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Preface 

This volume represents the content of a workshop held at the University of Nevada - Reno, 
under the auspices of the Center for Neotectonic Studies, organized by Professors Slemmons, 
Schweickert, and Bell. The workshop consisted of a variety of specialised presentations, each aimed 
toward a clearer understanding of the southern Great Basin and addressing a number of disparate topics 
within the fields of geology and geophysics. Our aim was to bring together a number of experts whose 
state-of-the-art ideas and data represent the front line of Basin and Range research; without doubt, 
the workshop hit the bull's eye not only in this respect but also in bringing together an audience whose 
equally disparate elements may not otherwise have met and talked were it not for the workshop. It is 
a pleasure, therefore, to be able to collect these workshop papers and abstracts for this volume; the 
reader should regard them as a photographic still of the rapidly changing picture of our ideas about 
the development of the southern Great Basin. 

The last decade has witnessed a rising surge of interest in all aspects of Basin and Range 
geology, motivated in part by new ideas about the mechanisms of crustal extension and the significance 
of low-angle normal faults and detachments. Our understanding of the processes of continental 
extension has benefitted from the application of a number of different disciplines in both geology and 
geophysics and, in particular, from the integration of these disciplines. The benefit of this 
interdisciplinary and cooperative approach is most dramatically seen in the growing field of 
neotectonics, in which the relative newcomers in the fields of structural geology, seismology, 
volcanology, etc., are able to add their insights to produce a more coherent view of the active Basin and 
Range. 

The burgeoning of neotectonics as a field of study is due in part to the excitement generated by 
Basin and Range geology, but also to the dramatic development of various paleoseismological 
techniques in the last decade, and the realization that the seismic record is woefully inadequate in 
characterizing active tectonics and seismic hazard. The field of neotectonics is really no more than the 
application of every geological and geophysical tool to the understanding of active tectonics, and for 
this reason the term neotectonics is often criticized for being jargon. But the fact that the term was 
invented represents a real and tangible realization by geologists and geophysicists alike that true 
significant progress is not only possible by cooperative and interdisciplinary work, but is impossible 
without it. 

This volume and the workshop from which it comes represents this type of interdisciplinary 
and cooperative work and, in this sense, represents the flavor of our current understanding, including the 
remaining controversies, of the southern Great Basin. 

* * * * *  
Acknowledgements My greatest thanks and debt are owed to Barbara Matz, whose untiring, 
unquestioning, and enthusiastic help made both the workshop and the preparation of this volume a far 
easier task than it might have otherwise been. The workshop would not have been possible without 
the guidance of the convenors, Professors Slemmons, Schweickert, and Bell. The following students 
helped in various ways in making the workshop run smoothly and successfully (in no particular order): 
Paul Buchanan, Doug Clark, John Caskey, Dave Green, Mary Lahren, Mary Wells, Janet Sawyer, Kati 
Killeen, Steve Nitchman, Diane Donovan, and Diane dePolo. If I've forgotten anyone I hope they'll 
forgive me - to those I owe a special thanks. 

Michael A. Ellis 
Center for Neotectonic Studies 
June 6,1989 



O v e r v i e w  of the R o l e  of S t r i k e - s l i p  and N o r m a l  
F a u l t i n g  i n  the  N e o g e n e  H i s t o r y  of the R e g i o n  
N o r t h e a s t  o f  D e a t h  V a l l e y ,  C a l i f o r n i a - N e v a d a  

Lauren A .  Wright ,  Department o f  Geosc i ences  
~ e n n s y l v a n i a  S t a t e  U n i v e r s i t y  

U n i v e r s i t y  Park,  PA 16802 

The complex i ty  o f  Neogene f a u l t i n g  i n  t h e  Dea th  Va l l ey  r e g i o n  
( F i g .  1) h a s  been  w i d e l y  r e c o g n i z e d  s i n c e  L e v i  Noble p r e s e n t e d  h i s  
c l a s s i c  p a p e r  on  t h i s  s u b j e c t  i n  1 9 4 1 .  S u b s e q u e n t  d e t a i l e d  
mapping b y  many w o r k e r s  h a s  p roduced  a  p r o g r e s s i v e l y  c l e a r e r  
documenta t ion  o f  t h e  f a u l t  p a t t e r n ,  b u t  a l s o  h a s  l e d  t o  d i v e r g e n t  
v iews  c o n c e r n i n g  t h e  t e c t o n i c  e v o l u t i o n  of  t h e  r e g i o n  i n  Neogene 
t i m e .  T h i s  p a p e r  i s  i n t e n d e d  a s  a  b r i e f  commentary on a  r e c e n t l y  
compiled f a u l t  map o f  t h e  Death Va l l ey  r e g i o n  ( F i g .  2 )  and on what 
can  be s e e n  i n  a  compi led  Bouguer g r a v i t y  map ( F i g s .  3 and 4 )  t h a t  
may add  t o  a n  u n d e r s t a n d i n g  o f  t h e  f a u l t  p a t t e r n .  The p a p e r  w i l l  
f o c u s  upon t h e  c h r o n o l o g y  o f  t h e  i n c e p t i o n  o f  movement on major  
f a u l t s  and  t h e  i n t e r p l a y  between two f a u l t  t y p e s  i n  t h e  Neogene 
f ramework - n o r t h w e s t  s t r i k i n g  f a u l t s  w i t h  a  dominant  r i g h t -  
l a t e r a l  component o f  movement, and n o r t h - n o r t h w e s t  t o  n o r t h e a s t -  
s t r i k i n g ,  e s s e n t i a l l y  normal f a u l t s  of s t e e p  t o  modera te  d i p .  

S e v e r a l  l i n e s  o f  e v i d e n c e  s t r o n g l y  s u g g e s t  t h a t ,  (1) i n  a  
b e l t  t h a t  i n c l u d e s  Dea th  V a l l e y  on t h e  s o u t h w e s t  and  Pahrump 
V a l l e y  and  t h e  Amargosa Desert on t h e  n o r t h e a s t ,  t h e s e  two t y p e s  
of f a u l t s  a r e  t h e  p r i n c i p a l  e x p r e s s i o n s  o f  c r u s t a l  f a i l u r e  i n  t h e  
s h a p i n g  o f  t h e  p r e s e n t  b a s i n s  and r a n g e s ,  ( 2 )  t h a t  t h i s  r e g i o n  
was d i v i d e d  i n t o  b l o c k s  bounded by m a j o r  z o n e s  o f  s t r i k e - s l i p  
f a u l t s  and  normal  f a u l t s  16  t o  1 4  Ma ago,  ( 3 )  t h a t  each  b l o c k  h a s  
evo lved  semi - independen t ly  w i t h  s e p a r a t e  d e f o r m a t i o n a l  and t h e r m a l  
h i s t o r i e s ,  and  ( 4 )  t h a t  low-angle  normal  f a u l t s ,  o f  which some 
have  b e e n  i d e n t i f i e d  a s  "de tachment  f a u l t s w ,  a r e  u n c o n n e c t e d ,  
l a t e r  f e a t u r e s  o r i g i n a t i n g  w i t h i n  t h e  i n d i v i d u a l  b l o c k s .  T h i s  
i n t e r p r e t a t i o n  d i f f e r s  f rom o t h e r s  i n  wh ich  t h e  f a i l u r e  i s  
a t t r i b u t e d  m a i n l y  t o  l ow-ang le  d e t a c h m e n t  f a u l t s  o f  r e g i o n a l  
e x t e n t  (Wern icke ,  1981;  Wernicke a n d  o t h e r s ,  1988;  Hami l ton ,  
1 9 8 8 ) .  

N o r t h e a s t  o f  Dea th  V a l l e y ,  i s o l a t e d  o c c u r r e n c e s  of low-angle  
f a u l t s  i n  t h e  B l a c k  Mounta ins  (Noble,  1941;  Wrigh t  and  T r o x e l ,  
1985)  and  i n  t h e  n o r t h e r n  F u n e r a l  Mounta ins -Bare  Mountain a r e a  
(Ransome and  o t h e r s ,  1910; C a r r  and Monser i ,  1988;  Maldonado, i n  

p r e s s )  have  b e e n  v i ewed  by  Hamil ton (1988)  a s  b e l o n g i n g  t o  a  
s i n g l e  r e g i o n a l  de t achmen t  s u r f a c e .  The f o r m e r ,  however , have 
been  i n t e r p r e t e d  by  Noble a n d  Wright (1954)  and  Drewes (1963)  a s  
c o n f i n e d  t o  t h e  B lack  Mountains;  t h e y  have r e c e n t l y  been viewed by 
Wright  a n d  T r o x e l  (1987)  a s  p r o v i d i n g  a  l i n k a g e  be tween  t h e  
Sheephead f a u l t  zone on t h e  sou thwes t  and  Fu rnace  Creek f a u l t  zone 
on t h e  n o r t h e a s t .  The l a t t e r ,  f o r  r e a s o n s  c i t ed  below, seem best 
i n t e r p r e t e d  a s  l o c a l i z e d  w i t h i n  t h e  n o r t h e r n  F u n e r a l  Mounta ins -  
Bare  Mountain a r e a .  The o r i g i n  o f  t h e s e  f a u l t s  i n  b o t h  a r e a s ,  
however, remains  c o n t r o v e r s i a l .  



The i n t e r p l a y  between t h e  s t r i k e - s l i p  and  normal f a u l t s  was 
f i r s t  emphas ized  by  B u r c h f i e l  and S t e w a r t  (1966)  who, i n  d e f i n i n g  
t h e  t y p e  " p u l l - a p a r t "  b a s i n ,  obse rved  t h a t  t h e  a c t i v e ,  dominan t ly  
normal  and  n o r t h - s t r i k i n g  f a u l t s  t h a t  occupy c e n t r a l  Death V a l l e y  
p r o v i d e  a  r i g h t - s t e p p i n g  c o n n e c t i o n  be tween  t h e  zones o f  a c t i v e  
n o r t h w e s t - s t r i k i n g  r i g h t - l a t e r a l  f a u l t s  t h a t  occupy s o u t h e r n  and  
n o r t h e r n  D e a t h  V a l l e y .  B u r c h f i e l  a n d  o t h e r s  ( 1 9 8 3 )  l a t e r  
r e c o g n i z e d  a  r e p e t i t i o n  of  t h i s  p a t t e r n  of f a u l t i n g  i n  t h e  a r e a  of  
t h e  Montgomery Mountains  and  t h e  Nopah and  R e s t i n g  S p r i n g  Ranges 
e a s t  o f  Dea th  V a l l e y ,  I n  a d d i t i o n ,  Wr igh t  a n d  T r o x e l  (1971)  
o b s e r v e d  t h a t  t h e  c e n t r a l  Death V a l l e y  p l u t o n i c - v o l c a n i c  f i e l d  and 
t h e  Fu rnace  Creek b a s i n  which b o r d e r s  it on t h e  n o r t h e a s t  occupy a  
s i m i l a r l y  o r i e n t e d  r i g h t - s t e p p i n g  p o s i t i o n  be tween  t h e  e n  e c h e l o n  
t e r m i n a t i o n s  o f  t h e  F u r n a c e  Creek  a n d  Sheephead  r i g h t - l a t e r a l  
f a u l t  zones  ( F i g .  3 )  t h e r e b y  q u a l i f y i n g  a s  a  rhombochasm. The 
v a r i o u s  b o d i e s  o f  i gneous  rock  t h a t  compose t h i s  f i e l d  a l s o  have 
been b roken  by normal  f a u l t s  and i n t r u d e d  b y  d i k e s ,  most o f  e a c h  
s t r i k i n g  n o r t h - n o r t h e a s t  . The r i g h t - s t e p p i n g  r e l a t i o n - s h i p  
between t h e  s t r i k e - s l i p  and  normal f a u l t s  a l s o  i s  e x p r e s s e d ,  b u t  
on a  s m a l l e r  s c a l e ,  by j o i n s  between t h e  Grandview f a u l t  and  t h e  
Fu rnace  Creek f a u l t  zone and  between t h e  Fu rnace  Creek f a u l t  zone 
and t h e  Keane Wonder f a u l t  zone,  

I f  w e  have c o r r e c t l y  i n t e r p r e t e d  t h e  t e c t o n i c  s e t t i n g  o f  t h e  
c e n t r a l  D e a t h  V a l l e y  p l u t o n i c - v o l c a n i c  f i e l d ,  t h e  a g e  o f  t h e  
o l d e s t  i g n e o u s  r o c k s  o r i g i n a t i n g  w i t h i n  it o r  o f  t h e  o l d e s t  
b a s i n a l  d e p o s i t s  a s s o c i a t e d  w i t h  t h e  p r o p o s e d  rhombochasm s h o u l d  
p r o v i d e  a  minimum a g e  f o r  t h e  b e g i n n i n g  o f  movement on b o t h  t h e  
F u r n a c e  Creek  a n d  Sheephead f a u l t  zones  which bound t h e  f i e l d .  
The o l d e s t  a g e  t h u s  f a r  o b t a i n e d  from e i t h e r  o f  t h e s e  s o u r c e s  i s  
t h e  1 3 . 7  + . 4  Ma ( K / A r  b i o t i t e )  o b t a i n e d  from a  t u f f  bed  low i n  
t h e  A r t i s t  D r i v e  Format ion  o f  t h e  Fu rnace  Creek b a s i n  (Cemen and 
o t h e r s ,  1 9 8 5 )  . A 1 0 . 4  _f- . 3  Ma ( K / A r  b i o t i t e ,  p e r s o n a l  
communicat ion,  R . E .  Drake,  198)  age  d e t e r m i n a t i o n  from a d a c i t i c  
r o c k  u n i t  a t  Sheephead  P a s s ,  which i s  b o t h  i n t r u s i v e  i n t o  t h e  
Sheephead f a u l t  zone and  e x i s t s  a s  f l ows  a d j a c e n t  t o  i t ,  p r o v i d e s  
a  minimum d a t e  f o r  t h e  i n i t i a t i o n  of movement on t h a t  f a u l t  zone .  
A c o n s i d e r a b l y  o l d e r  d a t e  f o r  t h e  i n i t i a t i o n  o f  movement on t h e  
Sheephead  f a u l t  zone i s  s u g g e s t e d  by  e v i d e n c e  t h a t  t h e  c h a o t i c  
d e f o r - m a t i o n  o f  p re -Cenozoic  and  Cenozoic  r o c k  u n i t s  ( p r o d u c i n g  
t h e  Amargosa chaos  o f  Noble, 1941) i s  a s s o c i a t e d  wi th  movement on 
t h e  Sheephead f a u l t  (Wright and  T r o x e l ,  1987)  and  began p r i o r  t o  
t h e  a d v e n t  o f  vo lcan i sm i n  t h e  Black Mountains (Wright and Troxe l ,  
1 9 8 5 ) .  

The t i m e  o f  i n c e p t i o n  o f  i g n e o u s  a c t i v i t y  i n  t h e  B lack  
M o u n t a i n s  a n d  G r e e n w a t e r  Range ,  b e t w e e n  t h e  e n  e c h e l o n  
t e r m i n a t i o n s  o f  t h e  F u r n a c e  Creek  a n d  Sheephead  f a u l t  z o n e s ,  
r e m a i n s  u n d e t e r m i n e d  a s  t h e  a g e s  o f  most o f  t h e  p l u t o n s  a r e  
unknown. A q u a r t z  monzoni te  p l u t o n ,  a b o u t  2 . 5  km west o f  J u b i l e e  
P a s s ,  d a t e d  a t  1 1 . 4  2 .04 Ma ( K / A r  b i o t i t e ,  R . E .  Drake, p e r s o n a l  
communication,  198)  i s  t h e  o l d e s t  y e t  i d e n t i f i e d .  

A f e a t u r e  e x p r e s s e d  main ly  by g r a v i t y  anomal i e s  on F i g u r e s  3 
and  4 a n d  d e s i g n a t e d  i n  F i g u r e  4 a s  t h e  "Amargosa Desert r i f t  



zone" e x t e n d s  from t h e  v i c i n i t y  o f  C r a t e r  F l a t  and  Yucca Mountain 
s o u t h w a r d  t o  t h e  s o u t h e r n  e n d  o f  t h e  Amargosa D e s e r t .  C a r r  
( 1 9 8 8 ) ,  i n  i n d e p e n d e n t l y  o b s e r v i n g  t h e  g r a v i t y  low, h a s  shown it 
a s  t h e  s o u t h e r n  p a r t  o f  a  l e n g t h i e r  f e a t u r e ,  named by him t h e  
"Kawich-Greenwater v o l c a n o - t e c t o n i c  r i f t " .  From t h e  C r a t e r  F l a t -  
Yucca Mountain a r e a  n o r t h - n o r t h e a s t w a r d ,  t h e  n o r t h e r n  p a r t  of  t h e  
Kawich-Greenwater r i f t ,  a s  d e f i n e d  by C a r r ,  i s  d e l i n e a t e d  by a  
b e l t  o f  n o r t h - n o r t h e a s t  s t r i k i n g  normal f a u l t s  and an a l i gnmen t  of 
mid-Miocene c a l d e r a s ,  i n c l u d i n g  t h o s e  of t h e  Timber Mountain-Oasis 
V a l l e y  a n d  t h e  C r a t e r  F l a t - P r o s p e c t o r  P a s s  complexes .  Those of  
t h e  l a t t e r  a r e  t h e  most s o u t h e r l y  c a l d e r a s  which C a r r  i d e n t i f i e s  
w i t h  t h e  r i f t  zone ,  a l t h o u g h  h e  would e x t e n d  t h e  r i f t  zone 
s o u t h w e s t w a r d  from t h e  Amargosa D e s e r t  t o  i n c l u d e  t h e  c e n t r a l  
Dea th  V a l l e y  p l u t o n i c - v o l c a n i c  f i e l d  ( h i s  G r e e n w a t e r  v o l c a n i c  
c e n t e r )  . 

B e n e a t h  t h e  Amargosa D e s e r t ,  t h e  r i f t  zone  i s  r e c o r d e d  
p r i n c i p a l l y  by t h e  n e g a t i v e  g r a v i t y  anomaly o f  F i g u r e s  3 and  4 and 
by e x p o s u r e s  o f  Miocene sed imen ta ry  rocks  o f  t h e  Ash Meadows b a s i n  
a t  t h e  s o u t h e r n  end  o f  t h e  Amargosa D e s e r t  and  t h e  n o r t h e r n  end of 
t h e  R e s t i n g  S p r i n g  Range. I n  t h e  absence ,  b e n e a t h  t h e  r e s t  o f  t h e  
Amargosa Desert, o f  s t r o n g  magne t i c  anomal i e s  (Kane and  Bracken,  
1983) t h a t  would i n d i c a t e  t h e  p r e s e n c e  o f  l a r g e  b o d i e s  of v o l c a n i c  
r o c k ,  t h i s  p a r t  o f  t h e  g r a v i t y  anomaly i s  b e s t  a t t r i b u t e d  t o  a  
s e d i m e n t a r y  f i l l  o f  t h e  r i f t  zone .  T h a t  t h e  e n t i r e  Amargosa 
D e s e r t  segment  o f  t h e  r i f t  zone  opened i n  mid-Miocene t i m e  i s  
i n d i c a t e d  by  t h e  o b s e r v a t i o n s  t h a t  t h e  C r a t e r  F l a t - P r o s p e c t o r  Pas s  
c a l d e r a  complex i n v o l v e s  rock  u n i t s  a s  o l d  a s  15  M a  ( C a r r ,  1989) 
and  t h a t  an  a s h  bed low i n  t h e  s ed imen ta ry  f i l l  o f  t h e  Ash Meadows 
b a s i n  h a s  been  r a d i o - m e t r i c a l l y  d a t e d  ( K / A r  b i o t i t e )  a t  1 3 . 2  &. .04 
Ma ( R . E .  Drake ,  p e r s o n a l  communica t ion ,  1980,  c i t e d  i n  Cemen, 
1983) . 

