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ABSTRACT 

Basin and Range hydro thermal  systems are dynamic 
f l o w  sys tems r a t h e r  t h a n  r e s e r v o i r  systems.  The 
systems s h a r e  u n d e r l y i n g  fundamenta l  s i m i l a r i t i e s  
such  t h a t  t h e y  can  be c l a s s i f i e d  as a g e n e r i c  group. 
The sys tems a r e  s t r u c t u r a l l y  c o n t r o l l e d ,  o c c u r r i n g  
where t h e  e x t e n s i o n a l  t e c t o n i c s  of t h e  p r o v i n c e  
have c r e a t e d  permeable  f low pa ths .  P o s s i b l e  re- 
charge  zones can be i d e n t i f i e d  by s t a b l e  i s o t o p e  
r e l a t i o n s h i p s  and ,  i f  a v a i l a b l e ,  h y d r o l o g i c  and 
g e o l o g i c  i n f o r m a t i o n  from deep  wells. Where t h e r e  
are no c o l d  m e t e o r i c  waters t o  sample and few deep 
wells t h e  l o c a t i o n  of r e c h a r g e  zones i s  s p e c u l a t i v e .  
Depths of c i r c u l a t i o n  can be roughly  e s t i m a t e d  by 
u s e  of p r e d i c t i v e  chemica l  geothermometers  and 
measured tempera ture  g r a d i e n t s  b u t  a c t u a l  f l o w  
p a t h s  are unknown. S a t u r a t e d  t h i c k n e s s e s ,  p o r o s i t y ,  
l a te ra l  e x t e n t  and b o u n d a r i e s  a l l  a r e  e i t h e r  unknown 
o r  can be e s t i m a t e d  o n l y  i n  t h e  most f a v o r a b l e  of 
c i r c u m s t a n c e s .  The d i s c h a r g e  zone i s  t h e  b e s t  
unders tood  p a r t  of t h e  system. The d i s c h a r g e  
ra te ,  i n c l u d i n g  c o n v e c t i v e  h e a t  d i s c h a r g e ,  c a n  be 
c a l c u l a t e d  w i t h  v a r y i n g  d e g r e e s  of a c c u r a c y ,  depend- 
i n g  upon t h e  p h y s i c a l  s e t t i n g  ( s u r f a c e ,  s u b s u r f a c e ,  
o r  b o t h )  of t h e  i n d i v i d u a l  d i s c h a r g e  zone,  

P r o d u c t i o n  zones are  f r a c t u r e  o r  f a u l t  c o n t r o l l e d  
and may be s e p a r a t e d  by s i g n i f i c a n t  b l o c k s  of  imper- 
meable rock .  The e f f e c t i v e  p o r o s i t y  of p r o d u c t i o n  
zones may be very l o w ,  perhaps  less t h a n  1-2% of t h e  
t o t a l  thermal  anomaly d e f i n e d  by d r i l l i n g .  The ex- 
i s t e n c e  of deep r e s e r v o i r s  i s  p r o b l e m a t i c a l .  Flow 
test d a t a  have been i n t e r p r e t e d  as i n d i c a t i n g  ex- 
t remely  l a r g e  volumes of f l u i d  i n  p l a c e  y e t  deep 
d r i l l i n g  ( > l o 0 0  m e t e r s )  h a s  been d i s a p p o i n t i n g .  

E m p i r i c a l  methods t h a t  do n o t  r e q u i r e  knowledge 
of t h e  c o n t r o l l i n g  h y d r o l o g i c  parameters  can  be 
used t o  e v a l u a t e  t h e  n a t u r a l  energy  d i s c h a r g e  and 
t o  p r e d i c t  p r o d u c t i o n  p o t e n t i a l .  S t e p - w i s e  i n -  
c r e a s e s  i n  t h e  p r o d u c t i o n  ra te  a l l o w s  development 
of e m p i r i c a l  r e s p o n s e  c u r v e s  t h a t ,  w i t h  l o n g e r  per-  
i o d s  of r e c o r d ,  w i l l  p r e d i c t  sys tem r e s p o n s e  t o  i n -  
c r e a s e d  p r o d u c t i o n  rates i n  t h e  f u t u r e .  

INTRODUCTION 

Previous  work on B a s i n  and Range hydro thermal  
sys tems h a s  demonst ra ted  a b a s i c  s i m i l a r i t y  i n  t h e  
g e o l o g i c  s e t t i n g  of t h e s e  sys tems (Hose and T a y l o r ,  
1974; Olmsted e t  a l , .  1975; Gars ide  and S c h i l l i n g ,  
1979). S t u d i e s  of i n d i v i d u a l  hydro thermal  sys tems 

have viewed them as b e i n g  w i t h i n  t h e  o v e r a l l  frame- 
work o f  Basin and Range hydrothermal  sys tems;  Steam- 
b o a t  Spr ings  (White e t  a l . ,  1964) ,  Roosevel t  Hot 
S p r i n g s  (Nie lson  e t  a l . ,  1978) ,  Long Val ley  (Sorey 
e t  a l . ,  1978), Leach Hot S p r i n g s  (Welch e t  a l . ,  
1981) ,  S t i l l w a t e r  hydro thermal  a r e a  (Morgan, 1982). 
Thus, j u s t  a s  i t  can be h e l d  t h a t  Basin and Range 
hydrothermal  sys tems s h a r e  s u f f i c i e n t  common geo- 
l o g i c  c h a r a c t e r i s t i c s  t o  be c l a s s i f i e d  as a g e n e r i c  
group,  i t  i s  thought  t h e  h y d r o l o g i c  regimen of t h e  
sys tems s h a r e  a n  u n d e r l y i n g  fundamental  s i m i l a r i t y .  

Continued r e s e a r c h  coupled w i t h  e x p l o r a t i o n  e f -  
f o r t s  have i n c r e a s e d  t h e  knowledge of t h e s e  systems,  
p a r t i c u l a r l y  t h e  i n t e r m e d i a t e  and deeper  l e v e l s .  
Bas in  and Range hydro thermal  systems a r e  l i q u i d  
dominated dynamic f low sys tems t r a n s p o r t i n g  thermal  
energy  from d e e p e r  l e v e l s  t o  the s h a l l o w  s u b s u r f a c e  
and t o  t h e  s u r f a c e .  They are n o t ,  i n  t h e  main, 
porouslnedium r e s e r v o i r  o r  s t o r a g e  systems and 
t h u s  a r e  d i s t i n c t  i n  t h i s  r e s p e c t  from geothermal  
r e s e r v o i r s  i n  o t h e r  p r o v i n c e s  s u c h  a s  t h e  I m p e r i a l  
Val ley .  S u c c e s s f u l  development of Basin and Range 
hydro thermal  systems must be based on a c l e a r  under-  
s t a n d i n g  of t h e  fundamental  h y d r o l o g i c  regimen. 

The f i r s t  p a r t  of t h i s  paper  reviews t h e  com- 
mon h y d r o l o g i c  components of  Bas in  and Range hydro-  
t h e r m a l  systems.  The sys tems d i s c u s s e d  g e n e r a l l y  
are t h e  h i g h  t e m p e r a t u r e  (>150°C) ones where ex- 
p l o r a t i o n  d r i l l i n g  and t e s t i n g  have l e d  t o  an i n -  
c r e a s e d  u n d e r s t a n d i n g  of  t h e  deeper  p a r t s  of t h e  
sys tems.  The fundamental  s imilari t ies of t h e s e  
sys tems should  be  a p p l i c a b l e  t o  low ( ( 5 0 ° C )  and 
moderate  (50 ' -150OC)  t e m p e r a t u r e  systems i n  the  
Bas in  and Range province .  The Steamboat Springs 
sys tem f r e q u e n t l y  i s  used  as a n  example as much 
r e s e a r c h  and e x p l o r a t i o n  work h a s  been done t h e r e .  

The second p a r t  of t h i s  p a p e r  examines the  geo- 
l o g i c  and h y d r o l o g i c  s e t t i n g  of some Basin and Range 
p r o d u c t i o n  wells. Many of t h e  p r o d u c t i o n  w e l l s  h a v e  
similar p r o d u c t i o n  zone c h a r a c t e r i s t i c s  and thus  a n  
u n d e r s t a n d i n g  ga ined  from one w e l l  i s  a p p l i c a b l e  t o  
o t h e r s .  The g e o l o g i c  and h y d r o l o g i c  f a c t o r s  t h a t  
c o n t r o l  p r o d u c t i o n  from one Bas in  a n d - b n g e  hydro- 
t h e r m a l  system a l s o  o p e r a t e ,  a l t h o u g h  perhaps i n  
d i f f e r e n t  p r o p o r t i o n s ,  t o  c o n t r o l  product ion  from 
o t h e r  Basin and Range hydro thermal  systems.  

L a s t l y ,  a c o n c e p t u a l  h y d r o l o g i c  model i s  p r e -  
s e n t e d .  An e m p i r i c a l  lumped parameter  method i s  
proposed as a n  a p p r o p r i a t e  approach  f o r  f u t u r e  geo-  
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thermal  e x p l o r a t i o n  and development i n  t h e  Bas in  
and Range. An advantage  of t h i s  approach is t h a t  i t  
does  n o t  r e q u i r e  d e t a i l e d  knowledge of s u c h  hydro-  
l o g i c  c h a r a c t e r i s t i c s  as h y d r o l o g i c  b o u n d a r i e s ,  
p o r o s i t y ,  t r a n s m i s s i v i t y ,  and s t o r a t i v i t y .  

HYDROLOGIC CHARACTERISTICS 

fn a systems approach a Bas in  and Range hydro-  
t h e r m a l  sys tem can be d i v i d e d  i n t o  s e v e r a l  compo- 
n e n t s  t h a t  can be s t u d i e d  i n d i v i d u a l l y .  Wi th in  a 
g e o l o g i c  s e t t i n g  t h e  sys tem is composed o f :  

1) r e c h a r g e  zone - 

2)  f low p a t h s  - 

3) d e p t h  of c i r c u l a t i o n  - 

4)  d i s c h a r g e  zone - 

Geologic  S e t t i n g  

where t h e  r e c h a r g e  
water  e n t e r s  t h e  
s u b s u r f a c e ;  

t h e  s u b s u r f a c e  p a t h -  
ways t h e  f l u i d  f o l l o w s ;  

t h e  depth  of c i r c u l a -  
t i o n  r e q u i r e d  t o  o b t a i n  
t h e  maximum t e m p e r a t u r e ,  
assumed t o  be t h e  maxi- 
mum d e p t h  of c i r c u l a -  
t i o n ;  

c h a n n e l s  and f low p a t h s  
of upflow from t h e  deep-  
est d e p t h  of c i r c u l a -  
t i o n ,  i n c l u d e s  s u r f a c e  
d i s c h a r g e  a s  h o t  s p r i n g s  
and s u b s u r f a c e  d i s c h a r g e  
i n t o  thermal  a q u i f e r s .  

When d i s c u s s i n g  t h e  g e o l o g i c  s e t t i n g  of a Bas in  
and Range sys tem i t  g e n e r a l l y  is t h e  d i s c h a r g e  zone 
t h a t  i s  p laced  w i t h i n  a g e o l o g i c  s e t t i n g  as i t  o f t e n  
i s  t h e  o n l y  component t h a t  can  be r e a d i l y  i d e n t i f i e d  
and s t u d i e d .  Discharge  zones are a s s o c i a t e d  w i t h  
t h r e e  s t r u c t u r a l  s e t t i n g s ,  

The c l o s e  s p a t i a l  a s s o c i a t i o n  of many Bas in  and 
Range h o t  s p r i n g s  w i t h  major range-bounding f a u l t s  
i n d i c a t e s  t h e  u n d e r l y i n g  p o r t i o n s  of t h e  d i s c h a r g e  
zones of t h e  hydro thermal  systems a l s o  a r e  r e l a t e d  
t o  t h e  f a u l t s .  Product ion  wells a t  Dix ie  Val ley  
(Parchman and &ox, 1981) and Beowawe (Epperson,  
1982) a r e  thought  t o  t a p  upflow zones a l o n g  t h e  
f a u l t s .  The Kemp t h e r m a l  anomaly i n d i c a t e s  t h e r m a l  
waters may c i r c u l a t e  a l o n g  t h e  range-bounding f a u l t s  
even where t h e r e  a r e  no s u r f a c e  thermal  m a n i f e s t a -  
t i o n s  (Flynn e t  a l . ,  1982). Such f l o w  probably  i s  
a common o c c u r r e n c e  c r e a t i n g  numerous small t h e r m a l  
anomal ies  a l o n g  many of t h e  range-bounding f a u l t s ,  
A t  Long Val ley  many h o t  s p r i n g s  are l o c a t e d  w i t h i n  
t h e  r e s u r g e n t  dome s u g g e s t i n g  t h e  v o l c a n i c  f e a t u r e  
is  r e s p o n s i b l e  f o r  t h e  l o c a t i o n  of t h e  s p r i n g s .  How- 
e v e r ,  w i t h i n  t h e  r e s u r g e n t  dome many of t h e  h o t  
s p r i n g s  a r e  found a l o n g  t h e  H i l t o n  Creek f a u l t ,  a n  
a c t i v e  S i e r r a  Nevada f r o n t a l  f a u l t  b i s e c t i n g  t h e  
c a l d e r a ' s  s o u t h e r n  margin ( B a i l e y  e t  a l . ,  1976). 
The a s s o c i a t i o n  of t h e  h o t  s p r i n g s  w i t h  t h e  f a u l t  
s u g g e s t s  t h e  s p r i n g s  o c c u r  where t h e r e  is perme- 

a b i l i t y  a l o n g  t h e  f a u l t  ( B a i l e y  e t  a l , ,  1976). 

