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ABSTRACT 

A r ev iew of s e i s m i c  r e f l e c t i o n  d a t a  f rom t h e  
Great Bas in  i n d i c a t e s  t h r e e  g e n e r a l  modes o f  
modern b a s i n  f o r m a t i o n :  ( A )  r e l a t i v e l y  s i m p l e  
asymmetr ic  s a g s  bounded by one o r  more major  
s t e e p  ( -60")  p l a n a r  normal f a u l t s ,  ( B )  t i l t e d  
ramps a s s o c i a t e d  w i t h  modera t e ly  t o  d e e p l y  
p e n e t r a t i n g  l i s t r i c  normal f a u l t s ,  and  ( C )  
assemblages of complexly deformed s u b b a s i n s  
a s s o c i a t e d  w i t h  b o t h  l i s t r i c  and p l a n a r  normal 
f a u l t s  t h a t  sole i n t o  a g e n t l y  d i p p i n g  
detachment  s u r f a c e .  F a u l t s  of e a c h  mode are 
known t o  be a c t i v e ,  as  ev idenced  by h i s t o r i c a l ,  
Holocene,  o r  l a tes t  P l e i s t o c e n e  s u r f a c e  r u p t u r e s  

i n d i c a t e  t n a t  many of t h e  h i g h  t empera tu re  h o t  
s t r i n g  sys t ems  i n  t h i s  a r e a  are s i t u a t e d  a l o n g  
normal f a u l t  zones bounding b a s i n s  of  mode A. 
The c o n c e n t r a t i o n  of  geo the rma l  a c t i v i t y  i n  b o t h  
n o r t h - c e n t r a l  and n o r t h w e s t e r n  Nevada c o i n c i d e s  
g e n e r a l l y  w i t h  a r e g i o n  of  h i g h e r  t h a n  normal 
h e a t  f l o w  f o r  t h e  p r o v i n c e  and a r e l a t i v e l y  h i g h  
r a t e  and d e n s i t y  o f  Qua te rna ry  f a u l t i n g  and  
s e i s m i c i t y .  These f a c t s ,  t o g e t h e r  w i t h  t h e  
o b s e r v a t i o n  t h a t  most  h o t  s p r i n g s  o c c u r  a l o n g  
r ange - f ron t  f a u l t  z o n e s ,  have l e d  t o  t h e  popu la r  
i n t e r p r e t a t i o n  t h a t  t h e s e  h o t - s p r i n g  sys t ems  
p robab ly  are l a r g e l y  t h e  r e s u l t  of  m e t e o r i c  
wa te r  c i r c u l a t i n g  a l o n g  t h e  r e l a t i v e l y  s t e e p  
f a u l t  zones  t o  modera t e  d e p t h s  (3-5 km) i n  t h e  
warm c r u s t  of t h e  area. 

Utah and from t h e  R a f t  R i v e r  geo the rma l  area i n  
sou thwes te rn  I d a h o  i n d i c a t e  t h a t  some of t h e  
geo the rma l  sys t ems  i n  t h e s e  r e g i o n s  a r e  
a s s o c i a t e d  w i t h  b a s i n s  and f a u l t i n g  o f  mode C ,  
i m p o r t a n t  components of which are low-angle 
(5"-35" d i p )  detachment  f a u l t s  a t  d e p t h s  of l e s s  
t h a n  4 km, The t r a n s p o r t  of b o t h  geo the rma l  
w a t e r  and magma a c r o s s  t h e s e  detachment  f a u l t s  
however, i m p l i e s  s t r u c t u r a l  c o n t i n u i t y  between 
t h e  uppe r  and lower p l a t e s .  Qua te rna ry  f a u l t i n g  
i s  a l s o  p r e v a l e n t  i n  t h e  c e n t r a l  Utah geo the rma l  
systems;  however, i n  c o n t r a s t  t o  c e n t r a l  Nevada, 
many of t h e  Utah g e o t h e r m a l  areas ( e x c l u d i n g  t h e  
R a f t  R i v e r  a r e a )  a r e  r e l a t e d  t o  young v o l c a n i c  
f e a t u r e s .  

R e f l e c t i o n  d a t a  from n o r t h - c e n t r a l  Nevada 

I n  c o n t r a s t ,  r e f l e c t i o n  d a t a  from c e n t r a l  

INTRODUCTION 

Geologic  s t u d i e s ,  p a r t i c u l a r l y  i n  t h e  l a s t  
t e n  y e a r s ,  have emphasized a l o n g  p e r i o d  of 
e x t e n s i o n a l  t e c t o n i s m  d u r i n g  t h e  Cenozoic  
th roughou t  t h e  B a s i n  and Range p r o v i n c e  of t he  
w e s t e r n  Un i t ed  S t a t e s .  Basin-range f a u l t i n g ,  
t h e  de fo rma t ion  r e s p o n s i b l e  f o r  t h e  d i s t i n c t i v e  
modern physiography of much of the Great Basin 
p o r t i o n  o f  t h e  p r o v i n c e ,  p robab ly  r e p r e s e n t s  a 
un ique  l a t e - s t a g e  e v e n t  i n  t h i s  l ong  h i s t o r y  of  
e x t e n s i o n .  Major  normal f a u l t  zones,  commonly 
50-80 km i n  l e n g t h ,  bound t h e  north-northwest  t o  
n o r t h - n o r t h e a s t  t r e n d i n g  modern r ange  b locks .  . 
T h e i r  o r i e n t a t i o n ,  geometry,  s p a c i n g ,  and depttt  
of p e n e t r a t i o n  are  t h e  c h i e f  f a c t o r s  t h a t  
c o n t r o l  t h e  s t r u c t u r a l  f a b r i c  of  t h e  r e g i o n .  
G r a v i t y  and s e i s m i c  r e f l e c t i o n  d a t a  s u g g e s t  t h a t  
t h e  bed rock  s t r u c t u r e  of t h e  i n t e r v e n i n g  
s e d i m e n t - f i l l e d  b a s i n s  may be g r a b e n - l i k e  
(bounded o n  b o t h  s i d e s  by major  normal f a u l t  
zones )  o r  h a l f - g r a b e n - l i k e  (bounded on o n l y  one 
margin by a ma jo r  "mas te r "  f a u l t  zone) o r  some 
v a r i a t i o n  between t h e s e  two end-members. 

I n  t h i s  pape r  we r e v i e w  t h e  c u r r e n t  s t a t u s  
of o u r  unde r s t and ing  of t h e  geometry,  mechanics , 
and h i s t o r y  o f  ma jo r  bas in - r ange  normal f a u l t  
zones  as t h e s e  f a u l t s  a r e  known t o  e x e r t  a 
ma jo r  c o n t r o l  o n  geo the rma l  sys t ems .  
cove red  i n c l u d e  f a u l t  geometry,  d e p t h  of  
p e n e t r a t i o n ,  p r o x i m i t y  t o  magmatic sys t ems  o r  
r e g i o n a l  h e a t  f l o w  anomal i e s ,  and  r ecency  of  
movement. A d e s c r i p t i o n  and d i s c u s s i o n  of t he  
f u l l  r ange  of t h e  Cenozoic e x t e n s i o n a l  t e c t o n i c  
s t y l e s  a s  w e l l  a s  t h e  t i m i n g  o f  d i f f e r e n t  e v e n t s  
i n  t h e  Grea t  Bas in  r e g i o n  can be found e l sewhere  
i n  t h i s  volume ( S t e w a r t ,  1983) .  

T o p i c s  

PIODES OF B A S I N - ~ ~ G ~  FAULTING 

Var ious  modes of  f o r m a t i o n  o f  t h e  modern 
b a s i n s  and r a n g e s  i n  t h e  Grea t  B a s i n  have  been 
proposed and reviewed e x t e n s i v e l y  i n  t h e  
l i t e r a t u r e  ( c f . ,  S t e w a r t ,  1971, 1978; Anderson 
and o t h e r s ,  1983) .  While  they s e r v e  a s  u s e f u l  
end members r e p r e s e n t i n g  f a i l u r e  i n  t h e  b r i t t l e  
r eg ime ,  we now know t h a t  basin-range s t r u c t u r e  
i s  complex and p robab ly  i n c l u d e s  a continuum of 
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v a r i a t i o n  between t h e  end member modes. R a t h e r  
t h a n  d e s c r i b e  t h e  i n d i v i d u a l  modes of fo rma t ion  
i n  d e t a i l ,  w e  have chosen  t o  emphasize t h e  
g e o l o g i c  and geophys ica l  c h a r a c t e r i s t i c s  which  
d i s t i n g u i s h  e a c h  f rom t h e  o t h e r s .  The pr imary  
v a r i a n t s  i n  a l l  modes are f a u l t  geometry  and  
d e p t h  of  p e n e t r a t i o n  of  f a u l t i n g .  Another  
impor t an t  v a r i a n t  i s  t h e  mechanics  of l ower  
c r u s t a l / u p p e r  m a n t l e  accomodat ion  f o r  t h e  
sha l low e x t e n s i o n  and t h e  n a t u r e  o f  t h e  c o u p l i n g  
between t h a t  accomodat ion  and t h e  b r i t t l e  upper  
c r u s t a l  e x t e n s i o n .  

t y p i c a l l y  10-20 km wide are bounded by 
approx ima te ly  p l a n a r  normal f a u l t s  d i p p i n g  abou t  
60" bas inward .  A l o c a l i z e d  zone of e x t e n s i o n  
m u s t  e x i s t  benea th  t h e  b a s i n  a t  d e p t h s  of 8-17 
km c o i n c i d i n g  t o  t h e  d e p t h  i n t e r v a l  i n  which t h e  
p l a n a r  g raben  f a u l t s  i n t e r s e c t .  Deep 
accomodat ion  f o r  e x t e n s i o n  may be  by p l a s t i c  
f l o w ,  o r  by p e n e t r a t i v e  f r a c t u r i n g  and s u b j a c e n t  
p e n e t r a t i v e  s h e a r i n g  down t o  a de tachment  n e a r  
t h e  base  of t h e  se i smogenic  zone. Some 
l o c a l i z e d  e x t e n s i o n  benea th  t h e  b a s i n  may be  
accomodated by d i k e  i n t r u s i o n  (Thompson, 1966) .  
A ma jo r  drawback of  t h e  h o r s t  and  g r a b e n  model 
i s  t h a t  i t  i s  d i f f i c u l t  t o  accomodate t h e  
r e g i o n a l  t i l t  p a t t e r n s  of b o t h  i n d i v i d u a l  range  
b locks  and sets  of r anges  ( S t e w a r t ,  1971,  1978,  
and l 9 8 0 > ,  which i s  s u g g e s t i v e  o f  a f a u l t i n g  
s t y l e  i n c o r p o r a t i n g  b lock  t i l t i n g .  

I n  i t s  ext reme,  a t i l t e d  b l o c k  mode w i t h  
p l a n a r  f a u l t s  ( F i g u r e  l b )  c a n  r e s u l t  i n  
domino-s ty le  e x t e n s i o n  w i t h  b a s i n s  be ing  c r e a t e d  
s o l e l y  by t h e  o f f s e t  and d o w n - t i l t i n g  of t h e  
b locks  a d j a c e n t  t o  t h e  m a s t e r  normal f a u l t  zone 
( e . g .  Morton and Black ,  1975).  I t  i s  u n l i k e l y ,  
however, t h a t  domino s t y l e  e x t e n s i o n  w i l l  
deve lop  under  c o n d i t i o n s  of  w ide ly  spaced  ma jo r  
normal f a u l t  zones  such  a s  i n  t h e  Great Bas in ,  
where spac ing  of t h e  f a u l t  zones  (25-35 km), i s  
approx ima te ly  twice t h e  d e p t h  p e n e t r a t i o n  o f  
f a u l t i n g  a s  de te rmined  by t h e  d e p t h  of t h e  
se i smogenic  zone (10-15 km). The l a r g e  r a t i o  of  
f a u l t  spac ing  t o  f a u l t  d e p t h  r e q u i r e s  enormous 
a r e a s  of c r o s s - s e c t i o n a l  accomodat ion  between 
b locks  i n  t h e  t i l t e d  b l o c k / p l a n a r  f a u l t  mode 
( G r o s s  and Hi l lemeyer ,  1982) .  To g e t  a round 
t h i s  space  problem S t e w a r t  (1978 ,  1980)  h a s  
sugges t ed  a model i n  which t h e  l a r g e - s c a l e  
t i l t e d  b lock  s t r u c t u r e  a c t u a l l y  i s  t h e  buoyant 
r e sponse  of  b locks  bounded by d i p p i n g  f a u l t s  and 
f l o a t i n g  o n  a p l a s t i c a l l y  e x t e n d i n g  subs t r a tum.  
Ea ton  (1982) o b j e c t e d  t o  t h i s  model on t h e  b a s i s  
of t h e  r h e o l o g i c a l  p r o p e r t i e s  of  t h e  c r u s t  i n  
t h e  Bas in  and Range p rov ince .  

t i l t e d  b lock  mode i n v o l v e s  master cu rved  f a u l t s  
t h a t  d e c r e a s e  i n  d i p  w i t h  d e p t h  ( l i s t r i c  f a u l t s )  
( F i g u r e  I C ) .  S t r a t a l  downhending ( r e v e r s e  d r a g )  
a n d / o r  a n t i t h e t i c  normal f a u l t i n g  toward such  
f a u l t s  a c c e n t u a t e  b a s i n  deve lopment  a d j a c e n t  t o  
t h e  f a u l t  zone. R o t a t i o n  due  t o  s l i p  on  l i s t r i c  
f a u l t s  can  a l s o  h e l p  e x p l a i n  t h e  obse rved  t i l t s  
of t h e  major  b locks .  In e i t h e r  t h e  p l a n a r  o r  
l i s t r i c  f a u l t  v a r i a t i o n  of t h e  t i l t e d  b l o c k  
model,  b a s i n  development i s  i n f l u e n c e d  b o t h  by 
t h e  spac ing  of t h e  mas te r  f a u l t  zones  a s  w e l l  a s  

I n  a ho r s t -g raben  model ( F i g u r e  l a )  b a s i n s  

Probably  a more r e a l i s t i c  v a r i a t i o n  of  t h e  

F i g u r e  1. Proposed models  o f  bas in - r ange  
f a u l t i n g .  ( a )  Hors t  and g raben ;  ( b )  t i l t e d  
b l o c k / p l a n a r  f a u l t s ;  ( c )  t i l t e d  b l o c k / l i s t r i c  
f a u l t s .  

t h e  d e p t h  p e n e t r a t i o n  of f a u l t i n g .  
d e t a i l s  of f a u l t  c u r v a t u r e ,  i t  c a n  be a rgued  
g e o m e t r i c a l l y ,  t h a t  b a s i n  wid th  must be  rough ly  
p r o p o r t i o n a l  t o  t h e  d e p t h  of  p e n e t r a t i o n  of t h e  
master normal f a u l t  zone. Clay  models o f  
e x t e n s i o n a l  t e c t o n i s m  s u g g e s t  t h a t  b a s i n  wid th  
i s  approx ima te ly  twice t h e  t h i c k q e s s  of t h e  
f a u l t e d  l a y e r  (e .g . ,  Cloos ,  1968,  F i g u r e  1 6 ,  p .  
429) .  The c u r v a t u r e  of t h e  f a u l t  s u r f a c e  and 
hence  t h e  long-enduring c o n t r o v e r s y  r e g a r d i n g  
l i s t r i c  v e r s u s  p l a n a r  normal f a u l t i n g  p r o v e s  t o  
be of l i t t l e  impor tance ,  t h e  c r i t i c a l  c r i t e r i o n  
be ing  t h e  d e p t h  p e n e t r a t i o n  of f a u l t i n g .  