A s  a n  a l t e r n a t i v e  t o  t h e  i n c l u s i o n  o f  t h e  c e n t r a l  Dea th  
V a l l e y  v o l c a n i c  f i e l d  w i t h i n  t h e  r i f t  zone o f  t h e  Amargosa D e s e r t ,  
I s u g g e s t  a  l i n k a g e  w i t h  t h e  Pahrump f a u l t  zone i n  t h e  manner 
shown i n  F i g u r e  4 .  Extending  nor thwes tward  from Pahrump V a l l e y  t o  
t h e  s o u t h e r n  end  o f  t h e  Amargosa Desert i s  a  c o n t i n u o u s  a l i gnmen t  
o f  f a u l t s  a n d  a p p a r e n t l y  f a u l t - r e l a t e d  g r a v i t y  anomal i e s  which I 
i n t e r p r e t  as j o i n i n g  t h e  Pahrump f a u l t  zone w i t h  t h e  r i f t  zone of  
t h e  Amargosa Desert .  The f a u l t s  t h a t  compose t h e  Pahrump f a u l t  
zone a n d  d i s p l a c e  Q u a t e r n a r y  a l l u v i u m  o f  Pahrump V a l l e y  connec t  
w i t h  f a u l t s  t h a t  d e f i n e  S t ewar t  Va l l ey  and  t h e  S t e w a r t  V a l l e y  p u l l -  
a p a r t  b a s i n  o f  B u r c h f i e l  and o t h e r s  ( 1 9 8 3 ) .  The l a t t e r  c o i n c i d e s  
w i t h  a n e g a t i v e  g r a v i t y  anomaly  a n d  i s ,  i n  t u r n ,  s u c c e e d e d  
n o r t h w e s t w a r d  b y  t h r e e  o t h e r  s i m i l a r l y  s h a p e d  a n d  o r i e n t e d  
n e g a t i v e  a n o m a l i e s  which can  b e  assumed t o  a l s o  d e l i n e a t e  p u l l -  
a p a r t  b a s i n s ,  i n c l u d i n g  t h e  p a r t l y  exposed  Ash Meadows b a s i n  a t  
t h e  s o u t h e r n  end  o f  t h e  Amargosa D e s e r t .  I n  t h e  n o r t h e r n  p a r t  o f  
t h e  Amargosa Desert, t h e  e a s t e r n  margin o f  t h e  r i f t - z o n e  c o i n c i d e s  
w i t h  a  n o r t h - n o r t h e a s t  t r e n d i n g  groundwater  b a r r i e r  (Winograd and 
Thordarson,  1975)  and  a  n e g a t i v e ,  wes t - f ac ing  g r a v i t y  g r a d i e n t .  

The t i m e  o f  t h e  i n i t i a t i o n  o f  movement on t h e  Pahrump f a u l t  
zone i s  c o n j e c t u r a l .  Ev idence  t h a t  it moved con temporaneous ly  



w i t h  t h e  development of  s ed imen ta ry  b a s i n s  a l o n g  i t s  ' t r a c e  i s  seen  
i n  t h e  p r e s e n c e  of  pronounced n e g a t i v e  g r a v i t y  anomal i e s ,  e l o n g a t e  
p a r a l l e l  w i t h  t h e  f a u l t  zone b e n e a t h  t h e  L a t e  Cenozo ic  cove r  o f  
Pahrump V a l l e y .  I t s  p a r a l l e l i s m  w i t h  t h e  F u r n a c e  Creek  f a u l t  
zone,  i t s  a s s o c i a t i o n  w i t h  g r a v i t y  a n o m a l i e s  a s  s t r o n g  a s  t h o s e  
a l o n g  t h e  Fu rnace  Creek f a u l t  zone and i t s  a p p a r e n t  l i n k a g e  w i t h  
t h e  r i f t  zone b e n e a t h  t h e  Amargosa Desert s u g g e s t  t h a t  it evo lved  
contemporaneously w i t h  t h e s e  f e a t u r e s .  

Thus i f  t h e s e  i n t e r p r e t a t i o n s  o f  t h e  geomet ry  and  chronology  
of ma jo r  s t r i k e - s l i p  and  normal  f a u l t s  i n  t h e  r e g i o n  e a s t  o f  Death 
V a l l e y  a r e  c o r r e c t ,  t h e  f a u l t s  have  d i v i d e d  t h e  r e g i o n  i n t o  
s e v e r a l  d i s c r e t e  b l o c k s  1 6  t o  1 4  Ma ago,  e a c h  h a v i n g  s u b s e q u e n t l y  
undergone  a  s e p a r a t e  d e f o r m a - t i o n a l  and  t h e r m a l  h i s t o r y .  I f  s o ,  
t h e  de t achmen t  f e a t u r e s  o f  t h e  Black Mountains  a n d  t h o s e  of  t h e  
a r e a  o f  t h e  n o r t h e r n  F u n e r a l  Mountains ,  B u l l f r o g  H i l l s  and  Bare 
Mountain c o u l d  n o t  have deve loped  a s  p a r t s  ~f a s i n g l e  s u r f a c e  and 
an o v e r l y i n g  p l a t e  w h i l e  s e p a r a t e d  by a  major  s t r i k e - s l i p  (Furnace 
C r e e k )  f a u l t  z o n e .  A l though  t h e  de t achmen t  s u r f a c e s  and  t h e  
o v e r l y i n g  p l a t e s  i n  t h e  two a r e a s  a r e  s i m i l a r  i n  major  r e s p e c t s ,  
t h e y  a l s o  d i s p l a y  s i g n i f i c a n t  d i f f e r e n c e s  i n  d e f o r m a t i o n a l  s t y l e ,  
t e c t o n i c  s e t t i n g ,  and  ch rono logy .  These a r e  b e i n g  d e t a i l e d  i n  a  
p a p e r  now i n  p r e p a r a t i o n .  

Q u a t e r n a r y  s u r f a c e  f a u l t i n g  h a s  been l o n g  r e c o g n i z e d  a s  much 
l e s s  a b u n d a n t l y  e x p r e s s e d  i n  t h e  r e g i o n  n o r t h e a s t  o f  Death V a l l e y  
t h a n  f r o m  D e a t h  V a l l e y  wes tward .  The mos t  p r o m i n e n t  g round 
r u p t u r e s  i n  t h e  n o r t h e a s t  r e g i o n  a r e  t h o s e  o f  t h e  Pahrump f a u l t  
zone i n  Pahrump V a l l e y  a n d  a n o t h e r  a l o n g  t h e  e a s t  s ide  of  Bare  
Mounta in  ( R e h e i s ,  1 9 8 8 ) .  The l a t t e r  c l e a r l y  r e c o r d s  renewed 
movement on t h e  f a u l t  t h a t  s e p a r a t e s  t h e  P a l e o z o i c  r o c k s  o f  Bare 
Mounta in  f rom t h e  t h i c k  v o l c a n i c  s e c t i o n  b e n e a t h  C r a t e r  F l a t  
( C a r r ,  1 9 8 8 )  . E v i d e n c e  t h a t  t h e  n o r t h w e s t - t r e n d i n g  g r o u n d  
r u p t u r e s  o f  Pahrump V a l l e y  a l s o  r e p r e s e n t  renewed movement on an  
e a r l i e r  e s t a b l i s h e d  (mid-Miocene?)  f a u l t  z o n e  e x i s t s  i n  t h e  
e l o n g a t e ,  n o r t h w e s t - t r e n d i n g  g r a v i t y  a n o m a l i e s  b e n e a t h  Pahrump 
V a l l e y  a n d  c o i n c i d i n g  w i t h  t h e  f a u l t  zone.  



Figure I. Map showing  t o p o g r a p h i c  f e a t u r e s  o f  Dea th  V a l l e y  
r e g i o n .  AH = Alexander  H i l l s ;  AMV = Amargosa V a l l e y ;  AV = Avawatz 
M t s . ;  BF = B u l l f r o g  H i l l s ;  CF = C r a t e r  F l a t ;  C N  = Conf idence  
H i l l s ;  EM = E a g l e  M t . ;  FC = Furnace  Creek Wash; I H  = Ibex  H i l l s ;  K 
= Kings ton  Range; N = Nopah Range; NDV = N o r t h e r n  Death Va l l ey ;  RS 
= R e s t i n g  S p r i n g  Range;  SDV = S o u t h e r n  D e a t h  V a l l e y ;  S H  = 
Sheephead P a s s ;  SPR = S p r i n g  M t s . ;  ST = S t e w a r t  V a l l e y ;  YM = Yucca 
M t  . 



Figure 2 .  Fau l t  map of Death Valley region .  Compiled from 
sources too  numerous t o  l i s t  here .  Most of them a re  referenced on 
t h e  Geologic Map of Nevada (Stewart and Carlson, 1 9 7 8 ) ;  Death 
Valley Sheet ,  Geologic Map of Ca l i fo rn ia  ( S t r e i t z  and St inson,  
1 9 7 4 )  ; and Trona-Kingman quadrangle, Geologic Map of Cal i forn ia  
(Wagner and Hsu, i n  p repara t ion ,  1989) . Neogene s t r i k e - s l i p  
f a u l t s  a r e  indica ted  by arrows, Neogene normal f a u l t s  by bar  and 
b a l l  on downthrown s i d e ,  Neogene t h r u s t  and reverse  f a u l t s  by 
s o l i d  barbs, and Mesozoic t h r u s t  f a u l t s  by open barbs.  



Figure 3 .  B o u g u e r  g r a v i t y  map o f  t h e  D e a t h  V a l l e y  r e g i o n ;  
c o n t o u r  i n t e r v a l  = 5 m i l l i g a l s .  Compi led  f r o m  Bracken  a n d  Kane, 
1982 ;  Chapman a n d  o t h e r s ,  1973;  H e a l e y ,  1973 ;  H e a l e y  a n d  o t h e r s ,  
1980 ;  Kane a n d  o t h e r s ,  1373;  a n d  N i l s o n  a n d  Chapman, 1 9 7 1 .  Map 
shows o v e r p r i n t  of s t r i k e - s l i p  f a u l t  z o n e s  (FCFZ = F u r n a c e  C r e e k ;  
GVFZ = Grandview;  GFZ = G a r l o c k ;  KWFZ = Keane Wonder; MMF'Z = Mine 
Mounta in ;  PFZ = P a n a m i n t ;  PAFZ = Pahrump; RVFZ = Rock V a l l e y ;  SFZ 
= S h e e p h e a d ;  a n d  SDVFZ = S o u t h e r n  D e a t h  V a l l e y ) ,  c e n t r a l  D e a t h  
V a l l e y  p u l l - a p a r t  b a s i n  ( d i a g o n a l  l i n e s ) ,  g e n e r a l  d i s t r i b u t i o n  o f  
v o l c a n i c  r o c k s  o f  C e n t r a l  D e a t h  V a l l e y  p l u t o n i c - v o l c a n i c  f i e l d  
( d o t s ) ,  a n d  t h e  F u r n a c e  Creek b a s i n  (open  c i r c l e s )  . 



Figure 4 .  Bouguer  g r a v i t y  map o f  F i g u r e  3 w i t h  a n  o v e r p r i n t  o f  
Neogene s t r i k e - s l i p  f a u l t s  ( a r r o w s ) ,  normal  f a u l t s  ( b a r  and  b a l l ) ,  
t h r u s t  f a u l t s  ( s o l i d  b a r b s )  and  f a u l t s  t h a t  h a v e  been  commonly 
d e s i g n a t e d  as  " d e t a c h m e n t  f a u l t s "  ( h a c h u r e s )  . S o l i d  f a u l t s  
d i s p l a c e  Q u a t e r n a r y  r o c k s ;  d a s h e d  f a u l t s  d i s p l a c e  o l d e r  r o c k s ,  
d o t t e d  f a u l t s  a r e  h i d d e n .  Area of C e n t r a l  Dea th  V a l l e y  p l u t o n i c -  
v o l c a n i c  f i e l d  a n d  F u r n a c e  Creek  b a s i n  i s  shown by p a t t e r n  o f  
c r o s s e s .  ADRZ = Amargosa D e s e r t  r i f t  zone;  AMB = Ash Meadows 
b a s i n ;  AMD = Amargosa de t achmen t  f a u l t ;  BCD = Boundary Canyon 
de t achmen t  f a u l t ;  BMD = B u l l f r o g  H i l l s - B a r e  Mountain  de tachment  
f a u l t ;  PVB = Pahrump V a l l e y  p u l l - a p a r t  b a s i n ;  SVB = S t e w a r t  V a l l e y  
p u l l - a p a r t  b a s i n .  
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Timing and relation to volcanism of Cenozoic extension in east-central Nevada 

Wanda Taylor and John Bartley 
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Fundamental questions about Tertiary extensional processes in the Great Basin 
include the following three. Are tectonic extension and magmatism genetically 
linked? Was deformation episodic or did it occur gradually as a temporal 
continuum? Has the structural style of extension changed through time? Data 
from the North Pahroc Range (NPR) and Seaman Range (SR), Nevada, supply 
constraints on time-space relations of extension and volcanism, and thereby on 
the answers to these questions (Fig. 1). 

These ranges record four separate episodes of normal faulting over a period of 
more than 31 Ma: (1) prevolcanic normal faults older than 31 Ma; (2) small, 
synvolcanic faults that were active between 30 and 27 Ma; (3) Middle Miocene 
faults, bracketed between 18.8 Ma and Quaternary, but which, based on 
stratigraphic evidence, probably were active around 15 Ma; and (4) latest 
Miocene(?) or Pliocene-Quaternary faults that control modern basin-range 
topography (Fig. 2). 

Prevolcanic extension 

In the Ely Springs Range (Fig. I), prevolcanic normal faults cut Cambrian to 
Silurian rocks (Ax n, 986), and are overlapped by the oldest tuff in the area 

39 which yielded an 4gAr/ Ar plateau age of 31.3 Ma (Taylor and others, in 
prep.). Restored cross-sections show that these east-dipping normal faults 
correlate with east-dipping normal faults exposed in the the Highland Range 
(Fig. 1; Axen and others, 1988) that end at (sole into?) the Stampede 
decollement. The Stampede decollement is a detachment within Middle Cambrian 
shales that recent mapping shows is present throughout the area east of Dry 
Lake Valley (Axen and others, 1988). 

Although no unequivocal prevolcanic normal faults are exposed west of Dry Lake 
Valley, field evidence strongly indicates their presence. Restoring syn- and 
postvolcanic faults in the study area, and returning Tertiary strata near the 
base of the section to horizontal, requires that a major down-on-the-east 
fault is buried under southern White River Valley (Taylor and Bartley, 1988) 
(Fig. 1). This fault explains a large discordance in dip of Paleozoic rocks 
under the sub-Tertiary unconformity. If the concealed fault cuts bedding at 
90°, it would have extended the area about 3 km. This fault must be listric 
to allow the Paleozoic units in the NPR to rotate 65' relative to those in the 
SR. 

Prevolcanic faults are common only to the east of this inferred fault. We 
interpret the concealed fault as the breakaway of a major east-dipping 
prevolcanic detachment system, called the Seaman breakaway (new name). The 
basal detachment of the system probably is the Stampede decollement. 



The age of the Seaman breakaway and Stampede decollement are constrained to 
between Permian and 31 Ma. Based on structural similarities and compatible 
timing, Bartley and others (1988) propose that this prevolcanic extensional 
system is tectonically equivalent to and coeval with the Snake Range 
decollement and related structures. The Seaman breakaway may be structurally 
connected to the breakaway of the Snake Range system. Miller and others 
(1983) inferred that the Snake Range system was active from about 35 to 27 Ma, 
and we therefore suggest a similar age for prevolcanic extension in the study 
area (Fig. 1) . 
Synvolcanic extension 

In the NPR, unconformities within the volcanic section define two ages of 
synvolcanic faults separated by less than 1 Ma (Fig, I). Because of their 
temporal similarity, the faults probably record a single period of 
extensio Th oldest synvolcanic faults cut units as young as a tuff that 
yielded 'oA~/~'A~ dates of about 30.5 Ma. The oldest strata that overlap the 
youngest of these faults yielded ages of about 27 Ma. An unconformity between 
27 and 30 Ma is regionally extensive (Bartley and others, 1988), but mapped 
synvolcanic normal faults only extend the area a small amount. 

Mid-Miocene extension 

The major fault active during the third extension phase of the area (post-18.8 
Ma) is the Highland detachment (Fig. 1; Axen, 1986). A 15.3 Ma air-fall tuff 
is intercalated with syntectonic deposits related to the Highland detachment, 
demonstrating that the detachment was active at about 15 Ma (Taylor and 
others, in prep.). 

This extensional system consists of the west-dipping Highland detachment and 
its upper-plate faults. Among the upper-plate faults are at least some of the 
postvolcanic normal faults in the study area. These postvolcanic faults cut 
units as young as the 18.8 Ma Hiko Tuff, and include three distinct groups of 
faults that together accommodate about 4 km of extension. In chronologic 
order, determined from cross-cutting relations, they are (1) east-dipping 
normal faults that are probably listric, (2) a west-dipping low-angle normal 
fault and its upper-plate faults and, (3) the west-dipping White River fault 
(Tschanz and Pampeyan, 1970) and related faults. 

Of particular interest is the low-angle normal fault, which extended the area 
about 2 km, based in part on correlation of offset segments of the older, 
listric postvolcanic faults. The low-angle fault originally dipped about 
50°W. Three arguements suggest that the fault formed at this low dip. First, 
the bedding-fault angle is low, which suggests that the strata and the fault 
had similar dips at the beginning of faulting. Restoring cross sections 
suggests these strata dipped gently at this time, and therefore so did the 
fault. Second, faults that cut the low-angle normal fault (Fig. 1). Their 
combined movement only served to steepen the low-angle normal fault (by about 
3"). Third, the low-angle normal fault cuts the listric faults. Restoring 
the low-angle normal fault to a high angle reduces the dip of the listric 
faults, and probably rotates them through the horizontal to an apparent 
reverse gemetry. No structures are known that could explain such a previous 
orientation of the listric faults. 



Pliocene-Quaternary extension 

The Pahroc fault bounds the eastern side of the SR. Although no Quaternary 
scarp occurs along it, it probably was active early in the Quaternary because 
it cuts sediments of probable early Pleistocene age ( William DiGuiseppi, 
personal communication). The Dry Lake Valley fault is marked by a Quaternary 
fault scarp 40 km long (Fig. 1; Tschanz and Pampeyan, 1970). 

The Pahroc and Dry Lake Valley faults are both high-angle faults. Late 
Cenozoic faults are commonly presumed to represent a different fault style 
from the older detachment or core-complex style (e.g., Coney and Harms, 
1983). However, these high-angle faults may correspond to upper-plate faults 
of detachments and therefore sole into a detachment at depth (Wright and 
Troxel, 1973). Such buried detachments are well known (e-g., Allmendinger and 
others, 1983). 

One difference between the Quaternary faults and faults that sole into older 
detachments is that the Quaternary faults appear to be more widely spaced. 
This may indicate a greater depth to the detachment. 

One motivation for drawing a distinction between older and younger types of 
faulting is that older faults have been associated with the mid-Tertiary 
"igminbrite flare-up," whereas the younger basin-and-range faults postdate it 
(e.g., Coney, 1978). The Dry Lake Valley area data show that the older faults 
need not correlate in time or space with volcanic activity. This relationship 
removes one reason for assuming two different fault styles. 