A second g e o l o g i c  s e t t i n g  f o r  t h e  d i s c h a r g e  z 
is w i t h i n  small, h i g h l y  f a u l t e d ,  r e l a t i v e l y  low 
r e l i e f ,  h o r s t  b l o c k s ,  Found h e r e  a r e  Desert Pea 
(Benoi t  e t  a l . ,  1982), Steamboat Spr ings  (White 
a l . ,  1964) ,  and Cos0 Hot Spr ings  ( D u f f i e l d  and 
Bacon, 1981). These are among t h e  h o t t e s t  known 
systems i n  t h e  w e s t e r n  p a r t  of t h e  province .  
These h o r s t  b l o c k s  are n o t  t h e  main, h i g h - r e l i e f  
ranges  of t h e  province .  

A t h i r d  s e t t i n g  is w i t h i n  t h e  b a s i n s  a t  c o n s i  
e r a b l e  d i s t a n c e s  f rom t h e  r a n g e s  and w i t h  few s u  
i n d i c a t i o n s  of  s t r u c t u r a l  c o n t r o l .  Examples i n c  
t h e  Hyder Hot S p r i n g s  t h a t  emerge i n  t h e  middle  
Dix ie  V a l l e y  and t h e  Soda Lake hydrothermal  s y s t  
t h a t  is a t  l e a s t  18 km. from any major mountain 
There i s  e v i d e n c e ,  however, t h a t  s t r u c t u r a l  f e a t  
are c o n t r o l l i n g  t h e  l o c a t i o n  of t h e s e  t h e r m a l  sy  
terns. The homogeneous water chemis t ry  of t h e  Hy 
Hot S p r i n g s  s u g g e s t s  a f a u l t - c o n t r o l l e d  f l o w  s y s  
s e p a r a t e d  from t h e  c o l d  water a q u i f e r s  i n  t h e  a 1  
luvium (Denton e t  a l . ,  1980). The Soda Lake hyd 
thermal  sys tem is a s s o c i a t e d  w i t h  a b u r i e d  s t r u c  
f e a t u r e  d e f i n e d  by t h e  p h r e a t i c  e x p l o s i o n  c r a t e r  
Soda Lake and t h e  v o l c a n i c  Upsal Hogback t o  t h e  
east (Olmsted e t  a l . ,  1975; Hill e t  a l . ,  1979). 

Thus B a s i n  and Range hydrothermal  sys tems are 
s t r u c t u r a l l y  c o n t r o l l e d .  
t h e  main range-bounding f a u l t s ,  however, b u t  may 
o c c u r  w i t h i n  o t h e r  s t r u c t u r a l  s e t t i n g s  where t h e  
e x t e n s i o n a l  t e c t o n i c s  of t h e  province  have c r e a t  
permeable f l o w  p a t h s .  There is no g e o l o g i c  e v i d  
of s t r a t i g r a p h i c  o r  l i t h o l o g i c  c o n t r o l  of l a t e r a  
e x t e n s i v e  hydro thermal  sys tems a t  d r i l l e d  d e p t h s  

They a r e  n o t  c o n f i n e d  

Recharge 

The oxygen-deuterium s t a b l e  i s o t o $ e  r e l a t i o n s  
h a s  been used  t o  i d e n t i f y  p o s s i b l e  r e c h a r g e  zone 
f o r  hydro thermal  systems.  Meteor ic  waters, p a r t  
c u l a r i l y  c o l d  s p r i n g s ,  w i t h  t h e  same d e u t e r i u m  v 
as t h e  oxygen-sh i f ted  thermal  water can  be c o n s i  
t o  be l o c a t e d  w i t h i n  a p o s s i b l e  r e c h a r g e  area f o  
hydro thermal  sys tem ( C r a i g  e t  a l . ,  1956). Bas in  
Range r e c h a r g e  s t u d i e s  i n c l u d e  Cos0 Hot S p r i n g s  
( F o u r n i e r  and Thompson, 1980) ,  Steamboat S p r i n g s  
(Nehring,  1980), Roosevel t  Hot Spr ings  (Rohrs a n  
Bowman, 1980) ,  and Long Val ley  (Sorey e t  a l . ,  19 

Nehring (1980) concluded t h e  major r e c h a r g e  z 
f o r  t h e  Steamboat S p r i n g s  hydrothermal  sys tem is 
t h e  Carson Range some 16 km. t o  t h e  west of t h e  
s p r i n g s .  S i m i l a r  deuter ium v a l u e s  f o r  c o l d  s p r i  
and thermal  w a t e r s  s u g g e s t s  t h e  recharge  zone is 
a n  a v e r a g e  e l e v a t i o n  of  2100 meters and l i m i t e d  
an a r e a  between Galena Creek and Evans Creek ( F i  
1). Nehring (1980)  concluded recharge  a l o n g  majo 
f a u l t s  w i t h i n  t h e  Carson Range moves deep enough 
t o  be h e a t e d  by r e g i o n a l  conduct ion  o r  by a poss  
magma chamber b e n e a t h  t h e  Steamboat H i l l s  (F ig .  
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There a l s o  i s  h y d r o l o g i c  d a t a  t o  s u p p o r t  t h i s  i s o -  
t o p e  r e c h a r g e  model. Skau ( i n  p r e p a r a t i o n ) ,  u s i n g  
d a t a  from numerous d r a i n a g e  b a s i n s  on t h e  east f r o n t  
of t h e  S i e r r a  Nevada, d e f i n e d  a n  i n v e r s e  r e l a t i o n s h i p  
between s t reamflow and. t o t a l  l i n e a r  l e n g t h  of  mapped 
f a u l t s  w i t h i n  a d r a i n a g e  b a s i n .  Skau ' s  d a t a  i n d i -  
cates t h e  Galena, Whi tes ,  and Thomas Creek d r a i n a g e s  
have e x t e n s i v e  f a u l t i n g  w i t h i n  t h e  mountain b lock  and 
less t h a n  expec ted  s t r e a m f l o w  where t h e  streams de- 
bouche o n t o  t h e  a l l u v i a l  f a n .  

I d e n t i f i c a t i o n  of one p o t e n t i a l  r e c h a r g e  area 
does n o t  prec lude  t h e  p o s s i b i l i t y  of o t h e r  r e c h a r g e  
areas o r  more t h a n  o n e  f l o w  p a t h  f o r  t h e  r e c h a r g e  
water .  
i n  t h e  i s o t o p i c  composi t ion  of t h e  thermal  waters 
i n d i c a t e s  t h e  involvement  of  m e t e o r i c  waters from 
a t  least  two d i f f e r e n t  s o u r c e s  (Sorey e t  a l . ,  1978). 

A t  Long V a l l e y  t h e  l a r g e  areal  v a r i a b i l i t y  

Some Basin and Range hydro thermal  systems have 
very  s u b t l e  r e c h a r g e  sys tems.  Welch and o t h e r s  
(1981)  sugges ted  d i s c h a r g e  a t  t h e  Leach Hot Spr ings  
e i t h e r  i s  from modern-day p r e c i p i t a t i o n  a t  a n  e l e -  
v a t i o n  h i g h e r  t h a n  t h a t  i n  t h e  immediate v i c i n i t y  

Yeamans 

FIGURE I. Potential recharge zone to the 
'Steamboat Springs hydrothermal system 
(modified from Nehring, 1980). 
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of t h e  h o t  s p r i n g s  o r  i t  was recharged  d u r i n g  an 
ea r l i e r ,  c o l d e r ,  c l i m a t i c  p e r i o d .  . T h i s  c o n c l u s i o n  
i s  based on t h e  f a c t  deuter ium v a l u e s  of t h e  thermal  
waters a r e  more n e g a t i v e  t h a n  t h a t  of t h e  sur round-  
i n g  c o l d  waters. 
can  be expec ted  t o  have t h e  same deuter ium v a l u e s  a s  
t h a t  of t h e  t h e r m a l  w a t e r s  a r e ' s o  f a r  away (160 km.) 
t h a t  under a ground water  f l o w  rate  of 10 m e t e r s / y r .  
t h e  i n f i l t r a t i o n  e v e n t  could  have occurred  up t o  
16 ,000  y e a r s  ago and  t h u s  t h e  r e c h a r g e  water  s t i l l  
would be c o n s i d e r e d  "pa leowater"  (Welch e t  a l . ,  1981). 
Young and Lewis (1980)  s u g g e s t e d  present -day  d i s -  
c h a r g e  from t h e  Bruneau-Grand View hydrothermal  
s y s t e m  i n  Idaho was recharged d u r i n g  l a t e  P l e i s t o -  
cene  g l a c i a l  advances when t h e  climate averaged 
3-5Co c o l d e r  t h a n  a t  p r e s e n t .  

E l e v a t i o n  zones where p r e c i p i t a t i o n  

The Deser t  Peak hydrothermal  sys tem i s  l o c a t e d  
i n  t h e  a r i d  Hot S p r i n g s  Mountains where t h e  s m a l l  
amount of p r e c i p i t a t i o n  i s  consumed by e v a p o t r a n s -  
p i r a t i o n  and t h e r e  i s  l i t t l e  o r  no ground water 
r e c h a r g e  e%cept  f rom rare,  h i g h - i n t e n s i t y  s torms  
t h a t  occur  y e a r s  or decades a p a r t .  
e x i s t  i n  t h e  mountains  n o r  are t h e r e  a s i g n i f i c a n t  

No s p r i n g s  
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FIGURE 2. Oiagr~rnrna~~~ cross-section showing postulated 
recharge to the Steamboat Springs hydrothermal 
system. 

number of c o l d  water  w e l l s  t h a t  can be sampled f o r  
i s o t o p e  v a l u e s .  In  t h i s  i n s t a n c e  a n o t h e r  approach 
must be  used t o  i d e n t i f y  t h e  r e c h a r g e  zone. A re- 
charge  mechanism i s  d i s c u s s e d  l a te r  i n  t h e  s e c t i o n  
o n  h y d r a u l i c  g r a d i e n t s .  

D e l i n e a t i o n  of r e c h a r g e  zones by i s o t o p e  s t u d i e s  
a l o n e  i s  c i r c u m s t a n i a l  i n  t h o s e  a r e a s  where t h e r e  
are m e t e o r i c  waters t o  be sampled. Only i n  rare 
i n s t a n c e s  a r e  t h e r e  a s u f f i c i e n t  number of deep 
w e l l s  f rom which h y d r o l o g i c  and g e o l o g i c  d a t a  can 
be c o l l e c t e d  t o  s u b s t a n t i a t e  c o n c l u s i o n s  based on 
i s o t o p e  d a t a .  I n  a r e a s  where t h e r e  i s  no c o r r e l a -  
t i o n  w i t h  nearby  m e t e o r i c  waters t h e  r e c h a r g e  mech- 
anism of t h e  hydrothermal  sys tem remains s p e c u l a -  
t i v e .  
under  d i f f e r e n t  climatic c o n d i t i o n s  i s  i t  s t i l l  
o c c u r r i n g  and a t  what r a t e ?  I f  r e c h a r g e  is  occur-  
r i n g  a t  g r e a t  d i s t a n c e s  from t h e  d i s c h a r g e  zone 
where i s  t h e  r e c h a r g e  zone and what i s  t h e  n a t u r e  
of t h e  a q u i f e r  system t h a t  a l l o w s  such  a l o n g  f low 
p a t h  i n  t h e  s t r u c t u r a l l y  d i s c o n t i n u o u s  Bas in  and 
Range province?  

