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The ex is tence o f  low-angle normal f a u l t s  i n d i c a t e s  t h a t  t h e  r a t i o  o f  
shear s t r e s s  (2 ) t o  normal  s t r e s s  (rN) needed t o  cause s l  i p  on f a u l t s  i s  
s u b s t a n t i a l l y  l e s s  t h a n  w o u l d  be p r e d i c t e d  based on e x p e r i m e n t a l  data. 
Because t h e  t e n s i o n a l  s t r e n g t h  o f  r o c k  a t  a  1  a r g e  s c a l e  i s  exceed i  n g l y  
low, t h e  upper p l a t e  o f  a  low-angle normal f a u l t  cannot be p u l l e d  down t h e  
f a u l t  ramp, b u t  must  be d r i v e n  down i t  by i t s  own weight .  The a c t i v e  o r  
r e c e n t l y  a c t i v e  S e v i e r  D e s e r t  detachment f a u l t  i n  w e s t e r n  U tah  d i p s  
r e g i o n a l l y  a t  12' (1). The r a t i o  o f  shear s t ress  t o  normal s t ress  due t o  
t h e  w e i g h t  o f  t h e  upper  p l a t e  on a  l Z O - d i p p i  ng f a u l t  s u r f a c e  i s  0.2. I n  
contrast ,  l abo ra to ry  experiments i n d i c a t e  t h a t  s l i p  on f r a c t u r e  surfaces 
occu rs  w i t h  a1 most  a1 1  r o c k  t y p e s  when (z /a ) reaches va lues  o f  0.6 t o  
0.85 (Z), corresponding t o  no rma l - fau l t  d ips  o  ? 30° t o  40°. Seismological 
data i n d i c a t e  t h a t  low d e v i a t o r i c  s t resses are  associated w i t h  movement on' 
f a u l t s  o f  o t h e r  g e o m e t r i e s  (3,4) and a r e  n o t  u n i q u e  t o  l o w - a n g l e  normal  
f a u l t s .  I t  t h u s  appears t h a t  a p p r o x i m a t e l y  p l a n a r  f a u l t  zones w i t h  
surface areas o f  hundreds t o  thousands o f  square k i l omete rs  have d i f f e r e n t  
mechanical p roper t i es  than would be p red ic ted  based on 1  aboratory s tud ies  
o f  f r a c t u r e d  rock. 

M o d e l i n g  o f  s t r e s s e s  a s s o c i a t e d  w i t h  f l e x u r e  o f  oceanic l i t h o -  
sphere a t  outer-arc r i s e s  i n d i c a t e s  t h a t  d e v i a t o r i c  stresses g rea te r  than 
5kb e x i s t  and a r e  s u s t a i n a b l e  i n  ocean ic  1  i t h o s p h e r e ,  and t h a t  f a i l u r e  
occu rs  when z /q approaches 0.6 t o  0.85 (5). C o n t i n e n t a l  1  i t h o s p h e r e  
d i f f e r s  f rom oceanic l i t hosphere  i n  t h a t  a  low-s t rength  zone i n  t h e  midd le  
and l o w e r  c r u s t  i s  p r e d i c t e d  t o  s e p a r a t e  s t r o n g  upper  c r u s t  and s t r o n g  
upper m a n t l  e  (6). T h i s  t h r e e - l a y e r  1  i t h o s p h e r e  r h e o l  ogy i s  c o n s i s t e n t  
w i t h  s e i s m i c i t y  d a t a  (7), and i n d i c a t e s  t h a t  s t r e s s e s  o f  up t o  s e v e r a l  
k i l o b a r s  s h o u l d  be s u s t a i n a b l e  i n  t h e  upper  c r u s t .  I n  s i t u  s t r e s s  
measurements s u p p o r t  t h e  app l  i c a b i  1  i t y  o f  l a b o r a t o r y  d a t a  t o  models o f  
c r u s t a l  rheology a t  near-surface l e v e l s  away f rom f a u l t  zones (8). 
4 r 

