from t h i s  i n t e r v a l  on 
a i n t e r m i t t e n t  b a s i s  by a i r  l i f t .  La te r  
temperature logging showed the  temperature i n  t h i s  
i n t e r v a l  t o  be 176°C and t h e  temperature a t  f i n a l  
depth t o  be  197°C (Figure  2).  This  system i s  
probably not  p a r t  of t h e  system found by Sunedco 
based on d i s t a n c e  and lower temperatures a t  depth.  

I n  1979 Thermal Power Company d r i l l e d  a 2,750 m 

F i sh  Lake Valley 
F i sh  Lake Valley, loca ted  i n  southwestern Nevada 

64 km e a s t  of Long Valley,  i s  s t i l l  i n  t h e  e a r l y  
s t ages  of exp lo ra t ion .  An unsuccessfu l  2.8 km o i l  
w i ldca t  which logged a temperature of 159°C was 
l a t e r  r een te red  by Magma Power Company and now 
produces a weak flow of 41°C water.  No d a t a  have 
ye t  been publ i shed  on t h e  thermal anomaly, however 
Steam Reserves Corpora t ion  r e p o r t s  d r i l l i n g  a 600 m 
observa t ion  well  which has  a maximum tempera ture  of 
157°C a t  135 m (Harry Olson, 1984, p e r s  comm). High 
geochemical base temperatures f o r  t h i s  p rospec t  
(Table 1 )  combined wi th  t h e  r e l a t i v e l y  
high-temperature shallow aqu i fe r  found so f a r  
i n d i c a t e  p o t e n t i a l  f o r  a high-temperature 
discovery.  The f i r s t  deep geothermal w e l l  a t  t h i s  
prospec t  i s  scheduled t o  spud i n  A p r i l ,  1984. 

Borax Lake 
Borax Lake i s  a hot sp r ing  pool loca ted  nea r  t h e  

cen te r  of Pueblo Valley,  a young r i f t  v a l l e y  i n  
sou theas t e rn  Oregon. The t e n  a c r e  pool is  perched 
on top  of a mound about 6 m above t h e  v a l l e y  f l o o r  
and appears t o  be fed e n t i r e l y  from a s i n g l e  l a r g e  
vent .  A r ecen t  monitoring program has shown 
tempera tures  near t he  edge of t h e  pool va ry  
seasona l ly  from 14°C t o  36°C. Boi l ing  sp r ings  
occur along a f a u l t  extending from near  t h e  
northwest corner  of t h e  pool t o  a po in t  1.2 km 
nor th  of t h e  pool. The U. S. Geological Survey 
(USGS, 1978) has estimated t o t a l  hot s p r i n g  
d ischarge  t o  be  3,500 lpm and has  ca l cu la t ed  an 
expected r e s e r v o i r  temperature of 191°C based 
p a r t l y  on t h e  S04-H20 geothermometer. 

de l inea ted  a 31 sq km thermal anomaly centered  
about 1.6 km southwest of Borax Lake. An 
in te rmedia te  depth  g rad ien t  ho le  d r i l l e d  by 
Anadarko Product ion  Company 1.8 km southwest of t h e  
lake  was h a l t e d  a t  a depth  of 349 m a f t e r  

Over 30 shallow temperature g rad ien t  ho le s  have 
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Figure 1. Map showing the location of drilled geothermal areas in the Northern Basin and Range Province 
(Modified from Edmiston, 1982). 

Table 1. Measured temperatures and geochemical base temperatures of moderate and high-temperature 
geothermal systems in the Northern Basin and Range Province. 
underlined. 

Previously unpublished data are 

GEOTHERMAL QUAT. 
SYSTEM VOLC . 

ROOSEVELT RHY 
D I X I E  VALLEY-NORTH 
STEAUBOAT RHY 
BEOWAWE 
cos0 RHY 
DESERT PEAK 

SODA LAKE BAS 
HUUBOLDT HOUSE 
LONG V.-CASA DIABLO RHY 
SALT WELLS 
D I X I E  V. -CENTRAL 
COVE FORT BAS 
F I S H  LAKE VALLEY 
STILLWATER 
BRADY 
BORAX LAKE 

