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ABSTRACT 

During t h e  e a r l y  Cenozoic, t h e  n o r t h e r n  
Basin and Range p r o v i n c e  w a s  l a r g e l y  an upland 
from which d e t r i t u s  w a s  shed eas tward  i n t o  b a s i n s  
i n  t h e  wes tern  p a r t  o f  t h e  Colorado P l a t e a u s  
province .  Within t h i s  upland area, broad 
sed imentary  b a s i n s  l o c a l l y  formed t h a t  may i n  
p a r t  have been  c r e a t e d  by e x t e n s i o n a l  f a u l t i n g .  

During t h e  middle  and p a r t  o f  t h e  l a t e  
Cenozoic, t h e  major  t e c t o n i c  f e a t u r e s  i n  t h e  
n o r t h e r n  Basin and Range province  were r e l a t e d  t o  
widespread v o l c a n i c  a c t i v i t y  t h a t  began i n  t h e  
n o r t h e r n  p a r t  of  t h e  province  a b o u t  43 m.y. ago  
and s p r e a d  southward a l o n g  a n  a r c u a t e  east-west- 
t r e n d i n g  f r o n t  and ended about  6 m.y. ago i n  
s o u t h e r n  Nevada and Utah. East-west- t rending 
v o l c a n o - t e c t o n i c  and graben  s t r u c t u r e s ,  igneous  
and m i n e r a l  b e l t s ,  and  s t r u c t u r a l  l i n e a m e n t s  a r e  
r e l a t e d  t o  t h i s  southward sweep of  igneous  
a c t i v i t y .  

During p a r t  of  t h e  middle  and throughout  t h e  
l a te  Cenozoic, l o c a l  and r e g i o n a l  e x t e n s i o n  and 
l o c a l  s t r i k e - s l i p  f a u l t i n g  dominated t h e  
t e c t o n i c s  o f  t h e  n o r t h e r n  Basin and Range 
province .  Low-angle e x t e n s i o n a l  f a u l t s  t h a t  
jux tapose  younger o v e r  o l d e r  r o c k s  developed 
p r i m a r i l y  from 20 t o  10 m.y. ago ,  They occur  
w i t h i n  a d i f f u s e  200- t o  300-km-wide zone 
ex tending  nor th-nor theas tward  i n  e a s t e r n  Nevada 
and westernmost Utah, and w i t h i n  a 100-km-wide 
nor thwes t - t rending  zone a l o n g  t h e  Walker Lane, 
a s t r i d e  t h e  Cal i fornia-Nevada s t a t e  l i n e .  Block 
f a u l t i n g  t h a t  h a s  c r e a t e d  t h e  c h a r a c t e r i s t i c  
physiography of t h e  present -day  n o r t h e r n  Basin 
and Range province  is c o n t r o l l e d  by nor th-south  
o r  n o r t h - n o r t h e a s t - t r e n d i n g  normal f a u l t s  t h a t  
have broken t h e  province  i n t o  b l o c k s ,  g e n e r a l l y  
about  30 km a c r o s s .  Such b l o c k  f a u l t i n g  i s  
commonly superimposed across areas of  low-angle 
f a u l t i n g  a n d ,  i n  a d d i t i o n ,  e x t e n d s  i n t o  a r e a s  
p r e v i o u s l y  u n a f f e c t e d  by e x t e n s i o n .  Block 
f a u l t i n g  h a s  o c c u r r e d  p r i m a r i l y  d u r i n g  t h e  p a s t  
10 m.y. 

INTRODUCTION 

The n o r t h e r n  Basin and Range province  i n  
Nevada, w e s t e r n  Utah,  and p a r t s  of a d j a c e n t  
states i s  a h i g h  d e s e r t  a r e a  of l a r g e l y  i n t e r i o r  

d r a i n a g e  c h a r a c t e r i z e d  by n o r t h  o r  
nor th-nor theas t - t rending  mountains  and v a l l e y s .  
The e l e v a t i o n s  of  t h e  v a l l e y s  a r e  g e n e r a l l y  1,300 
t o  1,600 m ;  mountain crests a r e  commonly 2,000 t o  
3,000 m and l o c a l l y  about  3,600 m. The e n t i r e  
Basin and Range province  ( f i g .  1) e x t e n d s  from 
s o u t h e r n  Oregon and Idaho,  th rough most o f  Nevada 
and p a r t s  of  C a l i f o r n i a ,  Utah, Arizona,  and New 
14exic0, t o  n o r t h e r n  Mexico--a t o t a l  d i s t a n c e  of 
more t h a n  2,500 km. 

T h i s  a r t i c l e  summarizes i n f o r m a t i o n  on the 
c h a r a c t e r  and development o f  Cenozoic s t r u c t u r e s  
i n  t h e  n o r t h e r n  Basin and Range province '  and 
emphasizes  t h e  r e g i o n a l  d i s t r i b u t i o n  o f  
s t r u c t u r e s .  Concepts of t h e  Cenozoic h i s t o r y  
have developed g r e a t l y  i n  t h e  p a s t  15  y e a r s  as a 
r e s u l t  of p l a t e  t e c t o n i c  t h e o r i e s  and s t u d i e s  of 
metamorphic c o r e  complexes and low a n g l e  
detachment  f a u l t s .  I d e a s  c o n t i n u e  t o  e v o l v e  
r a p i d l y  w i t h  many d i f f e r e n t  v i e w p o i n t s  ( S t e w a r t ,  
1978; Zoback and o t h e r s ,  1981; Ea ton ,  1982) .  

EARLY CENOZOIC STRUCTURES 

The Paleocene t o  middle  Eocene h i s t o r y  of 
t h e  n o r t h e r n  Basin and Range r e g i o n  i s  o b s c u r e  
because  r o c k s  of t h i s  a g e  a r e  s p a r s e .  During 
most o f  t h i s  t i m e ,  t h e  r e g i o n  was p r o b a b l y  a n  
upland  from which d e b r i s  was shed main ly  eastward 
i n t o  b a s i n s  i n  t h e  w e s t e r n  p a r t  o f  t h e  Colorado 
P l a t e a u  province  ( H i n t z e ,  1973) .  Wi th in  t h e  
broad upland a r e a ,  l a r g e  sed imentary  b a s i n s  
l o c a l l y  formed. S t r a t a  i n  some o f  t h e s e  b a s i n s  
a r e  as t h i c k  as 1,000 m and c o n s i s t  o f  a l l u v i a l  
f a n s  d e p o s i t s  a d j a c e n t  t o  mountains  f r o n t s  and 
l a k e  d e p o s i t s  i n  t h e  c e n t r a l  p a r t s  o f  b a s i n s  
(Fouch, 1979). Igneous a c t i v i t y  w a s  s l i g h t  o r  
may n o t  have occurred  a t  a l l .  Only a few 
u n c e r t a i n l y  da ted  Pa leocene  t o  middle  Eocene 
igneous  rocks  are known from t h e  r e g i o n  (Car l son  
and o t h e r s ,  1975). 

Evidence of t e c t o n i c  a c t i v i t y  i n  t h e  early 
Cenozoic i s  s e e n  i n  t h e  Sheep Pass  Formation of 
e a s t - c e n t r a l  Nevada, which r e p r e s e n t s  f l u v i a l  and 
l a c u s t r i n e  d e p o s i t i o n  i n  a broad i n t e r n a l  
d r a i n a g e  s y s t a .  The Sheep Pass  Formation r e s t s  
unconformably on f a u l t e d  and b r o a d l y  f o l d e d  
P a l e o z o i c  s t ra ta  (Kel logg ,  1964; Moores and 
o t h e r s ,  1968) ,  presumably deformed i n  t h e  middle 
and l a t e  Mesozoic, and c o n t a i n s  b o u l d e r  
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F igu re  1. D i s t r i b u t i o n  of  l a t e  Cenozoic e x t e n s i o n a l  f a u l t s ,  major  s t r i k e - s l i p  f a u l t s ,  and 
phys iog raph ic  p rov inces  i n  wes te rn  North h e r i c a  and present-day l i t h o s p h e r i c  p l a t e  
boundar i e s .  From Stewar t  (1978). S t a t e s :  WA, Washington; OR, Oregon; CA, C a l i f o r n i a ;  CO, 
Colorado; I D ,  Idaho; MT, Montana; WY, Wyoming; N V ,  Nevada; UT, Utah; AZ, Arizona;  NM, New 
Mexico, Localities SRP, Snake River  P l a i n :  YE, Yellowstone. 
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conglomera te  (Kel logg ,  1964). Although much o f  
t h i s  pre-Sheep P a s s  s t r u c t u r e  may be r e l a t e d  t o  
Mesozoic d e f o r m a t i o n ,  some may b e  r e l a t e d  t o  
d e f o r m a t i o n  d u r i n g  d e p o s i t i o n  o f  t he  Sheep P a s s  
Formation,  as small f a u l t s  c u t  conglomerate  i n  
t h e  lower  p a r t  of t h e  Sheep P a s s  but  d o  n o t  
a f f e c t  o v e r l y i n g  l i m e s t o n e  and mudstone (Kel logg ,  
1964) .  Large s l i d e  b l o c k s  of P a l e o z o i c  r o c k s  i n  
t h e  Sheep Pass  (Newman, 1979) i n d i c a t e  
c o n s i d e r a b l e  r e l i e f  i n  t h e  a r e a s  a d j a c e n t  t o  t h e  
d e p o s i t i o n a l  b a s i n .  Newman (1979)  s u g g e s t s  t h a t  
t h e  b a s i n  i n  which t h e  Sheep P a s s  was d e p o s i t e d  
r e s u l t e d  from normal f a u l t i n g .  