Var ious  models have been proposed  t o  e x p l a i n  
t h e  r e l a t i o n s h i p  between upper  c r u s t a l  e x t e n s i o n  
by f a u l t i n g  and lower  c r u s t a l  e x t e n s i o n .  Most 
models i n v o l v e  decoup l ing  of t h e  f a u l t e d  p a r t  o f  
t h e  c r u s t  from t h e  u n d e r l y i n g  c r u s t  on some s o r t  
o f  s u b h o r i z o n t a l  t o  g e n t l y  d i p p i n g  de tachment  
f a u l t  o r  s h e a r  zone. Types of accomodat ion  
s u g g e s t e d  f o r  t h e  c r u s t  benea th  t h e  g e n t l y  
d i p p i n g  f e a t u r e s  i n c l u d e :  none, f o r  t h e  s p e c i a l  
case where t h e  f e a t u r e  p e n e t r a t e s  t h e  e n t i r e  
c r u s t  and p o s s i b l y  l i t h o s p h e r e  (Wernicke ,  1981) ;  
s t r e t c h i n g  and a t t e n u a t i o n  by s t e a d y  s t a t e  c r e e p  
( S t e w a r t ,  1971, 1978; Ea ton ,  1982) ;  and f a u l t i n g  
and  i n t r u s i v e  d i l a t i o n  (Cape and o t h e r s ,  1983; 
Miller and  o t h e r s ,  1983) .  I n  a l l  t h r e e  cases 
lower  c r u s t a l  e x t e n s i o n  need n o t  be d i r e c t l y  
b e n e a t h  t h e  l o c i  of upper  c r u s t a l  e x t e n s i o n ;  t h e  
l a r g e s t  h o r i z o n t a l  o f f s e t  between t h e  two i s  
a s s o c i a t e d  w i t h  l o w a n g l e  f a u l t s  o r  s h e a r  zones  
t h a t  p e n e t r a t e  t h e  e n t i r e  c r u s t  and  p o s s i b l y  
l i t h o s p h e r e .  

Even wi thou t  
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SEISMIC R ~ F L ~ C T L O ~  DATA 

P u b l i c l y  a v a i l a b l e  and p r e v i o u s l y ' p u b l i s h e d  
s e i s m i c  r e f l e c t i o n  p r o f i l e s  i n  t h e  Grea t  B a s i n  
p r o v i d e  a d a t a  b a s e  t h a t  i s  a d e q u a t e  f o r  
r ev iewing  t h e  l a r g e  s c a l e  f e a t u r e s  r e l a t e d  t o  
basin-range f a u l t i n g ,  p a r t i c u l a r l y  the b a s i n  
shape  and t h e  c o n t i n u i t y  and  p a t t e r n s  of d i p  of 
b a s i n - f i l l  s t ra ta .  Anderson and o t h e r s  (1983)  
noted s e v e r a l  l i m i t a t i o n s  i n  u s i n g  t h e  a v a i l a b l e  
r e f l e c t i o n  d a t a  t o  d i r e c t l y  s t u d y  t h e  s u b s u r f a c e  
f a u l t  geometry and t h e  mode of d e e p  accomodat ion 
of e x t e n s i o n .  F i r s t ,  t h e  e x i s t i n g  d a t a  are 
l a r g e l y  r e s t r i c t e d  t o  t h e  upper  f ew k i l o m e t e r s  
of c r u s t  ( g e n e r a l l y  < 5 km). Second, i t  i s  n o t  
g e n e r a l l y  p o s s i b l e  t o  a c c u r a t e l y  d e f i n e  t h e  
s u b s u r f a c e  f a u l t  geometry w i t h  s e i s m i c  
r e f l e c t i o n  d a t a  f o r  s e v e r a l  r e a s o n s :  ( 1 )  s t e e p l y  
d i p p i n g  f e a t u r e s  (common s u r f a c e  d i p s  o f  normal 
f a u l t s  range between 40"-70")  g e n e r a l l y  a r e  n o t  
r e c o g n i z a b l e  a s  d i s c r e t e  r e f l e c t o r s  w i th  
s t a n d a r d  r e f l e c t i o n  p r o c e s s i n g  e v e n  though s h a r p  
v e l o c i t y  c o n t r a s t s  may e x i s t  a c r o s s  them; ( 2 )  
r e f l e c t i o n s  from i n t r a b a s i n  s t r a t a  a d j a c e n t  t o  
range-bounding f a u l t s  (where t h e y  a r e  most 
needed t o  r e s o l v e  t h e  d e t a i l e d  geometry of 
s u b s u r f a c e  s t r u c t u r e s )  a r e  g e n e r a l l y  weak o r  
a b s e n t  p robab ly  because  of t h e  common p r e s e n c e  
t h e r e  of c o a r s e  c l a s t i c  wedges t h a t  a r e  p o o r l y  
s o r t e d ,  p o o r l y  s t r a t i f i e d ,  o r  c h a o t i c ;  ( 3 )  
r e f l e c t i o n s  from p r e - b a s i n  s t ra ta  a r e  g e n e r a l l y  
of poor t o  ve ry  poor  q u a l i t y  ( l a r g e l y  d u e  t o  
e x t e n s i v e  and complex p r e - e x i s t i n g  s t r u c t u r e )  
and cannot  be matched a c r o s s  ma jo r  f a u l t s  t o  
o b t a i n  c o n s t r a i n t s  o n  t h e  geometry o r  magn i tude  
of f a u l t  o f f s e t ;  ( 4 )  many of t h e  e x i s t i n g  
p r o f i l e s  t e r m i n a t e  a t  o r  s h o r t  of the  t r a c e  of 
t h e  range-bounding f a u l t s .  Low-angle de t achmen t  
f a u l t s  i n  t h e  Great B a s i n ,  however, have proven 
t o  be prominent r e f l e c t o r s ,  due  i n  p a r t  t o  t h e i r  
sha l low d i p  ( g e n e r a l l y  less t h a n  1 s " )  and a l s o ,  
t o  a p p a r e n t  h i g h  impedance c o n t r a s t s  a s s o c i a t e d  
w i t h  t h e s e  f a u l t  zones  (McDonald, 1976; 
Allmendinger  and o t h e r s ,  1983) .  

Anderson and o t h e r s  (1983)  e s t a b l i s h e d  s e v e r a l  
c r i t e r i a  based o n  f e a t u r e s  g e n e r a l l y  e a s i l y  
observed on  t h e  r e f l e c t i o n  d a t a  t o  d i s t i n g u i s h  
between t h e  v a r i o u s  modes of f a u l t i n g  and  b a s i n  
development d i s c u s s e d  ear l ier .  These c r i te r ia  
i n c l u d e :  o v e r a l l  b a s i n  geometry (symmetric o r  
asymmetr ic) ,  d i p  of  b a s i n - f i l l  s t r a t a  a d j a c e n t  
t o  major basin-bounding normal f a u l t  zones ,  and 
t h e  p a t t e r n  of  b a s i n  s e d i m e n t a t i o n  a t  b a s i n  
margins .  Anderson and o t h e r s  sugges t ed  t h r e e  
g e n e r a l  modes o f  b a s i n  f o r m a t i o n  based o n  t h e i r  
a n a l y s i s  of  a v a i l a b l e  s e i s m i c  r e f l e c t i o n  d a t a :  
( A )  r e l a t i v e l y  s i m p l e ,  commonly asymmetr ic ,  sags 
bounded on one o r  b o t h  s i d e s  by deeply 
p e n e t r a t i n g  r e l a t i v e l y  s t e e p  normal  f a u l t  zones 
( e i t h e r  p l a n a r  o r  g e n t l y  l i s t r i c ) ;  ( B )  t i l t e d  
ramps a s s o c i a t e d  w i t h  modera t e ly  t o  deep ly  
p e n e t r a t i n g  l i s t r i c  normal  f a u l t s ;  and ( C )  
assemblages of  complexly deformed s u b b a s i n s  
a s s o c i a t e d  w i t h  b o t h  l i s t r i c  and p l a n a r  normal 
f a u l t s  t h a t  sole i n t o  a g e n t l y  d i p p i n g  
detachment  s u r f a c e .  

To h e l p  g e t  a round  t h e s e  l i m i t a t i o n s ,  

Anderson and  o t h e r s  (1983) d i s c u s s e d  i n  
d e t a i l  a l l  a v a i l a b l e  s e i s m i c  r e f l e c t i o n  d a t a  f o r  
t h e  Great Basin as  of t h e  end of  1981. I n  t h i s  
pape r  w e  summarize t h e s e  d a t a  by g i v i n g  examples 
of each  of t h e s e  t h r e e  modes of  b a s i n  
f o r m a t i o n .  Some r e c e n t l y  a c q u i r e d  seismic 
r e f l e c t i o n  d a t a  are a l s o  d i s c u s s e d .  F i g u r e  2 
g i v e s  t h e  l o c a t i o n  and s o u r c e  o f  a l l  c u r r e n t  
p u b l i c l y  a v a i l a b l e  s e i s m i c  r e f l e c t i o n  d a t a  i n  
t h e  G r e a t  Bas in  t o g e t h e r  w i t h  t h e  i n t e r p r e t e d  
s t y l e  of  f a u l t i n g  keyed t o  t h e  l e t t e r  
d e s i g n a t i o n s  i n  t h e  p r e v i o u s  pa rag raph .  

I 

I 

I 
i 

F i g u r e  2 .  A v a i l a b l e  s e i s m i c  r e f l e c t i o n  
p r o f i l e s  i n  t h e  Great B a s i n  (heavy l i n e s ) .  
I n t e r p r e t e d  mode of b a s i n  s t r u c t u r e  i n d i c a t e d  by 
l e t te rs  ( s e e  t e x t  and F i g u r e  1 4 ) :  (A) symmetric 
o r  assymmetr ic  s a g ,  (B) t i l t e d  ramp, ( C )  
complexly deformed sub-bas ins .  P l a c e  names 
i n d i c a t e d  by small l e t te rs :  FB-Fallon B a s i n ,  
DV-Dixie V a l l e y ,  GV ( w e s t e r n  Nevada) - Grass 
V a l l e y ,  BW-Beowawe, GV ( e a s t e r n  Nevada)-Goshute 
V a l l e y ,  SDB-Sevier D e s e r t  Bas in ,  and RKV-Raft 
R i v e r  Va l l ey .  Re fe rences  f o r  Nevada seismic d a t a  
a r e  g i v e n  i n  Anderson and o t h e r s  (1983)  w i t h  t h e  
e x c e p t i o n  of Grass V a l l e y ,  Nevada which i s  
d e s c r i b e d  i n  t h e  t e x t .  Data  i n  Utah are  from 
COCORP ( long E-W p r o f i l e ,  Allmendinger  and 
o t h e r s ,  1983) ,  McDonald (1976) ,  and Zoback 
(1982) .  Data i n  R a f t  R ive r  V a l l e y ,  sou thwes te rn  
Idaho are  from Covington (1983)  and Ackermann 
( w r i t t e n  c o ~ u n i c a t i o n ,  1983) .  
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Sag- l ike  Bas in  S t r u c t u r e  

The s a g - l i k e  b a s i n  s t r u c t u r e  which i s  
c o n s i d e r e d  r e l a t e d  t o  d e e p l y - p e n e t r a t i n g ,  
approx ima te ly  p l a n a r  master normal  f a u l t s  i s  
t y p i f i e d  by t h e  F a l l o n  Bas in  area ( F i g u r e  2 ) .  
F i g u r e  3a shows a n  unmigra ted ,  2 2  km l o n g ,  
seismic r e f l e c t i o n  p r o f i l e  a c r o s s  t h e  main p a r t  
of t h e  b a s i n  from H a s t i n g s  (1979) .  Across  most 
of t h e  b a s i n  t h e  sed imen ta ry  sequences  
( p r i m a r i l y  l a c u s t r i n e )  a r e  well-bedded and l a c k  
i n t e r n a l  s t r u c t u r a l  d i s r u p t i o n  a s  i n d i c a t e d  by 
numerous con t inuous  r e f l e c t o r s  10 km o r  more i n  
l a t e r a l  e x t e n t  and a few t h a t  are more t h a n  1 5  
km i n  l e n g t h .  Many of t h e s e  r e f l e c t o r s  show a 
r e v e r s a l  of d i p  as  they  are t r a c e d  from 
nor thwes t  t o  s o u t h e a s t  and u l t i m a t e l y  d i e  o u t  
benea th  t h e  s o u t h e a s t e r n  p a r t  o f  t h e  b a s i n  ( s e e  
mig ra t ed  l i n e  drawing--Figure 3 b ) .  A broad  
asymmetr ic  s a g  c o n t r o l l e d  by a s t e e p  p l a n a r  
normal f a u l t  i s  sugges t ed  a s  t h e  predominant  
b a s i n  s t r u c t u r e .  A v a i l a b l e  d a t a  i n d i c a t e  t h a t  
t h e  S t i l l w a t e r  Range b lock ,  which i s  o n l y  5-10 
km wide and s e p a r a t e s  t h e  F a l l o n  b a s i n  on t h e  
west from D i x i e  Va l l ey  on  t h e  e a s t ,  i s  bounded 
by s t r u c t u r a l  b a s i n s  t h a t  are  approximate  m i r r o r  
images of one  a n o t h e r  (Anderson and  o t h e r s ,  
1983) .  R e f l e c t i o n  d a t a  f o r  D i x i e  V a l l e y  were 
d e s c r i b e d  b r i e f l y  by Anderson and o t h e r s  (1983) 
and are  d i s c u s s e d  i n  d e t a i l  by Okaya and 
Thompson (1983) .  
a n a l y s i s  of t h e  seismic r e f l e c t i o n  d a t a  w i t h  
s t u d i e s  of  t h e  1954 Fa i rv i ew Peak  ( M  = 7 . 2 )  
e a r t h q u a k e  t o  conc lude  t h a t  t h e  major  normal 
f a u l t  zone bounding D i x i e  Va l l ey  on  t h e  west i s  
approx ima te ly  p l a n a r  and e x t e n d s  t o  a d e p t h  of 
a b o u t  15 km. Though t h e  e a r t h q u a k e  and 
r e f l e c t i o n  seismic d a t a  from t h e  Dix ie  Va l l ey  
area a r e  c o n s i s t e n t  w i th  a model t h a t  i n c l u d e s  
t h e  “master“ normal f a u l t ;  i t  i s  i n s t r u c t i v e  t o  
c o n s i d e r  a n  a l t e r n a t i v e  model f o r  f o r m a t i o n  of 
t h e  asymmetric s a g  s t r u c t u r e .  