RAFT RIVER 
SAN E U I D I O  
LONG VALLEY-EAST RHY 
TRERHO 
SURPRISE VALLEY 

UAXIUUH MEASURED TEMPERATURES 

FLUID 
ENTRY 

(C 1 ------ 
26 7 
23 8 
228 
216 
213 
208 

- 184 
182 
178 
- 177 
176 
169 
157 
156 
154 
l 3  

149 - 148 
147 

- 

27 I 
238 
228 177 
21 6 
213 
213 148 

166 - 204 
205 111 
178 156 

142 181 
197 
178 171 

157 157 
177 1 56 
21 2 179 
1611 

- 

- - 

- - 

149 
148 - 148 

147 110 
17 1 
160 

- 

277 

110 

2 50 
107 
121 
106 

762 
135 
482 
152 

- 

- 

- 

56 1 
305 
- 

27 1 

228 
216 
213 
213 

204 
193 
147 
181 
197 
178 
UL. 
177 
21 2 
MQ 
148 
121 
147 
17 1 
160 

- 

- 

419 

1862 

929 
291 1 
405 

2938 

2507 
2457 
1846 
2591 
2749 
2358 
- 600 

2868 
1543 
LU 

1798 
1613 
1846 
2221 
1167 

- 

- 

4 

15 

16 
38 
18 
40 
12 
20 
37 
31  

- 

- 

- 

5 
0 

38 

GEOCREHICAL BASE TEMPERATURE 

207 
ZQQ 
238 

23 8 

- 23 5 
144 

140 

176 

- 207 
191 
200 
174 

201 
22Q 
161 

166 

- 220 
145 

169 

165 

- 183 
161 
144 
160 

29L 
207 
259 
au 
234 
222 

217 
252 
238 
20 5 
194 
224 
240 
1 87 
157 

- 

- 

182 

m 
229 
252 
23!A 

222 

219 
21 9 
219 

216 
168 
197 
169 
167 

- 

158 

WATER 
TYPE 

f1g.4 
NO. ------------- 

N a-C 1 i 
Na-Mixed  2 
Na-C1 3 
Ne-RC03 4 
Ne-Cl  5 
Na-C1 6 

Na-CI  7 
N e - C l  8 
N a - H i x e d  9 
Na-C1 10 
Ne-C1 11 
Na-C1 12 
N e - H i x e d  13 
Na-C1 14 
Ne-C1 15 
N e - M i x e d  16 

Ne-CI 17 
Ne-CI 18 
Ne-Mixed  19  
N e - H i x e d  20 
N e - H i r e d  21 



encounter i rg  p re s su res  i n  excess of h y d r o s t a t i c  i n  
a f r ac tu re6  b a s a l t  flow. The s e c t i o n  above t h e  
b a s a l t ,  which was found a t  a depth of 335 m 
c o n s i s t s  of c l ays tone ,  c l ay  and sand. Temperature 
a t  349 m was es t imated  t o  be 153°C. A second 
in te rmedia te  hole  d r i l l e d  by Union O i l  Company 
about midway between the  Anadarko ho le  and Borax 
Lake d i d  no t  encounter  t h e  b a s a l t  and reached a 
depth of 620 m where a temperature of 160°C was 
recorded. 
f o r  Anadarko i n d i c a t e s  both ho le s  were d r i l l e d  on a 
h o r s t  block nea r  t h e  cen te r  of t h e  bas in  wi th  
apparent  v e r t i c a l  r e l i e f  of up t o  579 m. 
explora tory  w e l l  planned by Anadarko i n  1982 was 
postponed due t o  an  announced l ack  of demand f o r  
a d d i t i o n a l  e l e c t r i c  power i n  t h e  northwest U. S. 
and concerns about t h e  r egu la to ry  p o l i c i e s  of s t a t e  
agencies  . 

A seismic r e f l e c t i o n  survey conducted 

A 1.8 km 

Cove For t  
The Cove F o r t  geothermal r e s e r v o i r  is  loca ted  i n  

southwestern Utah about 24 km nor theas t  of t h e  
Roosevelt geothermal f i e l d .  Cove F o r t  i s  t h e  only 
r e s e r v o i r  inc luded  i n  t h i s  paper which occurs 
mostly i n  carbonate  rocks and t h e  on ly  r e s e r v o i r  
loca ted  i n  t h e  v i c i n i t y  of a major c e n t e r  of Recent 
b a s a l t i c  volcanism. L a t e r a l  f low of thermal water 
i n  t h e  carbonates  a t  depths  of 300 t o  600 m r e s u l t s  
i n  a shallow thermal anomaly covering an a rea  of 
390 sq km, t h e  l a r g e s t  known anomaly i n  t h e  western 
U. S. o u t s i d e  Yellowstone Park. We es t ima te  a 
t o t a l  anomalous h e a t  flow f o r  t h i s  anomaly of a t  
l e a s t  92 MW. 