I f  recharge  o c c u r r e d  a t  a n  e a r l i e r  t ime 

Depth of C i r c u l a t i o n  and Flow Paths  

The minimum depth  of c i r c u l a t i o n  r e q u i r e d  f o r  
c o n d u c t i v e l y  h e a t e d  hydro thermal  sys tems under  
s t e a d y - s t a t e  c o n d i t i o n s  can be e s t i m a t e d  from t h e  
f o l l o w i n g  e q u a t i o n .  Note t h a t  w i t h  f l o w  p a t h s  of 
f i n i t e  l e n g t h  greater d e p t h s  of c i r c u l a t i o n  would 
be r e q u i r e d  t o  a t t a i n  t h e  observed  o r  e s t i m a t e d  
tempera ture .  (Welsh, e t  a l . ,  1981). 

where D = d e p t h  of c i r c u l a t i o n ;  
Ts = maximum t e m p e r a t u r e  i n  system, 

p r e d i c t e d  from geothermometers ;  
Tr = s u r f a c e  t e m p e r a t u r e  of  r e c h a r g e  

water, g e n e r a l l y  t a k e n  as t h e  
average  a n n u a l  t e m p e r a t u r e  ; 

g = t empera ture  g r a d i e n t .  

A c o n d u c t i v e  tempera ture  g r a d i e n t  o f  76.4Co/km 
was measured i n  t h e  f ine-gra ined  sed iments  of  t h e  
Carson Sink  (Olmsted e t  a l . ,  1975). Using t h i s  
g r a d i e n t  and assuming a 10°C t e m p e r a t u r e  f o r  t h e  
r e c h a r g i n g  w a t e r ,  t h e  depth  of c i r c u l a t i o n  f o r  t h  
204OC Desert Peak hydrothermal  sys tem would be a t  
least  2.5 km. T h i s  estimate assumes the tempera t  
g r a d i e n t  i s  c o n s t a n t  w i t h  d e p t h .  I f  more thermal  
c o n d u c t i v e  r o c k  i s  p r e s e n t  above t h e  2.5 km. d e p t  
t h e r e  would be  a lower tempera ture  g r a d i e n t  and 
t h u s  g r e a t e r  d e p t h s  of c i r c u l a t i o n  would be r e q u i  
t o  o b t a i n  t h e  same maximum tempera ture .  For Leac 
Hot S p r i n g s  Welch and o t h e r s  (1981) e s t i m a t e d  a 
d e p t h  of c i r c u l a t i o n  on t h e  o r d e r  of 3 km. t o  o b t  
t e m p e r a t u r e s  of 18OOC. Sammel and Craig (1981) 
c a l c u l a t e d  a c i r c u l a t i o n  d e p t h  of a t  l e a s t  4 km. 
t o  o b t a i n  a t e m p e r a t u r e  of 17OOC f o r  t h e  Warner 
Val ley  hydro thermal  system. Morgan (1982) c a l c u -  
l a t e d  t h a t  f o r  a maximum tempera ture  of 16OOC 
d e p t h  of c i r c u l a t i o n  would be a t  least  2.5 km. f o  
t h e  S t i l l w a t e r  hydrothermal  system. 

The d e e p e s t  p roduct ion  w e l l  i n  D i x i e  Val ley  i s  
2.8 km.( Benoi t  and B u t l e r ,  1983) ,  w i t h i n  t h e  r a n  
of t h e  minimum d e p t h  of c i r c u l a t i o n  r e q u i r e d  f o r  
c o n d u c t i v e  h e a t i n g  t o  what i s  thought  t o  be a 
maximum tempera ture  of over  2OOOC f o r  t h e  system. 
An e a r t h q u a k e  s w a r m  i n  Warner Val ley  produced 
seismic f o c a l  p o i n t s  a l o n g  t h e  w e s t e r n  boundary 
f a u l t  a t  d e p t h s  between 2 and 13  km. ( S c h a f f ,  
1976 Sammel and C r a i g ,  1981). Thik i n d i c a t e s  
f a u l t  p l a n e s  e x i s t  t o  d e p t h s  of 13 km. i n  Warner 
Val ley  and such  f a u l t s  could be c o n d u i t s  f o r  c i r c  
l a t i o n  w i t h i n  t h e  hydro thermal  system. Thus it 
a p p e a r s  permeable  c o n d u i t s  e x i s t  a t  t h e  d e p t h s  
r e q u i r e d  f o r  conduct ive  h e a t i n g .  

F l u i d s  a t  or n e a r  t h e  maximum p r e d i c t e d  temper 
a t u r e s  have been found a t  d e p t h s  much s h a l l o w e r  t 
t h e  d e p t h  r e q u i r e d  f o r  conduct ive  h e a t i n g ;  204°C 
915 meters a t  Desert Peak (Benoi t  e t  a l . ,  1982); 
227°C a t  760 meters a t  Steamboat S p r i n g s  (Desormi 
1983). These h i g h  t e m p e r a t u r e s  i n  t h e  s h a l l o w  su 
s u r f a c e  a r e  main ta ined  by r e l a t i v e l y  h i g h  upflow 
rates t h a t  overcome conduct ive  h e a t  l o s s  t o  t h e  w 
rock  (Sorey ,  1975). 

It h a s  been hypothes ized  t h a t  a magma chamber 
is  p r e s e n t  benea th  t h e  Steamboat H i l l s  and s e r v e s  
as t h e  h e a t  s o u r c e  f o r  t h e  Steamboat S p r i n g s  hydr 
thermal  sys tem (White, 1968). Depths of c i r c u l a t  
could  be  much less than  t h a t  r e q u i r e d  by r e g i o n a l  
conduct ive  h e a t i n g  i f  t h e  magma chamber were a t  a 
r e l a t i v e l y  s h a l l o w  depth .  However, i f  t h e  a l k a l i  
c h l o r i d e s  found i n  t h e  thermal  waters a t  Steamboa 
S p r i n g s  a r e  b e i n g  t r a n s f e r r e d  from t h e  magma chaoc 
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a h y d r o s t a t i c  p r e s s u r e  of a t  least  305 kg./cm.2 
(3000 m e t e r s )  i s  r e q u i r e d  f o r  t h e  e x i s t e n c e  of a 
dense h i g h - p r e s s u r e  s t e a m  t o  t r a n s p o r t  t h e  c h l o r i d e s  
(White ,  1968). T h e r e f o r e ,  c i r c u l a t i o n  may be t o  
d e p t h s  of a few k i l o m e t e r s  even i n  t h e  presence  of 
a s h a l l o w ,  l o c a l i z e d  magmatic h e a t  s o u r c e .  

Thus t h e  e x t e n s i o n a l  t e c t o n i c s  of t h e  Basin and 
Range have c r e a t e d  permeable  f l o w  p a t h s  a t  t h e  nec- 
e s s a r y  d e p t h s  f o r  c o n d u c t i v e  h e a t i n g  t o  t h e  p r e d i c t e d  
and measured t e m p e r a t u r e s .  Maximum d e p t h s  of c i r c u -  
l a t i o n  remain unknown. It i s  i n t e r e s t i n g  t o  n o t e  t h e  
maximum t e m p e r a t u r e s  of t h e  h i g h  t e m p e r a t u r e  systems 
a s s o c i a t e d  w i t h  c o n d u c t i v e  h e a t  f low (Beowawe, Desert 
Peak, Dixie V a l l e y ,  Humboldt House, and Soda Lake) 
g e n e r a l l y  a r e  grouped t o g e t h e r  between 200°C and 
225OC. T h i s  s u g g e s t s  t h e y  a l l  may have a common 
maximum d e p t h  of  c i r c u l a t i o n  on t h e  o r d e r  of 2.5 
t o  3.0 km. There i s  no e v i d e n c e  t h a t  i f  a s h a l l o w  
l o c a l i z e d  h e a t  s o u r c e  i s  p r e s e n t  t h e  d e p t h  of cir- 
c u l a t i o n  i s  less t h a n  t h a t  f o r  a r e g i o n a l  conduc- 
t i v e  h e a t  s o u r c e .  I n  any c a s e  f l u i d s  a t  o r  n e a r  t h e  
maximum p r e d i c t e d  t e m p e r a t u r e s  a r e  found ' a t  rela- 
t i v e l y  s h a l l o w  d e p t h s  due t o  r a p i d  upf low a l o n g  
permeable c o n d u i t s .  

Hvdraul ic  G r a d i e n t s  

F l u i d  f low i n  hydro thermal  sys tems r e s u l t s  from 
mechanical  energy  ( p o t e n t i a l  d i f f e r e n c e s )  and thermal  
energy ( d e n s i t y  d i f f e r e n c e s ) .  P o t e n t i a l  d i f f e r e n c e s  
occur  where r e c h a r g e  zones a r e  h i g h e r  t h a n  d i s c h a r g e  
zones. For  hydro thermal  sys tems i n  a r e a s  of h i g h  
topographic  r e l i e f  r e c h a r g e  could  occur  i n  t h e  
mountain ranges  and descend deeper  t h a n  r e c h a r g e  
t o  t h e  s h a l l o w  c o l d  w a t e r  a q u i f e r s .  Flow d i r e c t i o n ,  
however, g e n e r a l l y  would be i n  t h e  same d i r e c t i o n  
( see  F ig .  2). 

I n p u t  of t h e r m a l  e n e r g y  c r e a t e s  a d e n s i t y  d i f -  
f e r e n c e  when c o l d  r e c h a r g e  water  i s  h e a t e d .  Depending 
on tempera ture  d i f f e r e n c e s ,  d e n s i t y  d i f f e r e n c e s  can 
be a s i g n i f i c a n t  p a r t  of t h e  o v e r a l l  h y d r a u l i c  
g r a d i e n t .  White (1968)  c a l c u l a t e d  d e n s i t y  d i f f e r -  
ences  could  account  f o r  as much as 275 meters of t h e  
h y d r a u l i c  head a t  Steamboat Spr ings .  Recharge a t  an 
e l e v a t i o n  of 2100 m e t e r s  i n  t h e  Carson Range would 
have a n  e l e v a t i o n  advantage  of 675 meters over  t h e  
hot  s p r i n g s  d i s c h a r g e  zone. 

A t  Deser t  Peak t h e r e  i s  no ev idence  of a poten-  
t i a l  g r a d i e n t  f rom a r e c h a r g e  zone l o c a t e d  a t  a 
h i g h e r  e l e v a t i o n .  It i s  p o s s i b l e  f l u i d  f l o w  i s  
s o l e l y  t h e  r e s u l t  of d e n s i t y  d i f f e r e n c e s .  The Carson 
Sink t o  t h e  east of and t h e  F e r n l e y  S ink  t o  t h e  
southwest  of D e s e r t  Peak are s i tes  of major  sha l low 
ground water d i s c h a r g e  by e v a p o t r a n s p i r a t i o n .  Y e t  
t h e  s i n k s  a l s o  may s e r v e  as recharge  zones  t o  t h e  
hydrothermal  system. I n  a c r o s s - s e c t i o n  from t h e  
Carson Sink on t h e  east through t h e  w e l l  f i e l d  a t  
Deser t  Peak t o  t h e  F e r n l e y  Sink on t h e  southwes t ,  
t h e  computed s t a t i c  water l e v e l s  f o r  t h e  w e l l  
f i e l d ,  r e f e r e n c e d  back t o  a column of water a t  
15.6"C, are lower  t h a n  t h o s e  of t h e  s u r r o u n d i n g  
s i n k s  (F ig .  3) .  Although t h e r e  i s  t h e  p o s s i b i l i t y  
of a p o t e n t i a l  g r a d i e n t  from t h e  F e r n l e y  Sink t o  

t h e  Carson Sink  of 43 meters i t  a l s o  i s  r e a s o n a b l e  
t o  v i s u a l i z e  r e c h a r g e  t o  t h e  hydrothermal  system 
coming from one o r  b o t h  of t h e  s i n k s  w i t h  t h e  
e n e r g y . g r a d i e n t  r e q u i r e d  f o r  f l o w  be ing  d e n s i t y  
d i f f e r e n c e s  c r e a t e d  by t h e  t h e r m a l  energy  of t h e  
h e a t  source .  Such a f l o w  sys tem r e q u i r e s  a d i v e r s i o n  
of t h e  d i s c h a r g e  from t h e  hydro thermal  sys tem ( s e e  
F i g .  3).  P a r t  of t h e  hydro thermal  d i s c h a r g e  f lows  
down g r a d i e n t  t o  d i s c h a r g e  i n  t h e  s i n k s  and p a r t  
moves downward under  t h e  d e n s i t y  g r a d i e n t  t o  become 
r e c h a r g e  t o  t h e  hydro thermal  system. 