SUMMARY 

Our data and interpretations from the North Pahroc and Seaman Ranges allow us 
to draw several conclusions. (1) The temporally distinct extensional episodes 
documented in this area are pre-, syn- and post-volcanic. There is thus no 
consistent relationship between time of extension and volcanic eruptions. 
This argues against a simple, direct genetic relationship between.magmatism 
and tectonic extension. (2) The oldest extension in the area is older than 31 
Ma and prevolcanic. It is represented by the Seaman breakaway and the 
Stampede decollement. This extension is structurally similar to and may be 
coeval with the Snake Range extensional system located to the north. (3) 
Synvolcanic faulting in the area occurred between 30 and 27 Ma and resulted in 
a Late OLigocene regional unconformity. However, resulting extension was 
minor. (4) Some, and perhaps most, of the postvolcanic extension in the NPR 
may reflect upper-plate extension above the Highland detachment, which dips 
westward under the NPR. (5) The high-angle Quaternary faults in the area may 
sole into detachments at depth because similar fault geometries are seen in 
the upper plates of older detachments. (6) At least two major extensional 
systems were active in this area at different times, defining two overlapping 
regions of major crustal extension: the east-dipping prevolcanic (pre-31 Ma) 
system, and the west-dipping postvolcanic (post-18.8 Ma) and pre-Quaternary 
Highland detachment system. The younger shear system dips the opposite 
direction from the older one and therefore cuts it rather than reactivating 
it. More generally, it appears that each episode of extension represents the 
initiation and later deactivation of a distinct extensional shear system. The 
Quaternary fault activity in the region may reflect displacement along the 
youngest of these systems. 



a Tertiary, undivided 

Figure 1. Location of study area and geographic places. DLVF - Dry Lake 
Valley fault, PF - Pahroc fault, WF - White River Fault, SB - Seaman 
breakaway. 

Diagramatic Sketch of Relationships Between Tertiary Units and Faults 

Figure 2. Diagramatic sketch of the relationships between stratigraphic units 
and faults. Representative faults are numbered according to their order 
of occurence. Dates for some of the tuffs from Best (1986). 
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ISOSTATIC UPLIFT, CRUSTAL ATTENlDATION, THE EVOLUTION OF AN 
EXTENSIONAL DETAC 

by Robert B. Scott 
U.S. Geological Survey, MS 913, Federal Center, Denver, CO 80225 

Introduction 

Geological and geophysical evidence supports the existence of 
extensional detachments between the Sheep Range and Death Valley 
(fig. 1). I propose that geographically separated pieces of 
detachments between Death Valley and the Sheep Range are parts of a 
regional detachment system that has evolved since the Miocene, and 
that the system consists of lenses of strata separated by an 
anastomosing network of low- and high-angle normal faults (fig. 2). 
This manuscript emphasizes the probability that isostatic uplift 
within the region of greatest crustal attenuation in this system, 
the Bullfrog Hills core complex, controlled the evolution of the 
detachment system between the breakaway zone at the Sheep Range and 
the core complex. Features in this system are described from east 
to west, which is the apparent direction of tectonic transport. 

Interpretation of Detachment System 

West of the Sheep Range breakaway (Guth, 1981; Wernicke and 
others, 1984), relatively few detachments are reported in the 
literature. Myers (1987) reported the detachment of the Oligocene 
Horse Springs Formation from the underlying Paleozoic strata a few 
kilometers north of Mercury. The Tertiary sedimentary rocks are 
tightly folded and locally overturned; they overlie a low-angle 
fault above relatively gently dipping, massive Paleozoic rocks. 
Based on other field evidence, principally at the northern end of 
Yucca Flat, Myers considered the Mercury detachment part of a 
regional featureIsnot a local phenomenon related only to bending of 
Paleozoic strata at the northwestern end of the Las Vegas shear 
zone. 

South of Mercury and a few kilometers south of U.S. Highway 
95, Burchfiel (1965) mapped three levels of low-angle faults in 
Cambrian and upper Precambrian clastic strata; this zone of faults 
separates middle Paleozoic carbonate rocks of an upper plate from 
Precambrian clastic rocks of a lower plate. The steep normal 
faults of the upper plate rocks are abundant and strike generally 
northeastward, whereas the normal faults of the lower plate rocks 
are less abundant and strike more nearly northward. These 
relationships suggest that a multitiered system of detachment 
faults may exist throughout the region as shown conceptually on 
figure 2. The system south of Mercury is at a lower structural and 
stratigraphic level than the relatively shallow feature north of 
Mercury. 

Seismic reflection data in the Mid Valley region, about 30 km 
northwest of Mercury, have been interpreted by McArthur and 
Burkhard (1986) to indicate the presence of a series of northeast- 



and southwest-dipping listric normal faults that sole into a flat- 
lying detachment marked by a conspicuous reflector at a depth of 
about 3 km. The listric faults cut through surficial basin-fill 
deposits, Miocene volcanic strata, and Paleozoic rocks. McArthur 
and Burkhard further speculated from nearby field evidence that 
this Mid Valley detachment may be part of a regional feature. 

Roughly 15 km to the southwest of Mid Valley in the Calico 
Hills, low-angle faults form complex anastomosing patterns within 
Miocene volcanic strata and possibly within Paleozoic rocks. These 
faults are considered to be part of the detachment system (Simonds 
and Scott, 1987). Structural geometry indicates that blocks at two 
localities in the Calico Hills have moved northward on local scoop- 
shaped low-angle faults, not in directions predicted from the 
geometry of gentle doming of the area. These local wscoopsm, which 
are similar to those in the upper plate of the Bullfrog Hills core 
complex (Maldonado, 1985), have moved in directions that are 
independent of the overall detachment system movement direction. 
The youngest rock affected by low-angle faulting in the Calico 
Hills area is the 11-Ma Timber Mountain Tuff on the northern side 
of the dome, and the oldest unaffected rock is the 9-Ma Shoshone 
Mountain Rhyolite on the eastern side of the dome. Two low-angle 
faults that are exposed along the western flank of the Calico Hills 
dip westward toward Yucca Mountain. Fault striae, which are 
essentially dip slip, indicate a westward movement of the upper 
plate at this locality. 

Although detachment surfaces are not exposed on Yucca Mountain 
itself, there is geometric structural evidence that the mountain is 
underlain by a detachment surface and that the degree of extension 
increases from north to south (Scott, 1986) . Miocene ash-flow 
tuffs, which dip uniformly eastward, are repeated by west-dipping 
normal faults (Scott and Bonk, 1984). The strata dip 5-100 in the 
northern part but dip 20-500 in the southern part of the mountain. 
The amount of offset on and abundance of normal faults increase 
southward. Also, paleomagnetic evidence of a progressive, 
vertical-axis, clockwise 350 rotation of the tuffs may indicate an 
interaction between a relatively shallow detachment and underlying 
right-lateral oroclinal bending and shearing that were associated 
with the Walker Lane belt as suggested by Scott and Rosenbaum 
(1986) . The 11-Ma Timber Mountain Tuff at Yucca Mountain is 
significantly less affected by extension than is the 13-Ma 
Paintbrush Tuff. Extension continued to affect the Yucca Mountain 
area at a greatly reduced rate after 11 Ma and into the Quaternary 
along a secondary "breakawayN fault system (Scott and Whitney, 
1987). 

The detachment fault that is postulated to exist under Yucca 
Mountain appears to extend westward under Crater Flat. At the 
northern end of Bare Mountain, Cornwall and Kleinhampl (1961) 
mapped a north-dipping low-angle fault that separates Tertiary 
strata from underlying Paleozoic strata. This fault may be the 
uplifted northwestern extension of the detachment under Crater Flat 
and Yucca Mountain. Three lines of evidence suggest Bare Mountain 



began to rise between 11 and 13 Ma and uplift has continued to the 
present. 1) Monolithologic Paleozoic carbonate strata are 
intercalated as sedimentary breccias immediately above a 11-Ma 
basalt in Tertiary basin-fill deposits and are exposed only in 
adjacent Bare Mountain (Carr and Parrish, 1985). 2) The 13-Ma 
Paintbrush Tuff does not thin against Bare Mountain, as does the 
11-Ma Timber Mountain Tuff (Paul P. Orkild, USGS, oral commun., 
1985). 3) Studies of the steep normal faults along the eastern 
side of Bare Mountain suggest that movement occurred during the 
Holocene or late Pleistocene (Reheis, 1986). 

Uplift of Bare Mountain along normal faults on its eastern 
flank has disrupted and tilted northward the southern part of the 
upper detachment surface between Tertiary and Paleozoic strata 
(figs. 1 and 2). At the northern end of the mountain, this 
detachment progressively thins the Paleozoic sequence, cuts 
Devonian strata on the east and Cambrian strata on the west, 
tectonically, and removes most of the Paleozoic rocks (Cornwall and 
Kleinhampl, 1961) . Below the upper detachment surface, the 
northwestern part of Bare Mountain is cut by numerous low-angle 
faults that further attenuate Paleozoic strata (Monsen, 1982). 
North of the Paleozoic exposures, in the east-dipping upper-plate 
Miocene tuffs, rocks as young as the Timber Mountain Tuff are 
tilted eastward and west-dipping normal faults terminate at the 
detachment surface. Striae on the detachment fault plunge 
northwestward. 

Maldonado (1985) demonstrated that the upper detachment 
surface in northwestern Bare Mountain can be traced across the 
Amargosa Narrows into the Bullfrog Hills south and west of Beatty 
and can be extended westward where it forms a nearly horizontal 
fault that bounds the Bullfrog Hills core complex. The geometry of 
these relationships had been previously mapped by Ransome and 
others (1910) . At the core complex, steeply dipping Miocene 
volcanic strata abut a gently domed fault surface that overlies 
amphibolite-grade gneisses, schists, granites, and pegmatites. The 
rocks in the core complex may consist of the metamorphosed 
equivalent of upper Precambrian sedimentary rocks (Bennie Troxel, 
University of California at Davis, oral commun., 1987), but the 
rocks appear to have experienced multiple periods of deformation 
similar to that expected in older Proterozoic crust. Based on the 
amphibolite grade of metamorphism and the thickness of missing 
upper Precambrian and Paleozoic strata, the amount of attenuation 
and uplift can be estimated to be roughly 10-15 km. This 
conclusion is supported by other examples of similar core complexes 
in the Death Valley area (Wright and Troxel, 1984; Wright and 
others, 1974) and by regional geophysical relationships. Seismic 
refraction and gravity data west of Yucca Mountain show a 
shallowing of midcrustal rocks; rocks with velocities of 6.3 km/sec 
are estimated to be at a depth between 1.5 and 0.5 km, and rocks 
with densities of 2.74 g/cm3 are at a depth of about 2 km beneath 
the core complex (Ackermann and others, in press). A minor Bouguer 
gravity crest runs southeastward through the core complex to follow 
the western edge of Bare Mountain (Healey and others, 1980). The 



youngest rocks involved in the tilting of upper plate rocks are 7- 
Ma tuffs (Maldonado, 1985) . Lineations on the detachment surface 
and in the mylonitized core complex trend westward. 

South of the Bullfrog Hills core complex, the detachment 
surface disappears under alluvial deposits of the Amargosa Desert. 
South and west of the Amargosa Desert, the thickness of the 
Paleozoic and upper ~recambrian strata increase in the Funeral and 
in the Grapevine Mountains as a result of a decrease in the degree 
of crustal attenuation. In the east-central part of the Funeral 
Mountains, low-angle faults that were mapped by Swadley and Carr 
(1987) between the Tertiary and underlying Paleozoic strata can be 
interpreted as detachment faults. Also, at Daylight Pass cobbles 
within the Tertiary sequence are sheared above a contact with 
~aleozoic carbonate rocks. In the Funeral ~ountains, detachment 
faults (for example, the Boundary Canyon fault that forms the 
northern part of the detachment shown on figure 1) occur within the 
Precambrian sequence (Hamilton, in press). Although this stack of 
detachments seems to be the mirror image of the stack on the 
eastern side of the Bullfrog Hills core complex, the age of 
detachment decreases toward the southwest. The oldest rocks 
unaffected by detachment in the Funeral Mountains area are 4-Ma 
basalts (Hamilton, in press). Southwest of the Furnace Creek fault 
zone in the Death Valley area, the age of detachment is still 
younger (Hamilton, in press). Farther south, Burchfiel and others 
(1987) reported 8-10 km of movement during the Quaternary along a 
detachment fault between the northwestern end of the Panamint Range 
and the Darwin rise. 

Before attenuation in the Bullfrog Hills area, the detachment 
system probably existed as a series of detachment surfaces at 
different stratigraphic levels, similar to that seen east and west 
of the core complex. These detachment surfaces now appear to be 
interconnected in an anastomosing pattern where lenses of Paleozoic 
strata are stranded between upper and lower detachment surfaces; 
this is similar to the structure seen on a smaller scale in the 
Calico Hills (Simonds and Scott, 1987). During the concentration 
of attenuation in the Bullfrog Hills area, the Paleozoic and upper 
Precambrian strata were tectonically transported along low-angle 
faults until the Tertiary volcanic strata abutted midcrustal rocks 
and formed the core complex (fig. 2). Concurrent isostatic uplift 
probably caused doming of the detachment surfaces. Between about 
13 and 11 Ma, Bare Mountain began to rise on the eastern shoulder 
of this uplift. Ultimately, the uplift created steep normal faults 
on the eastern flank of Bare Mountain and broke the upper 
detachment fault into two parts, one east of and one west of Bare 
Mountain (fig. 2). Bare Mountain continues to be uplifted on that 
steep normal fault system. Although the region east of Bare 
Mountain has been isolated since 11 Ma, it still experiences 
extension on a detachment (Scott and Whitney, 1987), but only at a 
much reduced rate. In contrast, more rapid extension occurs 
southwest of the Bullfrog Hills. 
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Figure 1. Generalized Cenozoic tectonic map of the Sheep Range- 
Death Valley area. At least two levels of major detachment fault 
planes exist; these detachment faults separate rocks into upper, 
middle, and lower plates. At the Bullfrog Hills core complex, the 
entire middle plate is locally missing. 
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Figure 2. ~eneralized conceptual cross section from the Bullfrog Hills core complex to the 
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faults are speculative. The dips of generalized strata are shown conceptually by shaded 
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ductile and brittle crust. Steep normal faults, not shown here, probably translate 
extension on this lowest detachment upward to shallower detachment faults and to the 
surf ace, 
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The geology of the Indian Springs 1:100,000 quadrangle, northwest of 
Las Vegas and immediately east of the Nevada Test Site, remains poorly 
known. Recent mapping (Guth, in prep.) has revealed the major geologic 
features, with both practical and theoretical implications. Detailed 
knowledge of the regional geology of southern Nevada is critical to the 
decision on siting a nuclear waste repository, and that same knowledge will 
provide fundamental data to support models of continental extension. 

The Indian Springs quadrangle contains portions of seven mountain 
ranges north of Las Vegas Valley. From west to east, these are: the 
Spotted Range, Pintwater Range, Desert Range, East Desert Range, Black 
Hills, Sheep Range, and Las Vegas Range. Smaller but significant bedrock 
outcrops occur south of Las Vegas Valley on Indian Ridge and in unnamed 
hills south of the town of Indian Springs, and in a small portion of the 
northwestern Spring Mountains. Except for three U.S.G.S. 1:24,000 
quadrangle maps covering part of the Nevada Test Site and the small area in 
the northwest Spring Mountains, the only previous mapping in the area was 
the reconnaissance work of Longwell (Longwell and others, 1965). 

The Indian Springs quadrangle is characterized by late Precambrian 
, and Paleozoic miogeosynclinal strata, large-scale Mesozoic thrust faults, 

and Tertiary extensional tectonics. Normal and strike-slip faults, clastic 
and lacustrine strata, regional volcanism, and widespread landslides 
characterize the Tertiary history. Outstanding exposures of the structures 
at the breakaway zone of a detachment fault occur along the west side of 
the Sheep Range. 

Miogeosynclinal rocks exposed in the quadrangle range in age from 
Late Precambrian to Late Mississippian; Pennsylvanian and Permian units 
occur south of Las Vegas Valley and below the Gass Peak thrust. Late 
Precambrian ( ? )  and Early Cambrian clastic strata consist largely of 
sandstone, quartzite, and siltstone, exposed in the Desert Range and Las 
Vegas Range. Middle Cambrian to mid Devonian rocks are mostly dolomite 
with some limestone and a few clastic units. The higher Devonian units and 
the Mississippian rocks are mostly limestone with a few shale and quartzite 
interbeds. 

MESOZOIC THRUST FAULTS 

Paleozoic rocks in this area may belong to three thrust plates: Dry 
Lake thrust (Las Vegas and Pintwater ~anges), Gass Peak thrust (Sheep, East 



Desert, Desert, and eastern Spotted Ranges), and Spotted Range thrust 
(western Spotted Range). The Gass Peak thrust does not appear to have been 
reactivated during the Tertiary along its current outcrop trace, but may 
have been reactivated to the north where it disappears under alluvium. The 
thrust plate must have been at least 9000 m thick and probably had at least 
40 km of horizontal displacement. Two additional thrusts have been mapped 
to the west, in the Pintwater Range (Longwell and others, 1965) and the 
Spotted Range (Barnes and others, 1982; Longwell and others, 1965). The 
faults had a thrust history because units adjacent to the fault developed 
cleavage, which regionally did not develop during Tertiary extension. New 
mapping reveals that both thrusts have been reactivated during Tertiary 
extensional tectonism. I interpret the Pintwater thrust as a deeper ramp 
of the Gass Peak thrust system, and the Spotted Range thrust as a higher, 
regional thrust riding on a decollement in the Mississippian shales. The 
nature of the thrusts reported in the Nevada Test Site (Barnes and Poole, 
1968) requires reinvestigation; probably they are at least in part Tertiary 
extensional features. Royse (1983) suggested that the Las Vegas Valley 
shear zone formed a lateral ramp in the thrust belt; if so, the ramp was 
reactivated during during Tertiary extension. 

The youngest preserved Paleozoic unit north of the Las Vegas Valley 
shear zone in northwest Clark County is the Mississippian Indian Springs 
Formation, preserved in both the Sheep and Spotted Ranges, suggesting that 
all younger units were removed prior to major extension. Because of this 
shale's incompetence and potential to act as a decollement horizon, the 
removal of Pennsylvanian, Permian, and Mesozoic units (or, alternatively, 
higher thrusts including the Spotted Range plate) may have been by tectonic 
processes rather than erosion. 

TERTIARY EXTENSION 

All Tertiary structures exhibit brittle, surficial deformation, 
including landslides and limited folding. Tertiary structures include 
synchronous strike-slip faults, low- and high-angle normal faults, and 
landslides. The Las Vegas Valley shear zone forms the southern boundary of 
a large extensional terrane (Anderson, 1973; Guth, 1981; Wernicke and 
others, 1984). 

Associated with these structures are sedimentary deposits in small 
tectonic basins. Two generations of Tertiary basins occur in northwestern 
Clark County: a Horse Spring Formation equivalent that formed during 
Miocene extension, and a poorly understood older group of rocks in the 
Pintwater Range and Fallout Hills deposited by a major river system. 
Tertiary basins occur above the hanging walls of the extensional faults, 
were rotated about a horizontal north-south axis, and have fault-bounded 
east-west trending terminations. In the western part of the quadrangle the 
basins include volcanic flows, while in the eastern part they include only 
air-fall tuffs. Tertiary basinal sediments were deformed beneath landslide 
masses composed of Paleozoic carbonate rocks that slid into the basins. 