Between 1975 and 1979, Union O i l  Company d r i l l e d  
f o u r  exp lo ra to ry  geothermal w e l l s  a t  Cove F o r t  and 
Hunt Energy opera ted  one explora tory  w e l l .  Data 
from t h e  Union wells a r e  summarized by Glenn and 
Ross (1982). The h o t t e s t  w e l l  d r i l l e d  by Union was 
CFSU 42-7 which had a temperature of 179OC near  i t s  
f i n a l  depth  of 2,400 m. 
y ie lded  22,000 kg/hr  a t  a low wellhead pressure .  
The s i l i c a  geothermometer f o r  t h e  produced f l u i d  
c l o s e l y  ag rees  wi th  t h e  measured temperature i n  t h e  
tes t  i n t e r v a l  of 169OC (Maassen, 1978). However, 
t h e  NaKCa geothermometer i n d i c a t e s  a base 
temperature of 224°C. 

A f low test  of t h i s  w e l l  

I n  October 1983, a geothermal well being d r i l l e d  
by Mother Ea r th  Energy only  365 m from t h e  CFSU 
42-7 had a d r y  steam blowout whi le  d r i l l i n g  a t  356 
m (GRC B u l l e t i n ,  February,  1984). I n i t i a l  r e p o r t s  
p laced  t h e  wellhead temperature a t  about 200°C a t  a 
flow r a t e  of 114,000 kg/hr  and p res su re  of 36 a t a .  
The blowing we l l  was even tua l ly  plugged and Mother 
Ear th  i s  now repor t ed  t o  have d r i l l e d  a 
success fu l  development well a t  Cove For t .  
maximum tempera tures  shown f o r  Cove F o r t  i n  Table 1 
are based on t h e  Union wells due t o  unce r t a in ty  
concerning t h e  temperature of t h e  r ecen t  discovery.  

The 

Other Areas 
Data from f o u r  geothermal systems which come 

c lose  t o  s a t i s f y i n g  t h e  c r i t e r i a  of f l u i d  en t ry  
temperatures above 150°C a r e  a l s o  included i n  Table 
1. These systems a r e :  Raft  River,  Idaho; Surp r i se  
Valley,  C a l i f o r n i a ;  San Emidio Desert, Nevada; and 
Thermo, Utah. A t  Raf t  River t h e  U. S. Department 
of Energy and o t h e r  pub l i c  agencies  d r i l l e d  a 

prospect w i th  a geochemical base temperature of 
150°C t o  demonstrate t h e  f e a s i b i l i t y  of 
low-temperature power genera t ion .  The f i r s t  
explora tory  w e l l ,  RRGE-1, found a 141°C r e s e r v o i r  
a t  a depth of 1,520 m. Subsequent wells extended 
t h e  r e s e r v o i r  tempera ture  t o  149OC. 
geochemical base temperatures f o r  samples from 
t h r e e  wells a r e :  NaKCa-182°C and sil ica-158°C 
(Spencer, 1980). A comprehensive review of a l l  
d a t a  on Raf t  River  h a s  been publ i shed  by Dolenc 
e t  a l .  (1981). 

The average 

A t  Su rp r i se  Valley a temperature of 160°C has 
been repor ted  f o r  t h e  Magma Power Company-Phipps 
No. 2 well, one of f o u r  widely spaced deep wells i n  
t h e  a rea  (Duf f i e ld  and Fournier ,  1974). A t  Thermo 
Hot Springs,  Republic Geothermal Inc.  d r i l l e d  a d r y  
hole  wi th  a maximum tempera ture  of 171°C a t  a f i n a l  
depth of 2,221 m (G. H u t t r e r ,  1984, pers  comm). At 
t h e  San Emidio p rospec t  a temperature g rad ien t  ho le  
d r i l l e d  by P h i l l i p s  Petroleum Company had a 
temperature maximum of 148°C a t  549 m followed by a 
s l i g h t  r e v e r s a l  i n  tempera ture  g rad ien t .  No f h i d  
production has been repor ted  a t  Surp r i se  Valley, 
Thermo o r  San Emidio. 