F i g u r e  3c i s  a c r o s s - s e c t i o n a l  s k e t c h  of  a 
c l a y  model of  e x t e n s i o n  done by R.K.  Hose 
( w r i t t e n  communication, 1983) .  The expe r imen ta l  
d e s i g n  was s i m i l a r  t o  t h a t  d e s c r i b e d  by Cloos  
(1968,  p .  425) and was such  t h a t  t h e  f a u l t s  
t e r m i n a t e  downward a g a i n s t  o v e r l a p p i n g  t i n  
s h e e t s .  The l i n e  of  o v e r l a p  between t h e  two 
s h e e t s  remained f i x e d  d u r i n g  t h e  expe r imen t  and 
c o i n c i d e d  w i t h  t h e  f u r t h e s t  r i g h t  hand f a u l t i n g  
i n  t h e  c l a y .  E x t e n s i o n a l  t r a c t i o n  was a p p l i e d  
t o  t h e  c l a y  l a y e r  by s l i d i n g  t h e  u n d e r l y i n g  t i n  
s h e e t  t o  t h e  l e f t .  I f  t h e  t o p  o f  t h e  c l a y  model 
c o r r e s p o n d s  t o  t h e  base  of  a b a s i n  we see t h a t  
i t  h a s  t h e  form of a n  asymmetr ic  s a g  u n d e r l a i n  
by h i g h l y  f r a c t u r e d  material. F a u l t s  w i t h  major  
th row are  n o t  seen .  I n s t e a d ,  t h e  s a g  i s  
produced  by a combina t ion  of s t r a t a l  a t t e n u a t i o n  
and o f f s e t  o n  many sma l l  f a u l t s .  The s t r a t a l  
a t t e n u a t i o n  i s  probably  accompl ished  by 
d i sp lacemen t  o n  abundant u n i d e n t i f i e d  
m i c r o f r a c t u r e s  a n d / o r  by g r a i n - g r a i n  
a j u s t m e n t s .  Analagous a t t e n u a t i o n  o f  sub-bas in  
r o c k s  of t h e  scale of F a l l o n  b a s i n  ( F i g .  3 a )  
c o u l d  be  a s s o c i a t e d  w i t h  d i s p l a c e m e n t s  on a 
c l a s s  of  small f r a c t u r e s  and f a u l t s  w i t h  

The l a t t e r  a u t h o r s  combined 

d i s p l a c e m e n t s  r a n g i n g  from a few c e n t i m e t e r s  t o  
a few t e n s  of meters. Such s t r u c t u r e s  would be  
u n d e t e c t e d  by seismic r e f l e c t i o n  p r o f i l i n g  even  
i f  good s u b b a s i n  r e f l e c t o r s  were p r e s e n t .  
C l e a r l y ,  t h e y  c o u l d  be ex t r eme ly  i m p o r t a n t  t o  
f r a c t u r e ,  p o r o s i t y ,  and p r e m e a b i l i t y  and hence 
t o  t h e  p o t e n t i a l  f o r  sub-bas in  water 
c i r c u l a t i o n .  The absence  o f  a master f a u l t  
would n o t  p r e c l u d e  s t r a i n  accumula t ion  
s u f f i c i e n t  t o  produce  a l a r g e  ea r thquake  and 
a s s o c i a t e d  e x t e n s i v e  s u r f a c e  f a u l t i n g .  Some of  
t h e  f a u l t s  s e e n  i n  t h e  c l a y  model,  e s p e c i a l l y  
t h e  sag-margina l  ones ,  ex tend  from t h e  s u r f a c e  
t o  t h e  t i n  s h e e t s .  The o v e r a l l  w id th  o f  t h e  s a g  
i s  n e a r l y  twice t h e  d e p t h  t o  t h e  t i n  s h e e t s .  If 
e x t r a p o l a t e d  t o  F a l l o n  Bas in  o r  D i x i e  V a l l e y  
t h e s e  f a u l t s ,  though no t  of  g r e a t  d i s p l a c e m e n t ,  
would have  a d e p t h - p e n t r a t i o n  
s t ress  d r o p  a s s o c i a t e d  w i t h  a 
d i sp lacemen t  of  3 m on  such  a 
produce  a l a r g e  ea r thquake .  

Tilted-RamD Bas in  S t r u c t u r e  

o f  9-10 km. The 
r e a s o n a b l e  
f a u l t  c o u l d  

Anderson and  o t h e r s  (1983)  d i s c u s s  two 
examples of  t i l t e d  ramp b a s i n  s t r u c t u r e  from 
e a s t e r n  Nevada. One of t h e s e ,  a p r o f i l e  
pub l i shed  by Eff imoff  and P i n e z i c h  (1981)  a c r o s s  
Goshute V a l l e y ,  e x t e n d s  from n e a r  t h e  
bedrock-alluvium c o n t a c t  on t h e  east  s i d e  of t h e  
Pequop Range eas tward  t o  a p o i n t  s e v e r a l  
k i l o m e t e r s  west of t h e  base  of  t h e  Toano Range 
( F i g u r e  4 a ,  f o r  l o c a t i o n  see F i g u r e  2 ) .  A l i n e  
drawing of  t h e  d a t a  i s  shown i n  F i g u r e  4b. I n  
i t s  e a s t e r n  p a r t  t h e  p r o f i l e  c r o s s e s  a broad  
sed iment  covered  pediment which i s  bounded on  
t h e  west by a bu r i ed  f a u l t  zone t h a t  a p p e a r s  t o  
be t h e  ma jo r  s t r u c t u r e  c o n t r o l l i n g  b a s i n  
development.  The o v e r a l l  g e n t l e  e a s t e r l y  t i l t  
of  t h e  b a s i n  f i l l  wedge a s  w e l l  a’s t h e  d i p  of 
r e f l e c t o r s  i n t o  t h e  f a u l t  zone l e d  Anderson and 
o t h e r s  t o  i n t e r p r e t  t h i s  f a u l t  s t r u c t u r e  a s  a 
modera t e ly  d e e p l y  p e n e t r a t i n g  l i s t r i c  f a u l t  
zone. T h i s  i n t e r p r e t a t i o n  i s  a t  odds  w i t h  t h a t  
o f  E f f imof f  and P i n e z i c h  (1981)  who s u g g e s t  a 
s h a r p l y  l i s t r i c  f a u l t  zone f l a t t e n i n g  o n l y  a few 
k i l o m e t e r s  benea th  t h e  v a l l e y  which i s  
g e n e t i c a l l y  r e l a t e d  t o  a p r e - e x i s t i n g  t h r u s t  
f a u l t  i n  t h e  Toana Range. 

The bedrock  s t r u c t u r e  benea th  t h e  Goshute  
Va l l ey  may be  ve ry  similar t o  t h e  s k e t c h  of  t h e  
c l a y  model (model done by Cloos ,  1968; s k e t c h  by  
S t e w a r t ,  1971)  shown i n  F i g u r e  4 c .  I n  t h i s  
model t h e  t i l t e d  ramp s t r u c t u r e  i s  l a r g e l y  t h e  
r e s u l t  o f  r o t a t i o n  r e l a t e d  t o  s l i p  on  t h e  master 
l i s t r i c  f a u l t .  Note however, t h a t  a d i s t r i b u t e d  
zone of  a n t i t h e t i c  f a u l t i n g  a d j a c e n t  t o  t h e  
master f a u l t  zone t e n d s  t o  r educe  t h e  o v e r a l l  
amount o f  t i l t i n g  i n  t h e  b a s i n  f l o o r .  

Another  s i g n i f i c a n t  f e a t u r e  of t h e  c l a y  
model shown i n  F i g u r e  4c  i s  t h e  development of a 
c r o s s - s t r u c t u r e  w i t h i n  t h e  b a s i n  which i s  
r e l a t e d  t o  i r r e g u l a r i t i e s  i n  t h e  geometry  of t h e  
master f a u l t  zone. T h i s  c r o s s - f a u l t  i s  
c h a r a c t e r i z e d  by o b l i q u e  s l i p  ( b o t h  h o r i z o n t a l  
and down d i p  components of  mot ion ) .  P o s s i b l y  
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F i g u r e  3 .  S a g - l i k e  b a s i n  s t r u c t u r e ,  ( a )  Unmigrated s e i s m i c  s e c t i o n  a c r o s s  F a l l o n  
B a s i n ,  c e n t r a l  Nevada ( H a s t i n g s ,  1979 and Anderson and o t h e r s ,  1 9 8 3 ) ,  ( b )  L ine  drawing 
of m i g r a t e d  d e p t h  s e c t i o n  ( H a s t i n g s ,  1979 and Anderson and o t h e r s ,  1983) ,  ( c )  Sketch of 
c l a y  model of p o s s i b l e  bedrock s t r u c t u r e  and f a u l t i n g  benea th  t h e  b a s i n  ( c l a y  model done 
by R. K. Hose, w r i t t e n  communication, 1983; s k e t c h  by S t e w a r t ,  1971) .  
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4 .  Bas in  above a t i l t e d  ramp s t r u c t u r e .  
V a l l e y  (Ef f imof f  and  P i n e z i c h ,  1981) .  

( a )  Migra ted  seismic p r o f i l e  a c r o s s  
( b )  L i n e  drawing  o f  seismic p r o f i l e  w i t h  

t e r p r e t a t i o n  (Anderson and o t h e r s ,  1983) .  ( c )  Ske tch  ( S t e w a r t ,  1971)  o f  c l a y  
model by Cloos (1968)  o f  p o s s i b l e  bed rock  s t r u c t u r e  and f a u l t i n g  benea th  t h e  bas in .  

ana logous  c r o s s - s t r i k e  zones  o f  bedrock  o f f s e t  r e f l e c t i o n  (Ef f imof f  and P i n e z i c h ,  1981) and 
have been i d e n t i f i e d  benea th  numerous b a s i n s  g r a v i t y  ( c . f . ,  Zoback, 1983)  d a t a .  
w i t h i n  t h e  Great B a s i n  by b o t h  seismic 
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Complexly deformed s u b - b a s i n s  above  a s h a l l o w  
detachment  f a u l t  

T h i s  s t y l e  of  b a s i n  development  i s  t y p i f i e d  
i n  t h e  s h a l l o w  seismic r e f l e c t i o n  d a t a  i n  t h e  
S e v i e r  Desert b a s i n  r e p o r t e d  by McDonald (1976) 
and d i s c u s s e d  i n  d e t a i l  i n  Anderson and o t h e r s  . 
(1983) .  The upper  p l a t e  r o c k s  i n  t h i s  area have 
been ex tended  by numerous p l a n a r  and l i s t r i c  
normal f a u l t s .  Major f a u l t  zones  i d e n t i f i e d  on 
t h e  s e i s m i c  r e f l e c t i o n  p r o f i l e s  have a n  a v e r a g e  
s p a c i n g  o f  about  5 km. Dip  components of  
s ed imen t s  w i t h i n  t h e  b a s i n  show a complex 
p a t t e r n  of  combined r e v e r s e  and normal  d r a g  
a d j a c e n t  t o  t h e s e  f a u l t  zones .  The detachment  
f a u l t  i t s e l f ,  t h e  S e v i e r  D e s e r t  de t achmen t ,  i s  
a p p a r e n t  as  a s t r o n g ,  r e l a t i v e l y  c o n t i n u o u s  
r e f l e c t o r  from t h e  n e a r  s u r f a c e  t o  d e p t h s  of 
12-15 km (Allmendinger  and o t h e r s ,  1983) .  

s h a l l o w  detachment f a u l t  comes from g e o l o g i c a l  
and  g e o p h y s i c a l  s t u d i e s  and  seismic r e f l e c t i o n  
d a t a  from t h e  Kaf t  R i v e r  g e o t h e r m a l  a r e a .  
I n t e r p r e t a t i o n  of a d e t a i l e d  s e i s m i c  r e f r a c t i o n  
s t u d y  i n  t h e  area i n d i c a t e  t h a t  t h e r e  are no 