Breakaway zones for major west-dipping extensional normal faults of 
the Sheep Range detachment system occur on the west sides of the Sheep, 
Pintwater, and Spotted Ranges. The extensional fault in the Sheep Range 
avoids the Gass Peak thrust ramp exposed just to the east in the Las Vegas 
Range, but may reactivate the thrust at depth. The Pintwater and Spotted 
Range extensional faults reactivate Mesozoic thrusts. Traces of these 
breakaway faults are irregular and cut obliquely through range blocks. I 
interpret the north-south high-angle faults as soling into one or more 
major west-dipping detachments in the subsurface. The breakaway zone in the 
Spotted Range may be the most significant of the three. It bounds a region 
of extreme upper crustal extension, since to the west only scattered 
remnants of the Paleozoic sequence poke through thick Tertiary volcanic 
rocks. These detachment faults extend toward the west under the Nevada 
Test Site. 

RELATION OF EXTENSION TO VOLCANISM 

The relationship between Cenozoic extension in the Great Basin and 
the widespread, coeval volcanism remains enigmatic. Many authors have 
pointed out the close relationships fe.g. Axen and others, 1987; Gans and 
others, 1987), but other authors have pointed out that areas of extreme 
surficial extension do not correspond directly with any volcanic or 
plutonic activity (e.g. Wernicke and others, 1984, 1985). The Sheep Range 
detachment represents a prime example of extreme extension with coeval 
volcanism located in the Nevada Test Site about 100 km from the extensional 
breakaway zone. 

Bosworth (1987) developed a detachment model for the East African 
rifts, and noted that the major volcanism occurred off the rift axis. In 
his cross section the volcanoes occur above the point where the detachments 
reach the mantle, but suggested that strike-slip "accommodation zones" may 
have provided the conduit for magma to reach the surface. Faults 
penetrating through the crust to the mantle have been clearly imaged on 
seismic reflection studies both by BIRPS (Klemperer and Matthews, 1987), 
and a COCORP line in eastern Nevada (feature SCF on Line 5, shown but not 
discussed in Klemperer and others, 1986, figs.2 and 3). 

The master detachment for the Sheep Range system dips westerly from 
its breakaway zone in the Sheep Range, normal to the north-south trend of 
volcanic centers in the Nevada Test Site. Extension in the Indian Springs 
quadrangle was roughly coeval with the Test Site volcanism. Over a 
distance of 100 km with a crustal thickness about 30-35 km, this requires a 
dip of 20° if the detachment intersects the mantle below the volcanic 
centers of the Test Site. The Test Site's location at the junction of two 
strike-slip accommodation zones (Las Vegas Valley and Pahranagat shear 
zones) might aid the ascent of magma, or magma may rise along a linear 
trace above the detachment-mantle intersection. 

This interpretation can be extended to other volcanic centers in the 
Great Basin. The currently active Death Valley extensional fault system 
(Jones, 1987) also dips to the west and its master detachment might reach 



the mantle in the vicinity of Owen's Valley where volcanic activity (Long 
Valley Caldera, Mono Craters, Bishop Tuff) may be controlled by the 
detachment. A breakaway zone at the Colorado Plateau for a west dipping 
normal fault system (Smith and others, 1987) could reach the mantle to 

0 create the Lake Mead volcanic field; this geometry would require a 30 
dipping fault, equal to the dip observed on the fault penetrating the crust 
on COCORP line 5. This analysis suggests three major detachment systems 
between the Colorado Plateau and the Sierra Nevada at the latitude of Las 
Vegas. As other detachment systems are traced in detail through the Great 
Basin, other volcanic centers may well be found to lie above the 
intersections of the faults with the mantle. 

The details of magma generation and ascent must be complicated, 
modified by local geology. Mantle tapping by the detachment produces 
pressure release to generate magmas, which rise to the surface with minimal 
contamination. This model is similar to subduction zone magma generation, 
modified by the local state of stress. In extension, the least principle 
stress will be horizontal and magmas will ascend normal to it 
(hydrofracture failure and the familiar orientation of dikes). In the 
Great Basin the least principal stress will be roughly east-west, and the 
magmas should be aligned in north-south trends. In compression at a 
subduction zone, the least principal stress will not be oriented to produce 
a favorable path normal to the plate boundary for magmas to follow. 
Subduction zone magmas will slowly work their way to the surface and 
undergo greater contamination. 

The mantle-tapping model can be tested as detachment systems are 
traced and dated throughout the Great Basin. Breakaway zones and extreme 
upper crustal extension consistently occurring 75-200 km away from coeval 
volcanism in the upper plate of the detachment systems will support the 
model. 
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INTRODUCTION 

Mid-Tertiary volcanic rocks of the Lake Mead field (Figure 1) are calc-alkalic to 
alkali-calcic and vary continuously in composition from basalt to rhyolite. Volcanic rocks 
formed during Basin-and-Range extension and are spatially and genetically associated with 
diorite to granite of the Wilson Ridge pluton. Locally, igneous rocks were subjected to 
potassium metasomatism. 

Field relations and petrography provide evidence of disequilibrium mineral 
assemblages and liquid-liquid mixing of basalt and granite magmas to form the intermediate 
rocks types of the Lake Mead volcanic field. Evidence of mixing includes incompatible phase 
assemblages of euhedral olivine, embayed quartz and sodic plagioclase within andesite flows. 
Plagioclase occurs in rounded and partially resorbed clusters of equant crystals and 
commonly displays oscillatory zoning and outer glass charged zones (fretted texture). Quartz 
phenocrysts are commonly surrounded by rims of prismatic augite and glass. Fine-grained 
spheroidal to ellipsoidal inclusions of basalt are cornmon in dacite flows and dikes. Thus, 
various mixing ratios of olivine basalt and granite end members may be responsible for the 
textural variations observed in volcanic rocks of the Lake Mead field. 

CHEMICAL EVOLUTION 

The evolution of the igneous rocks of the Lake Mead field was evaluated by 
petrogenetic models involving both crystal fractionation and magma mixing. Magma 
evolution was complex and probably involved episodic and/or coeval fractional 
crystallization, magma mixing, crustal assimilation and partial melting. Models based on 
trace elements confirm that concurrent and/or episodic mixing and fractionation are the 
dominant differentiation processes. Open system models provide estimates of the relative 
importance of the two processes and suggest that mixing was more important in the 
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Figure 1. Geological Map of the Lake Mead 
Volcanic Field-Explanation. 



derivation of the andesites and diorites than in the formation of dacite, quartz monzonite 
or granite. 

PRODUCTION OF INTERMEDIATE COMPOSITION IGNEOUS ROCKS IN AN 
EXTENSIONAL ENVIRONMENT 

Lipman et al. (1972) and Christiansen and Lipman (1972) suggested that the change 
from calc-alkaline intermediate volcanism to a bimodal rhyolite-basalt suite marked the 

' 

charge from regional compression to extension. Even though bimodal suites form during 
periods of extension in many parts of the Basin-and-Range province (for example, Suneson 
and Lucchitta, 1983), recent work suggests that volcanism before and during the main pulses 
of extension is mainly calc-alkalic or alkali-calcic with basaltic-andesite, andesite and dacite 
predominating (Eaton, 1982, Anderson, 1973, Elston and Bornhorst, 1979, Smith, 1982, 
Otton, 1982). The tectonic transition between regional compression and extension may pass 
without affecting the nature of magmatic activity. Our observations suggest that the 
combined effect of mixing of basalt and granite end members and crystal fractionation 
results in magma compositions with many of the characteristics of a calc-alkaline or alkali- 
calcic suite formed during plate convergence. In the Lake Mead area, basalt and high silica 
granite (rhyolite) are inferred to be parental magmas, so, if mixing was prevented, a bimodal 
suite may have resulted. The occurrence of a bimodal suite, therefore may be more a 
function of the tectonic "state" of the crust rather than some primary petrogenetic process. 
If fractures dip steeply and penetrate to deep levels of the crust, magma may rise to the 
surface along these zones of weakness without mixing and volcanism will be characterized 
by bimodal suites. Alternately, if extension results in shallow faults (e.g., detachment 
structures), magma may rise until encountering a low-angle fault zone where it may 
accumulate. In this structural scenario, the opportunity for magma mixing is high, and 
intermediate rock series will predominate. 

In the Lake Mead field, intermediate alkali-calcic volcanism (and plutonism) 
occurred just prior to detachment faulting (Weber and Smith, 1987). Basaltic volcanism, 
recorded by the Fortification Hill basalt (4-8 Ma) and by younger alkali basalt dikes and 
flows (Campbell et al., 1950; Anderson, 1973; Feuerbach and Smith, 1987) is dominant only 
during the waning stages of extension. Basaltic volcanism was controlled by high-angle 
normal faults that may penetrate deep within the crust (Feuerbach and Smith, 1987; Smith 
et al., 1987). The transition from calc-alkaline to bimodal volcanism may have occurred at 
the onset of basin-and-range extension as predicted by Lipman and Christiansen (1972), but 
this transition was obscured by the magma mixing process which resulted in magmas having 
a similar chemical affinity to those formed earlier during subduction related magmatism. 
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POSSIBLE MODES OF. DEFORMATION ALONG "ACCOMMODATION ZONES" I N  RIFTED 
CONTINENTAL CRUST: AN EXAMPLE FROM THE SOUTHERN BASIN AND RANGE PROVINCE 

F a u l d s ,  James E., Mawer, C h r i s ,  K., and Geissman,  John.  W., Depar tment  of  
Geology, Universi ty  of New Mexico, Albuquerque, NM 87131 

R i f t e d  c o n t i n e n t a l  c r u s t  i s  c h a r a c t e r i z e d  by s t r u c t u r a l  asymmetry. 
S t r u c t u r a l  zones t h a t  coordinate  r e v e r s a l s  i n  t h e  sense  of  r i f t  asymmetry 
have  been r e f e r r e d  t o  a s  "accommodation zones" (Boswor th  e t  a l . ,  1986) o r  
" t r a n s f e r  zones" (Gibbs, 1984). Accommodation zones  f a c i l i t a t e  r e v e r s a l s  
i n  t he  dominant tilt d i r e c t i o n  of f a u l t  blocks and poss ib ly  inversions i n  
t h e  d i p  of  r e g i o n a l  de t achmen t  sys t ems .  D e s p i t e  r e c e n t  s i g n i f i c a n t  
c o n t r i b u t i o n s  a d d r e s s i n g  accommodation zones i n  r i f t e d  con t inen ta l  c r u s t  
(Chapin e t  al., 1978; Chamberlin, 1983; Dokka, 1983, 1986; Bal ly and Oldow, 
1984; E t h e r i d g e  e t  a l . ,  1985; L i s t e r  e t  a l . ,  1986a;  Boswor th  e t  a l . ,  1986; 
Bosworth,  1987; Rosendahl ,  19871, t h e  n a t u r e  o f  t h e s e  zones r e m a i n s  
c o n t r o v e r s i a l  (Chapin e t  a l . ,  1978;  Bosworth,  1986;  L i s t e r  e t  a l . ,  198613; 
Coff ie ld ,  1987; Faulds e t  al., 1987, 1988a, 198833). 

The key e l e m e n t  of  accommodation zones i s  t h a t  t h e i r  d e f o r m a t i o n a l  
s t y l e  is d i c t a t e d  by t h e  amount and d i r e c t i o n  o f  movement of upper-  and 
l o w e r - p l a t e  r o c k s  of  t h e  de t achmen t  t e r r a n e  ( F a u l d s  e t  a l . ,  1987) .  Thus, 
var ious  models of extension can p o t e n t i a l l y  be eva lua t ed  by def in ing  the  
modes of  d e f o r m a t i o n  a l o n g  a  zone ,  e s p e c i a l l y  i f  b o t h  l o w e r -  and upper-  
p l a t e  rocks crop ou t  along the  zone. Studies  of accommodation zones can a t  
l e a s t  p lace  some c o n s t r a i n t s  on the  ove ra l l  kinematic  evolu t ion  of r i f t e d  
con t inen ta l  c r u s t .  

For example, major s t r i k e - s l i p  displacement i n  t h e  lower-plate  rocks 
of accommodation zones, i f  contemporaneous wi th  ex tens ion ,  would ind ica t e  
t h a t  t h e  zones f a c i l i t a t e  r e v e r s a l  i n  t he  r eg iona l  d i p  d i r e c t i o n  of major 
detachment f a u l t s  and t h a t  lower-plate  rocks a r e  a t  l e a s t  p a r t l y  drawn out  
f rom u p p e r - p l a t e  r o c k s  i n  acco rdance  w i t h  t h e  models  o f  L u c c h i t t a  and 
Suneson (1981) and Wernicke (1981, 1985).  Conf inemen t  o f  s t r i k e - s l i p  
d i s p l a c e m e n t  t o  t h e  l o w e r - p l a t e  would s u g g e s t  t h a t  t h e  u p p e r - p l a t e  of  
detachment t e r r a n e s  d i s t ends  "passively",  o r  more-or-less i n  s i t u ,  above an 
"ac t ive ly"  extending lower-plate.  S t r i k e - s l i p  o f f s e t  would be r e s t r i c t e d  
i n  t h i s  c a s e  t o  a r e a s  i n  which  l o w e r - p l a t e  r o c k s  o f  one domain a r e  
juxtaposed wi th  upper- and/or lower-plate  rocks of an ad jacen t  domain (Fig. 
l a ) ,  I f  s t r i k e - s l i p  displacement  a l s o  occurs  between t h e  upper-plate rocks 
of ad jacent  domains, documentation of i ts  s l i p  sense w i l l  determine whether 
upper-plate rocks a r e  genera l ly  t ranspor ted  away from t h e i r  tilt d i r ec t ion ,  
If  t he  accommodation zone f a c i l i t a t e d  movement i n  opposing d i r e c t i o n s  of 
both upper- and lower-plate  rocks, t he  sense of s t r i k e - s l i p  displacement i n  
t h e  l o w e r - p l a t e  would be  o p p o s i t e  t h a t  i n  t h e  u p p e r - p l a t e ,  and l a t e r a l  
o f f s e t  may cease where lower- and upper-plate rocks of ad jacent  domains a r e  
j u x t a p o s e d  (Fig.  l b f  . 

I n  c o n t r a s t ,  s e v e r a l  p o s s i b l e  s c e n a r i o s  (F ig .  l c )  would r e s u l t  i n  
l i t t l e ,  i f  any,  s t r i k e - s l i p  d i s p l a c e m e n t  a l o n g  accommodation zones,  
inc luding  (1) l a t e r a l  t r anspor t  i n  s i m i l a r  d i r e c t i o n s  on e i t h e r  s i d e  of the  
zone of only t h e  lower-plate;  ( 2 )  d iame t r i ca l  movement between upper- and 
lower-plate  but  i n  s i m i l a r  d i r e c t i o n s  on e i t h e r  s i d e  of t he  zone; and (3) 



l i t t l e  movement i n  upper -  and l o w e r - p l a t e s ,  p e r h a p s  a s  a  b r i t t l e  upper -  
p l a t e  deforms more~or - l e s s  i n  s i t u  above a  l ower -p l a t e  dominated by pure 
s h e a r  (e-g., M i l l e r  e t  a l . ,  1983) .  I n  t h e s e  c a s e s ,  t h e  accommodation zone 
would not  f a c i l i t a t e  inversion i n  the d i p  of r e g i o n a l  detachment systems, 
b u t  may s i m p l y  accommodate i n t e r a c t i o n  be tween  l a t e r a l l y  p r o p a g a t i n g  
conjugate  normal f a u l t s  i n  the  upper-plate. 

A major east-west-trending, middle Miocene accommodation zone c u t s  t he  
c e n t r a l  Black  Mountains ,  n o r t h w e s t e r n  A r i z o n a ,  a n d  s o u t h e r n  E ldo rado  
Mountains, southern Nevada. This  subl inear ,  5-km-wide zone separa tes  more 
than  5,000 km2 of e a s t - t i l t e d  f a u l t  blocks on t h e  n o r t h  from 25,000 km2 of 
d o m i n a n t l y  w e s t - t i l t e d  f a u l t  b l o c k s  on t h e  s o u t h  (F ig .  2). F a u l t - b l o c k  
t i l t i n g  on e i t h e r  s i d e  of  t h e  zone commonly e x c e e d s  60'. T i l t i n g  
p r o g r e s s i v e l y  d e c r e a s e s  t o w a r d  t h e  a x i s  of  t h e  zone (Fig.  3 ) ,  where  
t r ansve r se ly  or iented,  ob l ique-s l ip  normal f a u l t s  accommodate s c i s so r s - l i ke  
( o r  t o r s i o n a l )  o f f s e t  be tween g e n t l y  (20-35O) t i l t e d ,  i n d i v i d u a l  f a u l t  
b l o c k s  of  oppos ing  p o l a r i t y .  Concomitan t  w i t h  t h e  d e c r e a s e  i n  t i l t i n g ,  
f a u l t  spacing decreases  and average f a u l t  d i p  i nc reases .  East- and west- 
d i p p i n g  f a u l t s  a r e  e q u a l l y  common i n  t h e  a x i a l  p a r t  o f  t h e  zone, whereas  
e a s t -  and west-dipping f a u l t s  dominate t he  west- and e a s t - t i l t e d  domains, 
respec t ive ly .  Many of the  major normal f a u l t s  i n  t h e  s t e e p l y  t i l t e d  p a r t s  
of  t h e  wes t -  a n d e a s t - t i l t e d  domains  t e r m i n a t e  i n  d r a g  f o l d s  w i t h i n  t h e  
a x i a l  p a r t  of t h e  accommodation zone. These f e a t u r e s  i n d i c a t e  t h a t  t h i s  
accommodation zone i n  t h e  u p p e r - p l a t e  r o c k s  c o r r e s p o n d s  t o  an  a r e a  o f  
i n t e r f e r e n c e  between conjugate normal f a u l t s .  F a u l t  blocks wi th in  the  zone 
were probably pe r iod ica l ly  t i l t e d  i n  opposi te  d i r e c t i o n s  during the  same 
episode of extension. 

The lack  of s i g n i f i c a n t  s t r i k e - s l i p  f a u l t i n g  i n  t h e  upper-plate rocks 
o f  t h e  accommodation zone i n  t h e  Black and EEdorado Mounta ins  i n d i c a t e s  
l i t t l e  r e l a t i v e  movement between the  opposing t i l t - b l o c k  domains. Oblique- 
s l i p  t r a n s v e r s e  f a u l t s  i n  t h e  accommodation zone f a c i l i t a t e  t o r s i o n a l  
o f f s e t ,  a s s o c i a t e d  w i t h  d i f f e r e n t i a l  t i l t i n g ,  r a t h e r  t h a n  t r a n s p o r t  o f  
u p p e r - p l a t e  r o c k s  away from t h e  t i l t  d i r e c t i o n .  S i m i l a r  s t r u c t u r e s  may 
account f o r  i n t e r p r e t a t i o n s  of accommodation zones i n  t h e  upper-plate rocks 
of  p a s s i v e  c o n t i n e n t a l  marg ins  a s  s t r i k e - s l i p  f a u l t s ,  which supposed ly  
accommodated d i ame t r i ca l  l a t e r a l  t r anspor t  of opposing t i l t - b l o c k  domains 
(e-g., L i s t e r  e t  a l . ,  1986a) .  