SUMMARY OF MEASURED T ~ P E ~ ~ R E S  

A summary of t h e  c h a r a c t e r i s t i c s  of a geothermal 
d iscovery  should inc lude  d a t a  on temperatures,  
p ressures ,  f low rates, es t imated  r e s e r v o i r  volume, 
dep le t ion  rates, and f h i d '  chemistry.  However, 
s i n c e  these  d a t a  a r e  a v a i l a b l e  f o r  on ly  a few of 
t h e  systems i n  Table  1, we w i l l  emphasize those  
parameters which are most o f t e n  a v a i l a b l e  and a r e  
of g r e a t e s t  concern i n  t h e  e a r l y  s t ages  of 
explora t ion :  measured temperatures i n  wel lbores  and 
geochemical base tempera tures  f o r  f l u i d s  produced 
from wel l s .  The most important temperature d a t a  
from a geothermal w e l l  a r e  t h e  temperatures of 
s i g n i f i c a n t  f l u i d  e n t r i e s .  Other s i g n i f i c a n t  d a t a  
inc lude  deep bottomhole temperatures and t h e  depth  
and temperature of r e v e r s a l s  i n  temperature 
g rad ien t .  
summarized i n  Table  1. While space does not  permit 
c i t i n g  t h e  sou rce  of each number appearing i n  Table  
1, previous ly  unpublished d a t a  a r e  h ighl ighted  by 
under1 i n  ing . 

Avai l ab le  d a t a  on t h e s e  parameters a r e  

The da ta  i n  Table  1 e x h i b i t  s eve ra l  s i g n i f i c a n t  
t rends .  The f i r s t  two columns under t h e  heading of 
"MAXIMUM MEASURED TEMPERATURES" i n d i c a t e  a l l  of t h e  
high-temperature systems and h a l f  of t h e  
mode r a t  e -t empe r a t u  r e s y s t ems hav e max imum me a s  u r  ed 
f l u i d  e n t r y  tempera ture  wi th in  10°C of t h e  maximum 
temperature recorded a t  any poin t .  A comparison of 
t h e s e  columns wi th  t h e  column headed "QUAT. VOLC.", 
under which a r e a s  wi th  Quaternary  r h y o l i t i c  and 
b a s a l t i c  volcanism a r e  ind ica t ed ,  shows t h e r e  are 
except ions  t o  t h e  c o r r e l a t i o n  between high 
r e s e r v o i r  tempera tures  and Quaternary  r h y o l i t i c  
volcanism i n  t h i s  province.  Re la t ive ly  low 
temperatures occur i n  wells d r i l l e d  t o  d a t e  i n  t h e  
Long Valley c a l d e r a  whi le  high-temperatures have 
been found a t  Dix ie  Valley and Beowawe, two a r e a s  
wi th  no obvious vo lcan ic  h e a t  source.  

Moving t o  t h e  columns pe r t a in ing  t o  temperature 

4 2 0  



TEMPERATURE (C) 

EDMISTON AND BENOIT 
TEMPERATURE (C )  

DESERTPEAK 

t 
ROOSEVELT 

Figure  2: (a )  Temperature l o g s  from four  moderate temperature systems. (b) Tempeyature l o g s  from t h e  
Desert Peak high-temperature geothermal f i e l d .  (c) Temperature l o g s  from t h e  Roosevelt  
high-temperature geothermal f i e l d .  

r e v e r s a l s  we see  r e v e r s a l s  a t  dep ths  of l e s s  than 
300 m a r e  a common f e a t u r e  of Basin and. Range 
systems. Most of t hese  r e v e r s a l s  occur i n  t h i n ,  
nea r ly  h o r i z o n t a l  a q u i f e r s  which a r e  not  s u i t a b l e  
f o r  development a s  r e s e r v o i r s  f o r  power generat ion.  
These a q u i f e r s  provide l a r g e  t a r g e t s  du r ing  t h e  
reconnaissance phase of exp lo ra t ion ,  much l i k e  
hydrothermal a l t e r a t i o n  ha loes  around o r e  d e p o s i t s .  
However, they even tua l ly  inc rease  e x p l o r a t i o n  c o s t s  
by r e q u i r i n g  t h e  use  of deep temperature g r a d i e n t  
ho le s  t o  g a t h e r  d a t a  p e r t a i n i n g  t o  r e s e r v o i r s  which 
may u n d e r l i e  t hese  shallow zones. 