It i s  d i f f i c u l t  t o  s e p a r a t e  t h e  p o t e n t i a l  and 
d e n s i t y  d i f f e r e n c e s  of t h e  t o t a l  g r a d i e n t .  Both 
p o t e n t i a l  and d e n s i t y  d i f f e r e n c e s  have b o t h  h o r i z o n -  
t a l  and v e r t i c a l  components (Olmsted e t  a l . ,  1975). 
Determina t ion  of t h e  v e r t i c a l  component r e q u i r e s  
a t  least  two o b s e r v a t i o n  w e l l s  a t  d i f f e r e n t  depths  
a t  a s i n g l e  l o c a t i o n  i n  t h e  hydrothermal  system. 
Determina t ion  of t h e  d e n s i t y  d i f f e r e n c e s  r e q u i r e s  
d a t a  on t h e  e n t i r e  d e p t h  and tempera ture  d i s t r i b u t i o n  
of t h e  d i s c h a r g e  zone. T h i s  g e n e r a l l y  i s  unknown b u t  
r e a s o n a b l e  e s t i m a t e s  can  be made u s i n g  t h e  p r e d i c t e d  
maximum t e m p e r a t u r e  and d e p t h  of c i r c u l a t i o n  of t h e  
system. 

Determina t ion  of t h e  s t a t i c  p r e s s u r e  of an 
i n d i v i d u a l  p r o d u c t i o n  zone a l s o  i s  d i f f i c u l t .  
.Deep e x p l o r a t i o n - p r o d u c t i o n  w e l l s  g e n e r a l l y  a r e  
completed w i t h  s e v e r a l  hundred meters  of uncased 
open hole .  I f  s e p a r a t e  p r o d u c t i o n  zones w i t h  
d i f f e r e n t  s t a t i c  p r e s s u r e s  are i n t e r s e c t e d  the  
borehole  p r e s s u r e  w i l l  be i n t e r m e d i a t e  between t h e  
h i g h e s t  and l o w e s t  p r e s s u r e d  zones i n t e r s e c t e d .  

Discharge 

The d i s c h a r g e  zone i s  t h e  b e s t  unders tood  p a r t  
of a Basin and Range hydro thermal  system. Hot 
s p r i n g s  are t h e  e a s i e s t  p l a c e  t o  c o l l e c t  d a t a  on 
h e a t  and mass t r a n s f e r  and t o  p r e d i c t  maximum 
s u b s u r f a c e  t e m p e r a t u r e s  by u s i n g  chemical  geother -  
mometers. Hot s p r i n g s  r e p r e s e n t  d i s c h a r g e  from 
t h e  deeper  p a r t s  of t h e  sys tem and as s u c h  a r e  a n  
i n t e r g a l  component i n  e x p l o r a t i o n .  

The t o t a l  c o n v e c t i v e  h e a t  f low of a sys tem 
p r o v i d e s  a f i r s t  approximat ion  of t h e  minimum r a t e  
a t  which energy  can  be withdrawn (Benseman, 1959, 
and Bodvarsson, 1964 5 White, 1968). Thus under- 
s t a n d i n g  t h e  d i s c h a r g e  zone may be t h e  key t o  e v a l -  
u a t i n g  t h e  p r o d u c t i o n  p o t e n t i a l  of t h e  hydro thermal  
system. Olmsted and o t h e r s  (1975) proposed two 
d i s c h a r g e  s y s t e m s ,  a l e a k y  sys tem where thermal  
d i s c h a r g e  i s  i n t o  s h a l l o w  ground water  a q u i f e r s  
and a non-leaky sys tem where t h e  upflow c o n d u i t s  
a r e  s e a l e d  o f f  f rom t h e  s h a l l o w  a q u i f e r s  and a l l  
f l u i d  d i s c h a r g e  i s  v i a  h o t  s p r i n g s .  A l l  systems 
s t u d i e d  a p p a r e n t l y  have some s u b s u r f a c e  d i s c h a r g e .  
For  systems t h a t  have b o t h  s u r f a c e  and s u b s u r f a c e  
f l u i d  d i s c h a r g e  t h e  r a t i o  between t h e  two can vary 
wide ly .  White (1968)  c a l c u l a t e d  h o t  s p r i n g  d i s -  
charge  a t  Steamboat S p r i n g s  c o n s t i t u t e s  o n l y  6% of 
t h e  t o t a l  t h e r m a l  f l u i d  d i s c h a r g e  of 71.2 l i t e r s / s e c . ,  
t h e  r e s t  b e i n g  d i s c h a r g e d  i n t o  t h e  s h a l l o w  ground 
w a t e r  sys tem and e v e n t u a l l y  i n t o  Steamboat Creek. 
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FIGURE 3. Diogrommotic cross- section through the Desert Peak 
measured and calculated static water levels. 

A t  Long Val ley  80% of t h e  t o t a l  thermal  f l u i d  
d i s c h a r g e  of 248 l i t e rs f  sec. 
d i s c h a r g e  w i t h i n  Hot Creek Gorge (Sorey e t  a1 . ,1976) ,  
Some sys tems are t o t a l l y  l eaky  w i t h  a l l  d i s c h a r g e  
i n t o  t h e  subsu r face .  Roosevelt  Hot Spr ings  and 
Humboldt House a r e  examples where s p r i n g  f low h a s  
ceased  and a l l  d i scha rge  now is i n t o  t h e  sha l low 
subsu r face .  

occu r s  as h o t  s p r i n g  

Where t h e r e  is no s u r f a c e  d i s c h a r g e  and l i t t l e  
o r  no o t h e r  s u r f a c e  ev idence  of a hydro thermal  sys tem 
such  a s  f o s s i l  h o t  s p r i n g  d e p o s i t s  o r  a l t e r e d  and 
b leached  rocks ,  t h e  s y s t e m  is  r e f e r r e d  t o  as be ing  
" b l i n d "  (Blackwel l  and Czang, 1973). These sys tems 
can  be i d e n t i f i e d  by t h e  thermal  "ha lo"  c r e a t e d  by 
l eakage  i n t o  sha l low thermal  a q u i f e r s  (Benoi t  e t  
a l . ,  1982). The sha l low thermal  a q u i f e r s  have 
anomalously h i g h  tempera ture  g r a d i e n t s  above them 
( o f t e n  >300Co/km.) and g e n e r a l l y  have a t empera tu re  
r e v e r s a l  below t h e  a q u i f e r ,  

C a l c u l a t i o n  of t o t a l  h e a t  and mass d i s c h a r g e  can 
be based on p r e d i c t e d  maximum tempera tu re  by geo the r -  
mometers and t h e  measurement of c o n s e r v a t i v e  chemical 
c o n s t i t u e n t s  of t h e  thermal  f l u i d  as found in nearby  
s u r f a c e  waters i n t o  which t h e  the rma l  waters d r a i n  
(White,  1968; Sorey e t  a l . ,  1978). If t h e r e  are 
no s u r f a c e  waters t h a t  c o l l e c t  t h e  the rma l  d i s c h a r g e  
t h e n  c a l c u l a t i o n s  can be made of t h e  amount of 
h e a t  convec ted  i n t o  t h e  sha l low thermal  a q u i f e r s  

(Olmsted e t  a l . ,  1975; Benoit  e t  a l . ,  1982)- 

A b r i e f  summary of t he  knowledge concern ing  the 
hydro log ic  s e t t i n g  of  Bas in  and Range hydrotherms 
sys tems is a s  fo l lows .  

r echa rge  zone - Where c o l d  me teo r i c  waters  
are a v a i l a b l e  f o r  sampl ing ,  p o s s i b l e  recha 
zones and e l e v a t i o n s  can be i d e n t i f i e d .  k 
t h e r e  are no co ld  me teo r i c  waters t o  sampl 
l o c a t i o n  of t h e  r echa rge  zone is s p e c u l a t i  

depth  of c i r c u l a t i o n  - Can be roughly es t i  
by use  of p r e d i c t i v e  chemica l  geothermomet 
and measured tempera ture  g r a d i e n t s  ; 
f low p a t h s  are unknown. 

ac tua  

a q u i f e r  geometry - Thickness ,  p o r o s i t y ,  l a  
e x t e n t ,  boundar i e s ,  a l l  are e i t h e r  unknown 
o r  can be o n l y  roughly  e s t i m a t e d  in t h e  ma 
f a v o r a b l e  of c i rcumstances ,  

d i s c h a r g e  zone - Discharge ra te ,  i n c l u d i n g  
convec t ive  h e a t  d i s c h a r g e ,  can  be c a l c u l a t  
w i t h  va ry ing  degrees  of accu racy  depending 
on t h e  p h y s i c a l  s e t t i n g  ( s u r f a c e ,  subsu r fa  
o r  b o t h )  of t h e  i n d i v i d u a l  d i s c h a r g e  zone. 
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Product ion  Zones tempera ture  f l u i d s  a t  r e l a t i v e l y  s h a l l o w  depths  
r e s u l t s  from r a p i d  upflow w i t h i n  permeable channels .  

Deep d r i l l i n g  i n  the Bas in  and Range p r o v i n c e  h a s  F i p . i r e  5 i s  a g e n e r a l i z e d  g e o l o g i c  map of t h e  Humboldt 
i n t e r s e c t e d  t h e  ~ h i g h e  r t e m p e r a t u r e  p a r t s  of hydro- 
thermal  sys tems in f r a c t u r e s  i n  a "hardrock" e n v i r o n -  
ment. Commonly a n  i s o t h e r m a l  zone i n  a s t a t i c  
e q u i l i b r a t e d  t e m p e r a t u r e  p r o f i l e  i s  i n t e r p r e t e d  as 
t h e  p r o d u c t i o n  t h i c k n e s s .  I n  a porous ,  l i q u i d  dom- 
i n a t e d  sed imentary  hydro thermal  r e s e r v o i r  a n  i s o -  
t h e r m a l  zone may a c c u r a t e l y  r e f l e c t  thermal  convec- 
t i o n  w i t h i n  t h e  p r o d u c t i o n  zone. This  i n t e r p r e t -  
a t i o n ,  however, o f t e n  i s  n o t  c o r r e c t  f o r  Bas in  and 
Range w e l l s .  One i n t e r p r e t a t i o n  i s  t h a t  by Urban 
and Diment (1982)  who s u g g e s t e d  t h e  o v e r  1480- 
meter  t h i c k  i s o t h e r m a l  s e c t i o n  measured i n  w e l l  
B23-1 a t  Deser t  Peak might  r e s u l t  from h o t  water 
from a s h a l l o w ,  h i g h e r  p r e s s u r e  thermal  zone f lowing  
down h o l e  t o  e x i t  i n  d e e p e r ,  lower-pressure permeable 
zones.  This f l o w  would mask t h e  u n d i s t u r b e d  thermal  
regimen of t h e  lower  p o r t i o n  of t h e  h o l e  and would 
s u g g e s t  an e x a g g e r a t e d  t h i c k n e s s  t o  t h e  pay zone. 

A t  b o t h  Steamboat S p r i n g s  and Beowawe measured 
wel lhead  t e m p e r a t u r e s  and p r e s s u r e s  d i d  not a g r e e  w i t h  
p r e d i c t e d  v a l u e s  from computer s i m u l a t i o n s  of t e s t  
c o n d i t i o n s  (Baza,  1981;  Epperson,  1982). A t  Beowawe 
l a t e r  g e o l o g i c  d a t a  i n d i c a t e d  t h e  w e l l  w a s  produc- 
i n g  from two i n t e r v a l s  w i t h  t h e  deeper  i n t e r v a l  hav- 
i n g  a lower p r o d u c t i o n  t e m p e r a t u r e  (Epperson,  1982). 
A t  Steamboat S p r i n g s  t h e  ambigui ty  between p r e d i c t e d  
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FIGURE 5. Generalized geologic mop. Hurnboldt House Area (after Silberlinq and Woliace, 1967). 

and measured v a l u e s  w a s  r e s o l v e d  when a tempera ture  iiouse p r o s p e c t .  It i s  of t h e  main range-bounding 
survey  was run  w h i l e  i n j e c t i n g  c o l d  water .  The i n -  f a u l t  type.  Data from two deep w e l l s ,  Campbell 
j e c t i o n  t e m p e r a t u r e  s u r v e y  i d e n t i f i e d  a second produc- No. 1 and Campbell E-2, were used t o  c o n s t r u c t  the 
t i o n  zone a t  t h e  p r e d i c t e d  t e m p e r a t u r e  l o c a t e d  below 
t h e  maximum t e m p e r a t u r e  i s o t h e r m a l  zone ( s e e  F ig .  4 ) .  
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FIGURE 4. Static and injection temperature survey, S.B.S. %."'P, 

The average  d e p t h  of  a l l  s u c c e s s f u l  high-temper- 
Steamboat Springs , Nevada. 

a t u r e  geothermal  w i l d c a t  wells i n  t h e  n o r t h e r n  
Basin and Range p r o v i n c e  from 1974 through 1981 
was a r e l a t i v e l y  s h a l l o w  1030 meters  (Edmiston,  
1982). This  d e p t h  i s  f a r  less t h a n  t h e  d e p t h s  of 
c i r c u l a t i o n  e s t i m a t e d  by u s e  of chemical  geothermo- 
meters  and background t e m p e r a t u r e  g r a d i e n t s .  The 
r e l a t i v e l y  s h a l l o w  d e p t h s  of p r o d u c t i o n  s u p p o r t  
t h e  e a r l i e r  s t a t e m e n t  t h a t  t h e  e x i s t e n c e  of h i g h  

i d e a l i z e d  g e o l o g i c  c r o s s - s e c t i o n  f o r  t h e  Campbell 
E-1, t h e  only  producing  w e l l  i n  t h e  p r o s p e c t  (F ig .  6 ) .  