MIDDLE AND LATE CENOZOIC TECTONICS RELATED 
TO IGNEOUS ACTIVITY 

During t h e  middle  and p a r t  o f  t h e  l a te  
Cenozoic, many major  t e c t o n i c  and s t r u c t i i r a l  
f e a t u r e s  i n  t h e  n o r t h e r n  Rasin and Range province  
are r e l a t e d  t o  widespread igneous  a c t i v i t y .  The 
p a t t e r n  of i g n e o u s  a c t i v i t y  i s  complex ( f i g .  2 ) ,  
b u t  one element  o f  t h i s  p a t t e r n  i s  a southward 
m i g r a t i o n  of  igneous  a c t i v i t y  s t a r t i n g  i n  t h e  
n o r t h e r n  p a r t  o f  t h e  province  a b o u t  43 m.y. a g o ,  
s p r e a d i n g  southward a l o n g  a n  a r c u a t e  east-west- 
t r e n d i n g  f r o n t ,  and ending 6 m.y. ago i n  s o u t h e r n  
Nevada and Utah (Snyder  and o t h e r s ,  1976;  S tewar t  
and o t h e r s ,  1977; Cross  and P i l g e r ,  1978) .  In  

Utah and e a s t e r n m o s t  Nevada, middle  and l a t e  
Cenozoic igneous  a c t i v i t y  i s  conf ined  t o  f o u r  
d i s t i n c t  igneous  b e l t s  ( f i g .  3 ) ,  p r o g r e s s i v e l y  
younger t o  t h e  s o u t h  and each w i t h  a 
c o n c e n t r a t i o n  of  Cenozoic m i n e r a l  d e p o s i t s  
( H i l p e r t  and R o b e r t s ,  1964; S t e w a r t  and o t h e r s ,  
1977). These b e l t s  merge and become i n d i s t i n c t  
f e a t u r e s  t o  t h e  west .  

Many major  aeromagnet ic  anomal ies  i n  Nevada 
and Utah t r e n d  e a s t - w e s t ,  e a s t - s o u t h e a s t ,  o r  
e a s t - n o r t h e a s t  ( f i g .  3 ) .  In Utah,  t h e s e  
anomal ies  c l o s e l y  f o l l o w  t h e  t r e n d s  of t h e  
Cenozoic igneous  and m i n e r a l  b e l t s  and c l e a r l y  
a r e  r e l a t e d  t o  magnet ic  Cenozoic i n t r u s i v e  rocks 
( S t e w a r t  and o t h e r s ,  1977; Shawe and S t e w a r t ,  
1976). In Nevada, t h e  cause  of t h e  g e n e r a l l y  
e a s t e r l y  t r e n d i n g  anomalies  i s  less c l e a r ,  
a l t h o u g h  some a p p e a r  t o  be r e l a t e d  t o  Cenozoic 
and o t h e r s  t o  Hesozoic  igneous  r o c k s  ( S t e w a r t  and 
o t h e r s ,  1977). The anomal ies  i n  many p l a c e s  may 
mark t h e  p o s i t i o n  of  t h e  s l i g h t l y  a r c u a t e  l e a d i n g  
edge o f  t h e  southward-moving f r o n t  of Cenozoic 
igneous  a c t i v i t y .  

Ea s t -wes t - t rending  volcano- tec  t o n i c  t roughs  
l o c a l l y  developed i n  Nevada and e a s t e r n  
C a l i f o r n i a  as  a consequence,  o r  p o s s i b l e  
consequence,  o f  middle  and l a t e  Cenozoic igneous  

CALIFORNIA -__------ 

ARIZONA 
34-17 m.y. - 

43-34 m.y. 

F i g u r e  2. D i s t r i b u t i o n  of 43- t o  6-m.y.-old igneous  rocks  i n  Nevada, Utah, and p a r t s  of 
a d j a c e n t  s t a t e s .  From S t e w a r t  and o t h e r s  (1977) .  
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F i g u r e  3. D i s t r i b u t i o n  o f  p o s i t i v e  aeromagnet ic  anomal ies  ( s o l i d  l i n e s ) ,  i g n e o u s  and m i n e r a l s  
b e l t s  ( d i a g o n a l  l i n e  p a t t e r n ) ,  v o l c a n o - t e c t o n i c  t roughs  (hachured p a t t e r n ) ,  and l i n e a m e n t s  
( d o t t e d  p a t t e r n )  i n  Nevada, Utah, and p a r t  of C a l i f o r n i a ,  Igneous and m i n e r a l  b e l t s :  OU,  
Oquirrh-Uinta;  DCT, Deep Creek-Tint ic ;  PM, Pioche-Marysvale; DTS, &lamar-Iron Spr ings .  
Volcano-tectonic  t roughs :  TT, Tobin-Toiyabe; SS, S t i l lwater -Shoshone  ; CT, C a n d e l a r i a ;  S A ,  
S i e r r a  Nevada-Adobe Hills. Lineaments: RY, Rawhide-Yerington; PS, P r i t c h a r d  S t a t i o n ;  PR, 
Pancake Range; WS, Warm S p r i n g ;  BKR, Black Rock; BLR, Blue Ribbon; T ,  Timpiute .  Based o n  
Ekren and o t h e r s  (1976) ,  Shawe and S t e w a r t  (1976) ,  Rowley and o t h e r s  (1978, 1979),  Speed 
and C o g b i l l  (1979) ,  and Burke and McKee 

a c t i v i t y .  In c e n t r a l  Nevada, Burke and McKee 
(1979) have d e s c r i b e d  two l a r g e  east-west- 
e l o n g a t e  faul t -bounded t r o u g h s  (TT and SS, f i g .  
3)  which were t h e  s i tes  o f  i n t e n s e  Oligocene and 
e a r l y  Miocene v o l c a n i c  a c t i v i t y  ( f i g .  3 ) .  In  
wes tern  Nevada, Speed and C o g b i l l  (1979) have 
d e s c r i b e d  a deep  e a s t - n o r t h e a s t - t r e n d i n g  f a u l t  
t rough (CT, f i g .  3) f i l l e d  w i t h  a t h i c k  
accumula t ion  of  Oligocene and Miocene v o l c a n i c  
r o c k s ,  In e a s t e r n  C a l i f o r n i a  and w e s t e r n  Nevada, 
9- t o  l l -m,y,-old ash-flow t u f f s  and l a v a  are 
c o n c e n t r a t e d  i n  a n  a r c u a t e  e a s t - w e s t  t r e n d i n g  
b e l t  ( S A ,  f i g .  3 )  ( G i l b e r t  and o t h e r s ,  1968, f i g ,  
5 ;  Noble and o t h e r s ,  1974; Stewar t  and o t h e r s ,  
1982) .  The L i t t l e  Walker c a l d e r a  (Noble and 
others, 1974) l i e s  w i t h i n  t h i s  b e l t  and  fs the 
s o u r c e  of p a r t  of  t h e  t u f f .  The east-west b e l t  
may be a v o l c a n o - t e c t o n i c  t r o u g h ,  a l t h o u g h  G. F. 
B r e m  ( o r a l  commun,, 1982) h a s  sugges ted  t h a t  t h e  
L i t t l e  Walker c a l d e r a  l a y  a t  t h e  c r e s t  o f  t h e  
a n c e s t r a l  S i e r r a  Nev'ada and t h a t  t h e  eas t -wes t  
p a t t e r n  i s  i n  p a r t  t h e  consequence of f l o w s  

(1979) .  

d i s p e r s e d  downslope b o t h  e a s t  and west from t h e  
crest. The east-west t r e n d  o f  t h e s e  volcano-  
t e c t o n i c  t r o u g h s  s u g g e s t s  g e n e r a l  nor th-south  
e x t e n s i o n  d u r i n g  t h e i r  development .  