The columns p e r t a i n i n g  t o  temperatures  a t  dep th  
i n d i c a t e  temperatures  measured a t  dep ths  of more 
than  2.3 km a r e  usua l ly  no t  much h ighe r  than t h e  
maximum temperature  of f l u i d  e n t r i e s  o r ,  sometimes, 
even t h e  temperature  of shallow r e v e r s a l s  i n  nea r  
su r face  a q u i f e r s .  Excluding Borax Lake and F i s h  
Lake Val ley,  where t h e r e  has  been only shallow 
d r i l l i n g ,  temperatures  and temperature g r a d i e n t s  
measured a t  depth i n  t h e  systems having 
moderate-temperature f l u i d s  a r e  remarkably uniform. 
Only two a r e a s ,  Humboldt House and S a l t  Wells, have 
g r a d i e n t s  a t  depth which a r e  nea r  t h e  upper range 
o f  Basin and Range background va lues .  Allowing f o r  
t h e  normal temperature dependance of thermal 
conduc t iv i ty ,  t h e  g rad ien t  of 40 C/km i n  qua r t z  
monzonite a t  Sftl t  Wells implies  a hea t  flow of  
about 104 mW/m . The g r a d i e n t  of 38  C/km i n  
q u a r t z i t e  at.HYmboldt House implies  a h e a t  f low of 
about 142 mW/m . 

One of t h e  most d i f f i c u l t  problems faced by a 
geothermal developer i s  determining when an 
unsuccess fu l  exp lo ra to ry  we l l  has  adequately t e s t e d  
a prospect .  A l l  of t h e  a v a i l a b l e  d a t a  on t h e  
prospect  a r e  considered i n  making such a 
determinat ion.  However, t h e  d e c i s i o n  

o f t e n  hinges on an i n t e r p r e t a t i o n  of t h e  hydrologic  
system based l a r g e l y  on t h e  temperature  log. J u s t  
how d i f f i c u l t  t h i s  problem can become when t h e  w e l l  
has  encountered temperatures  above 150°C i s  
i l l u s t r a t e d  i n  Figure 2. 

Figure 2a d e p i c t s  f i v e  temperature  logs  from f o u r  
moderate-temperature systems: Humboldt House, S a l t  
Wells, Cen t ra l  Dixie  Val ley,  and S t i l l w a t e r .  
Although t h e  l o g s  show a wide range of behavior  a t  
shallow dep ths ,  temperatures  i n  t h e  fou r  deep w e l l s  
converge below 1.8 km and i n d i c a t e  a uniform 
temperature of about 190°C a t  2.8 km. The only 
product ive w e l l  shown i n  F igu re  2a i s  t h e  Campbell 
E-1, t h e  discovery w e l l  a t  Humboldt House, which 
produced 363,000 kg/hr  of  f l u i d  with a maximum 
subsurface temperature  of 183°C (Benoit  and B u t l e r ,  
1983). The Campbell E-2 i s  a dry ho le  subsequent ly  
d r i l l e d  2.3 km from t h e  discovery we l l .  

Do temperature p r o f i l e s  such a s  t h e  fou r  deep 
we l l s  shown i n  F igu re  2a i n d i c a t e  t h e  absence of a 
nearby r e s e r v o i r  with temperatures  above 200"C? 
Figure 2b shows two temperature  logs from Desert  
Peak. The log labeled 29-1 is  from t h e  f i r s t  
exp lo ra to ry  w e l l  a t  Desert  Peak, a dry hole .  The 
log l abe led  B21-1 is from t h e  discovery we l l  which 
was d r i l l e d  2.5 km from t h e  dry hole.  A t  t h e  
Roosevelt f i e l d  (Figure 2C) a s i m i l a r  r e l a t i o n s h i p  
e x i s t s  between two dry ho le s  (52-21 and 9-1) and a 
product ive w e l l  (72-16) loca t ed  nea r ly  midway 
between t h e  d r y  holes .  P r o f i l e s  such as those i n  
the  72-16 w e l l  a t  Roosevelt and t h e  B21-1 wel l  a t  
Desert  Peak a r e  usua l ly  found near  major c e n t e r s  of  
f l u i d  upwelling. 
l oca t ions  of most of t h e  h o l e s  i n  Figure 2 appear 
i n  Benoit  and B u t l e r  (1983). 