Another example o f  b a s i n  development  above a 

Line 4 migrated 

major  normal f a u l t  o f f s e t s  i n  t h e  bedrock 
b e n e a t h  t h e  v a l l e y ;  however,  f a u l t s  w i t h  50 m o r  
l e s s  of v e r t i c a l  d i sp l acemen t  c o u l d  have been 
missed because  of  scatter i n  t h e  d a t a  
(Ackermann, 1979).  A detachment  f a u l t  h a s  been 
i n t e r p r e t e d  t o  l i e  a t  t h e  base  of t h e  T e r t i a r y  
b a s i n  sed imen t s  a l o n g  their  c o n t a c t  w i t h  a t h i n  
s e c t i n  of  Precambrian and  lower P a l e o z o i c  
me tased imen ta ry  r o c k s  wh ich  man t l e  t h e  
c r y s t a l l i n e  basement (Mabey and o t h e r s ,  1978; 
Covington,  lYt30 and 1 9 8 3 ) .  T h i s  i n t e r p r e t a t i o n  
i s  s u p p o r t e d  by a n  a b r u p t  i n c r e a s e  i n  f r a c t u r i n g  
n e a r  t h e  b a s e  of t h e  b a s i n  f i l l  s e c t i o n  t h a t  c a n  
r e a d i l y  b e  observed i n  d r i l l  c o r e  and a l s o  by 
low-angle normal f a u l t s  i n  c o r e  s e c t i o n s  
o b t a i n e d  less t h a n  200 m above t h e  i n f e r r e d  
detachment  f a u l t  (Guth and  o t h e r s ,  1981) .  Th i s  
detachment  f a u l t  i s  l o c a t e d  a t  d e p t h s  of  less 
t h i n  2 km benea th  t h e  v a l l e y  i n  t h e  v i c i n i t y  of 
t h e  geo the rma l  a r e a .  F u r t h e r  e a s t w a r d  beneath 
t h e  v a l l e y  (downdip) t h e  detachment  f a u l t  has 
been i n t e r p r e t e d  a s  s e p a r a t i n g  f a u l t  b l o c k s  of 
metamorphosed t o  nonmetamorphosed P a l e o z o i c  and 
P r o t e r o z o i c  r o c k s  from t h e  u n d e r l y i n g  basement 
complex a t  d e p t h s  of 3 km o r  g r e a t e r  (Covington,  
1983) .  F i g u r e  5a  shows a s e i s m i c  r e f l e c t i o n  
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F i g u r e  5. ( a ) .  Mig ra t ed  s e i s m i c  p r o f i l e  a c r o s s  a p o r t i o n  of Kaf t  R i v e r  V a l l e y  ( H .  D.  
Ackermann, 1983, w r i t t e n  communication and Covington (1983) .  ( b )  I n t e r p r e t a t i o n  o f  
Raft R ive r  p r o f i l e  showing ma jo r  f a u l t s ,  mod i f i ed  from Covington (1983) .  Heavy dashed  
l i n e  i n d i c a t e s  t o p  of Precambrian c r y s t a l i n e  basement ( p  C ) ,  based on  a n  i n t e g r a t e d  
i n t e r p r e t a t i n  o f  seismic r e f l e c t i o n  and  r e f r a c t i o n  d a t a  (Ackermann, w r i t t e n  
communication, 1983) .  T ,  T e r t i a r y  b a s i n  sed imen t s ;  d s ,  detachment  s u r f a c e ;  D ,  d u c t i l y  
deformed lower P a l e o z o i c  and P r o t e r o z o i c  s c h i s t s  and q u a r t z i t e s .  Sma l l  a n t i f o r m  n e a r  VP 
60 may r e p r e s e n t  a bedrock k l i p p e  above detachment  f a u l t .  
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p r o f i l e  a c r o s s  p a r t  o f  t h e  v a l l e y  i n  t h e  
v i c i n i t y  of t h e  geothermal  area,  a n  
i n t e r p r e t a t i o n  of  t h e  p r o f i l e  somewhat modi f ied  
from t h a t  of Covington (1983)  i s  g i v e n  on F i g u r e  
5b. The i n f e r r e d  t o p  o f  c r y s t a l l i n e  basement on 
F i g u r e  5 b  comes from a n  i n t e g r a t e d  a n a l y s i s  of 
t h e  seismic r e f r a c t i o n  and r e f l e c t i o n  d a t a  (H. 
D. Ackermann, 1983,  w r i t t e n  communicat ion) .  
Unl ike  t h e  S e v i e r  Desert de tachment ,  t h e  
i n f e r r e d  R a f t  R i v e r  de tachment  i s  n o t  e a s i l y  
recognized  a s  a prominent ,  n e a r l y  c o n t i n u o u s  
r e f l e c t o r .  However, a s  i n d i c a t e d  on F i g u r e  5 b ,  
s e v e r a l  major  normal  f a u l t s  w i t h i n  t h e  b a s i n  
f i l l  do n o t  appear  t o  o f f s e t  t h e  t o p  of 
c r y s t a l l i n e  basement o r ,  by i n f e r e n c e ,  t h e  
detachment  f a u l t  i n  t h e  metasedimentary  r o c k s  
l y i n g  above t h e  c r y s t a l l i n e  basement .  

R i v e r  area and t h e  S e v i e r  Desert b a s i n  r e g i o n  i s  
Of s p e c i a l  s i g n i f i c a n c e  i n  b o t h  t h e  R a f t  

40'4 I 

40'3! 

40'3 I 

t h e  g e n e r a l  l a c k  of e v i d e n c e  on t h e  seismic 
p r o f i l e s  of breakage  of t h e  r e l a t i v e l y  s h a l l o w  
( < 4  km d e e p )  detachment  f a u l t  by t h e  normal 
f a u l t s  above i t .  However, as  d i s c u s s e d  more 
f u l l y  in t h e  s e c t i o n  on geothermal  i m p l i c a t i o n s ,  
t h e r e  i s  ample e v i d e n c e  t h a t  b o t h  minor f a u l t i n g  
and f l u i d  mot ion  must o c c u r  a c r o s s  t h e  detachment  
s u r f a c e  i n  both  areas. 

Case S tudv :  Grass Val lev .  Nevada 

While  t h e  broad g e n e r a l i z a t i o n  and 
c a t e g o r i z a t i o n  of  b a s i n  s t r u c t u r e  and f a u l t  
geometry o u t l i n e d  above i s  a p p e a l i n g ,  d e r a i l e d  
a n a l y s i s  of  s e v e r a l  c l o s e l y  spaced  l i n e s  w i t h i n  a 
s i n g l e  b a s i n  commonly r e v e a l s  many c o m p l e x i t i e s .  
A s  a n  example,  f o u r  seismic p r o f i l e s  i n  Grass 
V a l l e y ,  Nevada, c o l l e c t e d  a s  p a r t  of t h e  

Ill'4S 1 1  7'4 0 117'35 

F i g u r e  6 .  Map o f  Grass V a l l e y ,  Nevada, showing Q u a t e r n a r y  f a u l t s  (heavy l i n e s )  f rom 
Wallace (1980b) ,  l o c a t i o n s  of seismic r e f l e c t i o n  p r o f i l e s  ( d a s h e d  l i n e s ) ,  and  w e l l  USA 1) 
11-36. 
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Department of E n e r g y l D i v i s i o n  of Geothermal  
Energy (DOE/DGE) i n d u s t r y - c o u p l e d  geo the rma l  
program, a r e  d i s c u s s e d .  
between t h e  Sonoma Range o n  t h e  east and t h e  E a s t  
Range t o  t h e  west  ( s e e  F i g u r e  2 f o r  l o c a t i o n ) .  
The v a l l e y  i s  bounded on i t s  east  s i d e  by a major  
no r th -nor thwes t - t r end ing  normal f a u l t  zone 
c o n t a i n i n g  numerous Q u a t e r n a r y  s c a r p s  i n c l u d i n g  
t h e  f a u l t i n g  r e l a t e d  t o  t h e  1915 M = 7.8 P l e a s a n t  
V a l l e y  e a r t h q u a k e  (Wal l ace ,  1980a) .  Leach Hot 
S p r i n g s  i s  l o c a t e d  w i t h i n  t h i s  f a u l t  zone ,  nea r  
t h e  i n t e r s e c t i o n  of  a nor theas t - and  
no r t hwe s t- t r end ing  f a u l t  . 

Three  c r o s s - v a l l e y  v i b r o s e i s  seismic 
r e f l e c t i o n  l i n e s  were r u n  i n  Grass V a l l e y  a l o n g  
w i t h  one a x i a l  l i n e ,  s u b p a r a l l e l  t o  t h e  r ange  
f r o n t  f a u l t  zone. The l o c a t i o n s  o f  t h e  
Qua te rna ry  f a u l t  s c a r p s  and t h e  seismic l i n e s  are 
shown on  F i g u r e  6 .  The d a t a  were c o l l e c t e d  and 
p rocessed  by Sunoco Energy Development Company. 
A s t a n d a r d  p r o c e s s i n g  sequence was performed 
i n c l u d i n g  d e c o n v o l u t i o n ,  v e l o c i t y  a n a l y s i s ,  
s t a t i c s ,  s t a c k i n g  a n d  f i l t e r i n g .  Wave e q u a t i o n  
m i g r a t i o n  w a s  a l s o  performed.  

The o v e r a l l  b a s i n  s t r u c t u r e  o f  Grass  V a l l e y ,  
as i n t e r p r e t e d  from t h e  s e i s m i c  r e f l e c t i o n  d a t a ,  
i s  asymmetr ic  w i t h  a major  normal f a u l t  zone on  
t h e  e a s t  s i d e  and o n l y  minor f a u l t i n g  a n d / o r  
downwarping on t h e  w e s t e r n  s i d e .  
asymmetry i s  c o n s i s t e n t  w i t h  t h e  obse rved  
eas tward  t i l t  of t h e  f l a n k i n g  r a n g e  i n  t h i s  
r e g i o n  ( S t e w a r t ,  1980) .  

b a s i n  i s  most c l e a r l y  demons t r a t ed  o n  L i n e  2 
( F i g u r e  7 a )  which b e g i n s  a t  t h e  b a s e  of  a s c a r p  
i n  Q u a t e r n a r y - T e r t i a r y  g r a v e l s  and f a n g l o m e r a t e s  
a l o n g  t h e  base  of  t h e  Sonoma Range, and e x t e n d s  
westward a c r o s s  t h e  v a l l e y  and ends  n e a r  a n  
exposure o f  C r e t a c e o u s  q u a r t z  monzoni te  i n  t h e  
East Range. 
L i n e  2 o f  abou t  1 . 7  km was de te rmined  from a 
combined a n a l y s i s  of  g r a v i t y  ( G o l d s t e i n  and 
Pau l s son ,  1978) ,  w e l l  (USA 1/11-36, no r thwes t  
c o r n e r  s e c t i o n  36 ,  T32N, R38E;  Wilde and Koenig,  
1980) and t h e  seismic d a t a .  An i n t e r p r e t a t i o n  o f  
L i n e  2 i s  g i v e n  i n  F i g u r e  7b. 
d i p p i n g  f a u l t  zone w i t h  a n  o f f s e t  of - 1 . 2  km i s  
i n t e r p r e t e d  t o  s e p a r a t e  t h e  b a s i n  from a n  
a l l u v i a l  cove red  pediment  a l o n g  t h e  east margin 
of t h e  v a l l e y .  A s m a l l e r  e a s t - d i p p i n g  f a u l t  zone 
o c c u m  w i t h i n  t h e  w e s t e r n  h a l f  o f  t h e  b a s i n .  The 
b a s i n  f i l l  s e c t i o n  i s  d i v i d e d  i n t o  two u n i t s  
based i n  p a r t  on  a n  obse rved  d i s c o n f o r m i t y  and 
a l s o  o n  seismic r e f r a c t i o n  d a t a  i n  t h e  v i c i n i t y  
of t h e  p r o f i l e  (Maje r ,  1978). A zone o f  
r e l a t i v e l y  dense ,  p r o b a b l e  a l l u v i a l  f a n  m a t e r i a l  
w i t h i n  t h e  b a s i n  f i l l  a d j a c e n t  t o  t h e  main f a u l t  
zone was r e q u i r e d  t o  match t h e  g r a v i t y  d a t a  
( F i g u r e  7c ) .  O t h e r  g e o m e t r i e s  shown i n  t h e  
g r a v i t y  model i n  F i g u r e  7c  were i n t e r p r e t e d  from 
t h e  r e f l e c t i o n  d a t a .  Also n o t e  o n  F i g u r e  7b t h e  
h i g h l i g h t e d  series of s u b h o r i z o n t a l  r e f l e c t o r s  i n  
t h e  bedrock b e n e a t h  t h e  b a s i n  between a b o u t  1.25 
and 2.4 seconds  d e p t h .  These a r e  d i s c u s s e d  below. 

Line 3 b e g i n s  i n  P a l e o z o i c  and  T r i a s s i c  
s ed imen ta ry  r o c k s ,  0.5 km east  o f  t h e  main r ange  
f a u l t  zone. The f i n a l  s t a c k  f o r  L i n e  3 i s  shown 
i n  F i g u r e  8 a ,  t h e  m i g r a t e d  v e r s i o n  i s  shown on  

Grass V a l l e y  l i e s  

T h i s  o v e r a l l  

The asymmetr ic  s y n c l i n a l  s ag  s t r u c t u r e  of t h e  

Maximum b a s i n  f i l l  t h i c k n e s s  a l o n g  

A major  w e s t -  

F i g u r e  8b. Maximum f i l l  t h i c k n e s s  i n t e r p r e t e d  
nea r  VP 1 5 1  i s  a b o u t  1.0 km. The o v e r a l l  b a s i n  
s t r u c t u r e  obse rved  on L i n e  3 a p p e a r s  t o  be t h a t  
of a t i l t e d  ramp; a prominent  band of westward 
d i p p i n g  r e f l e c t o r s  i n  bedrock b e n e a t h  t h e  w e s t e r n  
edge  of t h e  b a s i n  (be tween  abou t  1.25 t o  2.4 
seconds  on t h e  m i g r a t e d  s e c t i o n - F i g u r e  8 b )  c o u l d  
be i n t e r p r e t e d  as  a zone of  a s h a l l o w l y  d ipp ing  
normal f a u l t s  o r  p o s s i b l y  t h e  s h a l l o w  p o r t i o n s  o f  
a series of l i s t r i c  f a u l t s .  Apparent  d i p  on 
t h e s e  r e f l e c t o r s  i s  between 24O-28OW. A t i l t e d  
ramp b a s i n  s t r u c t u r e  would be c o n s i s t e n t  w i th  a 
l i s t r i c  f a u l t  t h a t  f l a t t e n e d  a t  s u c h  s h a l l o w  
d e p t h s  ( abou t  3 t o  6 km). However, c l o s e  
i n s p e c t i o n  of  t h e  unmigra t ed  s e c t i o n  f o r  L ine  3 
( F i g u r e  8 a )  r e v e a l s  a n  o v e r l a p  of  r e f l e c t o r s  of 
opposing d i p ,  a s o  c a l l e d  bow-tie s t r u c t u r e ,  i n  
t h e  b a s i n  f i l l  s u g g e s t i v e  of  a s y n c l i n a l  o r  sag 
s t r u c t u r e  bounded by a r e l a t i v e l y  s t e e p ,  p l a n a r  
f a u l t .  On t h e  unmigrated s e c t i o n  t h e  b e d s  
a d j a c e n t  t o  t h e  main f a u l t  zone are s e e n  t o  d i p  
basinward,  n o t  i n t o  t h e  f a u l t .  Fu r the rmore ,  t h i s  
band of  bedrock r e f  l e c t o r s  benea th  t h e  wes te rn  
edge  of  t h e  b a s i n  o c c u r s  i n  approx ima te ly  t h e  
same d e p t h  i n t e r v a l  a s  s u b h o r i z o n t a l  r e f  l e c t o r s  
(ment ioned above )  b e n e a t h  t h e  b a s i n  on  L i n e  2 ,  
s u g g e s t i n g  t h a t  t h e y  may co r re spond  t o  a bedrock 
s t r u c t u r e  u n r e l a t e d  t o  t h e  r ange - f ron t  f a u l t .  I t  
is p o s s i b l e  t h a t  t h e  wes te r ly -d ipp ing  r e f l e c t o r s  
benea th  t h e  b a s i n  on L i n e  3 may r e p r e s e n t  a 
f a u l t e d  e x t e n s i o n  of  n e a r  h o r i z o n t a l  r e f l e c t o r s  
s e e n  a t  a b o u t  0.70-0.75 seconds east of t h e  main 
f a u l t  zone. These r e f l e c t o r s  l o c a t e d  east  of t h e  
main f a u l t  zone a s  w e l l  a s  a number of sha l lower  
r e f l e c t o r s  c a n  be obse rved  on t h e  a x i a l  l i n e ,  
L ine  1. 