0 500 I O  

ENEAALIZED GEOLOGIC 
HROUGH CAMPBELL E-I .,-.,. ~ - HUMBOLDT HOUSE - - DEEP R~SERVOIR (3) - - - 

FIGURE 6. Generalized geologic cross- section through Campbell E- I, Humbaldt House. 

The w e l l  p roduces  from a T e r t i a r y  l i m e s t o n e  "boulder"  
d e p o s i t  (Desormier ,  1979) t h a t  can  be cons idered  a 
perched  r e s e r v o i r  of l i m i t e d  volume. 
t o  be  recharged  from a deeper  zone v i a  a main range-  
bounding f a u l t  t h a t  i s  a n  upflow c o n d u i t .  The re- 
c h a r g e  r a t e  t o  t h e  perched r e s e r v o i r  and t h u s  t h e  
s u s t a i n e d  o r  long-term product ion  rate of t h e  s y s t e m  
i s  c o n t r o l l e d  by t h e  least  t r a n s m i s s i v e  s e c t i o n  of  
t h e  upflow c o n d u i t  (Welch e t  a l .  1981). 

It i s  thought  

A t  Deser t  Peak a tempera ture  c r o s s - s e c t i o n  
through t h e  w e l l  f i e l d  i n d i c a t e s  t h e  permeable 
upflow channels  a r e  n e a r l y  v e r t i c a l  and are s e p a r a t e d  
by s i g n i f i c a n t  b l o c k s  of impermeable r o c k  (Fig. 7 ) .  
The e l e v a t e d  tempera ture  c o n t o u r s  i n  t h e  v i c i n i t y  
of wells B21-2 and B23-1 r e s u l t  from upflow a long  
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t h e  d i s c h a r g e  zones t h a t  a r e  t h e  p r o d u c t i o n  zones.  
Well 22-22,  n o t  t e s t e d  a t  t h i s  t i m e ,  i s  a t  some 
d i s t a n c e  from a d i s c h a r g e  zone and i s  w i t h i n  a 
zone of low p e r m e a b i l i t y  as i n d i c a t e d  by t h e  r e l a -  
t i v e l y  d e p r e s s e d  tempera ture  c o n t o u r s .  

Thus i t  seems r e a s o n a b l e  t o  assume Basin and 
Range p r o d u c t i o n  zones ,  i f  n o t  d i r e c t l y  i n  d i s c r e t e  
and s i n g u l a r  f a u l t s  a n d / o r  f r a c t u r e s  ( D e s e r t  Peak) ,  
a r e  t h e  r e s u l t  of upflow of thermal  w a t e r s  a long  
such  zones ( H u ~ b o l d t  House). F r a c t u r e  d e n s i t y  i s  
n o t  thought  g r e a t  enough t o  c o n s i d e r  t h e  p r o d u c t i o n  
zone t o  be a f r a c t u r e d  rock m a t r i x  w i t h  any s i g n i f -  
i c a n t  0 1 0  m e t e r s )  s a t u r a t e d  t h i c k n e s s  and t h e  e f f e c -  
t i v e  p o r o s i t y  of t h e  p r o d u c t i o n  zone may be very low, 
perhaps  less t h a n  1-2% of t h e  t o t a l  t h e r m a l  anomaly 
d e f i n e d  by d r i l l i n g .  

Flow T e s t i n g  and A n a l y s i s  

Benson (1982)  d e s c r i b e d  a f l o w  tes t  of a 1,20°C 
Basin and Range geothermal  w e l l ,  t h e  r e s u l t s  of which 
should  n o t  go unnot iced .  The w e l l ,  WEN-1, i s  l o c a t e d  
on t h e  e a s t e r n  s i d e  of t h e  Honey Lake V a l l e y ,  C a l i -  
f o r n i a ,  n e a r  Wendel and Amedee h o t  s p r i n g s ,  From a 

d e p t h  of 1545 meters t o  t h e  TD of  1 7 8 0  meters t h e  
w e l l  i s  completed open h o l e  i n  g r a n i t i c  basement 
rock.  From p r e - t e s t  t empera ture  and s p i n n e r  s u r v  
i t  was determined 80% of t h e  f l o w  comes from one 
major  f r a c t u r e  zone. The p r o d u c t i o n  zone is  unde 
c o n f i n e d  c o n d i t i o n s  and t h e  w e l l  was t e s t e d  by 
s i n g l e  phase a r t e s i a n  f l o w  a t  f o u r  f l o w  r a t e s .  

During t e s t i n g  t h e  p r o d u c t i v i t y  i n d e x ,  d i s c h a r  
drawdown, decreased  w i t h  i n c r e a s e d  f l o w  r a t e s ,  go 
from 0.45 literslsec. p e r  kN/m2 a t  13.9 l i terslse 
t o  0 . 2 0  l i t e r s / s e c .  p e r  kN/m2 a t  42.9 liters/sec. 
I n  a 100% e f f i c i e n t  well w i t h  l a m i n a r  (Darc ian)  
flow i n  t h e  f o r m a t i o n  t h e  p r o d u c t i v i t y  i n d e x  is  a 
c o n s t a n t ,  independent  of f low rate.  I n  r e a l i t y  
w e l l  b o r e  damage o r  enhancement f rom d r i l l i n g  
r e s u l t s  i n  a s k i n  v a l u e .  For t h i s  test a n  i n c r e a  
i n  t h e  f low r a t e  r e s u l t e d  i n  a p r o p o r t i o n a t e  i n c r  
i n  t h e  c a l c u l a t e d  a p p a r e n t  s k i n  v a l u e .  Under the 
c o n v e n t i o n a l  d e f i n i t i o n  of s k i n  e f f e c t s  t h e  s k i n  
v a l u e  of a w e l l  should  n o t  be a f u n c t i o n  of t h e  
f l o w  rate. Using a f o r m u l a t i o n  (Ramey, 1965) t h a  
i n c l u d e d  non-Darcian f l o w  i n  t h e  p r o d u c t i o n  zone,  
Benson c a l c u l a t e d  a t r u e  s k i n  v a l u e  n e a r  z e r o  f o r  
t h e  w e l l .  It was concluded non-Darcian f l o w  i n  
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t h e  f r a c t u r e  c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  draw- 
down, r e s u l t i n g  i n  the v a r y i n g  p r o d u c t i v i t y  index .  
Benson then  developed an  e m p i r i c a l  r e l a t i o n s h i p  
between t h e  f l o w  r a t e  and drawdown f o r  t h e  w e l l  
t e s t e d .  It i s  p o s s i b l e  t h i s  non-Darcian f low i s  a 
common occur rence  i n  h igh  temperature, h igh  d i s -  
c h a r g e - r a t e  Basin and Range geothermal  wells 
p roduc ing  from narrow f r a c t u r e  zones.  The c a l c u -  
l a t e d  t r a n s m i s s i v i t y  of t h e  p roduc t ion  zone w i l l  
v a r y  i n v e r s e l y  wi th  t h e  f l o w  r a t e .  

Responses i n  o b s e r v a t i o n  w e l l s  can be  s imul-  
t a n e o u s l y  qu ick  and at  d i s t a n c e s  g r e a t e r  t han  2500 
meters. A t  t h e  Beowawe f i e l d  r e s p o n s e s  w i t h i n  one 
hour  of s ta r t  of f l o w  were observed a t  d i s t a n c e s  
up t o  2000 meters from t h e  p roduc t ion  w e l l  (Epperson,  
1982).  Responses a l s o  i n d i c a t e  t h e  a n i s o t r o p i c  
n a t u r e  of t h e  hydrothermal  system. A t  Steamboat 
Spr ings  one o b s e r v a t i o n  w e l l  2573 meters from t h e  
SBS # 1 p roduc t ion  w e l l  responded t o  t e s t i n g  w i t h i n  
48 hour s  a f t e r  kick-off  and had a 0.8 meter  drawdown 
a f t e r  15 days of f low.  A second w e l l  a t  a d i s t a n c e  
of 2595 meters d i d  n o t  show a re sponse  t o ' t e s t i n g .  
A t  Desert Peak t h e  o b s e r v a t i o n  w e l l s  f o r  t h e  t e s t i n g  
of w e l l  86-21 were three deep wel ls  t h a t  i n t e r s e c t e d  
t h e  hydrothermal  sys t em a t  rough ly  t h e  same dep th .  
Responses i n  t h e s e  wells i n d i c a t e  t h e  p roduc t ion  
zone n o t  o n l y  i s  a n i s o t r o p i c  bu t  a l s o  i s  h e t e r o -  
geneous (Goyal , p e r s o n a l  communication).  Thus a t  
a g i v e n  p o i n t  i n  t h e  system h y d r a u l i c  pa rame te r s  
of t h e  system ( p e r m e a b i l i t y ,  t r a n s m i s s i v i t y )  are 
d i r e c t i o n a l l y  dependent  ( a n i s ' o t r o p i c )  and t h e  
v a l u e s  of t h e  h y d r a u l i c  pa rame te r s  va ry  from p o i n t  
t o  p o i n t  w i t h i n  t h e  sys t em (he te rogeneous ) .  

Limited t e s t i n g  of  Basin and Range geothermal 
systems commonly r e s u l t s  i n  t h e  c a l c u l a t i o n  of l a r g e  
volumes of f l u i d  be ing  a f f e c t e d  by t h e  t e s t i n g .  At 
Beowawe i t  was c a l c u l a t e d  a f l u i d  volume of 1 . 5 9 ~ 1 0 ~ ~  
l i t e r s  was a f f e c t e d  by a 27-day €low tes t  a t  a rate 
of 463,050 kg . /h r .  (Epperson, 1982).  Other flow test 
d a t a  a t  Beowawe " i n d i c a t e  f l u i d  volumes i n  excess  o f  
1 0 l 2  b a r r e l s  ( 1 . 5 9 ~ 1 0 ~ ~  l i t e r s ) ;  i n  o t h e r  words, a 
volume l a r g e r  t han  t h e  Prudhoe Bay O i l  F i e l d "  
(Epperson,  1982).  It i s  thought  t h e  major  pa r t  of 
t h e  system a t  Beowawe i s  i n  lower P a l e o z o i c  carbon- 
a t e s  a t  dep ths  approaching 6100 t o  9100 meters b u t  
none of t h e  w e l l s  d r i l l e d  t o  d a t e  have reached t h e  
deep c a r b o n a t e s  (Epperson, 1982). Such a proposed 
r e s e r v o i r  model must be examined t o  see i f  i t  i s  
r e a l i s t i c .  Using t h e  c a l c u l a t e d  f l u i d  volume of 
1 . 5 9 ~ 1 0 ~ ~  l i t e r s ,  a r e s e r v o i r  w i t h  10% p o r o s i t y  
would have a t o t a l  rock  and f l u i d  volume of 15,900 
km3. One must ask i f  t h i s  i s  a r e a l i s t i c  model, 
e s p e c i a l l y  i n  l i g h t  of t h e  d i s a p p o i n t i n g  r e s u l t s  
from deep d r i l l i n g  i n  t h e  Basin and Range (Edminston, 
1982).  Thus, a l though  f low tes t  d a t a  have been i n t e r -  
p r e t e d  t o  s u g g e s t  deep ,  large-volume hydrothermal  
r e s e r v o i r s ,  t h e i r  e x i s t e n c e  s t i l l  i s  p rob lema t i ca l .  