Geologic maps showing t h e  

The mean temperatures  and relat 'ed s tandard 
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MEAN \ 
Figure  3: S t a t i s t i c s  f o r  23 temperature logs a t  

moderate and high-temperature systems. 

dev ia t ions  f o r  23 wells loca ted  a t  some of t he  high 
and moderate-temperate systems a r e  g raph ica l ly  
presented i n  F igure  3.  
systems represented  i n  F igure  3 a r e  Roosevelt ,  
Beowawe, and Desert Peak. F igure  3 shows the  
average we l l  a t  a geothermal s y s t e m  wi th  f l u i d  
temperatures above 15OOC reaches 150°C a t  a depth 
of 1.0 km, below which t h e  g rad ien t  d e c l i n e s  t o  
25"C/km. 
dev ia t ion  (about one w e l l  i n  s i x )  reach  
temperatures above 200°C a t  depths  of less than 1.4 
km and tend t o  become i so thermal  a t  g r e a t e r  depth.  
The most d i s t i n g u i s h i n g  f e a t u r e  of d ry  ho le s  
d r i l l e d  near  high-temperature d i s c o v e r i e s  i s  t h a t  
they tend t o  have above average temperature 
g r a d i e n t s  a t  depths  g r e a t e r  than  1.5 km. 

The h igh  temperature 

Wells exceeding t h e  upper s tandard  

GEOCH EM1 S TRY 

The geochemical d a t a  used i n  prepar ing  Table 1 
came from a v a r i e t y  of sources  and gene ra l ly  
r ep resen t s  s i n g l e  chemical ana lyses ,  a few of which 
a r e  of ques t ionable  q u a l i t y .  Also, comprehensive 
geochemical i n t e r p r e t a t i o n s  a r e  a v a i l a b l e  f o r  only 
a few of t hese  systems. Consequently, t h e  chemical 
d a t a  a r e  of accep tab le  q u a l i t y  f o r  g ross  chemical 
c h a r a c t e r i z a t i o n s  but i nd iv idua l  geochemical 
pred ic ted  temperatures may be i n  e r r o r .  Therefore 
the  s i l i c a  and NaKCa geothermometers w i l l  be 
subjec ted  only t o  s t a t i s t i c a l  t rea tment ,  t hus  
minimizing t h e  e f f e c t s  of i nd iv idua l  poor q u a l i t y  
samples or ana lyses .  Avai lab le  SO -H 0 da ta  have 
been d iscussed  by Mariner e t  a l .  C'i983). 

Water Types 
Thermal waters  i n  t h e  no r the rn  Basin and Range 

province vary  widely i n  both amount and composition 
of d i sso lved  c o n s t i t u e n t s .  Almost a l l  t he  major 
water types have been documented and found t o  occur 

i n  r e s t r i c t e d  geographica l  r eg ions  (Mariner e t  a l . ,  
1983). The most important of t h e s e  thermal water 
types  is  t h e  Na-Cl water which i s  concent ra ted  i n  
t h e  major topographic depress ions  near  t h e  e a s t  and 
west margins of t he  province.  
concent ra t ions  a r e  an  ind ica t ion  of ex tens ive  
water-rock i n t e r a c t i o n  wi th  long flow p a t h s  and 
deep c i r c u l a t i o n  where e leva ted  tempera tures  can be 
encountered. Therefore ,  it i s  not  c o i n c i d e n t a l  
t h a t  t h e r e  i s  an e x c e l l e n t  s p a t i a l  c o r r e l a t i o n  
between known high-temperature geothermal 
r e s e r v o i r s  i n  t h e  no r the rn  Basin and Range Province 
and outcrops  of thermal Na-Cl water.  