Line  4 c r o s s e s  t h e  na r rowes t  p a r t  of  Grass  
V a l l e y ,  and b e g i n s  i n  bedrock i n  t h e  draw 
s e p a r a t i n g  t h e  Sonoma Range t o  t h e  n o r t h  from t h e  
Tobin Range f u r t h e r  s o u t h  ( F i g u r e  6 ) .  
l a c k s  t h e  c h a r a c t e r i s t i c  we l l -de f ined  r e f l e c t i o n s  
from t h e  b a s i n  f i l l  s e c t i o n  ( F i g u r e  9 ) .  The 
g r a v i t y  d a t a  ( G o l d s t e i n  and P a u l s s o n ,  1979)  
i n d i c a t e  t h a t  a t r a n s v e r s e  bedrock h i g h ,  
approx ima te ly  c o i n c i d e n t  w i t h  L i n e  4 ,  s e p a r a t e s  
t h e  Grass V a l l e y  b a s i n  from t h e  P l e a s a n t  Va l l ey  
b a s i n  t o  t h e  s o u t h .  Thus,  L ine  4 may c r o s s  a 
p a r t  of t h e  v a l l e y  where t h e  b a s i n  f i l l  is  a t h i n  
v e n e e r  r e s t i n g ,  a t  s h a l l o w  d e p t h s ,  on complexly 
f a u l t e d  bedrock,  'The o n l y  major  r e f l e c t o r  s een  
on L i n e  4 i s  a s h a l l o w  west-dipping f e a t u r e  on 
t h e  east end of  t h e  l i n e .  T h i s  s u r f a c e  i s  
l o c a t e d  e a s t  of most of t h e  mapped Qua te rna ry  
f a u l t  s c a r p s  t r a n s e c t e d  by t h e  l i n e .  The 
a p p a r e n t  d i p  o f  t h i s  r e f l e c t o r  i s  between 
17"-20°. 
below t h e  f a n  s u r f a c e .  An upd ip  p r o j e c t i o n  of 
t h i s  s u r f a c e  s u g g e s t s  t h a t  i t  may c o i n c i d e  w i t h  
t h e  b u r i e d  e x t e n s i o n  of  t h e  r a n g e  and may 
p o s s i b l y  r e p r e s e n t  a b u r i e d  pediment  on  bedrock. 
T h i s  basinward d i p p i n g  s u r f a c e  i s  l o c a t e d  near  a 
l e f t  s t e p p i n g  en-echelon o f f s e t  i n  t h e  r ange  
f r o n t .  However, t h e  main zone o f  Quar t e rna ry  
f a u l t i n g  i s  l o c a t e d  a b o u t  1 . 4  km basinward of t h e  
wes te rn ,  downdip t r u n c a t i o n  of t h e  r e f l e c t o r s .  
Some minor Q u a r t e r n a r y  s c a r p s  d o  occur  n e a r  t h e  
t r u n c a t i o n  o f  t h e  r e f l e c t o r s .  

L i n e  4 

It i s  l o c a t e d  approx ima te ly  0.25-0.5 km 
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F i g u r e  8. (a) F i n a l  s t a c k  f o r  L i n e  3 ,  Grass  Va l l ey .  C i r c l e d  number on t o p  o f  s e c t i o n  
i n d i c a t e s  l o c a t i o n  o f  c r o s s  l i n e .  ( b )  Migra t ed  t i m e  s e c t i o n  f o r  L i n e  3 .  

F i g u r e  7. C i r c l e d  number on t o p  
o f  s e c t i o n  i n d i c a t e s  l o c a t i o n  of  cross l i n e .  ( b )  I n t e r p r e t a t i o n  of L i n e  2. Q t ,  young 
b a s i n  fill; T s ,  o l d e r  b a s i n  f i l l ,  p r o b a b l y  i n c l u d e s  i n t e r s t r a t i f i e d  v o l c a n i c  rocks ;  f ,  

f a n  and pediment  m a t e r i a l .  
2, d e n s i t y  c o n t r a s t s  ( i n  glcrn3)are i n d i c a t e d  . Bodies  j u s t  w e s t  of main f a u l t  zone 
are though t  t o  r e p r e s e n t  f a n  m a t e r i a l ,  somewhat d e n s e r  t han  t h e  r e s t  of  t h e  b a s i n  fill 
sect ion .  

( a )  Migra t ed  time s e c t i o n  of L i n e  2 ,  Grass V a l l e y .  

See  t e x t  f o r  f u r t h e r  d i s c u s s i o n .  ( c )  G r a v i t y  model f o r  Line 
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L I N E  4 

Q 

F i g u r e  9 .  Migra ted  t i m e  sec- 
t i o n  f o r  L ine  4 ,  Grass Va l l ey .  
C i r c l e d  number on t o p  of s e c t i o n  
i n d i c a t e s  l o c a t i o n  of  c r o s s  l i n e .  

L i n e  1 b e g i n s  2 . 7 5  km n o r t h w e s t  of Leach  Hot 
S p r i n g s  and r u n s  p a r a l l e l  t o  t h e  a x i s  of  t h e  
v a l l e y  ( F i g u r e  6 ) .  The r e f l e c t i o n  p a t t e r n  
observed  o n  L i n e  1 i s  q u i t e  complex ( F i g u r e  10).  
R e f l e c t o r s  are  d i f f i c u l t  t o  i n t e r p r e t  even  i n  t h e  
v i c i n i t y  of  t h e  c r o s s  v a l l e y  t i e  l i n e s .  A t  t h e  
no r the rnmos t  end of t h e  l i n e  a s e c t i o n  of  b a s i n  
f i l l  s ed imen t s  a p p e a r  t o  have been  c r o s s e d  
o b l i q u e l y ,  however, f o r  t h e  most p a r t  t h e  l i n e  
r u n s  a l o n g  t h e  s t e e p  g r a v i t y  g r a d i e n t  a s s o c i a t e d  
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w i t h  t h e  major  westward-dipping range-bounding 
f a u l t  zone. The h igh-ampl i tude  sub-hor i zon ta l  
r e f l e c t o r s  l o c a t e d  i n  t h e  upper  1 . 0  second,  
p a r t i c u l a r l y  i n  t h e  s o u t h e r n  h a l f  o f  t h e  s e c t i o n ,  
may r e p r e s e n t  f a u l t  zone  r e f l e c t i o n s  p a r a l l e l  t o  
s t r i k e .  A r a t h e r  s t e e p  nor thward-d ipping  
r e f l e c t i o n  observed  n e a r  t h e  i n t e r s e c t i o n  w i t h  
L i n e  2 may r e p r e s e n t  a r e f l e c t i o n  o f f  t h e  
n o r t h e a s t - s t r i k i n g ,  no r thwes t -d ipp ing  f a u l t  t h a t  
t e r m i n a t e s  n e a r  Leach Hot S p r i n g s .  

Q N 
h 

-0 
0 
w cn 
v 

F i g u r e  10. Migra ted  time s e c t i o n  f o r  L i n e  1, Grass Va l l ey .  C i r c l e d  number o n  t o p  o f  
s e c t i o n  i n d i c a t e s  l o c a t i o n  o f  c r o s s  l i n e .  
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F i g u r e  11. G e n e r a l i z e d  b l o c k  diagram of  
bedrock s t r u c t u r e  b e n e a t h  p a r t  o f  Grass V a l l e y  
i n f e r r e d  from g r a v i t y  and  s e i s m i c  r e f l e c t i o n  
d a t a .  

I n  summary, t h e  d e t a i l e d  seismic r e f l e c t i o n  
cove rage  i n  Grass V a l l e y  i n d i c a t e  complex 
i n t e r n a l  s t r u c t u r e  ( F i g u r e  11). T h e  o v e r a l l  
s t r u c t u r e  i n  t h e  d e e p e r  p a r t s  of  t h e  v a l l e y  ( s e e n  
most c l e a r l y  on  L i n e  2 )  a 'ppears  t o  b e  t h a t  of  a n  
a symmet r i ca l  s a g .  The ma jo r  f a u l t  zone l i e s  on 
t h e  e a s t  s i d e  of t h e  b a s i n  a l t h o u g h  t h e r e  does  
appea r  t o  be minor f a u l t i n g  on t h e  west s i d e  of 
t h e  b a s i n .  G e n t l y  westward d i p p i n g  sub-bas in  
r e f l e c t o r s  on L i n e  3 ,  i f  viewed independen t  of  
t h e  o t h e r  l i n e s ,  c o u l d  b e  i n t e r p r e t e d  as  
r e f l e c t i o n s  o f f  a ser ies  of  low angl-e f a u l t s .  
Based o n  s i m i l a r ,  b u t  h o r i z o n t a l ,  r e f l e c t i o n s  
s e e n  i n  t h e  bedrock b e n e a t h  t h e  b a s i n  o n  L ine  2 ,  
t h e s e  r e f l e c t o r s  are  t h o u g h t  t o  o r i g i n a t e  i n  
bedrock s t r u c t u r e s  u n r e l a t e d  t o  t h e  main r ange  
f r o n t  f a u l t .  A r e l a t i v e l y  s t e e p ,  p l a n a r  
west-dipping f a u l t  zone d e c r e a s i n g  i n  
d i sp l acemen t  t o  t h e  s o u t h  toward L ine  4 i s  t h e  
f avored  i n t e r p r e t a t i o n  o f  t h e  m a s t e r  f a u l t  
bounding t h e  b a s i n .  

ADD~TIONA~ GEOPHYSICAL CONSTRAINTS ON THE SYTLE 
OF BASIN-RANGE FAULTING 

S e i s m i c i t y  s t u d i e s  p r o v i d e  i n f o r m a t i o n  on  
c u r r e n t l y  a c t i v e  b r i t t l e  d e f o r m a t i o n  i n  t h e  upper  
c r u s t .  S e v e r a l  r e g i o n a l  c h a r a c t e r i s t i c s  of  
e x t e n s i o n a l  d e f o r m a t i o n  i n  t h e  G r e a t  Bas in  have 
emerged a s  a r e s u l t  of s u c h  s t u d i e s :  ( 1 )  b r i t t l e  
de fo rma t ion  i s  l a r g e l y  l i m i t e d  t o  t h e  upper  1 5  km 
of c r u s t ;  a summary of e a r t h q u a k e  f o c a l  d e p t h s  by 
Eaton (1980) i n d i c a t e d  t h a t  a b o u t  80% of t h e  
e v e n t s  occur  a t  d e p t h s  o f  10  km o r  less ,  ( 2 )  
f o c a l  mechanisms i n d i c a t e  t h a t  s l i p  i s  o c c u r r i n g  
on  r e l a t i v e l y  h i g h  a n g l e  p l a n e s  (1 30"; c . f . ,  
Arabasz 1981; Vetter and K y a l l ,  1983 and Zoback, 
1983) ,  s l i p  on t h e  low-angle f a u l t  p l a n e s  such  as  
t h e  S e v i e r  Desert de tachmen t  may be l a r g e l y  
a s e i s m i c  (Smith,  1981), ( 3 )  i n  b o t h  r e g i o n a l  and  
d e t a i l e d  l o c a l  e a r t h q u a k e  s t u d i e s  t h e r e  i s  

g e n e r a l l y  a v e r y  poor c o r r e l a t i o n  between 
e a r t h q u a k e  hypocen te r s  and t h e  l i k e l y  downward 
p r o j e c t i o n  of  mapped s u r f a c e  f a u l t s  ( c . f . ,  
Arabasz and o t h e r s ,  1980 and 1981). T h i s  t h i r d  
p o i n t ,  t o g e t h e r  w i t h  s t u d i e s  o f  f a u l t  s c a r p s  
formed i n  t h e  M = 7.8,  1915 P l e a s a n t  V a l l e y  
ea r thquake ,  l e a d  Wallace (1979, 1980b) ,  t o  
s u g g e s t  t h a t  upper  c r u s t a l  e x t e n s i o n  may i n  l a r g e  
p a r t  be c o n t r o l l e d  by l o c a l i z e d  deep  z o n e s  of 
e x t e n s i o n  n o t  n e c e s s a r i l y  r e l a t e d  t o  t h e  s u r f a c e  
p a t t e r n  of B a s i n  and Range b l o c k s .  Some of t h e  
m i c r o s e i s m i c i t y  may a l s o  be r e l a t e d  t o  minor 
i n t r a b l o c k  de fo rma t ion .  

r e f l e c t i o n  p r o f i l e s  a c r o s s  s e v e r a l  s egmen t s  of  
t h e  Wasatch f a u l t  zone. The d a t a  were 
i n t e r p r e t e d  as  i n d i c a t i n g  t h a t  some o f  t h e  main 
basin-bounding f a u l t s  a l o n g  t h e  Wasatch f a u l t  
zone a r e  s h a r p l y  l i s t r i c ,  becoming h o r i z o n t a l  a t  
d e p t h s  of o n l y  3-4 km. Ear thquake  f o c a l  d e p t h  
s t u d i e s  i n  a 100  km wide zone c e n t e r e d  a l o n g  t h e  
Wasatch f a u l t  zone i n d i c a t e  t h a t  most e v e n t s  
o c c u r  a t  d e p t h s  of  less t h a n  10 km; however,  63% 
of  t h e  e v e n t s  o c c u r r e d  a t  d e p t h s  g r e a t e r  t h a n  4 
km below t h e  s u r f a c e  (Arabasz and o t h e r s ,  1980) .  
Most of t h e  e v e n t s  however, c a n n o t  be  p l aced  
d i r e c t l y  on t h e  Wasatch f a u l t  zone.  Many occur  
n e a r  t h e  i n t e r s e c t i o n  of t h e  Wasatch f a u l t  and 
t r a n s v e r s e  s t r u c t u r a l  zones t h a t  o f t e n  d e l i m i t  
d i s t i n c t  s t r u c t u r a l  b a s i n s  a l o n g  t h e  Wasatch 
f a u l t  (Zoback, 1983) .  An a n a l y s i s  of  n o d a l  p l a n e  
d i p s  f o r  t h e  l a r g e r  of  t h e s e  e v e n t s  i n d i c a t e  s l i p  
on h igh -ang le  p l a n e s  (2_30",  w i t h  mean and median 
v a l u e s  of 49"-54"; Zoback, 1983) .  