G e n e r a l l y  eas t -wes t - t rending  l i n e a m e n t s  
( f i g .  3 ) ,  some well d e f i n e d  and o t h e r  h i g h l y  
s p e c u l a t i v e ,  have been d e s c r i b e d  i n  s e v e r a l  p a r t s  
of Nevada and Utah (Crosby, 1973; Ekren and 
o t h e r s ,  1976; Rowley and o t h e r s ,  1978; Rowley and 
o t h e r s ,  1979).  These l i n e a m e n t s  are d e f i n e d  o n  
t h e  b a s i s  of topographic  and s t r u c t u r a l  f e a t u r e s  
t h a t  c o i n c i d e  w i t h  l i t h o l o g i c  b o u n d a r i e s ,  r a n g e  
and v a l l e y  t e r m i n i ,  e a s t - w e s t - s t r i k i n g  high-angle  
f a u l t s ,  c a l d e r a  b o u n d a r i e s ,  a l i n e m e n t  o f  e r u p t i v e  
c e n t e r s  and hydro thermal ly  a l t e r e d  ruck ,  
a l inement  o f  m i n e r a l  d e p o s i t s ,  and east-west- 
t r e n d i n g  magnet ic  h i g h s  and i n t e r r u p t i o n s  of 
magnet ic  h ighs .  
Oligocene and Miocene v o l c a n i c  c e n t e r s  l o c a l l y  
a l o n g  t h e s e  t r e n d s  s u g g e s t s  t h a t  t h e s e  l i n e a m e n t s  
may have developed i n  p a r t  d u r i n g  t h e  middle  

The p o s s i b l e  a l i n e m e n t  of 
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Cenozoic, a l t h o u g h  t h e  e x t e n t  t o  
a l i n e m e n t s  f o l l o w  e a r l y  Cenozoic 
s t r u c t u r e s  i s  u n c l e a r  (Ekren and 
Rowley and o t h e r s ,  1978) .  P a r t s  
l i n e a m e n t s  have been i n t e r p r e t e d  
of  s t r i k e - s l i p  f a u l t i n g ,  whereas  
i n t e r p r e t e d  as  due t o  high-angle  

which t h e s e  
o r  Mesozoic 
o t h e r s ,  1976; 
of t h e s e  
t o  be  t h e  r e s u l t  
o t h e r s  have  been 
normal f a u l t i n g .  

The east-west t r e n d s  of igneous  a c t i v i t y ,  
aeromagnet ic  anomal ies ,  v o l c a n o - t e c t o n i c  t r o u g h s ,  
and l ineaments  are d i f f i c u l t  t o  e x p l a i n  i n  terms 
of a subduct ion  sys tem,  o r  arc, e x t e n d i n g  
g e n e r a l l y  nor th-south  a l o n g  t h e  w e s t e r n  margin  of 
North America. Such a s u b d u c t i o n  sys tem might  
more l o g i c a l l y  b e  expec ted  t o  produce igneous  
a c t i v i t y  p a r a l l e l  to  and i n l a n d  o f  t h e  s u b d u c t i o n  
sys tem and e x t e n s i o n  approximate ly  p e r p e n d i c u l a r  
t o  i t .  P o s s i b l y  t h e  e a s t - w e s t  t r e n d s  a r e  r e l a t e d  
t o  o l d  s t r u c t u r e s ,  perhaps  Precambrian i n  p a r t .  
For exampie, t h e  Oquirrh-Uinta m i n e r a l  b e l t  i n  
Utah ( f i g .  3 )  i s  a l i n e d  a l o n g  t h e  Cortez-Uinta  
a x i s  i n  Utah ( H i l p e r t  and Rober t s ,  1964; Tooker ,  
1971) .  This  a x i s  i s  a major  t e c t o n i c  zone i n  
which Pa leozoic  sed imentary  t r e n d s  are d i s r u p t e d  
( R o b e r t s  and o t h e r s ,  1965; S t e w a r t  and Poole ,  
1974)  and i s  o n l i n e  w i t h  a major  Precambrian 
e p i c r a t o n a l  t r o u g h  ( o r  au locogen)  i n  which t h e  
Uinta  Mountain Group was d e p o s i t e d  i n  t h e  Uinta  
Mountains o f  n o r t h e r n  Utah. Perhaps  t h e  
c o n c e n t r a t i o n  of middle  Cenozoic igneous  a c t i v i t y  
i n  t h e  Oquirrh-Uinta  m i n e r a l  b e l t  i s  i n  a zone of 
s t r u c t u r a l  weakness f i r s t  deve loped  i n  t h e  
Precambrian. Other  eas t -wes t  t r e n d s  i n  Nevada 
and Utah l o c a l l y  f o l l o w  east-west e l o n g a t e  
Mesozoic p l u t o n s ,  a g a i n  s u g g e s t i n g  t h a t  some of 
t h e s e  f e a t u r e s  were f i r s t  deve loped  i n  pre-  
Cenozoic t ime.  

The s y s t e m a t i c  southward m i g r a t i o n  o f  
igneous  a c t i v i t y  d u r i n g  t h e  middle  and l a t e  
Cenozoic a r g u e s  a g a i n s t  a p u r e l y  pre-Cenozoic 
c o n t r o l  f o r  t h e  eas t -wes t  t r e n d s  i n  Nevada and 
Utah. I f  t h e  east-west t r e n d s  a r e  c o n t r o l l e d  by 
pre-Cenozoic s t r u c t u r e s ,  why would t h e  Cenozoic 
a c t i v i t y  be  p r o g r e s s i v e l y  younger t o  t h e  s o u t h ?  
More l i k e l y  pre-Cenozoic s t r u c t u r a l  zones have i n  
p l a c e s  l o c a l i z e d  igneous  a c t i v i t y ,  b u t  o t h e r  
f a c t o r s  have c o n t r o l l e d  t h e  r e g i o n a l  p a t t e r n .  
Rowley and o t h e r s  (1978)  have sugges ted  t h a t  t he  
eas t -wes t  l i n e a m e n t s  a r e  r e l a t e d  t o  major  
t r a n s c u r r e n t  f a u l t s ,  bu t  h e r e  a g a i n ,  why t h e  a g e s  
of  t h e  v o l c a n i c  a c t i v i t y  should  d e c r e a s e  t o  t h e  
s o u t h  i s  n o t  known. S tewar t  and o t h e r s  (1977)  
f o l l o w i n g  a s u g g e s t i o n  by P. W. Lipman have  
hypothes ized  t h a t  the southward m i g r a t i o n  o f  
igneous  a c t i v i t y  a l o n g  a n  a r c u r a t e  eas t -wes t  
f r o n t  i s  r e l a t e d  t o  a southward m i g r a t i o n  o f  a n  
eas t -wes t  warp i n  t h e  subduct ing  p l a t e .  None of 
t h e s e  i d e a s  seem v e r y  s a t i s f y i n g  to  e x p l a i n  the  
p e c u l i a r  east-west o r i e n t a t i o n  of Cenozoic 

N e v e r t h e l e s s ,  t h e  eas t -wes t  t r e n d s  are i m p o r t a n t  
t e c t o n i c a l l y  because  t h e  development  of  eas t -wes t  
v o l c a n o - t e c t o n i c  t r o u g h s  d u r i n g  t h e  i g n e o u s  
a c t i v i t y  s u g g e s t s  local nor th-south  e x t e n s i o n  i n  
p a r t  synchronous i n  p a r t  w i t h  eas t -wes t  e x t e n s i o n  
( d i s c u s s e d  n e x t )  d u r i n g  detachment  f a u l t i n g  i n  
metamorphic c o r e  complexes and e l s e w h e r e .  

' i g n e o u s  a c t i v i t y  i n  Nevada and Utah. 

MIDDLE AND LATE CENOZOIC EXTENSIONAL FAIETING 

During p a r t  o f  t h e  middle  Cenzoic and 
throughout  t h e  l a te  Cenozoic, l o c a l  and r e g i o n a l  
e x t e n s i o n  and l o c a l  s t r i k e - s l i p  f a u l t s  dominated 
t h e  t e c t o n i c s  o f  t h e  n o r t h e r n  Basin and Range. 
E x t e n s i o n a l  s t r u c t u r e s  v a r y  s i g n i f i c a n t l y  i n  
s t y l e ,  a g e ,  and d i s t r i b u t i o n  and a r e  h e r e  
d e s c r i b e d  under  two c a t e g o r i e s :  low-angle 
e x t e n s i o n a l  f a u l t s  and Basin-Range f a u l t s .  
S t r i k e - s l i p  f a u l t s  a r e  c o n s i d e r e d  s e p a r a t e l y .  