I t h e r e f o r e  conc lude  t h a t  f a u l t  i n i t i a t i o n  i s  a  m a j o r  t e c t o n i c  
event t h a t  r e s u l t s  i n  fo rma t ion  o f  p lanar  zones o f  weakness w i t h i n  which 
susta inable d e v i a t o r i c  s t resses are  on ly  a  smal l  f r a c t i o n  o f  sus ta inab le  
d e v i a t o r i c  s t r e s s  l e v e l s  i n  r o c k s  t h a t  a r e  f r a c t u r e d  b u t  do n o t  c o n t a i n  
t h r o u g h g o i n g  f a u l t  zones. The t r a n s i t i o n  f r o m  f r a c t u r e d  r o c k  t o  a  
throughgoing, p lanar  f a u l t  zone must r e s u l t  f rom many seismic events o r  
f r o m  a s e i s m i c  processes. I f  i t  o c c u r r e d  d u r i n g  a  s i n g l e  s e i s m i c  event ,  
t h e  s t r e s s  d r o p  wou ld  be v e r y  l a r g e  and wou ld  be r e c o g n i z a b l e  i n  s e i s -  
mological  data; such events a re  not  observed (3). The d e v i a t o r i c  s t resses 
needed f o r  f o rma t ion  o f  low-angl e  normal f a u l t s  and i n i t i  a1 mobi 1  i z a t i o n  
o f  e x t e n s i o n a l  a1 l o c h t h o n s  a r e  f a r  g r e a t e r  t h a n  t h o s e  produced by t h e  
w e i g h t  o f  c r u s t a l  r o c k  on a  g e n t l y  d i p p i n g  su r face .  T h i s  p o i n t s  t o  a  
fundamental mechanical problem: how a r e  such h igh  shear stresses achieved 
on gent ly  d ipp ing  surfaces. 

I propose t h a t  s t r e s s e s  a s s o c i a t e d  w i t h  c r u s t a l  f l e x u r e  a r e  
essent ia l  f o r  i n i t i a l  detachme.nt o f  extensional  a1 1  ochthons, a t  l e a s t  i n  
cases where p r e - e x i  s t i  ng f a u l t s  a r e  n o t  u t i  1 i zed a s  detachment f a u l t  
sur faces.  Low-ang le  normal  f a u l t s  f o r m  as s l i p  s u r f a c e s  t h a t  r e l e a s e  
e l a s t i c  energy associated w i t h  c r u s t a l  f lexure.  F lexure i n  t h e  western 
Un i ted  Sta tes  poss ib l y  r e s u l t e d  f rom a t  1  east two processes: [l] i n i t i a l  
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moderate- t o  hi gh-angl e normal fau l t ing  caused unloading of t h e  footwall 
block, resu l t ing  i n  s l  i ght t o  moderate i s o s t a t i c  up1 i f t  and concave-upward 
f l e x u r e  of t h e  f o o t w a l l  and a s soc i a t ed  development of flexure-generated 
s t r e s s e s .  Sequent i  a1 i n i t i a t i o n  of  p r o g r e s s i v e l y  sha l  lower  f a u l t s  
r e s u l t e d  from cont inued  ex t ens iona l  f au l t i ng  and associated denudation, 
i s o s t a t i c  u p l i f t ,  and f lexure  of t he  footwall. [2] Erosional denudation of 
t h e  over th ickened  and t o p o g r a p h i c a l l y  high,  Mesozoic compress ional  
orogenic  b e l t  caused i s o s t a t i c  up1 i f t  of t h e  b e l t  and f l e x u r e  on i t s  
flanks. In t h i s  case, extensional fau l t ing  began i n  an upper c ru s t  t h a t  
was a l r e a d y  h igh ly  s t r e s s e d  due t o  f l e x u r e  a s s o c i a t e d  w i t h  e ro s iona l  
denudation and i s o s t a t i c  rebound. This second mechani sm f o r  f l  exure i s 
consis tent  with some sediment01 ogical data t h a t  suggest t h a t  subsidence 
over  a broad a r e a  due t o  i n i t i a l  ex t ens ion  on g e n t l y  dipping f a u l t s  i s  
followed by internal  distension and high-angle f au l t i ng  of t h e  upper p la te  
(9), ra ther  than t he  reverse sequence i n  which i n i t i a l  high-angle f au l t i ng  
i s  fol 1 owed by progressi vely Tower angl e faul t i  ng. 