I f  t he  s t y l e  of deformation observed i n  t h e  upper-plate  rocks of t h e  
Black and Eldorado Mountains is  t y p i c a l  of accommodation zones i n  r i f t e d  
c o n t i n e n t a l  c r u s t ,  t h e n  t h e  u p p e r - p l a t e  r o c k s  o f  d e t a c h m e n t  t e r r a n e s  
p r o b a b l y  deform more -o r - l e s s  i n  s i t u ,  a s  h y p o t h e s i z e d  by L u c c h i t t a  and 
Suneson (1981).  U n f o r t u n a t e l y ,  v e r y  few accommodat ion  zones have been  
s t u d i e d  i n  d e t a i l .  Where comprehensive i n v e s t i g a t i o n s  of  accommodation 
zones have been c a r r i e d  out ,  however, only minor s t r i k e - s l i p  displacement 
has been recognized (e-g., Chapin e t  al., 1978; Chamberlin, 1983; Coff ie ld ,  
1987). The subl inear  t r a c e  of t ransverse ly-or ien ted  accommodation zones i n  
r e l a t i v e l y  au toch thonous  u p p e r - p l a t e  r o c k s  may, however ,  r e p r e s e n t  a  
s u r f a c e  m a n i f e s t a t i o n  of  s t r i k e - s l i p  f a u l t i n g  i n  a c t i v e l y  e x t e n d i n g ,  
a l l o c h t h o n o u s  l o w e r - p l a t e  r o c k s ,  which l i e  b e n e a t h  o p p o s i t e l y - d i p p i n g  
detachment f a u l t s .  



. Possible modes of deformation along 
accommodation zones in rifted continental crust. 

In (A) and (B), the accommodation zone facilitates inversion in the dip of 
detachment systems (inset at top right of diagram is a cross section of east- 
tilted domain). In (C), the accommodation zone does not facilitate reversal 
in the dip of detachment faults, but simply accommodates interaction between 
conjugate normal faults in the upper-plate. See text for further information. 



\ APPROXIMATE STRIKE &NO DIP OF TILTED BREAKAWAY FAULT. 
MID-TERTIARY SEDIMENTARY AN0 VOLCANIC ROCXS. 

domains. 

Map of tilt-block domains in the Basin and Range province of Arizona and 
adjacent areas (from Spencer and Reynolds, 1986). The accommodation zone in 
the Black and Eldorado Mountains lies within the blocked out area (upper 
left). 
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m3. Equal-area s t e r e o  p l o t s  of poles  t o  bedding and 
l a y e r i n g  i n  T e r t i a r y  s t r a t a  of c e n t r a l  Black Mountains. 

( a )  More than  2 .0  km from a x i s  of accommodation zone. (b) 0 .5  t o  2 .0  km from 
a x i s .  f c )  L e s s  t h a n  0 . 5  km from a x i s .  Note t h a t  t i l t i n g  p r o g r e s s i v e l y  
dec reases  toward t h e  a x i a l  p a r t  of t h e  accommodation zone i n  both e a s t -  and 
west-tilted domains. This  decrease i n  tilt i s  accompanied by an inc rease  i n  
f a u l t  d i p  and decrease  i n  f a u l t  spacing. 
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DOMING OF THE LOWER CRUST BENEATH AN EXTENSIONAL OROGEN? 

Laura Serpa,  Dept.  of  Geology and Geophysics, U n i v e r s i t y  of New 
Orleans ,  New Orleans,  LA 70148 

ABSTRACT 

COCORP deep se i smic  r e f l e c t i o n  d a t a  from t h e  Mojave and Death 
V a l l e y  r e g i o n s  p r o v i d e  a  c r o s s - s e c t i o n  a c r o s s  an  e x t e n s i o n a l  
orogen.  Those d a t a  sugges t  t h a t  t h e  lower c r u s t  domes beneath  t h e  
a r e a  of  r a p i d  e x t e n s i o n  whi le  t h e  Moho remains  r e l a t i v e l y  f l a t .  
I n  t h i s  r e p o r t ,  p o t e n t i a l  c a u s e s  o f  t h e  doming a n d  t h e  
s i g n i f i c a n c e  o f  t h a t  doming on c r u s t a l  models  of  e x t e n s i o n a l  
t e r r a n e s  a r e  d i s c u s s e d .  

INTRODUCTION 

During t h e  p a s t  15 Ma., t h e  a r e a  ( F i g .  1) of  t h e  Basin and 
Range p r o v i n c e  between t h e  Garlock f a u l t  zone,  t h e  Nopah Range, 
t h e  Furnace Creek f a u l t  zone, and t h e  S i e r r a  Nevada b a t h o l i t h  has  
been t h e  s i t e  o f  a c t i v e  e x t e n s i o n ,  c h a r a c t e r i z e d  by r a p i d  b a s i n  
s u b s i d e n c e ,  t i l t i n g  of mountain b locks ,  b o t h  normal and s t r i k e -  
s l i p  f a u l t i n g ,  and v o l c a n i c  a c t i v i t y  ( e . 9 .  B u r c h f i e l  and S t e w a r t .  
1966; S t e w a r t ,  1983; Wright, 1976; Wright and  Troxel ,  1 9 7 3 ) .  In 
c o n t r a s t ,  t h e  Mojave reg ion  and t h e  a r e a  t o  t h e  e a s t  of t h e  Nopah 
Range, ( F i g .  1) have exper ienced  s i g n i f i c a n t l y  l e s s  de fo rmat ion  
d u r i n g  t h a t  t i m e  ( e . 9 .  B u r c h f i e l  e t  a l . ,  1982; B u r c h f i e l  and 
Davis,  1975; Davis  and B u r c h f i e l ,  1973; Dokka, 1 9 8 6 ) .  The COCORP 
Death Va l l ey  su rvey  p rov ides  cont inuous  s u b s u r f a c e  coverage of  t h e  
a r e a  from t h e  e a s t e r n  s i d e  o f  t h e  Nopah Range i n t o  t h e  a r e a  of  
a c t i v e  e x t e n s i o n ,  whi le  t h e  Mojave COCORP s u r v e y  c r o s s e s  t h e  
Mojave d e s e r t  r e g i o n  and e x t e n d s  a c r o s s  t h e  Garlock f a u l t  zone 
i n t o  t h e  a r e a  of  a c t i v e  ex tens ion  (de Voogd e t  a l . ,  1986; Serpa e t  
a l . ,  1988;  Chead le  e t  a l . ,  1986a;  b )  . Thus t h o s e  s e i s m i c  
r e f l e c t i o n  d a t a  p r o v i d e  i n s i g h t  on t h e  changes o c c u r r i n g  i n  t h e  
lower c r u s t  of  an e x t e n s i o n a l  orogen.  

Those two su rvey  a r e a s  a r e  s e p a r a t e d  by a  d i s t a n c e  of 50 km 
where t h e r e  i s  no a v a i l a b l e  s e i s m i c  coverage .  However, comparison 
of r e f l e c t i o n s  from e i t h e r  s i d e  of t h e  d a t a  gap i n d i c a t e  t h a t  
t h e r e  a r e  two p o s s i b l e  r e f l e c t i n g  h o r i z o n s  which a r e  con t inuous  
between t h e  two survey a r e a s .  The n a t u r e  of t h o s e  hor izons  i s  t h e  
t o p i c  of  t h i s  paper .  

Throughout t h e  fo l lowing  d i s c u s s i o n  a  v e l o c i t y  of 6  km/s i s  
assumed f o r  t h e  c o n v e r s i o n  of  t r a v e l  t i m e s  t o  d e p t h s .  That  
v e l o c i t y  i s  a n  approximation which i s  c o n s i s t e n t  wi th  t h e  r e s u l t s  
of p r e v i o u s  r e f r a c t i o n  surveys  i n  t h e  a r e a  ( e . 9 .  R o l l e r  and Healy, 
1963; Johnson,  1965; P r o d e h l ,  1 9 7 9 ) .  True  d e p t h s  may v a r y  
s i g n i f i c a n t l y  from t h o s e  e s t i m a t e d  due t o  b o t h  l a t e r a l  v e l o c i t y  
v a r i a t i o n s  i n  t h e  s u b s u r f a c e .  Based on t h e  a v a i l a b l e  v e l o c i t y  
in fo rmat ion  d e r i v 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  and t h e  range 
of r e p o r t e d  r e f r a c t i o n  v e l o c i t i e s ,  t h o s e  v a r i a t i o n s  a r e  i n f e r r e d  
t o  produce no more t h a n  a  1 0  p e r c e n t  u n c e r t a i n t y  i n  t h e  e s t i m a t e d  
dep ths  t o  t h e  r e f l e c t i n g  h o r i z o n s .  However, r e f l e c t i o n s  from o u t  
of t h e  p l a n e  of  t h e  se i smic  s e c t i o n s  have a l s o  been i d e n t i f i e d  and 



t h e i r  d e p t h s  may v a r y  s i g n i f i c a n t l y  from t h o s e  e s t i m a t e d .  The 
r e f l e c t i o n s  d i s c u s s e d  i n  t h i s  p a p e r  can a l l  b e  viewed on e i t h e r  
i n t e r s e c t i n g  seismic l i n e s  o r  t h r o u g h o u t  a n  a r e a  where t h e  l i n e s  
bend  and ,  t h u s ,  t h e i r  s u b s u r f a c e  geomet ry  i s  w e l l  c o n s t r a i n e d  
t h r e e - d i m e n s i o n a l l y  i n  t h e  s u b s u r f a c e .  

IDENTIFICATION OF POSSIBLE CONTINUOUS REFLECTIONS 

T h e r e  a r e  t w o  r e f l e c t i n g  z o n e s  w h i c h  a p p e a r  t o  b e  
s u f f i c i e n t l y  c o n t i n u o u s  t h r o u g h o u t  t h e  Death  V a l l e y  s u r v e y  r e g i o n  
( F i g .  2 )  t o  b e  p o s s i b l e  c a n d i d a t e s  f o r  c o r r e l a t i o n  w i t h  t h e  Mojave 
s u r v e y  a r e a .  The f i r s t  i s  l o c a t e d  a t  m i d c r u s t a l  d e p t h s  ( 5 . 0  s +/- 
1 . 5  s o r  a p p r o x i m a t e l y  15 km d e p t h )  and  t h e  o t h e r  a t  o r  n e a r  t h e  
b a s e  o f  t h e  c r u s t  (10 .0  s +/- 1 . 0  s o r  app rox ima te ly  30 km d e p t h )  . 
The l a t t e r  i s  d e s i g n a t e d  t h e  r e f l e c t i o n  Moho, f o l l o w i n g  t h e  
nomenc la tu re  o f  Klemperer e t  a 1  (1986) and t h e  former  i s  r e f e r r e d  
t o  h e r e  a s  t h e  Death Va l l ey  detachment  zone.  

S i m i l a r l y ,  t h e r e  a r e  two r e f l e c t i n g  h o r i z o n s  which a p p e a r  t o  
be c o n t i n u o u s  t h r o u g h o u t  most o f  t h e  Mojave s u r v e y  a r e a  (Chead le  
e t  a l . ,  1986 a; b ) .  The f i r s t  d i p s  t o  t h e  sou thwes t  from a  d e p t h  
o f  a p p r o x i m a t e l y  9 km ( 3  s )  n e a r  t h e  G a r l o c k  f a u l t  zone  t o  
a p p r o x i m a t e l y  20 km ( 7  s )  n e a r  t h e  San Andreas  f a u l t  zone .  The 
second i s  l o c a t e d  a t  a  dep th  o f  app rox ima te ly  2 7  km ( 9 . 0  s + / -  1 . 0  
s ) .  The d e e p e r  o f  t h e  t w o  h o r i z o n s  h a s  b e e n  i n t e r p r e t e d  by 
C h e a d l e  t o  be t h e  r e f l e c t i o n  Moho and  t h e  s h a l l o w e r  d i p p i n g  
h o r i z o n  i s  d e s i g n a t e d  h e r e  t o  b e  t h e  upper  Mojave r e f l e c t i n g  zone .  
The re  i s  a  t h i r d  s e i s m i c  e v e n t  i n  t h e  Mojave d a t a  which i s  n o t  
c o n t i n u o u s  b e n e a t h  t h e  Gar lock  f a u l t  zone a n d  i n t o  t h e  a r e a  o f  
a c t i v e  e x t e n s i o n .  Tha t  e v e n t  i s  d e s i g n a t e d  t h e  l o w e r  Mojave 
r e f l e c t i n g  zone .  A l l  of  t h e  h o r i z o n s  a r e  shown on F i g u r e  2  w i t h  
t h e i r  assumed c o r r e l a t i o n s  a c r o s s  t h e  d a t a  gap shown on F i g u r e  3 .  

The r e f l e c t i o n  Moho i n  b o t h  a r e a s  a p p e a r s  t o  have o f f s e t s  of  
up t o  3  km, l o c a l l y ,  and i n  a r e a s  where t h e  s i g n a l  p e n e t r a t i o n  
a p p e a r s  t o  be p o o r ,  b e n e a t h  t h e  c e n t r a l  Death V a l l e y  b a s i n  and  i n  
t h e  v i c i n i t y  o f  t h e  Garlock f a u l t  zone,  t h e s e  r e f l e c t i o n s  a r e  n o t  
o b s e r v e d  ( C h e a d l e  e t  a l . ,  1986  a ;  b ;  S e r p a  e t  a l . ,  1 9 8 8 )  . 
However, r e f r a c t i o n  d a t a  ( e  . g .  R o l l e r  and  Healy ,  1963; Johnson ,  
1965; P r o d e h l ,  1979)  i n d i c a t e  t h a t  t h e  b a s e  o f  t h e  c r u s t  l i e s  a t  
a p p r o x i m a t e l y  t h e  same d e p t h  ( 3 1  km +/-  5 km) i n  b o t h  t h e  Mojave 
and  Death  V a l l e y  r e g i o n s .  O t h e r  g e o p h y s i c a l  d a t a ,  such a s  g r a v i t y  
and  m a g n e t i c  d a t a ,  do n o t  i n d i c a t e  any major  changes  i n  c r u s t a l  
t h i c k n e s s  b e t w e e n  t h e  two a r e a s .  I n  a d d i t i o n ,  t h e  s e i s m i c  
r e f l e c t i o n  c h a r a c t e r i s t i c s  o f  t h e  r e f l e c t i o n  Moho a p p e a r  t o  be  
s t r i k i n g l y  s i m i l a r  i n  b o t h  s u r v e y  a r e a s .  R e f l e c t i o n s  f rom t h a t  
h o r i z o n  a r e  s t r o n g  a n d  can  b e  e a s i l y  i d e n t i f i e d  on b o t h  s t a c k e d  

................................................................... 
Figure 1. L o c a t i o n  map o f  t h e  COCORP Death V a l l e y  a n d  Mojave 
Desert s u r v e y s .  L 1  t h rough  L6 a r e  s e i s m i c  p r o f i l e s  i n  t h e  Mojave 
and  L8 t h r o u g h  L12 a r e  t h e  Dea th  V a l l e y  p r o f i l e s .  The s m a l l  
t r i a n g l e s  i n d i c a t e  t h e  l o c a t i o n s  of  s e i s m i c  s e c t i o n s  shown i n  
F i g u r e  3 .  
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s e i s m i c  s e c t i o n s  and  d e m u l t i p l e x e d  f i e l d  f i l e s .  The r e f l e c t i o n s  
a r e  m u l t i c y c l i c ,  b u t  c o n t a i n e d  w i t h i n  a  r e l a t i v e l y  narrow ( 0 . 5  s )  
band i n  which no s i n g l e  c y c l e  i s  prominent ,  b u t  i n  which s e v e r a l  
d i s c o n t i n u o u s  c y c l e s  s t a n d  o u t .  Thus, t h e  r e f l e c t i o n  Moho i n  b o t h  
a r e a s  i s  assumed h e r e  t o  r e p r e s e n t  a  r e l a t i v e l y  f l a t ,  c o n t i n u o u s  
boundary t h r o u g h o u t  b o t h  t h e  r e l a t i v e l y  s t a b l e  Mojave a r e a  a n d  t h e  
a c t i v e l y  e x t e n d i n g  a r e a  n o r t h  o f  t h e  Garlock f a u l t  zone.  

The p r e s e n c e  o f  a  r e l a t i v e l y  f l a t  h o r i z o n  n e a r  t h e  b a s e  o f  
t h e  c r u s t  t h r o u g h o u t  t h e  two a d j a c e n t  r e g i o n s  i s  d i f f i c u l t  t o  
r e c o n c i l e  w i t h  t h e  a p p a r e n t  d i f f e r i n g  amounts o f  c r u s t a l  t h i n n i n g  
which would b e  e x p e c t e d  f rom e x t e n s i o n  d u r i n g  t h e  p a s t  1 5  Ma. 
There  a r e  t h r e e  p o s s i b l e  e x p l a n a t i o n s  c o n s i d e r e d  h e r e :  1) t h e  a r e a  
o f  a c t i v e  e x t e n s i o n  may h a v e  had  a t h i c k e r  c r u s t  t h a n  t h e  
a d j o i n i n g  r e g i o n s  p r i o r  t o  15  Ma. ; 2 )  t h i n n i n g  of  t h e  upper  c r u s t  
i n  t h e  e x t e n s i o n a l  r e g i o n  may be accommodated b y  f low o f  m a t e r i a l  
i n  t h e  l o w e r  c r u s t  o f  t h e  s u r r o u n d i n g  r e g i o n s  i n t o  t h e  a r e a  o f  
a c t i v e  e x t e n s i o n ;  3 )  t h i n n i n g  o f  t h e  u p p e r  c r u s t  i n  t h e  
e x t e n s i o n a l  r e g i o n  may b e  accommodated by f l o w  o f  m a t e r i a l  from 
t h e  m a n t l e  i n t o  t h e  c r u s t .  The f i r s t  p o s s i b i l i t y  t h a t  t h e  c r u s t  
was t h i c k e r  b e n e a t h  t h e  a r e a  o f  a c t i v e  e x t e n s i o n  p r i o r  t o  1 5  Ma. 
c a n n o t  be e v a l u a t e d  f rom t h e  a v a i l a b l e  d a t a .  However, t h e  
r e f l e c t i o n  Moho i s  l o c a t e d  a t  a  d e p t h  of  a p p r o x i m a t e l y  3 0  km 
t h r o u g h o u t  t h e  B a s i n  and  Range p r o v i n c e  ( e . g .  Klemperer  e t  a l . ,  
1 9 8 6 ) .  With t h e  v a r y i n g  r a t e s  and t i m e s  o f  e x t e n s i o n  t h r o u g h o u t  
t h a t  r e g i o n  it would b e  u n l i k e l y  t h a t  t h e  c r u s t a l  t h i c k n e s s  would 
now b e  r e l a t i v e l y  c o n s t a n t .  Thus t h e  r e m a i n i n g  two p o s s i b l e  
e x p l a n a t i o n s  a p p e a r  more r e a s o n a b l e  a n d  a r e  d i s c u s s e d  i n  more 
d e t a i l  i n  t h e  f o l l o w i n g  s e c t i o n s .  