Low-annle e x t e n s i o n a l  f a u l t s  

A v a r i e t y  of  low-angle e x t e n s i o n a l  f a u l t s  
t h a t  j u x t a p o s e  younger over  o l d e r  s t ra ta  are 
recognized  i n  t h e  n o r t h e r n  Basin and Range 
province .  Such f a u l t s  i n c l u d e  low-angle 
detachment  f a u l t s  t h a t  p robably  were o r i g i n a l l y  
h o r i z o n t a l ,  g e n t l y  d i p p i n g ,  o r  g e n t l y  warped, as  
w e l l  as f a u l t s  t h a t  were o r i g i n a l l y  s t e e p  and 
were s u b s e q u e n t l y  t i l t e d  t o  a low-angle 
p o s i t i o n .  
i s  n o t  c l e a r l y  e s t a b l i s h e d ,  and t h e  term 
"detachment f a u l t "  h a s  been used t o  d e s c r i b e  a 
v a r i e t y  o f  s t r u c t u r e s ,  from low-angle t h r u s t  
f a u l t s  t o  widespread e x t e n s i o n a l  f a u l t s  t h a t  
presumably were o r i g i n a l l y  n e a r l y  h o r i z o n t a l  
(Davis  and o t h e r s ,  19801, as w e l l  a s  widespread 
low-angle f a u l t s  t h a t  may have evolved from 
t i l t i n g  o f  o r i g i n a l l y  high-angle  f a u l t s  i n t o  
low-angle p o s i t i o n s  (Howard and o t h e r s ,  1982). 
In some p l a c e s ,  d i s t i n g u i s h i n g  between t h e s e  
c a t e g o r i e s  of  low-angle f a u l t s  i s  d i f f i c u l t .  
C u r r e n t  usage f a v o r s  use  of  t h e  term "detachment" 
f a u l t  f o r  widespread f a u l t  s u r f a c e s  t h a t  p robably  
were o r i g i n a l l y  h o r i z o n t a l ,  g e n t l y  i n c l i n e d ,  o r  
g e n t l y  f o l d e d .  The Wh-tpple Mountains detachment  
f a u l t  (Davis  and o t h e r s ,  1980) i n  t h e  Mohave 
Desert i n  s o u t h e a s t e r n  C a l i f o r n i a  has  perhaps  
become t h e  t y p e  example of  s u c h  a f a u l t  (Davis  
and o t h e r s ,  1980);  i t  forms t h e  decol lement ,  o r  
d i s l o c a t i o n  s u r f a c e ,  t h a t  i n  t h i s  c a s e  s e p a r a t e s  
a metamorphic c o r e  complex from i t s  r e l a t i v e l y  
unmetamorphosed carapace .  

The nomenclature  of  low-angle f a u l t s  

Low-angle e x t e n s i o n a l  f a u l t s  a r e  exposed 
( f i g .  4) w i t h i n  a d i f f u s e  200- t o  300-km-wide 
zone e x t e n d i n g  nor th-nor theas tward  i n  e a s t e r n  
Nevada and westernmost  Utah and w i t h i n  a 100-km- 
wide nor thwes t - t rending  zone a s t r i d e  t h e  
Cal i fornia-Nevada s t a t e  l i n e .  In  a d d i t i o n ,  
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 d i c a t e  a 
widespread ,  g e n t l y  west-dipping detachment 
s u r f a c e ,  n o t  shown on f i g u r e  4 ,  i n  t h e  s u b s u r f a c e  
i n  t h e  S e v i e r  D e s e r t  ( S e v i e r  Deser t  detachment 
f a u l t )  i n  wes tern  Utah (McDonald, 1976; 
Allmendinger  and o t h e r s ,  1983; Zoback, 1983). 
'Ihe zone a s t r i d e  t h e  s ta te  l i n e  i s  c o e x t e n s i v e  
w i t h  t h e  Walker Lane, a b e l t  of d i s r u p t e d  
topography c h a r a c t e r i z e d  by d i s c o n t i n u o u s  
s t r i k e - s l i p  f a u l t s  ( G i a n e l l a  and Cal laghan ,  1934; 
Locke and o t h e r s ,  1940; Albers ,  1967). The 
n o r t h e a s t - t r e n d i n g  b e l t  i n  e a s t e r n  Nevada and 
w e s t e r n  Utah, however, does  n o t  l i e  i n  a r e g i o n  
of conspicuous  s t r i k e - s l i p  f a u l t i n g .  The zones 
c o n t a i n i n g  low-angle e x t e n s i o n a l  f a u l t s  are 
c h a r a c t e r i z e d  by g e n e r a l l y  h i g h  d i p  of  middle  
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Figure  4 .  D i s t r i b u t i o n  of  low-angle f a u l t s  and g e n e r a l i z e d  d i p  of T e r t i a r y  rocks. 
&sed i n  p a r t  on f-iose and Danes (1973) and S tewar t  and Johannesen (1979).  

Cenozoic rocks  ( f i g .  4 )  and by t h e  p re sence  o f  
metamorphic core complexes ( f i g .  5) and 
muscovi te-hear ing g r a n i t i c  r o c k s  (Miller and 
B r a d f i s h ,  1980). 

Many d i f f e r e n t  models of low-angle 
e x t e n s i o n a l  f a u l t s  have been proposed ( f i g .  6 ) .  
Most show a widespread low a n g l e  f a u l t  
(detachment f a d  t )  w i t h  e i t h e r  r e l a t i v e l y  
u n t i l t e d  or wi th  h i g h l y  t i l t e d  o v e r l y i n g  strata 
(Davis and Coney, 1979; B v l s - a n d  others, 1980; 
Wernicke, 1981; Wernicke and R u r c h f i e l ,  1982). 
T i l t i n g  may occur  e i t h e r  a l o n g  a system o f  
l i s t r i c  f a u l t s  ( f i g .  6) or as  a consequence of a 
system o f  p l a n a r  f a u l t s  t h a t  bound b locks  t i l t e d  
domino-style ( f i g .  6) .  Study of  exposed f a u l t  
s u r f a c e s  i n  t h e  upper p l a t e  of t h e  Whipple 

- -. 

Mountatn detachment f a u l t  (Gross and Hi l l emeyer ,  
1982) s u g g e s t s  t h a t  most o f  t h e  f a u l t s  are 
p l a n a r ,  t h a t  t h e y  join and d i v i d e  i n  complex 
ways, and t h a t  t h e y  g e n e r a l l y  i n t e r s e c t  t h e  
detachment  s u r f a c e  a t  a h igh  a n g l e .  

Other models of low-angle f a u l t i n g  ( f i g .  6 )  
i n d i c a t e  l i s t r ic  o r  p l a n a r  f a u l t s  t h a t  d o  n o t  
bottom downward a g a i n s t  a detachment f a u l t ,  b u t  
r a t h e r  d i e  o u t  downward i n t o  a n  i n t a c t ,  bu t  
p r e s  urnably p l a  s t €ea1 f y e x  tend i ng , s ub s t ra t urn 
(Wright and Troxe l ,  1973; Morton and Black,  1975; 
P r o f € e t t ,  1977). In some o f  t h e s e  mode l s ,  f a u l t s  
a r e  o r i g i n a l l y  s t e e p l y  d i p p i n g  bu t  are r o t a t e d  
i n t o  low a n g l e  a t t i t u d e s  a s  t h e  b l o c k s  are 
p r o g r e s s i v e l y  t i l t e d .  In  o t h e r  models ,  
high-angle f a u l t s  are r o t a t e d  i n t o  low-angle 
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GENERALIZIED AREA OF 

LARGE-SCALE EXTENSION 

F i g u r e  5 .  D i s t r i b u t i o n  o f  metamorphic c o r e  
complexes and a r e a s  of  l a r g e - s c a l e  e x t e n s i o n .  
I n  p a r t  from Coney (1980) and Armstrong (1982) .  

p o s i t i o n s  and a r e  t h e n  c u t  by new h i g h  a n g l e  
f a u l t s  which are i n  t u r n  r o t a t e d .  

S t i l l  o t h e r  models ( f i g .  6 )  show e x t e n s i o n  
as  t h i n  skinned (Osmond, 1960; Wallace,  1965; 
Anderson, 1971) i n  which s u r f a c e  b l o c k s  moved 
over  a s u b s t r a t u m  t h a t  w a s  n o t  e x t e n d i n g  o r  was 
extending  a t  a lower rate than  t h e  s u r f a c e  
b locks .  In  some examples ,  b l o c k s  of t h i s  t y p e  
may v i r t u a l l y  b e  s u r f a c e  l a n d s l i d e s .  