Cape and o t h e r s  (1983) proposed a model t o  
e x p l a i n  t h e  d i s p a r i t y  between e a r t h q u a k e  f o c a l  
d e p t h  s t u d i e s  and t h e  s h a l l o w  f a u l t  s t r u c t u r e  
de t e rmined  from seismic r e f l e c t i o n  d a t a .  T h e i r  
model ( F i g u r e  1 2 )  i n v o l v e s  two t i e r s  of  f a u l t i n g  
w i t h i n  t h e  upper  c r u s t ,  above and  below a major 
detachment f a u l t  a t  a d e p t h  of  4-5 km, 
i n t e r p r e t e d  on  t h e  COCORP Rio Grande r i f t  
p r o f i l e .  T h i s  detachment  f a u l t  w a s  i n f e r r e d ,  o n  
t h e  b a s i s  of s e i s m i c  r e f l e c t i o n  and g r a v i t y  d a t a ,  
t o  o c c u r  n e a r  t h e  t o p  of t h e  P recambr ian  
c r y s t a l l i n e  basement.  T h i s  t i e r e d  f a u l t  model 
has  f a u l t i n g  and i n t r u s i o n  i n  t h e  l a y e r  benea th  
t h e  detachment  and may e x p l a i n  t h e  broad f o c a l  
d e p t h  d i s t r i b u t i o n  ( g e n e r a l l y  0-15 km) i n  a r e a s  
where sha l low detachments  have been r e c o g n i z e d ,  

Smith (1983) r e c e n t l y  p r e s e n t e d  s e i s m i c  

F i g u r e  12.  Proposed c r u s t a l  model f o r  
e x t e n s i o n  i n  t h e  R io  Grande R i f t .  
i n t r u s i o n  and normal f a u l t i n g  above and below a 
s h a l l o w  ( <  5 km) detachment  f a u l t  ( f rom Cape a n d  
o t h e r s ,  1983) .  

Note d e e p  
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GEOTHERMAL IMPLICATIONS 

The seismic r e f l e c t i o n  d a t a  i n d i c a t e  t h e  
p r e s e n c e  i n  some areas of  t h e  n o r t h e r n  Bas in  and 
Range P rov ince  o f  predominant ly  p l a n a r  and  
l i s t r i c  mas te r  basin-bounding f a u l t s  t h a t  
p e n e t r a t e  t o  d e p t h s  of  8 t o  g r e a t e r  t h a n  1 2  km i n  
t h e  uppe r  c r u s t .  The commonly obse rved  asymmetry 
i n  o v e r a l l  b a s i n  c r o s s - s e c t i o n a l  geometry  a s  w e l l  
a s  t h e  r e g i o n a l  p a t t e r n  o f  t i l t e d  r a n g e  b locks  
( S t e w a r t ,  1980)  i n d i c a t e s  t h a t  many b a s i n s  a r e  
bounded o n l y  o n  one s i d e  by a d e e p l y - p e n e t r a t i n g  
master f a u l t  system. These master f a u l t s  are  
c l e a r l y  a c r i t i c a l  component of geo the rma l  
c o n v e c t i v e  sys tems i n  t h e  Grea t  B a s i n  r e g i o n  a s  
ev idenced  by t h e  common o c c u r r e n c e  of  most modern 
geo the rma l  sys tems a long  range-bounding f a u l t  
zones .  The b a s i n  margin  bounded by t h e  m a s t e r  
f a u l t  zone c a n  g e n e r a l l y  b e  p r e d i c t e d  from t h e  
o v e r a l l  t i l t  o f  t h e  su r round ing  r a n g e s .  

C r o s s - f a u l t  s t r u c t u r e s  benea th  t h e  b a s i n s  ( a s  
shown i n  F i g u r e  4 b )  may p l a y  a n  i m p o r t a n t  r o l e  i n  
l o c a l i z i n g  a geothermal  sys tem a l o n g  a master 
f a u l t  zone. Geothermal a c t i v i t y  a t  Beowawe, 
n o r t h - c e n t r a l  Nevada ( s e e  F i g u r e  2 f o r  l o c a t i o n ) ,  
may be l a r g e l y  c o n t r o l l e d  by c r o s s - f a u l t  
s t r u c t u r e s  (Zoback, 1979) .  

A compar ison  o f  Qua te rna ry  f a u l t  s c a r p s ,  
s u r f a c e  h e a t  f l ow,  and t h e  d i s t r i b u t i o n  of  known 
geo the rma l  sys tems w i t h  r e s e r v o i r  t empera tu res  
g r e a t e r  t h a n  90°C ( F i g u r e  1 3 )  i n  t h e  Great Bas in  
i n d i c a t e s  a d i r e c t  c o r r e l a t i o n ,  a t t e s t i n g  t o  t h e  
c r i t i c a l  r o l e  t h a t  f a u l t i n g  p l a y s  i n  t h e  
development and main tenance  of t h e  geo the rma l  
sys t ems  p a r t i c u l a r l y  i n  r e g i o n s  of  above  a v e r a g e  
h e a t  f low.  Al though t h e  f a u l t  map d o e s  n o t  
r e p r e s e n t  un i form province-wide cove rage ,  t h e  
g e n e r a l  d i s t r i b u t i o n  p a t t e r n  of  f a u l t i n g  i s  
p robab ly  c o r r e c t .  High l e v e l s  of  f a u l t i n g  occur  
i n  w e s t e r n  Nevada and a l o n g  a N-S b e l t  i n  c e n t r a l  
Utah. 
compare w e l l  w i t h  t h e  d i s t r i b u t i o n  of modern 
s e i s m i c i t y  i n  t h e  p rov ince  ( c . f . ,  Smi th  1Y78). 
I n  f a c t ,  s e i s m i c i t y  and geo log ica l ly -de te rmined  
moment ra tes  f o r  t h e s e  areas a l s o  compare q u i t e  
wel l  (Smi th  and Bauer,  1983) .  Thus ,  t h e  
o b s e r v a t i o n  t h a t  major geo the rma l  areas t e n d  t o  
occur  i n  zones  o f  Qua te rna ry  f a u l t i n g ,  (which  are 
a l s o  s e i s m i c a l l y  a c t i v e  today)  s u g g e s t  t h a t  t h e  
f a u l t / f r a c t u r e  p r e m e a b i l i t y ,  s o  impor t an t  t o  t h e  
n o r t h e r n  Bas in  and Range geo the rma l  sys t ems ,  i s  
p robab ly  ma in ta ined  by s e i s m i c i t y  which 
c o u n t e r a c t s  t h e  geochemica l  s e l f - s e a l i n g  n a t u r e  
o f  t h e s e  sys tems.  

The occur rence  of geo the rma l  sys t ems  w i t h  
r e s e r v o i r  t empera tu res  g r e a t e r  t h a n  90°C i s  
d e n s e s t  i n  wes te rn  Nevada, e s p e c i a l l y  f o r  t h e  
h o t t e s t  sys t ems  ( r e s e r v o i r  t e m p e r a t u r e s  >15OoC). 
S i g n i f i c a n t l y ,  many of t h e  h o t t e s t  geo the rma l  
sys t ems  occur  w i t h i n  t h e  r e g i o n s  o f  h i g h e s t  h e a t  
f l o w ,  p a r t i c u l a r l y  t h e  Ba t t l e  Mountain h i g h  
r e g i o n  o f  n o r t h e r n  Nevada ( S a s s  and  o t h e r s ,  lY71; 
S a s s  and  o t h e r s ,  1981) where h e a t  f l o w  v a l u e s  are  
approx ima te ly  doub le  t h e  c o n t i n e n t a l  mean. The 
a v a i l a b l e  seismic r e f l e c t i o n  d a t a  i n  t h i s  r e g i o n  
s u g g e s t  s a g - l i k e  b a s i n s  which w e  have  i n t e r p r e t e d  
as  be ing  bounded by r e l a t i v e l y  s t e e p ,  d e e p l y  

These  zones  of  dense  Qua te rna ry  f a u l t i n g  

F i g u r e  13. Geothermal sys t ems  w i t h  r e s e r v o i r  
t e m p e r a t u r e s  > Y0"C ( M u f f l e r ,  1979)  super imposed  
on  a map o f  Quaternary  f a u l t i n g  i n  t h e  Great 
Bas in  (Nakata  and o t h e r s ,  1Y83) and r e g i o n s  of 
h i g h  h e a t  f l ow (shaded  r e g i o n s  h e a t  f l ow 2 2 . 5  
HFU, 104  mW/M2, S a s s  and o t h e r s ,  1981) .  
Circles i n d i c a t e  sys tems w i t h  r e s e r v o i r  
t e m p e r a t u r e s  between 90"-150°C; t r i a n g l e s  
i n d i c a t e  sys t ems  wi th  r e s e r v o i r  t e m p e r a t u r e s  
g r e a t e r  t h a n  150°C. 

p e n e t r a t i n g  master f a u l t  zones .  A s  ment ioned  
above ,  t h e  h i g h  l e v e l  o f  s e i s m i c i t y  and 
Qua te rna ry  f a u l t i n g  i n  t h i s  a r e a  a re  p robab ly  a 
major  c o n t r i b u t i n g  f a c t o r  i n  t h e  deve lopment  and 
main tenance  o f  f r a c t u r e  p e r m e a b i l i t y  a l l o w i n g  t h e  
deep  c i r c u l a t i o n  of m e t e o r i c  water i n  t h e s e  
sys tems.  There  remains  a s e r i o u s  problem however 
w i t h  invok ing  conduc t ive  h e a t i n g  o f  d e e p l y  
c i r c u l a t i n g  m e t e o r i c  water a s  t h e  pr imary  h e a t  
s o u r c e  f o r  many of  t h e  long- l ived  G r e a t  B a s i n  
hot-water geo the rma l  sys tems.  I t  seems u n l i k e l y  
t h a t  f r a c t u r e  p o r o s i t y  cou ld  be g r e a t  enough t o  
supp ly  enough hea ted  s u r f a c e  a r e a  t o  m a i n t a i n  
geo the rma l  sys tems f o r  s e v e r a l  hundred thousand 
y e a r s .  Zoback (1979)  e s t i m a t e d  a n  a g e  of  200,000 
y e a r s  f o r  t h e  Beowawe, n o r t h - c e n t r a l  Nevada 
geo the rma l  sys tem (See  F i g u r e  2 f o r  l o c a t i o n ) .  

Desert r e g i o n  of  c e n t r a l  Utah  ( F i g u r e  13)  are 
l o c a t e d  i n  o r  n e a r  zones  of  l a t e  Q u a t e r n a r y  
b a s a l t  and  r h y o l i t e  vo lcan i sm and Q u a t e r n a r y  
f a u l t i n g .  S t ron t ium i s o t o p e s  i n d i c a t e  t h a t  t h e  
b a s a l t s  have a man t l e  s o u r c e  (Hoover ,  1974) .  The 
zone o f  Qua te rna ry  f a u l t i n g  and  vo lcan i sm i n  t h e  
Black  Rock Desert l i e  a l o n g  a b u r i e d  major  normal 
f a u l t  zone t h a t  c a n  be i n f e r r e d  f rom g r a v i t y  d a t a  
( F i g u r e  1 4 ) .  T h i s  l o c a l i z e d  zone o f  t e c t o n i s m  
o c c u r s  above  t h e  S e v i e r  Desert de tachment  f a u l t  
i n  a n  area where t h e  de tachment  i s  a t  a d e p t h  o f  
less t h a n  3 km (McDonald, 1Y76) ,  a n d  must 
r e p r e s e n t  a ma jo r  b r e a k  i n  t h e  o t h e r w i s e  l a r g e l y  
c o n t i n u o u s  de tachment  f a u l t .  The magmatic, 

The geo the rma l  sys tems i n  t h e  B lack  Rock 
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F i g u r e  1 4 .  Complete Bouguer g r a v i t y  map of t h e  Black Rock Desert area of  
c e n t r a l  Utah.  The pronounced n o r t h - s o u t h  g r a v i t y  low n e a r  t h e  c e n t e r  of t h e  
map i n d i c a t e s  the  p r e s e n c e  of  an i n t r a b a s i n  g r a b e n .  The g r a d i e n t s  on e i t h e r  
s i d e  of t h e  low d e f i n e  t h e  graben-bounding f a u l t  zones .  S i t e s  of  pr imary  
b a s a l t i c  vo lcanism are p a t t e r n e d ;  Q u a t e r n a r y  f a u l t s  are a p p r o x i m a t e l y  l o c a t e d  
by heavy l i n e s ,  and g r a v i t y  s t a t i o n s  are i n d i c a t e d  by c r o s s e s .  
g r a v i t y  d a t a  are U .  S. G e o l o g i c a l  Survey  g r a v i t y  f i l e s  and Serpa  and  Cook 
(1980). 
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F i g u r e  15.  D i a g r a m a t i c  c r o s s  s e c t i o n  showing t h r e e  modes of b a s i n  f o r m a t i o n  

and normal  f a u l t i n g  t h a t  may e x i s t  i n  t h e  Great B a s i n  t o g e t h e r  w i t h  p o s s i b l e  
lower  c r u s t a l  s t y l e s  of  e x t e n s i o n .  Major  s t r u c t u r e s  r e l a t e d  t o  geothermal  
s y s t e m s  are i n d i c a t e d .  
Modif ied  from Anderson and o t h e r s  (1983) .  