A s  men t ioned  p r e v i o u s l y ,  t h e r e  a r e  two p o s s i b l e  r e f l e c t i n g  
z o n e s  i n  t h e  m i d c r u s t  o f  t h e  Mojave d a t a  wh ich  may c o r r e l a t e  
a c r o s s  t h e  d a t a  gap  w i t h  a  r e l a t i v e l y  c o n t i n u o u s  m i d c r u s t a l  
r e f l e c t i n g  zone i n  t h e  Dea th  V a l l e y  d a t a .  The c o r r e l a t i o n  o f  
e i t h e r  Mojave zone  w i t h  t h e  Death V a l l e y  r e f l e c t i n g  zone would 
i n d i c a t e  t h a t  t h e  lower c r u s t  o f  t h e  a c t i v e  e x t e n s i o n a l  r e g i o n  has  
t h e  geomet ry  o f  a  f l a t  t o p p e d  dome because  b o t h  Mojave r e f l e c t o r s  
d i p  t o  t h e  s o u t h w e s t  ( C h e a d l e  e t  a l . ,  1986a;  b )  and  t h e  Death 
V a l l e y  r e f l e c t i n g  zone d i p s  t o  t h e  n o r t h e a s t  o n  t h e  e a s t  s ide  o f  
t h e  Nopah Range.  However, t h e  c o r r e l a t i o n  o f  t h e  Death V a l l e y  
zone w i t h  t h e  u p p e r  Mojave r e f l e c t i n g  zone would s u g g e s t  t h a t  t h e  
u p p e r  c r u s t  i s  t h i n n e s t  n e a r  t h e  Gar lock  f a u l t  zone a n d  would 
s u p p o r t  t h e  i n f e r e n c e  t h a t  t h e  f l a t  r e f l e c t i o n  Moho was due  t o  
l a t e r a l  f l o w  o f  m a t e r i a l  f rom a d j a c e n t  lower  c r u s t a l  r e g i o n s  i n t o  
t h e  area o f  a c t i v e  e x t e n s i o n .  The a l t e r n a t i v e  c o r r e l a t i o n ,  t h a t  
t h e  l o w e r  Mojave r e f l e c t i n g  zone c o n t i n u e s  i n t o  t h e  Death V a l l e y  

................................................................... 
Figure 2 .  Schemat i c  r e p r e s e n t a t i o n  of t h e  m a j o r  r e f l e c t i n g  zones 
i n  t h e  two s u r v e y  a r e a s .  NR r e f e r s  t o  t h e  Nopah Range and  t h e  
d e s i g n a t i o n s  A t h r o u g h  E a r e  t h e  r e f l e c t i n g  zones  a s  f o l l o w s :  A = 
t h e  Death  V a l l e y  r e f l e c t i o n  Moho, B = t h e  Death V a l l e y  m i d c r u s t a l  
r e f l e c t i n g  zone ,  C = t h e  Mojave r e f l e c t i o n  Moho, D = t h e  Mojave 
lower  r e f l e c t i n g  zone, E = t h e  Mojave upper  r e f l e c t i n g  zone.  
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r e f l e c t i n g  zone would i n d i c a t e  maximum u p p e r  c r u s t a l  t h i n n i n g  
b e n e a t h  t h e  a r e a  o f  a c t i v e  e x t e n s i o n  and  s u p p o r t  t h e  i n f e r e n c e  
t h a t  t h e  f l a t  Moho i s  t h e  r e s u l t  o f  f l o w  o f  m a t e r i a l  f rom t h e  
man t l e  i n t o  t h e  lower  c r u s t  of t h e  e x t e n s i o n a l  r e g i o n .  

A s  shown i n  F i g u r e  3,  it i s  t h e  l a t t e r  c o r r e l a t i o n ,  t h a t  i s  
t h e  l ower  Mojave r e f l e c t i n g  zone w i t h  t h e  Dea th  V a l l e y  m i d c r u s t a l  
zone,  which i s  p r e f e r r e d  h e r e .  That c h o i c e  i s  b a s e d  p r i m a r i l y  on 
t h e  f a c t  t h a t  t h e  u p p e r  r e f l e c t i n g  h o r i z o n  may n o t  c o n t i n u e  
b e n e a t h  t h e  Gar lock  f a u l t  zone and  may, i n  f a c t ,  be an  o u t  o f  t h e  
p l a n e  r e f l e c t i o n  f rom t h e  Gar lock  f a u l t  s u r f a c e  ( S e r p a ,  1 9 8 7 ) .  
However, t h e  seismic c h a r a c t e r i s t i c s  o f  t h e  two zones  a r e  s i m i l a r  
t o  t h e  s o u t h  o f  t h e  Gar lock  f a u l t  zone,  i n  t h a t  t h e  zones  a r e  
comparably s t r o n g ,  l o c a l l y  c o n t a i n  h i g h  a m p l i t u d e  r e f l e c t i o n s ,  and  
have a s i m i l a r  w i d t h  (1 s )  . On t h e  n o r t h  s i d e  o f  t h e  G a r l o c k  
f a u l t  zone ,  t h e r e  a r e  a  f e w  i s o l a t e d  e v e n t s  which may b e  
c o n t i n u a t i o n s  o f  t h e  uppe r  Mojave r e f l e c t i n g  zone (Cheadle  e t  a l . ,  
1986a;  b )  b u t  t h a t  r e l a t i o n s h i p  i s  u n c e r t a i n  b e c a u s e  t h e  e v e n t s  
c a n n o t  b e  t r a c e d  below t h e  s u r f a c e  p o s i t i o n  o f  t h e  Gar lock  f a u l t  
zone .  

POSSIBLE SOURCE OF THE LOWER CRUSTAL DOME 

Based on a  v a r i e t y  o f  s u r f a c e  measurements ,  t h e  amount o f  
e x t e n s i o n  o f  t h e  u p p e r  c r u s t  o f  t h e  Bas in  a n d  Range P rov ince  h a s  
been  e s t i m a t e d  t o  b e  between 10 and  140 p e r c e n t  (summarized by  
Wernicke  e t  a l . ,  1 9 8 2 ) .  Two o f  t h e s e  e s t i m a t e s ,  50 a n d  65 
p e r c e n t ,  r e s p e c t i v e l y ,  a r e  d e r i v e d  (Wright ,  1976; Wernicke e t  a1 . , 
1982)  f rom o b s e r v a t i o n s  i n  t h e  v i c i n i t y  o f  Dea th  V a l l e y .  Those 
e s t i m a t e s  a r e  b a s e d  on t h e  a s s u m p t i o n  t h a t  t h e  e x t e n s i o n a l  
de fo rma t ion  i n  t h e  r e g i o n  i s  2-d imens iona l .  However, t h e  p a t t e r n s  
of b l o c k  f a u l t i n g  d i s c u s s e d  by Se rpa  e t  a l .  (1988)  s u g g e s t  t h a t  
t h e  e x t e n s i o n a l  d e f o r m a t i o n  i n  Death  V a l l e y  i s  3 - d i m e n s i o n a l .  
Thus t h e  amount o f  c r u s t a l  e x t e n s i o n  i n  Dea th  V a l l e y  may b e  
g r e a t e r  t h a n  t h o s e  i n d i c a t e d  by t h e  p r e v i o u s  e s t i m a t e s .  

Assuming  t h e  c r u s t  i n  D e a t h  V a l l e y  h a s  e x t e n d e d  2 -  
d i m e n s i o n a l l y  b y  65 p e r c e n t  d u r i n g  t h e  p a s t  15  M a . ,  t h e  m i d c r u s t a l  
r e f l e c t i n g  h o r i z o n  would have been  a t  a  d e p t h  o f  25 km p r i o r  t o  
t h e  e x t e n s i o n .  Tha t  d e p t h  c o i n c i d e s  c l o s e l y  w i t h  t h e  d e p t h  o f  t h e  
p r e s e n t - d a y  r e f l e c t  i o n  Moho (30  km d e p t h )  t h r o u g h o u t  t h e  
s u r r o u n d i n g  r e g i o n  and ,  i f  t h e  r e c e n t  e x t e n s i o n  i n  Death V a l l e y  
h a s  t h i n n e d  t h e  u p p e r  c r u s t  by 10 km, o r  more,  r e l a t i v e  t o  t h e  
s u r r o u n d i n g  r e g i o n ,  t h e n  t h a t  h o r i z o n  may have  been  l o c a t e d  n e a r  
t h e  b a s e  o f  t h e  c r u s t  p r i o r  t o  t h e  e x t e n s i o n .  Tha t  d e p t h  s u g g e s t s  
t h a t  t h e  m i d c r u s t a l  r e f l e c t i n g  zone may i n c l u d e  remnants  o f  a n  
o l d e r ,  p r e - e x t e n s i o n a l  Moho, o r  a t t e n u a t e d  deep  c r u s t a l  r o c k s  o r  
b o t h .  

Because t h e  m i d c r u s t a l  zone p a s s e s ,  w i t h o u t  a p p a r e n t  o f f  s e t ,  
b e n e a t h  t h e  u p p e r  c r u s t a l  f a u l t s  i n  Death V a l l e y  (Se rpa  e t  a l . ,  
1 9 8 8 ) ,  it a l s o  may b e  a  zone o f  my lon i t e s  which formed, d u r i n g  t h e  

Figure 3 .  Examples  o f  s e i s m i c  s e c t i o n s  showing  t h e  f e a t u r e s  
d i s c u s s e d  i n  t h e  t e x t .  For  t h e  l o c a t i o n s  of  t h e s e  s e c t i o n s  r e f e r  
t o  F i g u r e  1. DET = t h e  c o r r e l a t i o n  of  t h e  m i d c r u s t a l  r e f l e c t i n g  
zone and  MOHO = t h e  r e f l e c t i o n  Moho. 
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e a r l y  s t a g e s  o f  t h e  c r u s t a l  e x t e n s i o n ,  a s  a r e s u l t  o f  t h e  
d i f f e r e n t i a l  movement between t h e  uppe r  c r u s t a l  f a u l t  b l o c k s  and 
t h e  u n d e r l y i n g  r o c k s .  The r e f l e c t o r s  above  t h e  m i d c r u s t a l  zone 
a r e  p r e d o m i n a n t l y  d i p p i n g  w h i l e  t h o s e  be low are s u b h o r i z o n t a l .  
That change i n  r e f l e c t o r  o r i e n t a t i o n  s u g g e s t s  t h a t  t h e  m i d - c r u s t a l  
zone may b e  a  r h e o l o g i c  boundary,  p o s s i b l y  a  zone o f  t r a n s i t i o n  
between b r i t t l e  uppe r  c r u s t a l  r o c k s  and more d u c t i l e  lower c r u s t a l  
r o c k s .  F i n a l l y ,  t h e  p r e s e n c e  of a  p o s s i b l e  magma body ( d e  Voogd 
e t  a l . ,  1986)  a l o n g  p a r t  of  t h e  m i d c r u s t a l  zone i n d i c a t e s  t h a t  i n  
some a r e a s  t h a t  zone may be  a n  i n t r u s i v e  bounda ry .  Al though t h e  
o r i g i n  o f  t h e  m i d c r u s t a l  z o n e  i s  u n c e r t a i n ,  t h e  p o s s i b l e  
i n t e r p r e t a t i o n s  men t ioned  above  s u g g e s t  t h a t  it i s  a  complex 
f e a t u r e  which  h a s  e v o l v e d  b o t h  d u r i n g  a n d  p r i o r  t o  t h e  r e c e n t  
e x t e n s i o n .  

The seismic d a t a  from t h e  two s u r v e y  r e g i o n s  s t r o n g l y  s u g g e s t  
t h a t  t h e  r e f l e c t i o n  Moho i s  younge r  t h a n  t h e  m i d c r u s t a l  zone 
b e c a u s e  t h e  m i d c r u s t a l  zones  a r e  t r u n c a t e d  i n  t h e  sou thwes t  and  
n o r t h e a s t  by t h e  r e f l e c t i o n  Moho. The e s t i m a t e d  (Wright ,  1976; 
Wernicke e t  a l . ,  1982)  amount of uppe r  c r u s t a l  e x t e n s i o n  f u r t h e r  
s u g g e s t s  t h a t  some o f  t h e  r o c k s  between t h e  two r e f l e c t i n g  zones 
formed a t  d e p t h s  o f  40 km o r  more p r i o r  t o  t h e  e x t e n s i o n  i n  Death 
V a l l e y .  Mesozoic compression ( e . g .  B u r c h f i e l  and  Davis ,  1975)  may 
have p roduced  a  40 t o  50 km t h i c k  c r u s t  p r i o r  t o  t h e  e x t e n s i o n ,  
however,  t h e  v o l c a n i c  r o c k s  exposed  a t  t h e  s u r f a c e  (Wright  and  
Troxe l ,  1 9 7 3 ) ,  t h e  i n f e r r e d  p r e s e n c e  of  a  magma body a t  m i d c r u s t a l  
d e p t h s  (de Voogd e t  a l . ,  1 9 8 6 ) ,  and  t h e  a p p a r e n t  youth  o f  t h e  
r e f l e c t i o n  Moho s u g g e s t  t h a t  a s i g n i f i c a n t  amount o f  m a t e r i a l  may 
have been added t o  t h e  c r u s t  f rom t h e  man t l e  d u r i n g  t h e  e x t e n s i o n .  

A l though  r i f t i n g  g e n e r a l l y  h a s  n o t  b e e n  c o n s i d e r e d  t o  b e  a  
s i g n i f i c a n t  c o n t i n e n t  b u i l d i n g  p r o c e s s ,  t h e  seismic o b s e r v a t i o n s  
do n o t  e x c l u d e  t h e  p o s s i b i l i t y  t h a t  most o r  a l l  o f  t h e  lower  c r u s t  
o f  D e a t h  V a l l e y  i s  i n t r u s i v e .  Based  on t h e i r  t h e o r e t i c a l  
c a l c u l a t i o n s ,  F u r l o n g  and F o u n t a i n  (1984)  have  s u g g e s t e d  t h a t  t h e  
l ower  c r u s t  o f  e x t e n s i o n a l  r e g i o n s  s h o u l d  b e  i n t r u s i v e .  F u i s  e t  
a 1  (1982)  h a v e  s u g g e s t e d  t h a t  t h e  l ower  c r u s t  o f  t h e  I m p e r i a l  
V a l l e y  r e g i o n ,  a n  a r e a  o f  a c t i v e  e x t e n s i o n  s i m i l a r  t o  Dea th  
Va l l ey ,  i s  composed e n t i r e l y  of maf i c  i gneous  i n t r u s i o n s .  I n  t h a t  
a r e a  t h e  u p p e r  boundary o f  t h e  i n f e r r e d  i n t r u s i v e  lower  c r u s t  i s  
a t  a  d e p t h  o f  12  t o  13 km b e n e a t h  t h e  a r e a  o f  maximum e x t e n s i o n  
and  a p p e a r s  t o  d i p  toward  t h e  b a s e  of  t h e  c r u s t  o u t s i d e  t h a t  a r e a  
i n  a manner s i m i l a r  t o  t h a t  o f  t h e  m i d c r u s t a l  zone d i s c u s s e d  i n  
t h i s  p a p e r .  Thus,  b o t h  t h e o r e t i c a l  c o n s i d e r a t i o n s  a n d  geo- 
p h y s i c a l  d a t a  f rom a r e a s  o f  a c t i v e  c r u s t a l  e x t e n s i o n  s u g g e s t  t h a t  
t h e  volume o f  c r u s t a l  m a t e r i a l  may i n c r e a s e  s i g n i f i c a n t l y  a s  a  
r e s u l t  o f  i g n e o u s  a c t i v i t y  d u r i n g  e x t e n s i o n  ( S e r p a  and  d e  Voogd, 
1 9 8 6 ) .  
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Introduction 

A p r e l  i m i n a r y  survey of a e r i a l  photographs o f  t h e  sou the rn  Walker Lane 
began i n  l a t e  1986. The purpose o f  t h i s  survey i s  t o  de te rm ine  t h e  n a t u r e  and 
scope o f  f u t u r e  s t u d i e s  r e q u i r e d  t o  (1) a s c e r t a i n  whe the r  t h e  apparent  
c o n c e n t r a t i o n  o f  Q u a t e r n a r y  f a u l t s  i n  and near  t h e  Nevada Tes t  S i t e  i s  r e a l  o r  
i s  s i m p l y  a  r e s u l t  o f  t h e  g r e a t e r  e f f o r t  i n v e s t e d  i n  mapping Quaternary  
d e p o s i t s  i n  t h a t  area, and (2)  de te rm ine  whether f a u l t s  i n  t h e  sou the rn  Walker 
Lane a r e  a c t i v e  and c o u l d  produce s i g n i f i c a n t  ear thquakes.  The survey i s  
focused on t h e  area e x t e n d i n g  sou th  from Lone Moun ta in  t o  Pahrurnp V a l l e y  and 
e a s t  f r o m  t h e  Furnace Creek f a u l t  zone t o  an i r r e g u l a r  l i n e  pass ing t h r o u g h  
t h e  Cactus  Range and Pahute Mesa. 

L ineaments  and sca rps  were i d e n t i f i e d  on s t e r e o p a i r s  o f  b lack-and-whi te  
a e r i a l  photographs a t  s c a l e s  o f  1:80,000 o r  1:60,000. The l ineaments  and 
sca rps  were p l o t t e d  on 1:24,000- and 1:62,500-scale t o p o g r a p h i c  maps u s i n g  a  
PG-2 p l o t t e r ,  and were c o l  or-coded a c c o r d i n g  t o  d i  s t i  n c t n e s s  and occu r rence  i n  
Q u a t e r n a r y  o r  T e r t i a r y  d e p o s i t s  (age assignments based on appearance i n  a e r i a l  
photographs and on e x i s t i n g  g e o l o g i c  maps). A d d i t i o n a l  1  i neaments i d e n t i f i e d  
on t h e  t o p o g r a p h i c  maps were a l s o  p l o t t e d .  Areas o f  p a r t i c u l a r  i n t e r e s t  were 
s e l e c t e d  f o r  more d e t a i  1  ed s tudy  u s i  ny 1  a r g e r - s c a l  e  a e r i  a1 photographs. Most 
o f  t h e  l i n e a m e n t s  and sca rps  i d e n t i f i e d  i n  t h e  su rvey ,  a l t h o u g h  r e f e r r e d  t o  as 
f a u l t s  i n  t h i s  paper, have n o t  been checked i n  t h e  f i e l d .  

Description o f  Newly Found Faults 

The a rea  s t u d i e d  t h u s  f a r  ex tends  sou th  from Lone Mountain t o  Sarcobatus 
F l a t  and west  f rom Pahute Mesa t o  F i s h  Lake V a l l e y  ( f i g .  I ) ,  an area t h a t  
r o u g h l y  cor responds t o  t h e  G o l d f i e l d  s e c t i o n  o f  t h e  Walker Lane t e c t o n i c  b e l t ,  
as d e f i n e d  by Stewar t  (1987).  T h i s  s e c t i o n  has been c h a r a c t e r i z e d  by a 
consp icuous l a c k  o f  b o t h  d i p - s l i p  bas in- range f a u l t s  and n o r t h w e s t - t r e n d i n g  
s t r i k e - s l i p  f a u l t s  i n  compar ison t o  o t h e r  s e c t i o n s  o f  t h e  Walker Lane b e l t  
(Car r ,  1984; Stewar t ,  1987). 

Our s t u d i e s  have r e v e a l e d  many c l u s t e r s  o f  p r e v i o u s l y  unmapped Q u a t e r n a r y  
f a u l t s  w i t h i n  t h e  G o l d f i e l d  s e c t i o n  o f  t h e  Walker Lane b e l t .  Vast o f  t h e s e  
f a u l t s  t r e n d  n o r t h e a s t ,  h u t  some f a u l t s  near  t h e  Furnace Creek f a u l t  zone and 
on o r  n o r t h  o f  Pahute Mesa t r e n d  n o r t h - n o r t h w e s t  t o  n o r t h - n o r t h e a s t  ( f i g .  
1 ) .  The newly  found f a u l t s  i n c l u d e  range- f ron t  f a u l t s  and f a u l t s  i n  
Q u a t e r n a r y  f a n  and b a s i  n - f i l l  d e p o s i t s .  