F i n a l l y ,  H a r d p a n  and o t h e r s  (1975) and 
Hardyman (1978) have proposed t h a t  i n  a p a r t  of  
t h e  Walker Lane a r e a  o f  w e s t - c e n t r a l  Nevada, 
detachment  s u r f a c e s  t h a t  s e p a r a t e  Cenozoic 
v o l c a n i c  rocks  from under ly ing  Mesozoic igneous  
and metamorphic r o c k s ,  and t h a t  a l s o  occur  w i t h i n  
Cenozoic sequences ,  are due t o  s t r i k e - s l i p  motion 
t h a t  b r e a k s  t h e  Mesozoic rocks  a l o n g  a few major  
f a u l t s ,  b u t  c a u s e s  d i f f u s e  s t r a i n  and t h e  
development of many s m a l l - s c a l e  s t r i k e - s l i p  and 
normal f a u l t s  i n  t h e  o v e r l y i n g  T e r t i a r y  rocks .  

In  t h i s  scheme, a detachment f a u l t  deve lops  a t  
t h e  boundary between t h e  lower b l o c k  c u t  by a few 
major  f a u l t s  and t h e  upper b lock  of d i f f u s e  
s t r a i n .  

Many o f  t h e  l o w  a n g l e  e x t e n s i o n a l  f a u l t s  
a p p e a r  t o  b e  deep s t r u c t u r e s  t h a t  e x t e n d ,  o r  
o r i g i n a l l y  ex tended ,  deep i n t o  t h e  c r u s t .  
Wernicke (1981) h a s  proposed t h a t  low-angle 
e x t e n s i o n a l  f a u l t s  c u t  through t h e  e n t i r e  c r u s t  
( f i g .  6 ) .  Recent r e s u l t s  from a COCORP s e i s m i c  
r e f l e c t i o n  p r o f i l e  i n  t h e  S e v i e r  D e s e r t  of  
western Utah shows t h a t  t h e  s u b s u r f a c e  S e v i e r  
Desert detachment  i s  sha l low on t h e  e a s t ,  d i p s  on 
t h e  a v e r a g e  12' t o  t h e  wes t ,  and r e a c h e s  a 
maximum d e p t h  of  12-15 km i n  westernmost Utah 
(Allmendinger  and o t h e r s ,  1983; Zoback, 1983) .  
Elsewhere s t e e p l y  d i p p i n g  Cenozoic and pre- 
Cenozoic r o c k s  i n  s t r a t i g r a p h i c  sequences  from 6 
t o  1 3  km t h i c k  are  exposed i n  b l o c k s  bounded by 
low-angle e x t e n s i o n a l  f a u l t s  ( P r o f f e t t ,  1977; 
Gans, 1982; Howard and o t h e r s ,  1982) .  The s t e e p  
d i p  o f  t h e s e  r o c k s  and t h e  low-angle of  t h e  
bounding f a u l t s  i s  cons idered  t o  r e s u l t  from 
r o t a t i o n  d u r i n g  e x t e n s i o n  of  o r i g i n a l l y  g e n t l y  
d i p p i n g  s t r a t a  and o r i g i n a l l y  s t e e p l y  d i p p i n g '  
normal f a u l t s .  I f  so ,  t h e  o r i g i n a l l y  s t e e p l y  
d i p p i n g  f a u l t s  must have extended t o  d e p t h s  of 
6-13 km i n  o r d e r  t o  account  f o r  t h e  t h i c k n e s s  of 
r o c k s  now exposed a t  t h e  s u r f a c e .  

Ihe amount o f  e x t e n s i o n  i n  a r e a s  of 
low-angle e x t e n s i o n a l  f a u l t i n g  i s  b e l i e v e d  t o  be 
g r e a t ,  f rom 50 t o  g r e a t e r  t h a n  200 p e r c e n t  of t h e  
o r i g i n a l  wid th  o f  t h e  area. P r o f f e t t  (1977)  
e s t i m a t e d  100 p e r c e n t  e x t e n s i o n  i n  t h e  Yer ington  
d i s t r i c t  o f  wes te rn  Nevada, where geometry of 
f a u l t i n g  and t h e  t i l t  of s t ra ta  i s  w e l l  
documented. Gans (1982) e s t i m a t e d  more t h a n  200 
p e r c e n t  e x t e n s i o n  i n  t h e  Egan Range i n  e a s t -  
c e n t r a l  Nevada. Although i m p o s s i b l e  t o  s t a t e  i n  
te rms  of  p e r c e n t a g e ,  I have s p e c u l a t e d  ( S t e w a r t ,  
1983) t h a t  t h e  Panamint Range b l o c k  i n  the  Death 
Val ley  a r e a  h a s  moved 80 km t o  t h e  nor thwes t  
a l o n g  a low-angle detachment s u r f a c e .  
Large-sca le  e x t e n s i o n  a p p e a r s  t o  have a f f e c t e d  
o n l y  t h a t  p a r t  of t h e  Basin and Range province  
where metamorphic c o r e  complexes and low-angle 
detachment  f a u l t s  are abundant ( f i g s .  4 and 5 ) .  

Most low-angle f a u l t i n g  i n  t h e  n o r t h e r n  
Basin and Range p r o v i n c e  probably  occurred  dur ing  
t h e  middle  Miocene, app,roximately 20 t o  1 0  m.y. 
ago. The middle  Miocene age of  f a u l t i n g  
c o r r e s p o n d s  t o  pre-basin-range e x t e n s i o n  
d e s c r i b e d  by Zoback and o t h e r s  (1981)  t h a t  
p receded  t h e  break-up of  t h e  r e g i o n  h t o  r a n g e s  
resembl ing  t h e  modern b a s i n s  and ranges .  
bas in- range  age  o f  most of t h e  low-angle f a u l t s  
i s  i n d i c a t e d  i n  many p a r t s  of  t h e  Basin and Range 
p r o v i n c e  where low-angle e x t e n t i o n a l  f a u l t s  a r e  
c u t  by, and a r e  t h u s  o l d e r  t h a n ,  high-angle  . 

bas in- range  f a u l t s .  

A pre- 

A middle  Miocene age  f o r  low-angle f a u l t i n g  
i s  c l e a r l y  i n d i c a t e d  i n  t h e  Yer ington  a r e a  of 
w e s t e r n  Nevada, where f a u l t s  t h a t  are now .near ly  
h o r i z o n t a l  are i n t e r p r e t e d  t o  have been 
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MANTLE 

WERNICKE(1981) 

t 
COLLETTA AND ANGELIER(l982) 

MODELS WITHOUT DETACHMENT 

+- EXTENSION + 
THIN-SKINNED MODELS 

(WITH OR WITHOUT DETACHMENT FAULT) 

OSMOND(1960) ANDERSONJ(lEI71) 

~ E T A C ~ M ~ ~ T  IN STRIKE-SLIP SYSTEM 
(A,  M O V E ~ E ~ T  A ~ A Y ~  T, ~ O V E ~ E N T  T O ~ A ~ D )  

HARDYMAN(1978) 

F i g u r e  6 ,  Models of  low-angle e x t e n s i o n a l  f a u l t s ,  

o r i g i n a l l y  high-angle  f a u l t s  d u r i n g  e r u p t i o n  a f  
a n d e s i t i c  rocks  about  17 t o  14 m.y. ago and t o  
have been r o t a t e d  i n t o  t h e i r  p r e s e n t  h o r i z o n t a l  
p o s i t i o n  l a r g e l y  b e f o r e  e r u p t i o n  of b a s a l t i c  
r o c k s  8 m.y. ago ( P r o f f e t t ,  1977).  D i r e c t l y  west 
of t h e  Yerington area, 
s € m i l a r  t o  those  n e a r  Yerington are cut by mafic  
d i k e s  d a t e d  a s  15.7 m.yo o l d  (Hudson and Oriel, 
1979) ,  i n d i c a t i n g  t h a t  movement on some of t h e s e  
low-angle f a u l t s  had ceased  by t h e n .  

n e a r l y  f l a t  f a u l t s  

Detachment f a u l t s  i n  metamorphfc core 
complexes of t h e  n o r t h e r n  Basin and Range may 
axso be mosZ%y middle m o c e n e  fn age, %I the 
Grouse Creek metamorphfe c o r e  complex i n  
n o r t h w e s t e r n  Utah, a 24.9-m.y.-old s t o c k  c o n t a i n s  
f o l i a t i o n  and l a t e - s t a g e  l i n e a t i o n  p a r a l l e l  t o  
t h a t  i n  surrounding rocks ,  i n d i c a t i n g  t h a t  
metamorphism and a s s o c i a t e d  east-west e x t e n s i o n  
i s  a t  least a s  young as t h i s  s t o c k  ~ ~ r n p t o n  and 

o t h e r s ,  1977)- In t h e  Grouse k e e k  Range 
(Compton, 1983) and i n  t h e  Mat l in  Mountains 
(Todd, 19831, l a r g e  a l l o c h t h o n o u s  s h e e t s  o v e r r i d e  
1 1  m.y,-old Miocene sedimentary rocks. 
Ruby Range metamorphic c o r e  complex, a low-angle 
f a u l t  system c u t s  17?noy.-old v o l c a n i c  rocks 
( Snoke, 1980) . 