CONCEPTUAL MODELS 

R e s e r v o i r  Model 

T r a d i t i o n a l  models f o r  ground water and pe t ro -  
leum r e s o u r c e s  have t r e a t e d  t h e s e  systems a s  s t a t i c  
volumes. Development of a ground wa te r  o r  petroleum 
r e s e r v o i r  i s  based on o b t a i n i n g  knowledge of t he  
p h y s i c a l  and h y d r a u l i c  pa rame te r s  t h a t  c o n t r o l  t h e  

Temperature, Storativity, essure,and Porosity 

J.A.H.  5 /83 FIGURE 8 .  Idealized cross- section for a laterally continuous hydrothermal reservoir with overlay of 
grid required for a distributed parameter model (modified from Welch et. al. ,  1981). 
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p roduc t ion  r a t e  from t h e  r e s e r v o i r ;  t r a n s m i s s i v i t y ,  
s t o r a t i v i t y ,  v i s c o s i t y ,  p o r o s i t y  and s a t u r a t e d  
t h i c k n e s s e s .  Assuming a g e o l o g i c  s e t t i n g  ( fo rma t ion ,  
l i t h o l o g y ,  and /o r  s t r u c t u r e )  t h a t  c o n t a i n s  w i t h i n  -it 
t h e  h y d r a u l i c  continuum of t h e  r e s e r v o i r ,  d r i l l i n g  
and t e s t i n g  are performed t o  de te rmine  t h e  p h y s i c a l  
and h y d r a u l i c  pa rame te r s  of t h e  r e s e r v o i r  and t o  
deve lop  a n  a n a l y t i c a l  s o l u t i o n  t o  p r e d i c t  f u t u r e  
r e s e r v o i r  p roduc t ion  p o t e n t i a l .  F i g u r e  8 i s  an 
i d e a l i z e d  hydrothermal  sys t em of t h e  r e s e r v o i r  t ype  
t h a t  might be found i n  t h e  I m p e r i a l  Val ley o r  a t  
Ce r ro  P r i e t o ,  A d i s t r i b u t e d  parameter  g r i d  i s  
o v e r l a i n  showing t h e  r e s e r v o i r  pa rame te r s  t h a t  
would be d e f i n e d  f o r  e a c h  node fn t h e  g r i d .  However, 
d r i l l i n g  r e s u l t s  t o  d a t e  have shown Basin and Range 
hydrothermal  systems t o  be  much more complex than  
t h e  s i m p l i f i e d  model p r e s e n t e d  h e r e .  

I n  one r e s p e c t  development of a pe t ro l eum reser- 
v o i r  i s  d i f f e r e n t  from t h a t  of a ground wa te r  system 
even though t h e  u n d e r l y i n g  h y d r a u l i c  p r i n c i p l e s  are 
t h e  same. P roduc t ion  from a n  o i l  o r  g a s  r e s e r v o i r  is  
a n  e x t r a c t i o n  p rocess  t o  remove as comple t e ly  a s  pos- 
s i b l e  t h e  o i l  o r  gas  t h a t  e x i s t s  w i t h i n  a c l o s e d  s y s -  
tem (no " recha rge"  of o i l  o r  g a s ) .  Ground water dev- 
e lopment ,  however, i n v o l v e s  t a k i n g  wa te r  from s t o r a g e  
a t  a f a s t e r  r a t e  t h a n  n a t u r a l  r echa rge .  I f  pumping 
s t o p s ,  over  a long  enough time r e c h a r g e  w i l l  r e p l a c e  
t h e  water  removed. 

Development of a Bas in  and Range hydrothermal  
system i s  c l o s e r  t o  t h a t  f o r  a ground wa te r  r e s o u r c e  
t h a n  t h a t  € o r  t h e  development of a petroleum reser- 
v o i r .  Using t h e  Beowawe system as an  example,  i t  
i s  uneconomical and impractical t o  d r i l l  wells t o  
d e p t h s  of 6100 t o  9100 meters i n  o r d e r  t o  "mine" 
t h e  p r o j e c t e d  1015 l i t e r s  of f l u i d  and con ta ined  
ene rgy  i n  t h e  hypo thes i zed  deep r e s e r v o i r .  F l u i d  
produced from e x i s t i n g  s h a l l o w  p roduc t ion  wells i n  
t h e  Malpais  F a u l t  d i s c h a r g e  zone comes from t h e  
e l a s t i c  compression of t h e  r e s e r v o i r  as t h e  p r e s s u r e  
d e c l i n e s  and from t h e  expans ion  of t h e  f l u i d  
(Domenico, 1972). As l o n g  as p roduc t ion  i s  from t h e  
d i s c h a r g e  zone t h e  deepe r  p o r t i o n s  of t h e  systems 
w i l l  never  be "mined" o r  dewatered.  P r o d u c t i v i t y  
of t h e  system w i l l  be governed by i t s  s t o r a t i v i t y  
and t r a n s m i s s i v t t y .  I n  t h i s  s i t u a t i o n  " r e s e r v o i r  
volumes" c a l c u l a t e d  from f low tes t  d a t a  are an  
i n a p p r o p r i a t e  measure of t h e  p roduc t ion  p o t e n t i a l  
oE t h e  system. 

Two Basin and Range hydrothermal  systems have 
been modeled u s i n g  numer i ca l  methods f o r  assumed 
r e s e r v o i r  systems.  The Long Val ley system was 
modeled by Sorey and o t h e r s  (1978).  The model was 
a three-dimensional  d i s t r i b u t e d  parameter  numerical  
model t h a t  a t t empted  t o  r e p r e s e n t  what were cons id -  
e r e d  t o  be t h e  a c t u a l  p h y s i c a l  pa rame te r s  of t h e  
system. A l a te r  numerical  model by Welch and 
o t h e r s  (1981) f o r  t h e  Leach Hot Spr ings  was a 
g e n e r a l i z e d  model t h a t  examined t h e  c o n s t r a i n t s  on 
t h e  a g e ,  dep th  and la te ra l  e x t e n t  of t h e  system 
w i t h o u t  t h e  f o r m u l a t i o n  of a d e t a i l e d  p h y s i c a l  
model of t h e  system. 

Dynamic Flow Mod& 

Hot s p r i n g  and sha l low s u b s u r f a c e  d i s c h a r g e  
imply a dynamic f low system w i t h  r echa rge .  
cha rge  zones and t h e  a s s o c i a t e d  upflow c o n d u i t s  
are d i s c r e t e  zones s e p a r a t e d  by large volumes of 
impermeable rock w i t h  low o r  n o n e x i s t e n t  p o r o s i t y ,  
t h e n  produced f l u i d s  cannot  be coming from s t o r a g e  
i n  t h e  s h a l l o w  p a r t  of t h e  d i s c h a r g e  zone. What 
o c c u r s  i s  t h a t  p roduc t ion ,  w i t h  i t s  subsequent  
p r e s s u r e  d e c l i n e ,  i n c r e a s e s  t h e  f l o w  r a t e  up t h e  
upflow condu i t  in o r d e r  t o  r each  a new e q u i l i b r i u m  
w i t h  t h e  new d i s c h a r g e  r a t e ,  t h e  n a t u r a l  d i s c h a r g e  
p l u s  t h e  p roduc t ion  d i scha rge .  As e x p l a i n e d  i n  
t h e  p r i o r  s e c t i o n  on t h e  r e s e r v o i r  model, produced 
f l u i d  comes from compression of t h e  system and ex-  
pans ion  of t h e  f l u i d  a s  system p r e s s u r e s  d e c l i n e .  
The system i s  no t  dewatered. 

I€ d i s -  

Use of a dynamic f low model t o  d e s c r i b e  a Basi 
and Range geothermal  system i s  analogous t o  u s i n g  a 
g e n e r a l  systems s y n t h e s i s  t o  d e s c r i b e  s u r f a c e  water  
sys t ems .  I n  s u r f a c e  d r a i n a g e s  t h e r e  are numerous 
p h y s i c a l  components t h a t  c o n t r o l  s t r eamf low from a 
p r e c i p i t a t i o n  e v e n t ,  e.g., s o i l  t y p e  and moi s tu re  
c o n t e n t ,  unde r ly ing  bedrock, s l o p e  o r i e n t a t i o n ,  veg 
e t a t i o n ,  humidi ty ,  wind speed ,  d u r a t i o n  and i n t e n -  
s i t y  of t h e  p r e c i p i t a t i o n .  To e s t a b l i s h  a n  ana ly -  
t i c a l  r e l a t i o n s h i p  between each  of t h e  components 
and a l s o  f o r  t h e  o v e r a l l  system is  d i f f i c u l t ,  i f  
n o t  imposs ib l e .  The g e n e r a l  systems s y n t h e s i s  
method deve lops  e m p i r i c a l  r e l a t i o n s  between t h e  
p h y s i c a l  components t h a t  c o n t r o l  t h e  i n p u t - o u t p u t  
r e l a t i o n s h i p  (Crawford and L i n s l e y ,  1964). The 
b a s i s  f o r  t h e  method i s  a lumped-parameter o r d i n a r y  
' d i f f e r e n t i a l  equa t ion .  

I ( t )  - 0 ( t )  = 

0 = ou tpu t  
S = change i n  s t o r a g e  
t = time (Domenico, 1972). 

dT 
where I = i n p u t  

A lumped-parameter system is  one  where t h e  in- 
p u t s  and o u t p u t s  can be measured o r  e s t i m a t e d  b u t  
t h e  i n t e r m e d i a t e  p rocesses  t h a t  i n t e r r e l a t e  them 
are unknown o r  unobservable .  The unknown in t e rme-  
d i a t e  p r o c e s s e s  a r e  impor t an t  because  of t h e i r  
combined e f f e c t  on t h e  i n p u t ~ u t p u t  r e l a t i o n s h i p  
b u t  d e t a i l e d  knowledge of t h e  p r o c e s s  is  n o t  nec- 
e s s a r y  as  t h e  i n t e r m e d i a t e  p r o c e s s e s  are "black-  
boxed" i n  t h e  a n a l y s i s  (Domenico, 1972). 

There are s e v e r a l  advantages t o  u s i n g  a lumped- 
pa rame te r  method t o  d e s c r i b e  a Bas in  and Range hydr 
the rma l  system. One i s  t h a t  t h e  unknown i n t e r m e d i a  
p r o c e s s e s  t h a t  i n c l u d e  l o c a t i o n  and e l e v a t i o n  of t h  
r e c h a r g e  zone,  r a t e  of conduc t ive  h e a t  f low beneath 
t h e  sys t em,  dep ths  of c i r c u l a t i o n ,  t r a n s m i s s i v i t y  
and s t o r a t i v i t y ,  r o c k l f l u i d  ra t ios  and ene rgy  g r a d i  
e n t s  a r e  a l l  i nc luded  i n  t h e  "blackbox". The i n -  
p u t  would be t h e  c o l d  wa te r  r e c h a r g e  which could 
be c a l c u l a t e d  by knowing t h e  ene rgy  ( h e a t  and mass) 
o u t p u t  of t h e  system, assuming t h e  system i s  i n  a 
state of equ i l ib r ium.  
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A second advantage  i s  t h a t  a s p a c e  c o o r d i n a t e  
sys tem is  not  r e q u i r e d  when a lumped-parameter ap- 
proach i s  used i n  problem f o r m u l a t i o n  and s o l u t i o n  
i n  geothermal  hydrology.  Thus knowledge of f low 
p a t h s ,  a q u i f e r  g e o m e t r i e s  and boundary l o c a t i o n s  
i s  n o t  necessary .  

A t h i r d  f e a t u r e  o f  lumped-parameter a n a l y s i s  i s  
t h a t  such  methods a r e  used e x t e n s i v e l y  i n  opt imiza-  
t i o n  s t u d i e s  where t h e  emphasis  i s  on ext reme v a l u e  
problems such  as maximizing economic r e t u r n s  wi th  
p r o d u c t i o n  rates. Such s t u d i e s  would be a p p l i c a b l e  
i n  d e t e r m i n i n g  t h e  maximum p o t e n t i a l  of a sys tem 
where t h e r e  a r e  t r a d e - o f f s  w i t h  i n c r e a s e d  p r o d u c t i o n ,  
such  as d e c r e a s i n g  e n t h a l p y  w i t h  r e i n j e c t i o n .  