N o r t h e a s t - t r e n d i  ng r a n g e - f r o n t  f a u l t s  i d e n t i f i e d  i n  t h i s  study 1  i e  a long  
t h e  n o r t h  and ( o r )  west  s i d e s  o f  Paymaster and C l a y t o n  Ridges,  t h e  Montezurna 
Range, Go ld  and Magruder Mounta ins ,  and t h e  Grapev ine Mountains,  and a l o n g  t h e  
sou theas t  s i d e  o f  t h e  General Thomas H i l l s  and t h e  P a l m e t t o  Mountains ( f i g .  
1 ) .  I n t e r p r e t a t i o n  o f  a e r i a l  photographs and l i m i t e d  f i e l d  data  suggest  t h a t  
most o f  t h e s e  f a u l t s  p l a c e  bedrock  a g a i n s t  Quaternary f a n s ,  and t h a t  t h e y  a r e  



normal and d i  p  s t e e p l y  (70-90') nor thwest .  L e f t - 1  a t e r a l  o b l i q u e  s l  i p, 
suggested by c r e n u l  a t i  ons and s l  i ckens i  des w i t h i n  bedrock  shear zones, has 
been seen o n l y  on t h e  n o r t h e a s t  end of t h e  C l a y t o n  R idge  f a u l t  and t h e  
southwest  end o f  t h e  Stonewal l  Mountain f a u l t .  I n  a d d i t i o n ,  a  h o r i z o n t a l  mine 
a d i t  a t  S tonewal l  Mounta in  p e n e t r a t e s  about 6 5  m o f  unconso l i da ted  Q u a t e r n a r y  
f a n  a l l u v i u m .  Near t h e  end o f  t h e  sha f t ,  T e r t i a r y  r h y o l i t i c  t u f f  appears t o  
have been t h r u s t  ove r  t h e  a l l u v i u m  a t  an a n g l e  g r e a t e r  t h a n  70°, i n d i c a t i n g  
h i g h - a n g l e  r e v e r s e  movement on p a r t  of t h e  r a n g e - f r o n t  f a u l t .  La te  
P l e i s t o c e n e  t o  Holocene a l l u v i a l  f a n s  abut  s e v e r a l  range f r o n t s ,  such as p a r t s  
o f  Paymaster and C l a y t o n  Ridges and Stonewal l  Mounta in ;  t h e y  appear t o  b u r y  
o l d e r  fans ,  s u g g e s t i n g  f a u l t  movements i n  l a t e  Qua te rna ry  t i m e  (as d e s c r i b e d  
e l  sewhere by B u l l ,  1964). Layers  o f  sheared a1 1  u v i  urn and ( o r )  c o l 1  u v i  um were 
observed t o  o v e r l i e  sheared bedrock a long  t h e  C l a y t o n  Ridge and Grapevine 
Mountains f a u l t s .  V a r i a t i o n s  i n  t h e  p a r t i c l e  s i z e ,  e x t e n t  o f  shear ing ,  and 
cemen ta t i on  o f  t h e s e  l a y e r s  suggest  t h a t  t h e  l a y e r s  become younger and l e s s  
d i s t u r b e d  by f a u l t i n g  away f rom t h e  bedrock; t h u s ,  t h e y  appear t o  r e c o r d  a  
success ion  o f  f a u l t  movements r a t h e r  than  one e p i s o d e  o f  f a u l t i n g .  

N o r t h e a s t - t r e n d i n g  f a u l t s  found i n  t h i s  s t u d y  i n  a l l u v i a l  f ans  and b a s i n -  
f i 11 d e p o s i t s  commonly o c c u r  i n  c l  u s t e r s .  Areas w i t h  f a u l t  c l u s t e r s  i n c l  ude 
C l a y t o n  V a l l e y ,  t h e  v a l l e y s  e a s t  and west o f  t h e  Montezuma Range, and t h e  
v a l l e y s  n o r t h  o f  t h e  G o l d f i e l d  H i l l s  and S tonewa l l  Moun ta in  ( f i g .  1 ) .  Most o f  
t h e s e  f a u l t s  a r e  s h o r t  and c u t  s u r f a c e s  of o n l y  one age. Notab le  e x c e p t i o n s  
a r e  ( 1 )  t h e  sca rps  i n  C l a y t o n  V a l l e y ,  wh ich  a r e  r e l a t i v e l y  l o n g  and appear t o  
o f f s e t  s u r f a c e s  o f  s e v e r a l  ages, and ( 2 )  t h e  f a u l t s  e a s t  o f  t h e  Montezuma 
Range t h a t  d e f i n e  t h e  Pa lme t to  graben. These f a u l t s  appear t o  o f f s e t  one f a n  
and two g r a b e n - f i l l  d e p o s i t s  wh ich  a r e  m i d d l e  t o  l a t e  P l e i s t o c e n e  i n  age; 
o f f s e t s  a r e  s u c c e s i v e l y  s m a l l e r  w i t h  dec reas ing  age o f  t h e  depos i t .  

O f  t h e  n o r t h -  t o  n o r t h - n o r t h e a s t - t  r e n d i  ng f a u l t s  n e a r  t h e  Furnace Creek 
f a u l t  zone, o n l y  t h o s e  a t  t h e  n o r t h e r n  end o f  F i s h  Lake V a l l e y  have been 
observed i n  t h e  f i e l d .  Prominent  f a u l t s  s h a t t e r  t h e  s u r f a c e  o f  t h e  m i d d l e ( ? )  
P l e i s t o c e n e  I n d i a n  Creek f a n  on t h e  no r thwes t  s i d e  o f  t h e  v a l l e y .  Some o f  
t hese  f a u l t s  o f f s e t  d e p o s i t s  down t o  t h e  eas t ,  o t h e r s  o f f s e t  d e p o s i t s  down t o  
t h e  west, h u t  t h u s  f a r  none show c l e a r  ev idence of s t r i k e - s l i p  mot ion.  F a u l t s  
on t h e  n o r t h e a s t  s i d e  o f  t h e  v a l l e y  (some of wh ich  were mapped by Robinson and 
o t h e r s ,  1976) d i s p l a c e  sediments r a n g i n g  f r o m  1  a t e  P l i o c e n e  t o  Holocene i n  age 
down t o  t h e  west. These f a u l t s  a r e  he re  c a l l e d  t h e  Emigrant  Peat f a u l t  zone 
(Reheis,  1988). One o f  t h e  f a u l t s  i n  t h i s  zone appears t o  be o f f s e t  i n  a  
l e f t - l a t e r a l  sense by  a  n o r t h - n o r t h w e s t - t r e n d i n g  t e a r  f a u l t  w i t h  Holocene 
d isp lacement .  

Most  o f  t h e  n o r t h - n o r t h w e s t -  t o  n o r t h - n o r t h e a s t - t r e n d i n g  l i neamen ts  and 
sca rps  on t h e  west  s i d e  o f  Pahute Mesa have n o t  been observed i n  t h e  f i e l d .  
Two s e t s  o f  f a u l t s  i n  t h e  Oasis V a l l e y  have been observed t o  o f f s e t  e a r l y  t o  
m i d d l e  P l e i s t o c e n e  f a n  d e p o s i t s .  The e a s t e r n  f a u l t  i n  Q a s i  s Val l e y  d i  sp1 aces 
o l d  d i s s e c t e d  f a n  g r a v e l  (QTa o f  Hoover and o t h e r s ,  1981) about 4 m  down t o  
t h e  eas t ,  and may a1 so d i s p l a c e  younger d e p o s i t s  (Q2b o r  Q2c o f  Hoover and 
o t h e r s ,  1981). The wes te rn  f a u l t s  bound a  nar row graben i n  m idd le  P l e i s t o c e n e  
f a n  d e p o s i t s  (Q2b o r  Q2c ) ;  t h i s  graben may be i n s e t  w i t h i n  an i l l - d e f i n e d  
1  a r g e r  graben t h a t  d i s p l a c e s  o l d e r  depos i t s .  



Discussion and Prel iminary I n t e r p r e t a t i o n  

The geomorphic and s t r a t i g r a p h i c  ev idence d i s c u s s e d  above suggests t h a t  
many o f  t h e  newly found f a u l t s  i n  t h e  G o l d f i e l d  s e c t i o n  o f  t h e  Walker Lane 
b e l t  have been r e c e n t l y  a c t i v e  and have exper ienced  r e c u r r e n t  movement i n  
Q u a t e r n a r y  t ime.  Thus, t h e s e  f a u l t s  c o u l d  genera te  ear thquakes i n  t h e  
f u t u r e .  Some ear thquakes as l a r g e  as magni tude 5.0 reco rded  between 1931 and 
1974 (W.J. Carr ,  w r i t t e n  commun., 1987) were l o c a t e d  near  two areas o f  
Q u a t e r n a r y  d i sp lacemen t  : t h e  Emigrant  Peak f a u l t  zone i n  n o r t h e a s t  F i s h  Lake 
V a l l e y  and t h e  f a u l t s  on t h e  no r thwes t  s i d e  o f  t h e  Grapev ine Mountains. 

The many n o r t h e a s t - t r e n d i n g  f a u l t s  e a s t  o f  t h e  Furnace Creek f a u l t  zone 
( f i g .  1 )  a r e  d i f f i c u l t  t o  i n t e r p r e t .  One p o s s i b i l i t y  i s  t h a t  t h e y  a r e  
c o n j u g a t e  shears  t o  t h e  Furnace Creek f a u l t  zone, a l o n g  wh ich  t h e  l e a s t  
p r i  n c i  pa1 s t r e s s  wou ld  be west -nor thwest  and t h e  g r e a t e s t  p r i  n c i  pa1 s t r e s s  
n o r t h - n o r t h e a s t  ( W r i g h t ,  1976; Zoback and Zoback, 1980; Car r ,  1984). I n  such 
a  s t r e s s  f i e l d ,  however, n o r t h e a s t - t r e n d i  ng f a u l t s  s h o u l d  have a  component o f  
l e f t - 1  a t e r a l  m o t i o n  i n  a d d i t i o n  t o  normal d i p - s l  i p  mot ion .  A1 though much more 
f i e l d  work needs t o  be done, a t  p resen t  t h e r e  i s  1 i t t l e  ev idence t o  suppor t  
1  e f t - 1  a t e r a l  m o t i o n  on t h e  n o r t h e a s t - t r e n d i  ng f a u l t s  i n  t h e  G o l d f i e l d  s e c t i o n ,  
w i t h  t h e  e x c e p t i o n s  ment ioned above a t  C l  ay ton  R idge  and Stonewal l  Mountain. 
An a l t e r n a t i v e  p o s s i b i l i t y  i s  t h a t  t h e  n o r t h e a s t - t r e n d i n g  f a u l t s  a r e  a  s i m p l e  
e x p r e s s i o n  o f  d i  p - s l  i p  m o t i o n  perpend i  c u l  a r  t o  a  n o r t h w e s t  d i  r e c t i  on o f  1  e a s t  
p r i n c i p a l  s t r e s s .  If t h i s  i s  so, t hen  e a s t  of t h e  Furnace Creek f a u l t  zone 
t h e  d i r e c t i o n  o f  l e a s t  p r i n c i p a l  s t r e s s  may be d i f f e r e n t  f r o m  t h a t  a l o n g  t h e  
Furnace Creek f a u l t  zone. 

The n o r t h -  t o  n o r t h - n o r t h e a s t - t r e n d i n g  scarps  and l i n e a m e n t s  a d j a c e n t  t o  
t h e  Furnace Creek f a u l t  zone appear t o  be normal d i p - s l  i p  f a u l t s ;  t h e i r  
s t r i k e s  a r e  c o n s i s t e n t  w i t h  t h e  i n t e r p r e t a t i o n  t h a t  t h e y  a r e  p u l l - a p a r t  f a u l t s  
r e l a t e d  t o  s t r i k e - s l i p  movement on t h e  Furnace Creek f a u l t  zone. F a u l t s  w i t h  
t h i s  o r i e n t a t i o n  a r e  common i n  F i s h  Lake V a l l e y  and i n  t h e  f o o t h i l l s  o f  t h e  
a d j a c e n t  S i l v e r  Peak Range, e s p e c i a l l y  a t  t h e  n o r t h e r n  end o f  t h e  v a l l e y ,  
where t h e  Furnace Creek f a u l t  zone appears t o  d i e  o u t .  The n o r t h - t r e n d i n g  
f a u l t s  i n  n o r t h e r n  F i s h  Lake Val l e y  may f u n c t i o n  as p u l l - a p a r t  f a u l t s  i n  a  
g i a n t  r i g h t  s t e p  between t h e  n o r t h e r n  end o f  t h e  r i g h t - l a t e r a l  Furnace Creek 
f a u l t  zone and t h e  s o u t h e r n  ends o f  t h e  r i g h t - l a t e r a l  R e t t l e s  Well  and Soda 
S p r i n g s  V a l l e y  f a u l t s  t o  t h e  n o r t h .  T h i s  r i g h t  s t e p  occu rs  i n  t h e  area where 
Stewar t  (1985) d e s c r i b e d  r i  ght -1  a t e r a l  o f f s e t  a1 ong t h e  Exce l  s i  o r  and Coal d a l e  
f a u l t  zones. The e x i s t e n c e  o f  t h e  S i  1  v e r  Peak c a l d e r a  ( f i g .  1) and a s s o c i a t e d  
v o l c a n i c  r o c k s  a d j a c e n t  t o  n o r t h e r n  F i s h  Lake V a l l e y  may i n d i c a t e  s i g n i f i c a n t  
e x t e n s i o n  i n  t h i s  a rea  (Car r ,  1984). 

N o r t h - t r e n d i n g  f a u l t s  i n  t h e  area of  Pahute Mesa ( f i g .  1) a r e  most l i k e l y  
a  c o n t i n u a t i o n  o f  t h e  n o r t h - t r e n d i n g  f a u l t s  c h a r a c t e r i s t i c  of t h e  Bas in  and 
Range p r o v i n c e  t o  t h e  n o r t h  and e a s t  of t h e  Walker Lane. Earthquakes and 
movements on n o r t h -  t o  n o r t h - n o r t h e a s t - t r e n d i n g  f a u l  t s  t r i  ggered by 
underground n u c l e a r  e x p l o s i o n s  on Pahute Mesa had b o t h  d i p - s l i p  and r i g h t -  
1  a t e r a l  components (Hami 1  t o n  and o the rs ,  1972). Thus, t h e  n o r t h - t  r e n d i  ng  
f a u l t s  i n  wes te rn  Pahute Mesa i n  p a r t  may be s t r i k e - s l i p  c o n j u g a t e  shears;  
f i e l d  work, however, i s  needed t o  de te rm ine  whether  t h e s e  f a u l t s  have a  
component o f  l a t e r a l  s l i p .  



The g e n e r a l l y  n o r t h e a s t - t r e n d i n g  f a u l t s  eas t  o f  t h e  Furnace Creek f a u l t  
zone and west  o f  Pahute Mesa have a p r e f e r r e d  down-to- the-northwest  
d i  s p l  acement. O f  t h e  range-f  r o n t  f a u l t s ,  o n l y  t h o s e  bound ing t h e  sou theas t  
s i d e s  o f  t h e  General  Thomas H i l l s  and t h e  Pa lme t to  Mountains ( f i g .  1 )  have 
d i s p l a c e d  d e p o s i t s  down t o  t h e  sou theas t .  F a u l t s  a l o n g  t h e  General Thomas 
H i l l s  appear i n a c t i v e .  F a u l t s  i n  i n t e r m o n t a n e  b a s i n s  i n  t h e  s t u d y  area e i t h e r  
d i s p l a c e  sed iments  down t o  t h e  n o r t h w e s t  o r  e l s e  bound grabens t h a t  have about  
equa l  d i sp lacemen ts  on b o t h  s ides .  The re1  a t i  v e l y  u n i f o r m  down-to-the- 
n o r t h w e s t  sense o f  d isp lacement  c o u l d  be i n t e r p r e t e d  t o  suggest  t h a t  t h e  
f a u l t s  i n  t h e  G o l d f i e l d  s e c t i o n  o f  t h e  Walker Lane b e l t  a r e  r o o t e d  i n  a 
detachment a t  depth .  
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A la te-Holocene sequence of p a l e o s e i s m i c i t y  c o n s i s t i n g  o f  a t  l e a s t  
t h r e e  d i s c r e t e ,  s u r f a c e - f a u l t i n g  e v e n t s  i s  i d e n t i f i e d  a long the  n o r t h e r n  
F i s h  Lake V a l l e y  f a u l t  zone (FLVFZ) , a  component o f  t h e  Death V a l l e y  f a u l t  
sys tem (DVFS).  The f i r s t  even t  i n  the  sequence,  Event A ,  d i s p l a c e s  a  Mono 
t e p h r a  (3400-4100 y r  B .P . ) .  Wood from a  d e p o s i t  d i s p l a c e d  by t h e  second 
e v e n t ,  Event B ,  has  an  age of  1670 + 40 14c y r  B.P. This even t  d i s p l a c e s  
geomorphic s u r f a c e s  t h a t  a r e  e s t i m a t z  t o  have been  e s t a b l i s h e d  s i n c e  about  
1200 y r  B.P. These two e v e n t s  were followed by t h e  most r e c e n t  e v e n t ,  Event 
C ,  which r e s u l t e d  i n  o n l y  r e l a t i v e l y  minor d i s p l a c e m e n t s .  

Time-pred i c  t a b l e  models a r e  developed from t h e  t ime-displacement d a t a  
and s u g g e s t  t h e  fo l lowing  chronology f o r  t h e  th ree -even t  sequence:  1950 y r  
B.P. f o r  Event A;  1100 y r  B.P. f o r  Event B ;  and 200 y r  B.P. f o r  Event C .  
I n t e r s e i s m i c  i n t e r v a l s  d e r i v e d  form t h e  model r a n g e  form 850 t o  900 y e a r s .  
These r a t e s  o f  a c t i v i t y  sugges t  t h a t  d u r i n g  t h e  late-Holocene the  FLVFZ, of 
t h e  DVF'S, was among t h e  most a c t i v e  f a u l t s  i n  t h e  Basin  and Range. 

INTRODUCTION 

The DVFS ( ~ i g .  1 )  h a s  d e f i n e d  a  
prominent r o l e  i n  t h e  e v o l u t i o n  o f  
t h e  s o u t h e r n  Basin  and Range, 
p o s s i b l y  s i n c e  t h e  Middle J u r a s s i c  
(McKee , 1968) . The cumulat ive  
r i g h t - l a t e r a l  d i sp lacement  a c r o s s  
t h e  system i s  a s  l a r g e  a s  80 km 
( s t e w a r t ,  19671, w i t h  about  48 km o f  
r i g h t - s l i p  ( ~ c k e e ,  1968) a c r o s s  t h e  
n o r t h e r n  h a l f .  Although t h e  DVFS 
was among t h e  f i r s t  f a u l t s  i n  
C a l i f o r n i a  r ecogn ized  a s  e x h i b i t i n g  
P l e i s t o c e n e  a c t i v i t y  ( B a l l ,  1907) ,  
l i t t l e  i s  known about t h e  Quaternary  
t e c t o n i c  h i s t o r y  and s e i s m i c  
p o t e n t i a l  of  t h i s  r e g i o n a l ,  f a u l t  
sys tem.  

(FLVFZ) i n  F i s h  Lake V a l l e y ,  
C a l i f o r n i a  and Nevada, i s  a  
component o f  t h e  DVFS ( F i g s .  1 & 2 ) .  
The f a u l t  zone s e p a r a t e s  t h e  White 
Mountains on t h e  west from F i s h  Lake 
V a l l e y  on t h e  e a s t .  More than  2  km 
o f  r e l i e f  l i e  between t h e  c r e s t  o f  
t h e  range  and t h e  f l o o r  of t h e  
a l l u v i a l  f i l l e d  v a l l e y .  V i r t u a l l y  
t h e  e n t i r e  l e n g t h  o f  t h e  FLVFZ 
e x h i b i t s  abundant geomorphic 
ev idence  o f  l a t e -Qua te rna ry  t e c t o n i c  
a c t i v i t y  , i n c l u d i n g  s e v e r a l  
i n d i c a t o r s  o f  s t r i k e - s l i p  
d i s p l a c e m e n t .  