In t h e  

A Miocene a g e  of low-angle f a u l t i n g  i s  a l s o  
sugges t ed  by potassium-argon d a t i n g  in 
metamorphic c o r e  complexes,  In t h e  Snake Range 
metamorphic complex, potassium-argon a g e s  on mica 
d e c r e a s e  toward t h e  Snake Range deco l l emen t  o r  
detachment surfsee; tettac1ast:ic rocks n e a r  the 
detachment  are abou t  17 m.37. o l d  (Lee and o t h e r s ,  
1970) ,  This r e l a t i o n s h i p  i s  i n t e r p r e t e d  (Lee and 
o t h e r s ,  1970) t o  i n d i c a t e  r e d u c t i o n  i n  ages  due 
t o  thermal  stresses r e l a t e d  to T e r t i a r y  a c t i v i t y  
a l o n g  t h e  detachment s u r f a c e .  In  t h e  Ruby 
Mountains metamorphic c o r e  complex, potassium- 
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a r g o n  a g e s  d e c r e a s e  p r o g r e s s i v e l y  a c r o s s  t h e  
range and r each  a minimum a g e  o f  21 m.y. i n  
c a t a c l a s t i c  rocks  a l o n g  a detachment s u r f a c e  
( K i s t l e r  and Wil lden,  1969).  The 21- m.y. age  
may b e  t h e  approximate age o f  detachment f a u l t i n g  
( K i s t l e r  and Wil lden,  19691, a l t h o u g h  Kistler and 
O ' N e i l  (1975) have sugges t ed  t h i s  i s  a c o o l i n g  
age r e l a t e d  t o  u p l i f t  and e r o s i o n  o f  t h e  r ange .  
Potassium-argon a g e s  ( E .  H. McKee, w r i t t e n  
commun., 1983) of  abou t  11 m.y. and 14 m.y., 
r e s p e c t i v e l y ,  have been ob ta ined  from metamorphic 
m i n e r a l s  i n  t h e  B u l l f r o g  H i l l s  i n  wes te rn  Nevada 
and from t h e  Trappman Hills i n  s o u t h - c e n t r a l  
Nevada. The metamorphic rocks  i n  t h e s e  two a r e a s  
have been cons ide red  t o  be p a r t  of t h e  
Precambrian c r y s t a l l i n e  basement (Cornwall  and 
Kleinhampl,  1964; Ekren and o t h e r s ,  1971) ,  
a l t h o u g h  t h e y  l i e  f a r  from o u t c r o p s  of  known 
Precambrian basement rocks.  More l i k e l y ,  t h e y  
r e p r e s e n t .  t e r r a n e s  metamorphosed d u r i n g  t h e  
Mesozoic o r  Cenozoic ( S t e w a r t ,  1980) and are 
similar t o  t h e  metamorphic c o r e  complexes o f  t h e  
Snake Range and Ruby Mounta-Lns. 'If so ,  t h e  
Miocene potassium-argon a g e s  may i n d i c a t e  t h e  
time o f  detachment f a u l t i n g  o r  u p l i f t  r e l a t e d  t o  
detachement f a u l t i n g .  A potassium-argon age  o f  
about  17 m.y. ( E .  H. McKee, w r i t t e n  commun., 
1983) f o r  metamorphic m i n e r a l s  on Mine ra l  Ridge 
i n  wes te rn  Nevada may a l s o  i n d i c a t e  a time of  
detachment f a u l t i n g .  A detachment s u r f a c e  on 
Mineral  Ridge s e p a r a t e s  a c o r e  of  metamorphic 
rocks from a r e l a t i v e l y  unmetamorphic ca rapace .  
Mine ra l  Ridge i s  cons ide red  a t u r t l e b a c k  dome by 
Kirsch (1971) and a metamorphic c o r e  complex by 
G. A. Davis and Dayton Marcout ( o r a l  commun., 
1982). 

Some low-angle f a u l t i n g ,  on t h e  o t h e r  hand, 
may be  o l d e r  t h a n  middle  Miocene and some i s  
c l e a r l y  younger. Gans (1982) r e p o r t e d  t h a t  
36-m.y.-old r h y o l i t e  d i k e s  i n t r u d e  and a r e  c u t  by  
a system of f a u l t s  t h a t  r o t a t e d  domino-style t o  
low-angle a t t i t u d e s .  These r e l a t i o n s  s u g g e s t  t o  
Gans ( 1  982) t h a t  i n i t i a l  f a u l t i n g  occur red  du r ing  
t h e  i n t r u s i o n  o f  t h e  r h y o l i t e .  R. E. Anderson 
( w r i t t e n  commun., 1983) desc r ibed  f e a t u r e s  i n  
wes te rn  Utah t h a t  may i n d i c a t e  l a r g e - s c a l e  
low-angle f a u l t i n g  d u r i n g  Oligocene t i m e .  
Evidence of  young detachment f a u l t i n g  i s  found i n  
t h e  Death Va l l ey  area, where r o c k s  t h a t  are  
probably abou t  6 t o  8 m.y. o l d  o r  younger are 
i n c o r p o r a t e d  i n  t h e  Amargosa Chaos of  Noble 
(1941) above a widespread detachment s u r f a c e  
(Wernicke,  1981; S t e w a r t ,  1983). In  t h e  Sev ie r  
Desert, high-angle  normal f a u l t s  t h a t  o f f s e t  
Quaternary s u r f a c e  d e p o s i t s  t e r m i n a t e  a t  t h e  
S e v i e r  Desert detachment  f a u l t ,  implying t h a t  
Quaternary movement on t h e  detachment f a u l t  
t r i g g e r e d  movement o n  t h e  high-angle  f a u l t s  
(M. L. Zoback, o r a l  commun., 1982).  

P r e s e n t  d a t a  d o  n o t  g i v e  a clear p i c t u r e  of 
t h e  d i r e c t i o n  o f  e x t e n s i o n  d u r i n g  t h e  development 
o f  low-angle f a u l t s ,  p a r t i c u l a r l y  d u r i n g  t h e  
Miocene, when most o f  t h e s e  s t r u c t u r e s , a p p a r e n t l y  
developed. Ex tens ion  d i r e c t i o n s  d u r i n g  
development o f  l a t e - s t a g e  l i n e a t i o n  i n  t h e  
metamorphic c o r e  complexes i n  no r thwes te rn  Nevada 