S t i p p l e  p a t t e r n  i n d i c a t e s  b a s i n  f i l l  sed iments .  

g e o t h e r m a l ,  and f a u l t i n g  a c t i v i t y  i n  t h i s  a r e a  
are  no doubt  g e n e t i c a l l y  l i n k e d .  
i n d i c a t e  a l o c a l i z e d  zone of l o w e r ( ? )  c r u s t  
e x t e n s i o n  which i s  l a r g e l y  u n r e l a t e d  t o  t h e  
o v e r a l l  p a t t e r n  of  e x t e n s i o n  t i e d  t o  t h e  S e v i e r  
Desert detachment .  

r e f l e c t i o n  p r o f i l i n g )  have i n d i c a t e d  s h a l l o w  
low-angle  detachment  f a u l t s  in o t h e r  geothermal  
a r e a s .  I n  t h e  R o o s e v e l t  Hot S p r i n g s  a r e a ,  Utah 
( l o c a t e d  less t h a n  50 km s o u t h w e s t  of t h e  Black  
Rock Desert r e g i o n )  t h e  g e o t h e r m a l  r e s e r v o i r  i s  
formed by a complex sys tem of f a u l t s  and  j o i n t s  
i n  Precambr ian  and T e r t i a r y  c r y s t a l l i n e  r o c k s .  A 
major  component of  t h i s  f r a c t u r e  sys tem i s  a v e r y  
s h a l l o w  low-angle detachment  f a u l t  ( a t  a d e p t h  of 
less t h a n  one km, Bruhn and o t h e r s ,  1982) .  The 
u l t i m a t e  s o u r c e  of  h e a t  f o r  t h i s  sys tem i s  
b e l i e v e d  t o  be a n  i g n e o u s  i n t r u s i o n  r e l a t e d  t o  
young ( l e s s  t h a n  a b o u t  0.6 myBP) r h y o l i t i c  
vo lcanism (Ward and o t h e r s ,  1978;  Robinson and  
I y e r ,  1981) .  

r e s e r v o i r  i n  t h e  R a f t  Kiver  V a l l e y  i s  a h i g h l y  
f r a c t u r e d  zone n e a r  t h e  b a s e  of t h e  Cenozoic  
b a s i n  f i l l  (Mabey and o t h e r s ,  1978) .  Mabey and 
o t h e r s  (1978)  s p e c u l a t e d  t h a t  t h e  g e o t h e r m a l  
waters encountered  i n  t h e  r e s e r v o i r  were 
c o n d u c t i v e l y  h e a t e d  by c i r c u l a t i o n  t o  d e p t h s  of  3 
t o  6 km. A s  t h e  r e s e r v o i r  i s  l o c a t e d  i n  t h e  
b a s i n  f i l l  s e c t i o n ,  above t h e  i n f e r r e d  detachment  
f a u l t  a t  t h e  t h e  b a s e  of b a s i n  f i l l  a t  a d e p t h  
less  t h a n  2 km, i t  a p p e a r s  t h a t  t h e r e  must be 
major  v e r t i c a l  f l o w  o f  g e o t h e r m a l  water  a c r o s s  
t h e  detachment  f a u l t  imply ing  some s o r t  of 
s t r u c t u r a l  b reak  a c r o s s  t h e  de tachment .  

upper  c r u s t  e x t e n s i o n  a l s o  h a s  geothermal  
i m p l i c a t i o n s .  Thermo-mechanical model l ing  o f  
Lachenbruch and S a s s  (1978)  demonst ra ted  t h a t  t h e  
observed  h e a t  f l u x  and  e x t e n s i o n  rates i n  t h e  
G r e a t  B a s i n  a r e  c o n s i s t e n t  w i t h  e i t h e r  s t r e t c h i n g  
o r  i n t r u s i v e  d i l a t i o n  of  t h e  lower  c r u s t .  
L o c a l i z e d  i n t r u s i o n  b e n e a t h  b a s i n s  t o  accomodate 
e x t e n s i o n  produced by i n t e r s e c t i n g ,  a p p r o x i m a t e l y  
p l a n a r  g r a b e n  f a u l t s  c o u l d  p r o v i d e  a method of 

They p r o b a b l y  

Geophys ica l  i n v e s t i g a t i o n s  ( p r i m a r i l y  s e i s m i c  

D r i l l i n g  h a s  v e r i f i e d  t h a t  t h e  geothermal  

The s t y l e  of  deep  accomodat ion f o r  b r i t t l e ,  
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e l e v a t i n g  geotherms t o  s t r u c t u r a l  l e v e l s  where 
t h e y  c a n  be reached  by c i r c u l a t i n g  groundwater .  
Obvious ly ,  i n t r u s i o n  a l o n g  t h e  d e e p e r  p o r t i o n s  of  
major  basin-bounding f a u l t s ,  i f  common, c o u l d  
r e s u l t  in a s i g n i f i c a n t  geothermal  p o t e n t i a l  a t  
s h a l l o w  d e p t h  throughout  t h e  r e g i o n .  The 
r e l a t i v e l y  s m a l l  volumes of young ( l e s s  t h a n  6 my 
BP; c f .  S t e w a r t  and C a r l s o n ,  1976)  v o l c a n i s m  i n  
t h e  i n t e r i o r  of t h e  Great B a s i n  have been c i t e d  
a s  e v i d e n c e  a g a i n s t  t h e  widespread  a p p l i c a b i l i t y  
o f  i n t r u s i o n  i n t o  basin-bounding f a u l t s .  
Anderson and o t h e r s  (1983)  p r e s e n t e d  a d d i t i o n a l  
arguments  s u g g e s t i n g  t h a t  w h i l e  i n t r u s i o n  benea th  
b a s i n s  may e x i s t  l o c a l l y ,  i t  p r o b a b l y  i s n ‘ t  a 
province-wide phenomena. 

SUMMARY 

On t h e  b a s i s  of  a v a i l a b l e  seismic r e f l e c t i o n  
d a t a ,  t h r e e  main modes of  normal  f a u l t i n g  and  
b a s i n  development can  be d e f i n e d  f o r  t h e  G r e a t  
Bas in  r e g i o n .  F i g u r e  1 5  summarizes  b a s i n  
s t r u c t u r e  and f a u l t  s t y l e  f o r  e a c h  mode a l o n g  
w i t h  s a l i e n t  f e a t u r e s  p o s s i b l y  r e l a t e d  t o  
geothermal  p o t e n t i a l .  
e x t e n s i o n  are a l s o  shown. F a u l t s  i n  b a s i n s  
formed by e a c h  mode a r e  known t o  be a c t i v e  as  
ev idenced  by h i s t o r i c ,  Holocene o r  l a t e s t  
P l e i s t o c e n e  s u r f a c e  r u p t u r e  (Anderson and o t h e r s ,  
1983) .  

r e s o u r c e  t y p e  i n  t h e  G r e a t  B a s i n  p r o v i n c e  i s  a 
c o n v e c t i v e  sys tem i n  which c o l d  m e t e o r i c  water 
decends  a l o n g  f a u l t s  and f r a c t u r e s  i n  a n  a r e a  of  
h i g h  t h e r m a l  g r a d i e n t ,  i s  h e a t e d ,  and  c o n v e c t s  
upward through o t h e r  f a u l t s  and  f r a c t u r e s .  From 
t h e  v iewpoin t  of r e s o u r c e  p o t e n t i a l ,  i t  i s  
c r i t i c a l  t o  i d e n t i f y  t h e  m a s t e r  f a u l t  zones ,  
which p e n e t r a t e  d e e p l y  and c o n t r o l  c i r c u l a t i o n .  
The d i s t r i b u t e d  zones  of s y n t h e t i c  a n d  a n t i t h e t i c  
minor  f a u l t i n g  shown i n  modes A and  B probably  
o n l y  modify o r  c o m p l i c a t e  t h e  p i c t u r e .  The c l o s e  
a s s o c i a t i o n  i n  w e s t e r n  Nevada of  b e l t s  of major  

Lower c r u s t a l  s t y l e s  of  

P o t e n t i a l l y  t h e  most i m p o r t a n t  g e o t h e r m a l  
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g e o t h e r m a l  s y s t e m s ,  h i g h  h e a t  f l o w ,  d e n s e  
Q u a t e r n a r y  f a u l t i n g ,  and s e i s m i c i t y  i n d i c a t e  t h e  
c r i t i c a l  r o l e  t h a t  a c t i v e  f a u l t i n g  and  f r a c t u r i n g  
p l a y  i n  t h e  development  and main tenance  o f  
c o n v e c t i v e  g e o t h e r m a l  sys tems.  Q u a t e r n a r y  
f a u l t i n g  i s  a l s o  p r e v a l e n t  i n  t h e  c e n t r a l  Utah 
g e o t h e r m a l  sys tems;  however, i n  c o n t r a s t  t o  
w e s t e r n  Nevada, most of t h e  Utah g e o t h e r m a l  a r e a s  
are r e l a t e d  t o  l a t e  Q u a t e r n a r y  v o l c a n i c  f e a t u r e s .  

and f r a c t u r e s  r e l a t e d  t o  t h e s e  f a u l t s  are  
i m p o r t a n t  s t r u c t u r a l  f e a t u r e s  of  many of t h e  Utah  
g e o t h e r m a l  a r e a s .  Both  g e o t h e r m a l  water and 
magma t r a n s p o r t  a c r o s s  t h e s e  s h a l l o w l y -  d i p p i n g  
de tachments  imply some s t r u c t u r a l  c o n t i n u i t y  
between t h e  upper  a n d  lower p l a t e s .  
detachment  f a u l t s  do  n o t  appear  t o  a c t  a s  any 
s o r t  o f  seal f o r  t h e  g e o t h e r m a l  s y s t e m s  and  
be broken  i n  p l a c e s .  The p o s s i b l e  r o l e  of  
de tachment  f a u l t s  i n  p r o v i d i n g  s i g n i f i c a n t  
l a te ra l  p e r m e a b i l i t y  remains  t o  b e  i n v e s t i g a t e d .  

Low-angle normal  f a u l t s  (de tachment  f a u l t s )  

The 

must  

ACKNOWLEDCXMENTS 

D i s c u s s i o n s  w i t h  J .  H. S t e w a r t  on  t h e  n a t u r e  
o f  bas in- range  f a u l t i n g  ( a s  w e l l  as h i s  rev iew of 
t h i s  m a n u s c r i p t )  were i n s t r u m e n t a l  i n  f o r m u l a t i n g  
some of  t h e  i d e a s  p r e s e n t e d  h e r e  and are  g r e a t l y  
a p p r e c i a t e d ,  as a r e  t h e  numerous f i g u r e s  which h e  
provided .  S p e c i a l  t h a n k s  t o  D.  A. Okaya and H. 
M. I y e r  f o r  h e l p f u l  r e v i e w s  of ea r l ie r  v e r s i o n s  
of  t h e  m a n u s c r i p t  a n d  t o  H .  A. Ackermann f o r  
p r o v i d i n g  t h e  seismic r e f l e c t i o n  d a t a  f rom R a f t  
R i v e r  V a l l e y ,  Idaho.  

Large  s i z e  p a p e r  c o p i e s  of  t h e  Grass V a l l e y  
seismic r e f l e c t i o n  d a t a  a r e  a v a i l a b l e  ( f o r  a 
minor  r e p r o d u c t i o n  c h a r g e )  t h r o u g h  t h e  U n i v e r s i t y  
of  Utah Research  I n s t i t u t e ,  420 C h i p e t a  Way, S a l t  
Lake C i t y ,  Utah,  f i l e  number NV/LCH/AMN-6. 

REFERENCES 

Ackermann, H. D . ,  1979 ,  S e i s m i c  r e f r a c t i o n  
s t u d y  of t h e  R a f t  R i v e r  g e o t h e r m a l  area,  
Idaho:  Geophys ics ,  v .  44,  p .  216-225. 

Allmendinger ,  K, W . ,  Sharp ,  J .  W . ,  Von T i s h ,  D . ,  
S e r p a ,  L . ,  Brown, L . ,  Kaufman, S . ,  O l i v e r ,  
J . ,  and Smi th ,  R. B . ,  1983,  
Mesozoic s t r u c t u r e  of  t h e  e a s t e r n  B a s i n  and  
Range, COCORP seismic r e f l e c t i o n  d a t a :  
Geology, ( i n  p r e s s ) .  

Anderson,  R. E . ,  Zoback, M. L . ,  and  Thompson, 
G . ,  1983,  I m p l i c a t i o n s  of  s e l e c t e d  
s u b s u r f a c e  d a t a  on t h e  s t r u c t u r a l  form a n d  
e v o l u t i o n  o f  some b a s i n s  i n  t h e  n o r t h e r n  
Bas in  and Range p r o v i n c e :  Geol .  SOC. America 
B u l l . ,  ( i n  p r e s s ) .  

Arabasz ,  W .  J . ,  1981,  S e i s m i c i t y  and l i s t r i c  
f a u l t i n g  i n  c e n t r a l  and southwes t  Utah:  EOS, 
(Trans .  A m e r .  Geophys. Union) ,  v. 6 2 ,  p. 
960-961. 

Cenozoic  and 

Arabasz ,  W. J . ,  R i c h i n s ,  W ,  D . ,  and  Langer ,  C. 
J., 1981,  The P o c a t e l l o  V a l l e y  (Idaho-Utah 
b o r d e r )  e a r t h q u a k e  sequence  of  March t o  A p r i l  
1975: S e i s .  SOC. America B u l l . ,  v .  71,  p. 
803-826. 

Arabasz ,  W. J. ,  Smith,  R. B.,  and  R i c h i n s ,  W .  
D. ,  1980,  Ear thquake  s t u d i e s  a l o n g  t h e  
Wasatch f r o n t ,  Utah: Network m o n i t o r i n g ,  
s e i s m i c i t y ,  and seismic h a z a r d s :  S e i s .  SOC. 
America B u l l . ,  v. 7 0 ,  p. 1479-1500. 

Bruhn, R. L., Yusas ,  M.  R . ,  and H u e r t a s ,  F. ,  
1982, Mechanics of low-angle normal  
f a u l t i n g :  a n  example from R o o s e v e l t  Hot 
S p r i n g s  geothermal  a r e a ,  Utah:  
Tec tonophys ics ,  v. 8 6 ,  p. 343-361. 

Cape, C .  D . ,  McGeary, S., Bracken ,  R. E . ,  
Gagnon, L. D . ,  and Thompson, G.  A . ,  1953,  
Cenozoic  normal f a u l t i n g  and  t h e  s h a l l o w  
s t r u c t u r e  of  t h e  Rio  Grande R i f t  n e a r  
S o c o r r o ,  New Mexico: Geol .  SOC. America 
B u l l . ,  V.  94,  p. 3-14. 

C l o o s ,  E . ,  1968,  Exper imenta l  a n a l y s i s  of  Gulf 
Coas t  f r a c t u r e  p a t t e r n s :  Amer. Assoc.  of 
P e t r o l .  Geol .  B u l l . ,  p. 420-444. 

t h e  R a f t  R i v e r  geothermal  a r e a ,  Idaho:  
Geothermal  Resources  C o u n c i l ,  T r a n s . ,  v .  4 ,  
p .  113-115. 

Covington,  H. R , ,  1983, S t r u c t u r a l  e v o l u t i o n  of  
t h e  R a f t  R i v e r  B a s i n ,  Idaho:  Geol .  SOC, 
America Memoir 157 ,  p .  229-237. 

c h a r a c t e r i s t i c s  of t h e  c r u s t  i n  t h e  Bas in  a n d  
Range p r o v i n c e  : & Burchf i e l ,  B .  C. , O l i v e r ,  
J. E . ,  and S i l v e r ,  L. T . ,  e d s . ,  C o n t i n e n t a l  
T e c t o n i c s :  N a t i o n a l  Research  C o u n c i l ,  
Washington,  D.C., p .  96-110. 

E a t o n ,  G .  P. ,  1982,  The Bas in  and Range 
p r o v i n c e ,  o r i g i n  and  t e c t o n i c  s i g n i f i c a n c e :  
Ann, Rev. E a r t h  P l a n e t .  S c i . ,  v .  10, p. 
4051-410. 

T e r t i a r y  s t r u c t u r a l  development  of s e i e c t e d  
v a l l e y s  based on s e i s m i c  d a t a ,  B a s i n  and 
Kange P r o v i n c e ,  n o r t h e a s t e r n  Nevada: 2 
Vine ,  F .  J . ,  and Smi th ,  A. G . ,  e d s . ,  
E x t e n s i o n a l  t e c t o n i c s  a s s o c i a t e d  w i t h  
convergent  p l a t e  b o u n d a r i e s :  P h i l .  Trans .  
Roy. SOC. London, A ,  v .  300 ,  p. 217-230. 