APPLICATION OF THE DYNAMIC FLOW MODEL 

E x p l o r a t i o n  

E x p l o r a t i o n  e f f o r t s ,  whi le  f o c u s i n g  on l o c a t i n g  
a p r o d u c t i v e  t a r g e t ,  a l s o  should  be d i r e c t e d  towards 
c o l l e c t i n g  d a t a  t h a t  a i d s  i n  d e t e r m i n i n g  t h e  t o t a l  
energy  f l u x  of t h e  sys tem.  The n a t u r a l  energy  f l u x  
can be cons idered  the minimum rate a t  which energy  
can be e x t r a c t e d  (Bodvarsson,  1964). T h i s  would i n -  
c l u d e  p r e d i c t i n g  t h e  maximum t e m p e r a t u r e  of t h e  s y s -  
t e m  by use  of chemica l  geothermometers .  Hydrologic  
s t u d i e s ,  coupled w i t h  d r i l l  h o l e  d a t a ,  would be used 
t o  c a l c u l a t e  energy  f l u x  by c o n v e c t i o n ,  conduct ion , .  
a d v e c t i o n ,  and r a d i a t i o n .  A complete  energy  budget 
would p l a c e  t h a t  of t h e  hydro thermal  sys tem w i t h i n  
t h e  background e n e r g y  f l u x  of t h e  r e g i o n  (Olmsted 
e t  a l . ,  1975; Welch e t  a l .  1981). O r d i n a r i l y  t h i s  
would be beyond t h e  scope of an e x p l o r a t i o n  program 
as would be a d e t a i l e d  survey  of t h e  conduct ive  and 
r a d i a t i v e  h e a t  f low of t h e  system. The c o n v e c t i v e  
energy  i s  what would be e x p l o i t e d  d u r i n g  p r o d u c t i o n  
and i s  t h e  f a c t o r  of most concern  t o  a n  e x p l o r a t i o n  
program. Table  1 p r e s e n t s  t h e  n e t  h e a t  and inass 

TABLE I. Heat and moss discharge rates for selected B a s h  and Range hydrothermal systems. 

Max Predicted Temp T e w  Rachngs Net Enttmlpy of Thsmol Water Net Hcot 
inRearw. T M a r  Y Woter. c d h  Oilchow. h a h  plrcharw. COVS 110' 

STILLWATER (I.) I 5 9  II 148 9 5  14 
STILLWATER ( 2 . )  I 5 9  II 148 55 8.2 
GERLACH (I.) 171 I1 I60 3 4  5 . 4  
SULPHUR HOT SPRINGS (I.) 186 e I80 09 1.6 
LEACH HOT SPRINGS (I.) 155 9 I47 12 1.7 
LEACH HOT SPRINGS (3.) I80 IO I70 9.0 1.5 
8RnOY'S (I:) 200 II 193 42 8. I 
BUFFALO VALLEY HOT SPR!NGS(I) I 2 5  9 116 8.0 . 9 3  
STEAMBOAT SPRINGS (4.) 228 IO 21 8 71 13 
LONG VALLEY CALDERA (5.)  21 0 I O  200 300 69 

I282 I O  272 190 6 9  

I (I.)Olmsted et.a1.,1975 (2.)Morgon.1982 (3.)Welchetal.,l98I (4,)modified from White.1968(5)Soreyela1.,1978 I 
"" .,.. 

d i s c h a r g e  f o r  s e v s r a l  hydrothermal  sys tems i n  t h e  
Basin and Range p r o v i n c e .  The r e a d e r  i s  s t r o n g l y  
urged t o  read  Welch and o t h e r s  (1981)  and Morgan 
(1982)  f o r  examples of t h e  d e t a i l e d  e v a l u a t i o n  
of t h e  energy  budget  f o r  two Bas in  and Range hydro- 
thermal  systems.  

T e s t i n g  

Flow t e s t i n g  must be done w i t h  a n  u n d e r s t a n d i n g  
of t h e  p o t e n t i a l  complex n a t u r e  of t h e  p r o d u c t i o n  
zone. Allman and o t h e r s  (1979)  n o t e d  t h a t  f o r  test- 
i n g  a t  t h e  R a f t  R i v e r  hydro thermal  p r o j e c t  "complex 
h y d r o l o g i c  c o n d i t i o n s  must be presumed, u n t i l  proven 
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o t h e r w i s e ,  t o  r e s u l t  i n  drawdowns t h a t  do not v a r y  
d i r e c t l y  w i t h  t h e  f low r a t e . "  It i s  p o s s i b l e  t h e r e  
a r e  m u l t i p l e  p r o d u c t i o n  zones w i t h  d i € f e r e n t  s t a t i c  
p r e s s u r e s ,  t h u s  t h e  borehole  s t a t i c  p r e s s u r e  i s  a n  
i n t e r m e d i a t e  one. h e  may have t o  assume t h e  pro-  
d u c t i o n  zone i s  b o t h  a n i s o t r o p i c  and he terogeneous .  
Non-Darcian f low may c o n t r i b u t e  s i g n i f i c a n t l y  t o  
drawdown . 

An e m p i r i c a l  approach such  a s  t h a t  used by Benson 
(1982)  o r  Allman and o t h e r s  (1979) can  be used i n  
a n a l y z i n g  f low tes t  d a t a .  This approach  w i l l  n o t  
y i e l d  v a l u e s  f o r  t h e  h y d r a u l i c  p a r a m e t e r s  of t r a n s -  
m i s s i v l t y  and s t o r a t i v i t y .  Such d a t a ,  however, are  
n o t  n e c e s s a r y  f o r  t h e  e m p i r i c a l  methods used a s  
t o o l s  t o  p r e d i c t  o v e r a l l  system performance.  M u l t i -  
r a t e  tests should  be done t o  de te rmine  t h e  s p e c i f i c  
c a p a c i t y  a t  v a r y i n g  f low r a t e s .  Data from these  
tes ts  can be ana lyzed  t o  de te rmine  t h e  amount of draw 
down a t t r i b u t e d  t o  non-Darcian Elow. M u l t i p l e  w e l l  
tes ts  can  be run t o  de te rmine  i n  a p r e l i m i n a r y  manner 
i n t e r f e r e n c e  p a t t e r n s  d u r i n g  t h e  i n i t i a l  s t a g e  of 
p r o d u c t i o n .  

An i n t u i t i v e  knowledge of t h e  t r a n s m i s s i v i t y  of 
t h e  p r o d u c t i o n  zone can be gained by s i m p l e  obser -  
v a t i o n  of t h e  w e l l  r e s p o n s e  d u r i n g  b o t h  product ion  
and r e c o v e r y  segments of t h e  t e s t .  Note t h e  o b s e r -  
v a t i o n s  made d u r i n g  t h e  t e s t i n g  of WEN-1. Benson 
(1982)  n o t e d  a t  "each f l o w  r a t e  t h e  downhole p r e s -  
s u r e  q u i c k l y  s t a b i l i z e d  and showed l i t t l e  o r  no 
change f o r  t h e  d u r a t i o n  of t h e  f low p e r i o d " .  It 
a l s o  was n o t e d  when " t h e  w e l l  i s  s h u t - i n ,  t he  p r e s -  
s u r e  immediately i n c r e a s e s  by n e a r l y  95% of the  
t o t a l  p r e s s u r e  drop"  (Benson, 1982). Such responses  
a r e  i n d i c a t i v e  of a h i g h l y  t r a n s m i s s i v e  product ion  
zone.  

Development and Product ion  

P r e d i c t i o n  of p r o d u c t i o n  p o t e n t i a l  i s  f i l l e d  w i t h  
u n c e r t a i n t i e s  making development of a Bas in  and Range 
hydrothermal  sys tem a h i g h  r i s k  o p e r a t i o n .  The r i s k  
i s  p a r t i a l l y  t h e  r e s u l t  of l i t t l e  b e i n g  known of t h e  
d e e p e r  p a r t s  of t h e  sys tems.  I f  t h e  g r e a t e r  amount 
of f l u i d  i s  a t  g r e a t  d e p t h s  ( 1  t o  5 km. below t h e  
p r o d u c t i o n  zone)  and upflow t o  t h e  product ion  zone 
i s  a l o n g  a f a u l t  p l a n e ,  t h e  product ion  r a t e  and p r e s -  
s u r e  d e c l i n e  w i l l  be governed by t h e  least  t r a n s m i s -  
s i v e  s e c t i o n  a l o n g  t h e  f a u l t  p l a n e  f l o w  p a t h  a s  w a s  
shown i n  t h e  g e o l o g i c  c r o s s - s e c t i o n  f o r  t h e  Humboldt 
House hydro thermal  sys tem (F ig  6) .  I f  t h e  p o r o s i t y  
and volume of t h e  sys tem a r e  unknown i t  i s  imposs ib le  
t o  a c c u r a t e l y  e s t i m a t e  t h e  s t o r e d  t h e r m a l  energy 
t h a t  can be  recovered  by a sweep p r o c e s s  of e i t h e r  
n a t u r a l  f l o w  o r  i n j e c t i o n .  

On t h e  o t h e r  hand ,  however, i f  t h e  recharge  
zone i s  a t  a r e l a t i v e l y  g r e a t  d i s t a n c e  from the  
d i s c h a r g e  zone and t h e r e  i s  an e x t e n s i v e  and deep 
network of " f e e d e r "  c o n d u i t s ,  t h e n  t h e  h i g h l y  
t r a n s m i s s i v e  f r a c t u r e s  i n  t h e  p r o d u c t i o n  zones may 
be c a p a b l e  of s u s t a i n e d  h i g h  y i e l d s .  

Thus whether  Bas in  and Range hydro thermal  s y s -  
t e m s  a r e  viewed as r e s e r v o i r  systems o r  as flow 



Y eamans 

sys t ems ,  t h e  a c t u a l  y i e l d  o r  p roduc t ion  rate w i l l  
be governed by t h e  t r a n s m i s s i v i t y  of t h e  p roduc t ion  
zone. 

It i s  i m p r a c t i c a l  and uneconomical t o  d r i l l - o u t  
and d e f i n e  a l l  of t h e  p h y s i c a l  and h y d r o l o g i c  pa ra -  
meters of a Basin and Range hydrothermal  s y s t e m .  
What i s  r e q u i r e d  are e m p i r i c a l  methods t h a t  o p e r a t e  
wi thou t  knowledge of t h e  v a r i o u s  i n t e r m e d i a t e  
pa rame te r s  of t h e  system. Such methods a r e  t h o s e  
developed from t h e  e m p i r i c a l  p roduc t ion -dec l ine  
c u r v e s  developed by Arps (1945).  P roduc t ion -dec l ine  
cu rves  were developed t o  p r e d i c t  p roduc t ion  ra te  
d e c l i n e s  and t o t a l  o i l  r e c o v e r a b l e  f o r  a g iven  o i l  
f i e l d .  The g e n e r a l  method i s  t o  u s e  h i s t o r i c a l  
p roduc t ion  r a t e - t ime  d a t a  t o  € i t  a cu rve  t o  p r e d i c t  
f u t u r e  p roduc t ion  rate d e c l i n e s .  

Two of t h e  b a s i c  assumptions a r e :  

1 )  t h e  e x t r a p o l a t i o n  procedure i s  s t r i c t l y  em- 
p i r i c a l  and a mathematical  e x p r e s s i o n  of 
t h e  cu rve  based on p h y s i c a l  c o n s i d e r a t i o n s  
can be set  up on ly  f o r  a few simple c a s e s  
and,  

2 )  whatever f a c t o r s  governed t h e  t r end  of a 
cu rve  i n  t h e  p a s t  w i l l  c o n t i n u e  t o  govern 
i t s  t r end  i n  t h e  f u t u r e  i n  a uniform 
manner (Gentry and McCray, 1978). 

The method "black-boxes" unknowns such a s  t h e  
p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  system, f l u i d  char-  
ac te r i s t ics  and t h e  d r i v e  mechanism. F igu re  9 
i l l u s t r a t e s  t h e  e m p i r i c a l  "black-box" approach t o  
a Bas in  and Range hydrothermas system. 

STRESS "BLACK- BOXED" RESPONSE 

I f  PROWCTION OF 
HEAT AND FLUID # 

I ) T R A N S M i ~ V l T Y  

2) STORATIVITY 

3) POROSITY 

4) HEAT STORAGE 

1.) FLOW PATHS 

6.) DEPTH OF CIROCATION 

7 )  BO-IES 

I ) PRODUCTION RATES - 
PRESSURE DECLINES 

21 P R O D U C T I ~  RATES- 
PRODUCTION TEMPERATURES 

11 PRODUCTION RATES- 
PRODUCED NET ENTHALPY 

FIGURE 9 Slren - response relationship of a Basin and Ron* nydtolntrml system. 
yn was 

Rtvera (1977) a p p l i e d  dec l ine -cu rve  a n a l y s i s  t o  
h i s t o r i c a l  p roduc t ion  d a t a  from t h e  Cerro P r i e t o  
f i e l d .  F i g u r e  10 shows a p roduc t ion  rate d e c l i n e  
of t h e  harmonic cu rve  type.  F u t u r e  p roduc t ion  
r a t e s  can be e s t i m a t e d  by e i t h e r  e x t r a p o l a t i n g  t h e  
g e n e r a l  t r e n d  of cu rve  ( 1 )  o r  by an  e x p o n e n t i a l  
e x t r a p o l a t i o n  based on d a t a  from t h e  l a s t  y e a r ,  
cu rve  ( 2 )  (R ive ra ,  1977). The l a t t e r  r e s u l t s  i n  a 
more c o n s e r v a t i v e  p r e d i c t i o n .  R ive ra  (1977) a l s o  
noted t h a t  when coupled w i t h  f lowing p r e s s u r e  and 
t empera tu re  su rveys  t h e  d e c l i n e  c u r v e s  provided an  
a u x i l i a r y  t o o l  i n  d i agnos ing  some w e l l  problems. 
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FIGURE IO. Production rate versus time for well B,Cerro Prieto 
(from Rivera, 1977). 