and northwest  Utah were n e a r l y  eas t -wes t  ( f i g .  
5 ) .  In  t h e  Grouse Creek Range, t h i s  l i n e a t i o n  i s  
developed i n  a 24.9-m.y.-old p l u t o n ,  i n d i c a t i n g  
t h a t  east-west  e x t e n s i o n  i s  l o c a l l y  a t  l e a s t  t h i s  
young. Lf potassium-argon d a t e s  on cataclast ic  
r o c k s  i n  t h e  Ruby Mountains metamorphic c o r e  
complex (21 m.y.), and i n  t h e  Snake Range 
( 1 7  m.y.) i n d i c a t e  t h e  t i m e  of detachment  
f a u l t i n g ,  east-west e x t e n s i o n  may be a t  least  as  
young. Zoback and o t h e r s  (1981) ,  on t h e  o t h e r  
hand, have o u t l i n e d  ev idence  of  t h e  
p r e f e r e n t i a l l y  o r i e n t e d  d i k e  s w a r m s  and 
f a u l t - s l i p  v e c t o r s  f o r  20 t o  10  m.y. ago t h a t  
i n d i c a t e s  a uniform west southwest-east  n o r t h e a s t  
e x t e n s i o n  d i r e c t i o n ,  based mos t ly  on ev idence  
€rom t h e  Arizona segment of  t h e  Basin and Range 
province.  Zoback and Thompson (1978) i n d i c a t e d  
t h i s  same e x t e n s i o n  d i r e c t i o n  d u r i n g  t h e  
emplacement of  a 13.8- t o  16.3-m.y.-old nor th -  
northwest- t rending system of d i k e s  and l a v a  flows 
i n  n o r t h e r n  Nevada. Perhaps t h e  e x t e n s i o n  
d i r e c t i o n  changed from l a r g e l y  eas t -wes t  du r ing  
development of  t h e  c o r e  complexes t o  west 
southwest-east  n o r t h e a s t  a t  a s l i g h t l y  younger 
t i m e ,  but  t h e  e x a c t  t iming  of  t h e s e  e v e n t s ,  i f  
t h e y  are indeed r e l a t e d  t o  d i f f e r e n t  times and 
d i r e c t i o n s  of e x t e n s i o n ,  i s  no t  clear. A f u r t h e r  
complexi ty  is i n d i c a t e d  by the  southward sweep of 
Cenozoic igneous a c t i v i t y  from 4 3  t o  6 m.y. 
ago. Thls  southward sweep, as d e s c r i b e d  above, 
was accompanied by t h e  development of  e a s t -  
west- t rending igneous b e l t s  and east- 
west- t rending vo lcano- t ec ton ic  toughs  o r  g rabens  
s u g g e s t i v e  of  north-south ex tens ion .  This period 
of north-south e x t e n s i o n  o v e r l a p s  i n  time bo th  
t h e  east-west e x t e n s i o n  i n  the  c o r e  complexes and 
t h e  presumably younger w e s t  southwest-east  
n o r t h e a s t  e x t e n s i o n  i n d i c a t e d  by d i k e  
emplacement. 

Ba sin-rang e f a  u l  t i n g  

The t e r m  "basin-range f a u l t i n g "  i s  
r e s t r i c t e d  (Zoback and o t h e r s ,  1981) t o  f a u l t i n g  
t h a t  produced t h e  e l o n g a t e  mountains and v a l l e y s  
t h a t  c h a r a c t e r i z e  t h e  present-day Basin and Range 
p rov ince  ( f i g .  1 ) .  The c h a r a c t e r i s t i c  crest  t o  
crest spac ing  of t h e  mountain b l o c k s  i s  g e n e r a l l y  
25 t o  35 km. The mountains a r e  u s u a l l y  abou t  10 
t o  20 km a c r o s s  and are s e p a r a t e d  by a l l u v i a l  
v a l l e y s  of comparable width.  In  d e t a i l ,  t h e  
p a t t e r n s  o f  mountains and v a l l e y s  are h i g h l y  
complex and t h e  r anges ,  a l t h o u g h  g e n e r a l l y  
e l o n g a t e ,  are l o c a l l y  equ id imens iona l  o r  
e l l i p t i c a l  i n  p l an  view. 

Basin-range s t r u c t u r e  i s  r e l a t e d  t o  b lock  
f a u l t i n g ,  i n  which r a n g e s  a r e  formed by v e r t i c a l  
movements a long  major f a u l t s  on one  o r  b o t h  s i d e s  
o f  t h e  mountain block.  The concep t  of  b l o c k  
f a u l t i n g  may imply t h a t  t h e  s t r u c t u r e  i s  s imple ,  
whereas i n  r e a l i t y ,  f a u l t i n g  i s  n o t  mere ly  
conf ined  t o  t h e  s i d e s  of mountains  bu t  i s  
d i s t r i b u t e d  throughout t h e  mountain a r e a s  and i n  
s u b a l l u v i a l  rocks  o f  t h e  v a l l e y s  as  w e l l .  Major 
s t r u c t u r a l  b locks ,  t h e r e f o r e ,  shou ld  n o t  b e  
viewed a s  r i g i d  c o h e r e n t  masses b u t  r a t h e r  as  
a g g r e g a t e  s t r u c t u r a l  u n i t s  t h a t  g e n e r a l l y  move i n  
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a more o r  less uniform manner r e l a t i v e  t o  
a d j a c e n t  s t r u c t u r a l  u n i t s .  

Three g e n e r a l  models ( f i g ,  7 )  of  basin-range 
s t r u c t u r e  have been proposed. One model relates 
basin-range s t r u c t u r e  t o  a system of h o r s t s  and 
g r a b e n s  i n  which i n d i v i d u a l  h o r s t s  form mountains  
and i n d i v i d u a l  g rabens  form v a l l e y s .  
model relates basin-range s t r u c t u r e  t o  a system 
of  buoyant b l o c k s  t h a t  f l o a t  on a subs t r a tum.  
The t h i r d  relates basin-range s t r u c t u r e  t o  a 
system of s , t r u c t u r a l  b l o c k s  r o t a t e d  a l o n g  
cu rv ing ,  downward-f la t tening ( I i s t r i c )  f a u l t s .  
T i l t i n g  of  major b l o c k s ,  a c h a r a c t e r i s t i c  o f  many 
basin-range b l o c k s ,  i s  most e a s i l y  v i s u a l i z e d  i n  
t h e  buoyant b lock  and l i s t r i c  f a u l t  model,  
a l t h o u g h  moderate  t i l t i n g  a l s o  can be 
accommodated i n  t h e  h o r s t  and g raben  model. 

A second 

A C D E 

HORST AND GRABEN 
A C D E f 

BUOYANT BLOCK 
A C D E F 

CISTRIC FAULT 

0 50 km 
L 

APPROXIMATE HORIZONTAL AND VERTICAL SCALE 

F i g u r e  7. Models of bas in - r ange  s t r u c t u r e ,  A f t e r  
Stewart  (1979). 

I n  a d e t a i l e d  review o f  s e l e c t e d  s u b s u r f a c e  
d a t a  (mos t ly  seismic r e f l e c t i o n  d a t a )  Anderson 
and o t h e r s  (1983) concluded t h a t  no s i n g l e  
s t r u c t u r a l  model e x p l a i n s  basin-range s t r u c t u r e  
b u t  t h a t  t h e  s t r u c t u r e  is  i n  p l a c e s  d u e  to major  
s t e e p  p l a n a r  normal f a u l t s ,  i n  o t h e r  p l a c e s  t o  
moderately 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 i n  s t i l l  o t h e r  p l a c e s  to  s h a r p l y  
c u r v i n g  sha l low l i s t r i c  f a u l t s  t h a t  merge 
downward w i t h  a detachment s u r f a c e .  

Estimates o f  t h e  amount of e x t e n s i o n  
necessa ry  t o  produce basin-range s t r u c t u r e  have 
v a r i e d  widely,  and a t  p r e s e n t  no unanimity o f  
o p i n i o n  e x i s t s  on t h e  amount. D i f f i c u l t i e s  ar ise  
i n  p a r t  from u n c e r t a i n t i e s  o f  t h e  s u b s u r f a c e  
s t r u c t u r e .  I f  t h e  major f a u l t s  t h a t  bound basin-  
r ange  b l o c k s  are l a r g e l y  p l a n a r ,  estimates o f  10 
t o  20 p e r c e n t  are r e a s o n a b l e  (S tewar t ,  1971, 
1978; Thompson and Burke, 1974) ,  whereas i f  t h e  

perhaps s e v e r a l  hundred p e r c e n t  are r e a s o n a b l e  
(Wright and Troxel ,  1973; P r o f f e t t ,  1977). An 
a d d i t i o n a l  problem i s  t h e  u n c e r t a i n t y  i n  p l a c e s  
as  t o  how much e x t e n s i o n  i s  due  t o  pre-basin- 
r ange  low-angle f a u l t i n g  and how much i s  r e l a t e d  
t o  the  basin-range b l o c k  f a u l t i n g ,  I n  p l a c e s  t h e  

f a d t s  f l a t t e n  w i t h  depth, estlme*es of 38 to 

d i s t i n c t i o n  between what i s  h e r e  cons ide red  t o  be  
l a r g e l y  two d i s t f n c t  e v e n t s  (pre-basin-range and 
basin-range)  i s  u n c l e a r  and t h e  two may o v e r l a p  
i n  time, 

The most d e f i n i t i v e  estimate of  e x t e n s i o n  
r e l a t e d  t o  basin-range b lock  f a u l t i n g  is i n  
n o r t h - c e n t r a l  Nevada, where Zoback (1979)  
e s t i m a t e d  abou t  20 pe rcen t  ex tens ion .  Her 
estimate is  based on an a n a l y s i s  o f  f a u l t i n g  on 
f o u r  major f a u l t  sets where t h e  range-bounding 
f a u l t s  have c o n s i d e r a b l e  o b l i q u e  ( l e f t - l a t e r a l )  
components o f  motion, The t o t a l  o f f s e t  a l o n g  
e a c h  major  f a u l t  set was c a l c u l a t e d  by us ing  
g r a v i t y  d a t a  t o  c o n s t r a i n  t h e  v e r t i c a l  o f f s e t  
a l o n g  t h e  f a u l t s  and magnetic d a t a  to c o n t a i n  
l a te ra l  o f f s e t s  o f  a zone of  d i k e s .  