G o l d s t e i n ,  N .  E .  and P a u l s o n ,  B . ,  1978,  
I n t e r p r e t a t i o n  of g r a v i t y  s u r v e y s  i n  Grass  
and  Buena Vista V a l l e y s ,  Nevada: 
Geothermics ,  v .  7 ,  no. 1, p. 29-50. 

a n a l y s i s  o f  upper  p l a t e  f a u l t  p a t t e r n s  i n  t h e  
Whipple-Buckskin detachment  t e r r a n e ,  
C a l i f o r n i a  and Ar izona:  i n  F r o s t ,  E. G . ,  a n d  
M a r t i n ,  D. L . ,  e d s . ,  MesoKic-Cenozoic  
t e c t o n i c  e v o l u t i o n  o f  t h e  Colorado  River  
r e g i o n ,  C a l i f o r n i a ,  Ar izona ,  and  Nevada: 
C o r d i l l e r a n  P u b l i s h e r s ,  San Diego,  CA, p 
256-266. 

1981,  F a u l t  and j o i n t  geometry a t  R a f t  River  
g e o t h e r m a l  a r e a ,  Idaho:  Tech.  r e p o r t ,  
DOE/UGE c o n t r a c t  DOE-AC07-80ID12079, Univ. o f  
Utah ,  19  p. 

Covington,  H.  R . ,  lY80,  S u b s u r f a c e  g e o l o g y  of 

Ea ton ,  G. P. ,  1980,  Geophys ica l  and g e o l o g i c a l  

E f f i m o f f ,  I., and  P i n e z i c h ,  A .  R . ,  1981,  

G r o s s ,  W. W . ,  and Hi l lemeyer ,  F, L. ,  Geometr ic  

Guth,  L. R. ,  Bruhn, R ,  L., and Beck, S. L . ,  

379 



ZOBACK AND ANDERSON 

H a s t i n g s ,  D .  D . ,  1979 ,  R e s u l t s  of e x p l o r a t o r y  
d r i l l i n g  n o r t h e r n  F a l l o n  B a s i n ,  w e s t e r n  
Nevada: i n  Newman, G .  W . ,  and  Goode, H.  D . ,  
e d s . ,  1 9 7 F B a s i n  and Range symposium: Rocky 
Mountain Assoc. of G e o l o g i s t s  and Utah  Geol .  
ASSOC.,  p .  515-522. 

Hoover, J.  D . ,  1974 ,  P e r i o d i c  Q u a r t e r n a r y  
volcanism i n  t h e  Black  Rock Desert, Utah: 
Brigham Young Univ. Geol .  S t u d i e s ,  v .  2 1 ,  p .  
3-72. 

Models of a n  e x t e n d i n g  l i t h o s p h e r e  and h e a t  
f l o w  i n  t h e  Bas in  and Range P rov ince :  Geol .  
Soc.America Memoir 152, p. 209-250. 

and Wilson, C .  W . ,  1978 ,  Reconnaissance  
g e o p h y s i c a l  s t u d i e s  of  t h e  geo the rma l  sys tem 
i n  s o u t h e r n  R a f t  R ive r  V a l l e y ,  Idaho: 
Geopys ics ,  v .  43,  p .  1470-1484. 

Majer, E .  L., 1978,  S e i s m o l o g i c a l  i n v e s t i g a t i o n s  
i n  geo the rma l  r e g i o n s ;  Lawrence Berke ley  
Labora to ry  Repor t  LBL-7054, 225 p.  

McDonald, R.  E . ,  1976 ,  T e r t i a r y  t e c t o n i c s  and  
sed imen ta ry  rocks  a l o n g  t h e  t r a n s i t i o n :  
Bas in  and Range P rov ince  t o  P l a t e a u  and  
T h r u s t  Bel t  P rov ince ,  Utah:  i n  H i l l ,  J .  G . ,  
ed . , RMAG Symp. Geol.  C o r d i l l z a n  Hinge l ine :  
Rocky Mountain Assoc. Geo l . ,  p .  281-317. 

1983, The Snake Range Decol lement :  a n  exhumed 
mid -Ter t i a ry  d u c t i l e - b r i t t l e  t r a n s i t i o n :  
T e c t o n i c s ,  v .  2 ,  p. 239-263. 

Morton, W .  H . ,  and Black ,  R . ,  1975 ,  C r u s t a l  
a t t e n u a t i o n  i n  Afa r :  in P i l g e r ,  A . ,  and  
R o s s l e r ,  A . ,  e d s . ,  Afa r  Depres s ion  of  
E t h i o p i a :  Deutsche For schungsgemeinscha f t ,  
S t u t t g a r t ,  p .  55-65. 

M u f f l e r ,  L. J .  P. ,  e d . ,  1979,  Geothermal  ene rgy  
i n  t h e  wes te rn  Uni ted  S t a t e s ,  Map 1: 
Assessment of geo the rma l  r e s o u r c e s  of  t h e  
Uni ted  States--1978: U .  S.  Geo log ica l  Survey  
C i r c u l a r  790, 163  p .  

N . ,  1982, Qua te rna ry  f a u l t  map of t h e  Bas in  
and Range and Rio  Grande P r o v i n c e s ,  wes t e rn  
Un i t ed  S t a t e s :  U .  S .  G e o l o g i c a l  Survey  
Open-File Repor t  82-579. 

Geometry of Cenozoic e x t e n s i o n a l  f a u l t i n g ,  
D i x i e  Va l l ey ,  Nevada: T e c t o n i c s ,  i n  p r e s s .  

Robinson, R . ,  and I y e r ,  H .  M . ,  1981 ,  D e l i n e a t i o n  
of a low v e l o c i t y  body unde r  t h e  Rooseve l t  
Hot S p r i n g s  geothermal  a rea ,  Utah, u s i n g  
teleseismic P-wave d a t a :  Geophys ic s ,  v .  46 ,  
p. 1456-1466. 

S a s s ,  J .  H . ,  Lachenbruch, A. H . ,  Munroe, R.  J . ,  
Greene ,  G .  W . ,  and Moses, T. H . ,  Jr. ,  1971 ,  
Heat f low i n  t h e  w e s t e r n  Un i t ed  S t a t e s :  
J o u r .  of Geophys. Res., v .  76 ,  p. 6376-6413. 

S a s s ,  J .  H . ,  B lackwe l l ,  D. D . ,  Chapman, D.  S . ,  
C o s t a i n ,  J .  K. ,  Decker ,  E .  R . ,  L a m e r ,  L. A . ,  
and Swanberg, C. A . ,  1Y81, Heat Flow f rom t h e  
c r u s t  of t h e  Uni ted  S t a t e s ,  & T o u l o u k i a n ,  Y .  
S . ,  Judd ,  W .  R . ,  and Roy, R .  F . ,  e d s . ,  
P h y s i c a l  P r o p e r t i e s  of  Rocks and M i n e r a l s  : 
PlcGraw-Hill Book Co., p. 503-548. 

Lachenbruch ,  A.  H . ,  and S a s s ,  J.  H . ,  1978 ,  

Mabey, D.  R . ,  Hoover, D .  B . ,  O 'Donnel l ,  J .  E . ,  

Mi l le r ,  E .  L., Gans, P .  B . ,  and  Gar ing ,  J .  E . ,  

Nakata ,  J .  K . ,  Wentworth, C .  M . ,  Mache t t e ,  M. 

Okaya, D.  A . ,  and Thompson, G .  A . ,  1983 ,  

S e r p a ,  L. F . ,  and Cook, K .  L . ,  1980 ,  D e t a i l e d  
g r a v i t y  and a reomagne t i c  s u r v e y s  i n  t h e  Black  
Rock d e s e r t  area,  Utah: Dept.  of  Energy ,  
T o p i c a l  Repor t  IDO-78-1701.a.5.3, 
DOEIET28392-39, 210 p. 

Smi th ,  K .  B . ,  1978 ,  S e i s m i c i t y ,  c r u s t a l  
s t r u c t u r e ,  and i n t r a p l a t e  t e c t o n i c s  of  t h e  
i n t e r i o r  of t h e  wes te rn  C o r d i l l e r a :  
Smi th ,  R. B . ,  and  Ea ton ,  G .  I?., e d s . ,  
Cenozoic t e c t o n i c s  and r e g i o n a l  g e o p h y s i c s  of  
t h e  wes te rn  C o r d i l l e r a :  Geol .  S O C .  America 
Memoir 152 ,  p .  111-144. 

e a r t h q u a k e s ,  what ev idence?  : EOS, 
(T rans .  A m e r .  Geophys. Union) ,  v .  6 2 ,  p .  Y61. 

Smi th ,  K. B . ,  1983 ,  Cenozoic t e c t o n i c s  of the 
e a s t e r n  Basin-Range: l n f e r e n c e s  o n  t h e  o r i g i n  
and mechanism from seismic r e f l e c t i o n  and 
ea r thquake  d a t a :  Geol .  SOC. America, Abs. 
w i t h  Programs, v .  1 5 ,  
no. 5 ,  p.  287. 

Smi th ,  R.  B . ,  and Bauer ,  M.  S . ,  1983 ,  E la s t i c  
s t r a i n  release i n  The Basin-Range and 
s o u t h e r n  C a l i f o r n i a :  I n f e r e n c e s  from 
s e i s m i c i t y  and g e o l o g i c a l l y  d e r i v e d  moment 
ra tes :  Ear thquake  No tes ,  v .  5 4 ,  no .  1, 

Smi th ,  R .  B . ,  1981,  L i s t r i c  f a u l t s  and  

p. 45. 
S t e w a r t ,  J .  H . ,  1971,, Bas in  and Range 

s t r u c t u r e :  a sys tem of h o r s t s  and  
g r a b e n s  produced by deep-sea ted  e x t e n s i o n :  
Geol.  SOC. America B u l l . ,  v .  9 2 ,  p. 1019-1044. 

S t e w a r t ,  J. H . ,  1978,  Bas in  and  Range s t r u c t u r e  
i n  w e s t e r n  Nor th  America--A review:  i n  
Cenozoic  t e c t o n i c s  and r e g i o n a l  g e o p h G i c s  o f  
t h e  wes te rn  C o r d i l l e r a :  Geol.  SOC. America 
Memoir 152 ,  p .  1-31. 

S t e w a r t ,  J.  H . ,  1980 ,  Reg iona l  t i l t  p a t t e r n s  of  
l a t e  Cenozoic bas in- range  f a u l t  b l o c k s ,  
wes t e rn  Uni ted  S t a t e s :  Geol .  SOC. America 
B u l l e t i n ,  
V .  9 1 ,  p .  460-464. 

t e c t o n i c s  of  t h e  n o r t h e r n  Bas in  and Range 
P r o v i n c e ,  C a l i f o r n i a ,  Nevada, and  Utah:  
Geothermal Resources  Counc i l  T r a n s .  ( t h i s  
volume) 

Cenozoic r o c k s  of  Nevada: Nevada Bur. Mines 
and  Geology, Map 52 Vetter, U .  R . ,  and  R y a l l ,  
A. S . ,  1983,  Sys t ema t i c  change  o f  f o c a l  
mechanism w i t h  d e p t h  i n  w e s t e r n  Great Bas in :  
J o u r .  Geophys. Res., ( i n  p r e s s ) .  

Wallace, R .  E . ,  1979 ,  S t r a i n  p a t t e r n  r e p r e s e n t e d  
by s c a r p s  formed d u r i n g  t h e  e a r t h q u a k e s  of  
Oc tobe r  2 ,  1915,  P l e a s a n t  V a l l e y ,  Nevada: 
Tec tonophys ic s ,  v .  52,  p. 599. 

Wallace, R.  E . ,  1980a ,  Map of  f a u l t  s c a r p s  
formed d u r i n g  ea r thquake  of  Oc tobe r  2 ,  1915,  
P l e a s a n t  V a l l e y ,  Nevada and  o t h e r  young f a u l t  
s c a r p s ;  U .  S .  Geo log ica l  Survey Open F i l e  
Rept .  of 80-608. , 

s e i s m i c i t y ,  n o r t h e r n  Nevada: Ea r thquake  
Notes ,  v. 50, no. 4 ,  p. 67-68. 

S t e w a r t ,  J .  H . ,  1983 ,  Cenozoic s t r u c t u r e  and  

S t e w a r t ,  J .  H . ,  and C a r l s o n ,  J .  E . ,  1976 ,  

Wallace, R.  E., 1980b, L i s t r i c  f a u l t i n g  and  

380 



ZOBACK AND ANDERSON 

Ward, S. H . ,  P a r r y ,  W.  T,, Nash, W .  P . ,  S i l l ,  W .  
R . ,  Cook, K. L . ,  Smith,  R. B . ,  Chapman, D. 
S . ,  Brown, F .  H . ,  Whelon, J. A , ,  and Bowman, 
J. R. ,  1478 ,  A summary of t h e  geo logy ,  
geochemis t ry ,  and  geophys ic s  of t h e  Rooseve l t  
Hot S p r i n g s  t h e r m a l  area,  Utah:  Geophys ic s ,  
V. 43,  p. 1515-1542. 

Wernicke,  B . ,  1981,  Low-angle normal  f a u l t s  i n  
t h e  B a s i n  and Range p r o v i n c e :  nappe 
t e c t o n i c s  i n  a n  e x t e n d i n g  o r i g i n :  N a t u r e ,  v .  
291, p. 645-648. 

Wernicke,  B. ,  and B u r c h f i e l ,  B. C . ,  1982 ,  Modes 
of e x t e n s i o n a l  t e c t o n i c s :  J o u r .  S t r u c t .  
Geology, v .  4 ,  p .  105-115. 

Zoback, M. L , ,  1979, A g e o l o g i c  and  g e o p h y s i c a l  
i n v e s t i g a t i o n  of t h e  Beowawe geo the rma l  a r e a ,  
n o r t h - c e n t r a l  Nevada: S t a n f o r d  Univ. Pub l .  
Geol.  S c i . ,  v. 16,  76 p. 

Zoback, M. L . ,  1982, I n t e r p r e t a t i o n  of a s e i s m i c  
r e f l e c t i o n  p r o f i l e  a c r o s s  t h e  Wasatch f a u l t  
zone, c e n t r a l  Utah ( a b s . ) :  EOS, T rans .  
American Geophys. Union, v .  6 3 ,  p. 1033. 

Zoback, M. L , ,  1983,  S t r u c t u r e  and  Cenozoic  
t e c t o n i s m  a l o n g  t h e  Wasatch f a u l t  zone,  
Utah: GSA Memoir 157 ,  p. 3-27. 

381 