The sense of shear along t he  gently t o  moderately dipping neutral 
surface of a tapered 1 ower pl a t e  undergoing concave-upward f l exure  would 
tend t o  d r ive  rock above t h e  surface down t h e  regional dip of t h e  surface. 
In an ex t ens iona l  environment of reduced 1 a t e r a l  con f in ing  s t r e s s ,  t h e  
weight of t h e  rock above t h e  neu t r a l  s u r f a c e ~ w o u l d  a l s o  tend t o  d r i v e  
overlying rock down the  surface. St resses  or iginat ing from both f lexure  
and g r a v i t y  i n t e r f e r e  c o n s t r u c t i v e l y ,  and t he  resu l tan t  s t a t e  of s t r e s s  
may be essen t ia l  f o r  low-angle normal f a u l t  i n i t i a t i o n  (10). 

References Cited 

Allmendinger, R.  W.,  Sharp, J .  W . ,  Von Tish, D.,  Serpa, L., Brown, 
L . ,  Kaufman, S. ,  Oliver,  J . ,  and Smith, R. B.,  1983, Cenozoic and 
Mesozoic s t ruc ture  of t he  eastern Basin and Range Province, Utah, 
frorn COCORP seismic re f lec t ion  data:  Geology, v. 11, p. 532-536. 

Byerlee, J . ,  1978, Fr ic t ion of rocks: Pure and Applied Geophysics, 
V.  116, p. 615-626. 

Raleigh, B.,  and Evernden, J . ,  1981, Case f o r  1 ow deviator ic  
s t r e s s  in  the  1 i thosphere, Mechanical behavior of crustal  
rocks: American Geophysical Union Geophysical Monograph no. 24, p. 
173-186. 

Lachenbruch, A. H., and Sass, J .  H . ,  1980, Heat flow and energet ics  of 
t he  San Andreas f a u l t  zone: Journal of Geophysical Research, v. 
85, p. 6185-6222. 

Goetze, C.,  and Evans, B., 1979, S t ress  and temperature in  t h e  bending 
1 i thosphere as  constrai  ned by experimental rock mechanics: Geophysical 
Journal of t he  Royal Astronomical Society, v. 59, p. 463-478. 

Brace, W. F . ,  and Kohlstedt, D. L.,  1980, Limits of l i thospher ic  s t r e s s  
imposed by laboratory experiments: Journal of Geophysical Research, v. 
85, p. 6248-6252. 

Chen, W-. P . ,  and Molnar, P., 1983, Focal depths of in t racont i  nental 
earthquakes and t h e i r  imp1 i c a t i  ons f o r  thermal and mechanical propert ies 
of t he  l i thosphere:  Journal of Geophysical Research, v. 88, p. 
4183-4214. 

McGarr, A . ,  and Gay, N.C.,  1978, S t a t e  of s t r e s s  i n  t he  Ear th 's  c rus t :  
Annual Review of Earth and Planetary Science, v. 6,  p. 405-436. 

Wernicke, Brian, 1985, Uniform-sense normal simp1 e shear of t h e  



144 CRUSTAL FLEXURE... I 

Spencer, J. E. 
continental lithosphere: Canadian Journal of Earth Science, v. 22, p. 
108-125. 

10. Spencer, J .  E., 1982, Origin of folds of Tertiary low-angle f au l t  
surfaces, southeastern California and western Arizona, Frost, E. 
G., and Martin, D. L. ,  eds., Mesozoic-Cenozoic tectonic evolution of the 
Col orado R i  ver region, Cal i fornia,  Arizona, and Nevada: San Di ego, 
Cordil leran Pub1 i shers, p. 123-134. 