The g r a i n  o f  present-day topography,  and 
t h u s  t h e  development of  basin-range f a u l t  b l o c k  
mountains ,  probably deve lop  i n  t h e  n o r t h e r n  Basin 
and Range prov3nce du r ing  t h e  p a s t  10 m.y, 
( S t e w a r t ,  1978; Zoback and o t h e r s ,  1981). A 
young a g e  f o r  p r e s e n t - d a y  topography i s  i n d i c a t e d  
i n  s o u t h e r n  Nevada (Ekren and o t h e r s ,  1968) where 
a n  1l-m.y.-old t u f f  does  n o t  v a r y  s i g n i f i c a n t l y  
i n  t h i c k n e s s  between present-day v a l l e y s  and 
mountains ,  a s i t u a t i o n  t h a t  would be i m p o s s i b l e  
i f  present-day topography had developed by 
t hen ,  By t h e  t i m e  a n o t h e r  t u f f  had e r u p t e d  a b o u t  
7 m.y. ago, however, t h e  topograph ic  g r a i n  was 
much as  i t  i s  today. Th i s  younger t u f f  lapped 
a g a i n s t  some o f  t h e  r anges  and i n  p l a c e s  flowed 
i n  v a l l e y s  t h a t  a r e  t h e  s i t e s  o f  present-day 
s t r eams ,  I n  wes t - cen t r a l  Nevada, l a r g e  
sed imen ta ry  b a s i n s ,  presumably formed by 
e x t e n s i o n a l  f a u l t i n g ,  were w e l l  d e f i n e d  about  13 
t o  9 m.y, ago  (Robfnson and o t h e r s ,  1868; G i l b e r t  
and Reynolds,  1973). These b a s i n s  were much more 
e x t e n s i v e  ( G i l b e r t  and Reynolds,  1973) t h a n  
present-day b a s i n s  i n  t h e  r e g i o n ,  and s t u d i e s  of 
sedimentary t r a n s p o r t  d i r e c t i o n s  i n  f l u v i a l  u n i t s  
i n  t h e s e  b a s i n s  i n d i c a t e  a n  i n t e g r a t e d  d r a i n a g e  
system o v e r  l a r g e  areas ( f i g .  8). C l e a r l y ,  t h e  
present-day topography was no t  developed u n t i l  
a f t e r  t h e  c l o s e  of d e p o s i t i o n  i n  t h e s e  b a s i n s ,  
a b o u t  9 m,y, ago. Th i s  i n t e r p r e t a t i o n  i s  
suppor t ed  by widespread f a u l t i n g  o f  r o c k s  younger 
than  9 m.y, i n  wes t - cen t r a l  Nevada ( S t e w a r t  and 
o t h e r s ,  1982). I n  n o r t h - c e n t r a l  Nevada, 
widespread b a s a l t i c  a n d e s i t e  f lows  1 7  t o  1 4  m.y. 
o l d  and a n  o f i v f n e  b a s a l t  f l o w  fO m.y, o l d  
(S tewar t  and o t h e r s ,  1975; S tewar t  and McKee, 
1977; Zoback and Thompson, 1978) a r e  c u t  by major 
basin-range f a u l t s  r e l a t e d  to  present-day r anges ,  
whereas a 6-m.y.-old b a s a l t  (Zoback and Thompson, 
1978) Elowed a c r o s s  a l luv ium i n  what are now 
v a l l e y s .  Here a g a i n ,  a young a g e  ( l e s s  t h a n  1 0  
m.y.) i s  i n d i c a t e d  f o r  t h e  development of  bas in -  
r ange  s t r u c t u r e ,  

'&e g-rel. Rorth to n o r t h - w r t k e t s t  
o r i e n t a t i o n  o f  major basin-range normal f a u l t s  
( f i g .  1)  i n  t h e  n o r t h e r n  Basin and Range p rov ince  
i n d i c a t e s  e x t e n s i o n  i n  a n  east-west or e a s t  
southeast-west  southwest  d i r e c t i o n .  Present-day 
e x t e n s i o n  a l s o  h a s  t h i s  d i r e c t i o n ,  based on 
ea r thquake  f o c a l  mechanisms and i n  s f t u  stress 
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F i g u r e  8. D i s t r i b u t i o n  of middle  and l a t e  Miocene sed imentary  b a s i n s ,  p a l e o c u r r e n t  d i r e c t i o n s  i n  
middle  and upper  Miocene f l u v i a l  u n i t s ,  and d i s t r i b u t i o n  of  major  present -day  b a s i n s ,  eastern 
C a l i f o r n i a  and west e r n  Nevada. 

measurements (Zoback and Zoback, 1980; Zoback and 
o t h e r s ,  1981). 

S t r i k e - s l i p  f a u l t s  

Major s t r i k e - s l i p  f a u l t s ,  a l o n g  which most 
movement was p r o b a b l y  l a t e  Ceilozoic i n  a g e ,  o c c u r  
i n  t h e  Walker Lane and i n  a d i f f u s e  e a s t -  
n o r t h e a s t - t r e n d i n g  zone (Garlock f a u l t  t o  Lake 
Mead f a u l t  system) i n  e a s t e r n  C a l i f o r n i a  and 
s o u t h e r n  Nevada. Both nor thwes t - t rending  r i g h t -  
l a te ra l  f a u l t s  and n o r t h e a s t - t r e n d i n g  l e f t -  
l a te ra l  f a u l t s  occur .  E s t i m a t e s  o f  o f f s e t s  o n  
i n d i v i d u a l  f a u l t s  are as g r e a t  as 80 km (Smi th ,  
1962; S tewar t  and o t h e r s ,  1968; Rohannon, 1979) .  

The r e s t r i c t i o n  of  s t r i k e  s l i p  f a u l t s  t o  t h e  
Walker Lane and t o  t h e  d i f f u s e  e a s t - n o r t h e a s t  
zone i n  e a s t e r n  C a l i f o r n i a  and s o u t h e r n  Nevada 
may i n d i c a t e  t h a t  t h e s e  zones a l lowed f o r  

ad jus tment  between t e r r a n e s  of d i f f e r e n t  t e c t o n i c  
c h a r a c t e r .  The Walker Lane may mark t h e  boundary 
between a northwest-moving S i e r r a  Nevada b lock  
and t h e  west-northwest-extending Basin and Range 
p r o v i n c e  (Wright ,  1976). The e a s t - n o r t h e a s t  zone 
of s t r i k e - s l i p  f a u l t s  (Garlock f a u l t  t o  h k e  Mead 
f a u l t  system) may mark a d i f f u s e  boundary between 
areas t o  t h e  s o u t h  t h a t  ex tended  i n  a southwes t  
d i r e c t i o n  and t h o s e  t o  t h e  n o r t h  t h a t  extended i n  
a west-northwest  d i r e c t i o n  ( f i g .  9) .  Such a 
d i f f e r e n c e  i n  e x t e n s i o n  d i r e c t i o n  n o r t h  and south 
of  t h e  e a s t - n o r t h e a s t  zone of s t r i k e - s l i p  
f a u l t i n g  i s  compat ib le  w i t h  e v i d e n c e  of  e x t e n s i o n  
d i r e c t i o n s  d u r i n g  development o f  l a t e - s t a g e  
l i n e a t i o n  i n  t h e  metamorphic c o r e  complexes ( f i g .  
5 ) .  
e x t e n s i o n  d i r e c t i o n  i s  s o u t h w e s t - n o r t h e a s t ,  
whereas  i n  Nevada and w e s t e r n  Utah i t  is  east- 
west .  

In  Arizona and s o u t h e a s t e r n  C a l i f o r n i a  t h i s  
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F igure  9. S t r i k e - s l i p  f a u l t s  and an  i n t e r p r e t a t i o n  o f  r e g i o n a l  e x t e n s i o n a l  
d i r e c t i o n s  d u r i n g  t h e i r  development.  F a u l t s :  FCFZ, Furnace Creek f a u l t  zone; 
LVVSZ, Las Vegas Val ley s h e a r  zone; LMFZ, Lake Mead f a u l t  zone; GF, Garlock 
f a u l t ;  DVFZ, Death Val ley f a u l t  zone. 
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