High c h l o r i d e  

Ra t ios  of t h e  major c a t i o n s  and an ions  a r e  shown 
on Figure  4. Na and K c o n s t i t u t e  more than  80% of 
t h e  c a t i o n s  ( i n  equ iva len t s )  f o r  most systems and 
more than  95% of t h e  c a t i o n s  f o r  high-temperature 
systems. Only t h e  water from Roosevelt  con ta ins  
more than  10% K .  The anions show more v a r i a t i o n  
but t h e r e  i s  a c l e a r  dominance of C 1 .  Of t h e  16 
systems wi th  f l u i d  e n t r i e s  g r e a t e r  than  150°C on 
Table 1, only 5 have l e s s  than 67% C 1 .  Beowawe is  
t h e  only  high-temperature BCO water  i n  t h e  3 province.  No high-temperature s u l f a t e  waters  a r e  
known. The range i n  s a l i n i t y  is from 900 t o  7000 
mg/l and t h e r e  a r e  no c l e a r  c o r r e l a t i o n s  between 
temperature and e i t h e r  s a l i n i t y  o r  pe rcen t  C 1 .  

Not a l l  thermal ch lo r ide  waters  o r i g i n a t e  i n  h igh  
Deep d r i l l i n g  near  temperature geothermal systems. 

s e v e r a l  ch lo r ide  thermal sp r ings  not  mentioned i n  
t h i s  paper has  thus  f a r  produced tempera tures  l e s s  
than 150OC. 

Geo thermome t ry 
Geothermometry r e s u l t s  f o r  no r the rn  Basin and 

Range geothermal systems have been d iscussed  by 
Mariner e t  a l .  (1983) us ing  ana lyses  from thermal 
sp r ings  o r  shallow wells. Mariner noted t h a t  
geothermometers from these  shallow sources  tend t o  
exceed temperatures i n  deep w e l l s  by 14OC. The 
geothermometry d i scuss ion  here  r e l i e s  t o  a much 
g r e a t e r  ex ten t  on deep product ion  w e l l  da t a .  

Pred ic ted  s i l i c a  and NaKCa tempera tures  f o r  
shallow and deep samples a r e  p l o t t e d  a g a i n s t  
maximum f l u i d  temperatures i n  F igure  5. To provide 
a b a s i s  f o r  comparing the  r e s u l t s  from deep samples 
wi th  t h e  more s c a t t e r e d  r e s u l t s  from shallow 
samples, l i n e s  wi th  f ixed  s lopes  of 45" have been 
f i t  t o  bo th  d a t a  sets. 

The s i l i c a  temperatures f o r  t h e  sha l low samples 
show a h igh  degree of s c a t t e r  bu t  a r e  gene ra l ly  
lower than  f o r  t h e  deep samples. This presumably 
i s  a r e s u l t  of t h e  r e l a t i v e l y  r a p i d  r e e q u i l i b r a t i o n  
of s i l i c a  a s  t h e  f l u i d  cools  on i t s  pa th  t o  t h e  
su r face .  The shallow source  l i n e  i s  o n l y  2°C high 
but  t h i s  number has l i t t l e  meaning due t o  t h e  
s c a t t e r .  The deep source  samples have much less 
s c a t t e r  and t h e  b e s t  f i t  45" l i n e  i s  about 1 8 O C  
above t h e  f l u i d  e n t r y  temperature.  Most of t he  
high-temperature samples f a l l  below t h e  l i n e  while 
most of t h e  moderate-temperature samples a r e  above 
t h e  l i n e .  

The NaKCa temperatures show many of t h e  same 
c h a r a c t e r i s t i c s .  The shallow source samples, which 
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Figure  4: (a)  T r i - l i nea r  p l o t  of major c a t i o n s .  (b)  T r i - l i nea r  p l o t  of major an ions .  
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Figure  5: S i l i c a  base temperatures ( a )  and NaKCa base  tempera tures  (b) vs. maximum measured f l u i d  
temperatures.  