Zais and Rodvarsson (1980) used a n o n l i n e a r  lea 
;qua res  program t o  €it  an e x p o n e n t i a l  equa t ion  t o  
S roduc t ion  r a t e  d a t a  from Wairakei  ( F i g .  11).  The 
concluded many wells and f i e l d s  can  be cons ide red  
t a  be d e c l i n i n g  e x p o n e n t i a l l y .  

I. 

w 

FIGURE 11.  Woirokei to101 prodvclron, IS43 - 1976. wln erWnertlol 111 1964- IS76.(ZU$ QndBodvarCS~,I980I.  

Zais and Bodvarsson (1980) a l s o  a p p l i e d  Coa t s '  
(1964) i n f l u e n c e  f u n c t i o n  method t o  t h e  Wairakei 
d a t a .  The method i s  a black-box one t h a t ,  g iven 
h i s t o r i c a l  p roduc t ion  and p r e s s u r e  d a t a ,  can cal- 
c u l a t e  a n  i n f l u e n c e  f u n c t i o n  and e x t r a p o l a t e  i t  
wi thou t  proposing a s p e c i f i c  r e s e r v o i r  model. Thui 
e i t h e r  p roduc t ion  o r  p r e s s u r e  can be  p r e d i c t e d ,  g i -  
t h e  o t h e r .  For t h e  Wairakei d a t a ,  a one yea r  e x t r i  
p o l a t i o n  r e s u l t e d  i n  a c a l c u l a t e d  p r e s s u r e  drop of 
539 p s i  s i n c e  t h e  beginning of  p r o d u c t i o n  whereas 1 
observed p r e s s u r e  drop was 543 p s i .  Thus i t  is  no1 
s u r p r i s i n g  C a s t a n i e r  and Sanyal  (1980)  sugges t ed  st 
e m p i r i c a l  t echn iques  coupled w i t h  modern methods ol 
l i n e a r  programming a r e  promising t o o l s  f o r  f u t u r e  1 
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RECHARGE DISCHARGE 

Qnet = -QCHL 

=1.27x107 cal/sec.@ 
213OC in S.B.S.#I 
= 53.2 x io7 watts 

. 
7 .  13 x io4 q/sec.- 

7 . 1 3  x IO' cal/sec.@rIO0C 

Q,,= Qm+& =.l.3& x IO' cal/sec e. 228OC 

Y CONDUCTIVE 
HEAT LOSS 

//.t.\I Q,,,= 8.88 x 10' col/sec. 
-v+L 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~\~~~~ 
GEOTHERMAL ENERGY INPUT, QcE= 1.29 x 107cal/sec. 

t t t f 
CONDUCTIVE HEAT FLOW 

JAH 5/83 

FIGURE I 2. Convective and conductive heat f l o w  within the Steamboat Springs hydrothermal system. 

Steamboat Springs can be used as an example of 
how the empirical method could be applied to Basin 
and Range hydrothermal systems. White (1968)  calcu- 
lated total thermal fluid discharge at 71 liters/sec. 
From testing by Phillips Petroleum Company chemical 
geothermometers indicate a maximum temperature of 
228°C. Using a recharge temperature of 1O"C, the 
geothermal energy input is 1 .29  x lo7 cal/sec. (see 
Fig. 12). A calculated energy discharge is 53.2  
x 107 watts or 1 .27  x 107 cal./sec. at 213°C in 
Steamboat Springs #l. Development of the resource 
can be viewed as a stress (pumping) applied to the 
system which responds (pressure decline). Ideally 
the system would be stressed or developed to the 
maximum level possible without adverse effects in 
its response. Conditions that might set upper 
limits on production rates include: 

1) reduction in enthalpy due to cold water 

2 )  pressure declines such that flashing 
influx ; 

occurs within the formation, resulting in 
scaling outside the borehole; 

3 )  pressure declines such that deeper wells 
would have to be drilled to maintain the 
same production rate. 

Development of a hydrothermal system for elec- 
tricity may occur in stages. The initial plant might 

0 TIME 
3 MW 
tatic pressure 

IO ( W e  installed capacity) 

FIGURE I 3. Possible production-pressure decline curve for 
step -wise increases in generating capacity. 

171 



Y eamans 

have a 10 Elw c a p a c i t y .  After a number of y e a r s  of 
s u c c e s s f u l  p roduc t ion  a d d i t i o n a l  wells would be d r i l -  
l e d  and a d d i t i o n a l  g e n e r a t i n g  c a p a c i t y  added. In es- 
s e n c e  t h i s  development i s  s i m i l a r  t o  a m u l t i p l e  r a t e  
f l o w  tes t  on a n  i n d i v i d u a l  w e l l .  With s e v e r a l  s t e p s  
f o r  h i s t o r i c a l  d a t a  e m p i r i c a l  r e l a t i o n s h i p s  between 
p roduc t ion  rates and p r e s s u r e  d e c l i n e s  should g i v e  
a r e l i a b l e  p r e d i c t i o n  of t h e  system re sponse  t o  
t h e  n e x t  s t e p - u p  i n  p r o d u c t i o n  (Fig.  13). 

Limited p r i o r  p roduc t ion  h i s t o r y  r e s u l t s  i n  a 
wider  range of i n t e r p r e t a t i o n s  than  t h a t  based on a 
l o n g e r  pe r iod  of h i s t o r i c a l  d a t a  (Genty and McCray, 
1978).  This is t r u e  f o r  bo th  t h e  d i s t r i b u t e d  pa ra -  
meter method and t h e  lumped pa rame te r  method. With 
a h i s t o r i c a l  r e c o r d  of p roduc t ion  t h e  d i s t r i b u t e d  
pa rame te r  model can be c a l i b r a t e d  and v e r i f i e d  by 
r easonab ly  a d j u s t i n g  t h e  h y d r a u l i c  pa rame te r s  u n t i l  
t h e  model r e sponse  matches t h e  h i s t o r i c a l  response 
(Wang and Anderson, 1982). With e m p i r i c a l  methods 
such  a s  t h e  Arps cu rve  a new cu rve  i s  f i t t e d  t o  t h e  
a d d i t i o n a l  h i s t o r i c a l  d a t a  t o  more c l o s e l y  e s t a b l i s h  
t h e  e q u a t i o n  t h a t  d e f i n e s  t h e  cu rve  in t h e  f u t u r e .  

I n  j ec t i o n  

The u n c e r t a i n t i e s  oE p r e d i c t i n g  sys t em re sponse  
t o  p r o d u c t i o n  a l s o  are t o  be found i n  i n j e c t i o n  i n  
f r a c t u r e  dominated hydrothermal  systems.  Horne 

' (1982) ,  i n  a review of i n j e c t i o n  h i s t o r i e s  of f i v e  
geo the rma l  f i e l d s  i n  Japan,  no ted  t h e  major impact 
of i n j e c t i o n  was a r a p i d  i n t e r f e r e n c e  w i t h  produc- 
t i o n  wells. Among h i s  c o n c l u s i o n s  were as fo l lows :  

Where i n t e r w e l l  f l ow o c c u r s ,  thermal  i n t e r -  
f e r e n c e  can  be ve ry  d e t r i m e n t a l  t o  t h e  
performance of t h e  p roduc t ion  wells. 

While o n l y  one f i e l d  b e n e f i t t e d  by p r e s s u r e  
maintenance,  t h r e e  had reduced performance 
by the rma l  i n t e r f e r e n c e .  

An e s t i m a t e  of r e c o v e r a b l e  ene rgy  based on 
pe rcen tage  of in -p l ace  h e a t  w i l l  no t  be 
c o r r e c t  i f  s h o r t  c i r c u i t i n g  t a k e s  p l a c e  
between i n j e c t i o n  and p r o d u c t i o n  w e l l s .  

L a t e r ,  i n  a summary of worldwide expe r i ences  i n  
water i n j e c t i o n  i n t o  f r a c t u r e d  geothermal  systems,  
Home (1982) made t h e  fo l lowing  c o n c l u s i o n s ,  among 
o t h e r s .  

1) 

2)  

Nonproducing f i e l d s  t end  t o  show slower 
r a t e s  of t r a c e r  r e t u r n  t h a n  producing 
f i e l d s ,  c r e a t i n g  a d i f f i c u l t y  i n  t h e  
p r e d i c t i o n  of p roduc t ion  r e i n j e c t i o n  
breakthrough from pre-product ion tests.  

There appea r s  t o  be a c o r r e l a t i o n  between 
t r a c e r  r e t u r n  r a t e s  and subsequen t  t he rma l  
breakthrough i n  t h e  f i e l d ,  

It i s  though t  t h e s e  f i n d i n g s  are ve ry  s i g n i E i c a n t  
i n  r e s p e c t  t o  Basin and Range hydrothermal  systems.  
It i s  h i g h l y  recommended anyone p l ann ing  a n  i n j e c t i o  
program i n  t h e  Basin and Range r ead  t h e  l a s t  two r e f  
e r e n c e s .  

SUMMARY 

I n  s p i t e  of a decade of i n t e n s e  r e s e a r c h  and ex- 
p l o r a t i o n  much remains unknown conce rn ing  s p e c i f i c  
components of Basin and Range hydrothermal  sys t ems ,  
e i t h e r  i n d i v i d u a l l y  o r  as a group. To d a t e  no s i n g 1  
Bas in  and Range system h a s  been i d e n t i f i e d  i n  i t s  en 
t i r e t y .  Recharge zones,  f low p a t h s  and d e p t h s  of 
c i r c u l a t i o n  can be i d e n t i f i e d  on ly  by c i r c u m s t a n t i a l  
ev idence  o r  by c a l c u l a t i o n s  u s i n g  r easonab le  assump- 
t i o n s  conce rn ing  t h e  i n d i v i d u a l  system. 

Enough knowledge has  been ga ined ,  however, t o  
d e f i n e  t h e s e  systems i n  broad c o n c e p t u a l  terms. 
Con t ro l l ed  by t h e  e x t e n s i o n a l  t e c t o n i c s  of t h e  Basin 
and Range, t h e  hydrothermal  systems are dynamic f low 
systems w i t h  r e l a t i v e l y  l i m i t e d  r e s e r v o i r  c a p a c i t y .  
Thus i n  e v a l u a t i n g  t h e  development p o t e n t i a l  t h e  
amount of ene rgy  s t o r e d  i n  t h e  systems i s  n o t  a s  
impor t an t  as t h e  r a t e  a t  which energy can be 
e x t r a c t e d  from t h e  r e l a t i v e l y  sha l low d i s c h a r g e  zone 
Because Bas in  and Range hydrothermal  systems are 
f low systems and no t  r e s e r v o i r  sys t ems ,  petroleum 
e n g i n e e r i n g  t echn iques  f o r  r e s e r v o i r  a n a l y s i s  a r e  i n  
a p p r o p r i a t e ,  bo th  from a concep tua l  and a n  e n g i n e e r i  
s t a n p p o i n t .  Standard f low tes t  a n a l y s i s  probably re  
s u l t s  i n  a n  exagge ra t ed  estimate of f l u i d  i n  p l a c e  
and i g n o r e s  t h e  more impor t an t  a s p e c t  of t h e  "de- 
l i v e r a b i l i t y "  of t h e  systems.  

Using t h e  concept  of a dynamic f l o w  sys t em,  Basin 
and Range hydrothermal  systems can b e  e v a l u a t e d  by 
empirical methods no t  r e q u i r i n g  a s p e c i f i c  d e t a i l e d  
model of t h e  system. Large-scale  development of 
and p roduc t ion  from a Basin and Range hydrothermal  
system w i l l  depend on t h e  unknown t r a n s m i s s i v e  
c h a r a c t e r i s t i c s  of t h e  deepe r  p a r t s  of t h e  system. 
Realist ic e v a l u a t i o n s  can be made u s i n g  e m p i r i c a l  
cu rves  t h a t  relate system re sponse  t o  p roduc t ion  
stress. As wi th  many p r e d i c t i v e  methods,  a l o n g e r  
p e r i o d  of  r e c o r d  w i l l  r e s u l t  i n  a more a c c u r a t e  
p r e d i c t i o n  of f u t u r e  system re sponse .  
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