average 17°C h igh  r e l a t i v e  t o  a c t u a l  f l u i d  with less than  10  o r  20 mg/l of Ca, of which t h e r e  
temperature,  aga in  show more s c a t t e r  and p red ic t  a r e  seve ra l  r ep resen ted  on Table 1. Only one of 
lower temperatures than the  deep source samples. t he  high-temperature systems (North Dix ie  Valley) 
The b e s t  f i t  45" l i n e  through the  deep source NaKCa f a l l s  more than  14OC below t h e  b e s t  f i t  l i n e  f o r  
d a t a ,  which show more s c a t t e r  than the  deep source deep NaKCa samples i n d i c a t i n g  a more uniform b i a s  
s i l i c a  d a t a ,  i s  29OC high. Up t o  5 or  10°C of t h i s  than t h a t  found f o r  deep s i l i c a  samples. A t  lower 
29°C can probably be a t t r i b u t e d  t o  carbonate  s c a l e  temperatures t h e  b i a s  is  seen a t  Raft  River where 
formation i n  t h e  wellbore p r i o r  t o  sample there appears t o  be  l i t t l e  l i ke l ihood  of f ind ing  
c o l l e c t i o n .  This  i s  p a r t i c u l a r l y  t r u e  f o r  waters  t he  182°C f l u i d s  ind ica t ed  by t h e  NaKCa da ta .  
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Most of t h e  moderate and high temperature 
geothermal systems found i n  t h i s  province t o  d a t e  
occur i n  i t s  northwest qua r t e r ,  i n  proximity t o  hot  
sp r ings  of N a - C l  water,  o r  along i t s  western 
boundary i n  a s s o c i a t i o n  wi th  major c e n t e r s  of 
Quaternary r h y o l i t i c  volcanism. By comparison, 
only two systems with f l u i d  temperatures above 
150°C have been found i n  a sma l l e r  a r e a  wi th  these  
f e a t u r e s  along t h e  e a s t e r n  margin of t h e  province 
i n  southwestern Utah. 
temperature f i e l d s  occur near  c e n t e r s  of Quaternary 
r h y o l i t i c  volcanism; however, lower temperatures 
found i n  wells d r i l l e d  i n  t h e  e a s t e r n  end of Long 
Valley Caldera i n d i c a t e  d r i l l i n g  i n  t h e s e  a r e a s  
a l s o  has  i t s  r i s k s .  

Three of t h e  s i x  high 

The most s u r p r i s i n g  phenomena noted i n  t h i s  s tudy  
i s  t h a t  t h e  two commonly used geothermometers, 
s i l i c a  and NaKCa, g i v e  base temperature e s t ima tes  
f o r  f l u i d  samples produced from deep we l l s  which 
a r e  t o o  h igh  by an average of 18°C and 29°C 
r e s p e c t i v e l y .  I n  add i t ion ,  t he  NaKCa 
geothermometer f o r  hot spr ing  and shallow we l l  
samples overes t imates  t h e  temperature of f l u i d  
e n t r i e s  i n  nearby deep wells by an average of 17°C. 
Many explana t ions  f o r  t hese  phenomena a r e  poss ib l e .  
However, t h e  e x p l o r a t i o n i s t  should no te  these  
s t a t i s t i c s  p e r t a i n  t o  us ing  these  techniques  t h e  
way they  have gene ra l ly  been used i n  commercial 
exp lo ra t ion :  t o  p red ic t  r e s e r v o i r  temperatures a t  
economic d r i l l i n g  depths.  

The d a t a  presented  i n  t h i s  paper t oge the r  w i th  
d a t a  presented  i n  Benoit and Bu t l e r  (1983) i n d i c a t e  
a cons ide rab le  over lap  i n  the  p r o p e r t i e s  of 
moderate and high-temperature systems i n  t h i s  
province.  Even allowing f o r  a poss ib l e  b i a s  i n  t h e  
NaKCa geothermometer, i t  i s  l i k e l y  t h i s  s i m i l a r i t y  
i s  p a r t l y  due t o  some of t h e  moderate temperature 
systems conta in ing  undiscovered f l u i d s  with 
temperatures s l i g h t l y  over 200°C. 

Dis t inguish ing  between we l l s  d r i l l e d  i n  moderate- 
temperature systems and moderate-temperature w e l l s  
d r i l l e d  on t h e  f l a n k s  of high-temperature systems 
i s  one of t h e  most d i f f i c u l t  problems i n  geothermal 
exp lo ra t ion .  It  appears t h e  most f avorab le  
i n d i c a t i o n s  of a nearby high-temperature r e s e r v o i r  
a r e  s i l i c a  base temperatures of over 210°C f o r  deep 
f l u i d  e n t r i e s  and a s i g n i f i c a n t  p o s i t i v e  g rad ien t  
over most of t he  deep po r t ion  of t he  wel l .  I n  t h i s  
province,  long, near-isothermal i n t e r v a l s  of 
150-175°C i n  deep we l l  logs  do not appear t o  be 
f avorab le  i n d i c a t i o n s  of nearby h igher  temperature 
r e s e r v o i r s .  
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