I n  t h i s  s t u d y ,  a  sequence o f  
p a l e o s e i ~ m i c i t ~  c o n s i s t i n g  of a t  
l e a s t  t h r e e  d i s c r e t e  s u r f a c e -  
f a u l t i n g  e v e n t s  has been i d e n t i f i e d  

The F i s h  Lake V a l l e y  f a u l t  zone 
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F i g u r e  1 .  Q u a t e r n a r y  f a u l t  t r a c e  o f  t h e  Death Va l l ey  f a u l t  
s y s t e m ,  Nevada and ~ a l i f o r n i a .  

i n  two hand-dug e x p l o r a t o r y  t r e n c h e s  
a c r o s s  t h e  FLVFZ . Rad i o c a r b o n  d a t e d  
a l l u v i a l  d e p o s i t s  p r o v i d e  a g e  
c o n s t r a i n t s  f o r  a  s e r i e s  o f  
o v e r l y i n g  geomorphic s u r f a c e s .  Both 
d e p o s i t s  and s u r f a c e s  a r e  d i s p l a c e d  
a l o n g  t h e  f a u l t  z o n e ,  and c o n t r i b u t e  
t i m e  and d i s p l a c e m e n t  d a t a  f o r  t h e  
t h r e e  e v e n t  s equence .  Time- 
p r e d i c t a b l e  models  a r e  development  
from t h e  d a t a  and p r o v i d e  a  
t e n t a t i v e  ch rono logy  o f  t h e  
p a l e o s e i s m i c i t y .  

DEATH VALLEY FAULT SYSTKn 

The DVFS i s  a  d e x t r a l - s l i p ,  
wrench f a u l t  s y s  tem compr ised  o f  s i x  
i n t i m a t e l y  r e l a t e d  and 
i n t e r c o n n e c t e d  f a u l t  zones  ( F i g .  1). 
The p r imary  t r e n d  o f  f a u l t s  w i t h i n  
t h e  f a u l t  sy s t em is  a b o u t  N40°w, 
s u b - p a r a l l e l  t o  t h e  c e n t r a l  San 
Andreas f a u l t .  From where t h e  DVFS 
i n t e r s e c t s  and a p p a r e n t l y  t e r m i n a t e s  
t h e  G a r l o c k  f a u l t  i n  s o u t h e r n  Death 
V a l l e y  ( B r a d y ,  e t a l . ,  1981)  t o  where 
i t  a p p a r e n t l y  t e r m i n a t e s  i n  n o r t h e r n  
F i s h  Lake V a l l e y ,  i s  a  d i s t a n c e  o f  
n e a r l y  350 km. Making t h e  DVFS one  

o f  t h e  l o n g e s t  wrench f a u l t s  i n  
Cal i f o r n  i a  . 

There  a r e  few documented 
i n d i c a t o r s  o f  Qua te rna ry  r i g h t -  
l a t e r a l  d i s p l a c e m e n t  a l o n g  t h e  DVFS. 
Cur ry  (1938)  concluded  from 
geomorphic e v i d e n c e  i n  Death V a l l e y  
t h a t  a s i g n i f i c a n t  component o f  
Qua te rna ry  d i s p l a c e m e n t  a l o n g  t h e  
DVFS i s  s t r i k e - s l i p  i n  n a t u r e .  
Cinder  H i l l ,  i n  s o u t h - c e n t r a l  Death 
V a l l e y ,  i s  a  c i n d e r  cone t h a t  
s t r a d d l e s  a  t r a c e  o f  t h e  s o u t h e r n  
Death V a l l e y  f a u l t  zone ( T r o x e l ,  
e t a l . ,  1986) .  The c o n e ,  K-Ar  d a t e d  
a t  abou t  700 K.a. by R.  L. Drake 
( p e r s .  coma. i n  Wright and Troxe l  , 
1984), i s  o f f s e t  app rox ima te ly  200 m 
i n  a  r i g h t - l a t e r a l  s e n s e  a long  t h e  
f a u l t  t r a c e  ( T r o x e l  , e t a l . ,  1986) .  
The d a t a  s u g g e s t s  a  l a t e r a l  s l i p -  
r a t e  o f  0 . 3  mm/yr. Mckee (1968)  
proposed about  0 . 9  km o f  r i g h t - s l i p  
a long  t h e  s o u t h e r n  FLVFZ, based  on 
mismatched d e p o s i t s  o f  a  d r a i n a g e  
sys tem.  The d e p o s i t s  a r e  a s  young 
a s  e a r l y  P l e i s t o c e n e  ( R e h e i s ,  p e r s .  
c o r n . ,  1 9 8 7 ) ,  based on t h e  
p r e l i m i n a r y  a g e  o f  1 . 5  M.a. f o r  a  
t e p h r a  l a y e r  c o n t a i n e d  w i t h i n .  T h i s  
d a t a  s u g g e s t s  a  l a t e r a l  s l i p - r a t e  o f  



0 .6  mm/yr f o r  t h e  s o u t h e r n  FLVFZ. 

F I S H  JAKE VALLEY FAULT ZOHE 

The FLVFZ bounds t h e  e a s t  s i d e  
o f  t h e  White Mountains and the  
n o r t h e r n  L a s t  Chance Range ( F i g ,  2 ) .  
The s o u t h e r n  h a 1  f  o f  t h e  f a u l t  zone 
t r e n d s  N40°w and i s  comprised o f  two 
main t r a c e s .  The w e s t e r n  t r a c e  
forms t h e  e a s t e r n  r a n g e f r o n t  o f  t h e  
L a s t  Chance Range. The e a s t e r n  
t r a c e  l i e s  n e a r  t h e  a x i s  o f  
s o u t h e r n m o s t  F i s h  Lake Va l l ey  and 
e x t e n d s  t o  t h e  n o r t h  a c r o s s  t h e  
p iedmont  s l o p e  f l a n k i n g  of t h e  
e a s t e r n  White Mounta ins .  Loca l  
a r e a s  o f  a p p a r e n t  t r a n s p r e s s i o n  a t  
s m a l l  l e f t - s t e p s  a r e  e v i d e n t  a l o n g  
t h i s  t r a c e .  Where t h e  two j o i n  t h e  
f a u l t - p a t t e r n  i s  r e l a t i v e l y  complex.  
I t  c o n s i s t s  o f  numerous a r c u a t e  
s p l a y s  o f  t h e  w e s t e r n  t r a c e  t h a t  a r e  
t r u n c a t e d  by t h e  through-going 
e a s t e r n  t r a c e .  North o f  t h e  
j u n c t i o n  i n  w e s t - c e n t r a l  F i s h  Lake 
V a l l e y ,  a  s i n g l e  t r a c e  forms t h e  
e a s t e r n  r a n g e f r o n t  o f  t h e  White 
M o u n t a i n s .  Here t h e  f a u l t  zone 
t r e n d s  a b o u t  N15OW. The s i g n i f i c a n t  
r e l i e f  o f  compound f a u l t  s c a r p s  (80 
t o  100 m) n e a r  Dyer,  Nevada s u g g e s t  
t h a t  t h i s  s e c t i o n  o f  t h e  FLVFZ h a s  a  
s u b s t a n t i a l  component o f  v e r t i c a l  
d i s p l a c e m e n t .  Which i s  c o n s i s t e n t  
w i t h  t h e  n e a r l y  no r th - sou th  
o r i e n t a t i o n  o f  t h e  maximum 
h o r i z o n t a l  compress ive  s t r e s s  
d i r e c t i o n  (Zoback ,  e t a 1  . 1987) .  

The FLVFZ i n  n o r t h w e s t e r n  F i s h  
Lake V a l l e y  ( F i g .  2 )  i s  compr ised  o f  
two g r o u p s  o f  f a u l t s  w i th  d i f f e r e n t  
o r i e n t a t i o n s  and a p p a r e n t  s t y l e s  o f  
f a u l t i n g  . The w e s t e r n  group 
c o n s i s t s  o f  NNW t r e n d i n g  f a u l t s  w i t h  
r i g h t - o b l i q u e  d i s p l a c e m e n t .  The 
g r o u p  forms t h e  e a s t e r n  r a n g e f r o n t  
o f  t h e  White Mounta ins .  To t h e  
n o r t h  t h i s  group of  f a u l t s  a b r u p t l y  
c h a n g e s  i n  o r i e n t a t i o n  t o  ENE and 
may j o i n  i n  t h e  s u b s u r f a c e  w i t h  t h e  
Emig ran t  Peak f a u l t  zone i n  

Figure 2 .  Quaternary s u r f a c e  t r ace  
of the F i s h  Lake Valley and Emigrant 
Peak f a u l t  z o n e s  i n  F i s h  Lake 
Val l e y ,  Nevada-Cal i f o r n i a .  

n o r t h e a s t e r n  F i s h  Lake V a l l e y .  The 
e a s t e r n  group c o n s i s t s  o f  numerous 
NNE t end ing  f a u l t s  w i t h  normal  t o  
l e f t - o b l i q u e  ( ? )  d i s p l a c e m e n t .  T h i s  
g roup  forms a  graben-complex on t h e  
f a n  piedmont t h a t  i s  s e v e r a l  
k i l o m e t e r s  w ide .  The g e o m e t r i c  and 
a p p a r e n t  k i n e m a t i c  r e l a t i o n s  o f  t h e  
two groups o f  f a u l t s  i s  s u g g e s t i v e  
o f  a  c o n j u g a t e  s e t .  Nor the rn  F i s h  
Lake V a l l e y  a p p e a r s  t o  b e  a  r e g i o n  
o f  e x t e n s i o n  r e l a t e d  t o  wrench f a u l t  
t e c t o n i c s  a l o n g  t h e  DVFS. 

GEOXOBPHIC SETTING OF NORTllWJ3STERN 
F I S H  LBKE VALLgY 

The a r e a  o f  s t u d y  i n  
n o r t h w e s t e r n  F i s h  Lake V a l l e y  



i n c l u d e s  p o r t i o n s  o f  t h e  I n d i a n  
Creek,  Marble Creek,  and Liedy Creek 
a l l u v i a l  f a n s  ( F i g s .  3  & 6 ) .  The 
I n d i a n  Creek f a n  i s  among t h e  
l a r g e s t  i n  t h e  v a l l e y  and is  
comprised p r i m a r i l y  o f  g r a n i t i c  
a l luv ium of p o s s i b l e  g l a c i a l  outwash 
o r i g i n  ( ~ l l i o t t - F i s k ,  1987) .  I n  
c o n t r a s t ,  t h e  upper r e a c h e s  o f  t h e  
Marble Creek d r a i n a g e  have 
a p p a r e n t l y  n o t  been g l a c i a t e d .  The 
Marble Creek f a n  is c o n s i d e r a b l y  
s m a l l e r  than  t h e  I n d i a n  Creek f a n  
and is  comprised o f  g r a n i t i c  
a l luv ium w i t h  g r e a t e r  amounts o f  
c a r b o n a t e  l i t h o l o g i e s  . The Liedy 
Creek d r a i n a g e  was r e p e a t e d l y  
g l a c i a t e d  d u r i n g  t h e  P l e i s t o c e n e  
( E l l i o t t - F i s k ,  1987) .  The Liedy 
Creek f a n ,  which i s  i n t e r m e d i a t e  i n  
s i z e ,  i s  comprised o f  n e a r l y  e q u a l  
p r o p o r t i o n s  o f  g r a n i t i c  and 
metasedimentry  a l l u v i u m .  

the  modern s u r f a c e  o f  a c t i v e  
d r a i n a g e  c h a n n e l s .  Surfaces  2 
through 4 and p robab ly  s u r f a c e  5 a r e  
Holocene i n  a g e .  I n  g e n e r a l ,  t h e s e  
s u r f a c e s  p r i m a r i l y  occur  i n  the  
medial  and d i s t a l  fan  p o s i t i o n s ,  
i n s e t  i n t o  s u r f a c e s  6  & 7 ,  which a r e  
l a t e -  t o  mid-P le i s tocene  i n  a g e .  
Age e s t i m a t e s  f o r  the  va r ious  
s u r f a c e  u n i t s  a r e  shown i n  Table  1. 
Both r a d i o c a r b o n  d a t e s  and t e n t a t i v e  
t ephrachrono logy  a r e  used t o  
e s t a b l i s h  s u r f a c e  age  e s t i m a t e s .  
A l l  d a t e d  m a t e r i a l s  a r e  from 
a l l u v i a l  d e p o s i t s  below o r  w i t h i n  
which t h e  s u r f a c e s  have formed , and 
. t h e r e f o r e ,  t h e  d a t e s  provide  maximum 
age e s t i m a t e s  f o r  s u r f a c e  map u n i t s .  

PBLEOSEISMICITP OF THE FISH LAKE 
VALLEY FAULT ZONE 

DESCRIPTION AND AGE CONSTRAINT OF 
SUBPACE MAP UNITS 

A chronosequence c o n s i s t i n g  o f  
seven Qua te rna ry  s u r f a c e  map u n i t s  
i s  i d e n t i f i e d  i n  t h e  s t u d y  a r e a  
( F i g s .  3 & 6 ) .  A chronosequence is  
a  s e r i e s  of  s o i l s  t h a t  have a l l  
so i l - fo rming  f a c t o r s ,  excep t  t i m e ,  
i n  common ( J e n n i n g ,  1941) .  S u r f a c e  
map u n i t s  a r e  s o i l - s t r a t i g r a p h i c  
u n i t s  formed i n  a l luv ium d u r i n g  a  
pe r iod  o f  t ime .  The s u r f a c e s  a r e  
i d e n t i f i e d  and c o r r e l a t e d  on t h e  
b a s i s  o f  s e v e r a l  d i a g n o s t i c  c r i t e r i a  
t h a t  v a r y  s y s t e m a t i c a l l y  w i t h  
s u r f a c e  age .  These c r i t e r i a  
i n c l u d e :  micro-topography; s o i l ,  
s t o n e  pavement, and d e s e r t  v a r n i s h  
development;  r e l a t i v e  p o s i t i o n ;  
degree  o f  rounding ; boulder  
wea the r ing ;  and a i r  photo p a t t e r n s  
( e . g , ,  s u r f a c e  t o n e s  and t e x t u r e ,  
and degree  and n a t u r e  o f  
d i s s e c t i o n ) .  

The s u r f a c e s  a r e  n u m e r i c a l l y  
d e s i g n a t e d  1 th rough  7 ,  from 
youngest  t o  o l d e s t .  Sur face  1 i s  

Da ted ,  d i s p l a c e d  a l l u v i a l  
d e p o s i t s  and so i l - suppor ted  
c o r r e l a t i o n s  o f  geomorphic s u r f a c e s  
(Sawyer, unpub . d a t a ,  1988) p rov ide  
t ime  c o n s t r a i n t s  f o r  a  sequence o f  
p a l e o s e i s m i c i t y  i d e n t i f i e d  a long the  
FLVFZ. S t r a t i g r a p h i c  and s t r u c t u r a l  
r e l a t i o n s  r e l a t i v e  t o  the  main t r a c e  
of  the  n o r t h e r n  FLVFZ a r e  examined 
i n  two hand-dug e x p l o r a t o r y  
t r e n c h e s .  The t r e n c h e s  a r e  
s e p a r a t e d  by about  4 . 5  km ( ~ i g .  21, 
and were excava ted  i n t o  the youngest 
f a u l t e d  s u r f a c e  ( F i g s .  3  & 6)  a t  
s i t e s  of  s y n t e c t o n i c  d e p o s i t i o n .  
The s t r a t i g r a p h y  and s t r u c t u r e  of  
both  t r e n c h e s  a r e  documented i n  
g r a p h i c a l  l o g s  ( F i g s .  4  & 7 ) .  A l l  
d i sp lacements  o f  s t r a t i g r a p h i c  u n i t s  
a r e  assumed t o  be  t h e  r e s u l t  of  
cose i smic - s l  i p  . 

EXCAVATION SITE 1 

Excava t ion  S i t e  1  i s  loca ted  
nea r  the  apex o f  a  smal l  a l l u v i a l  
f a n  on t h e  Marble Creek fan ( F i g .  
3 ) ,  where t h e  main t r a c e  of  the  
FLVFZ d i s p l a c e s  s u r f a c e  3 .  The 



S u r f a c e  1 

Sur face  2 

Sur face  3 

Surtece 4 

@J s u r f a c e  5 

m Surface  6 ( o f f s e t  ba l l rnrs)  

a unOlfferbn1fared 

Figure 3 .  D i s t r i b u t i o n  o f  s u r f a c e  map u n i t s  on  a p o r t i o n  of  t h e  
M a r b l e  Creek  and Liedy Creek  a l l u v i a l  f a n s  i n  t h e  v i c i n i t y  of  
E x c a v a t i o n  S i t e  1 .  



TABLE 1. Age estimates of surface 
map units. .................................... .................................... 

Tephra- 
S u r f a c e  14c y r  B .  P. Chronology 

1 mod e r n  

2  <I40 + 40 - - - 
Holocene 

3  9 1 6 0  + 50 - - 

6  C0.74-1.0 M.a. 
P l e i s t o c e n e  

7  S 0 . 7 4 - 1 . 0  M.a. 

f a u l t  zone a t  t h i s  s i t e  is  comprised 
o f  a  s i n g l e ,  l i n e a r  t r a c e  t h a t  
t r e n d s  N35OW. Along t h e  t r a c e  
p r o g r e s s i v e l y  l a r g e r  d i sp lacements  
a r e  e x h i b i t e d  i n  o l d e r  s u r f a c e s ,  
s u g g e s t i n g  r e c u r r e n t  f a u l t i n g .  

The s t y l e  o f  f a u l t i n g  a long 
t h i s  t r a c e  i s  i n f e r r e d  from a  p a i r  
o f  b a l l e n a s ,  o f f s e t  i n  a  d e x t r a l  
sense  ( F i g .  3 ) .  B a l l e n a s  a r e  we l l -  
rounded r i d g e l i n e  remnants of  f an  
a l l u v i u m  ( P e t e r s o n ,  1981) .  The 
n o r t h e r n  b a l l e n a ,  l o c a t e d  
approx imate ly  1 km s o u t h e a s t  of  
Excavat ion S i t e  1, forms a  smal l  
s h u t t e r  r i d g e .  L o n g i t u d i n a l  
p r o f i l e s  o f  t h e  b a l l e n a  summits were 
surveyed u s i n g  a  t h e o d o l i t e  i n  
c o n j u n c t i o n  w i t h  a  EDM. The su rvey  
d a t a  s u g g e s t s  approx imate ly  50 m of  
r i g h t - s l i p  and 1 t o  1 . 5  m of  normal- 
s l i p  ( v a l l e y  s i d e  r e l a t i v e l y  up) o f  
t h e  summits a c r o s s  t h e  f a u l t  t r a c e .  
L a t e r a l - t o - v e r t i c a l  d isplacement-  
r a t i o s  o f  5 0 : l  t o  3 0 : l  a r e  
c a l c u l a t e d  from t h i s  d a t a .  The 
d i s p l a c e m e n t - r a t i o  d e c r e a s e s  t o  t h e  
nor thwes t  a long  t h e  t r a c e  and a t  
Excavat ion S i t e  1 i s  e s t i m a t e d  t o  be  
a  r a t i o  o f  1 0 : l .  T h i s  r a t i o  i s  

based on l a r g e r  v e r t i c a l  o f f s e t s  o f  
s u r f a c e s  a t  t h e  s i t e ,  r e l a t i v e  t o  
t h e  same s u r f a c e s  nea r  the  b a l l e n a s .  
The 10: 1 d i s p l a c e m e n t - r a t i o  i s  
cons ide red  t o  be  r e p r e s e n t a t i v e  o f  
the  late-Holocene s t y l e  of  f a u l t i n g  
a t  the  s i t e .  

Summary of Displacement Data and 
Paleoseismic Significance 

F i g u r e  4  i s  a  g r a p h i c a l  log  of  
the  n o r t h  t rench-wal l  a t  Excavat ion 
S i t e  1. S t r a t i g r a p h i c  u n i t s  I and 
I1 and t h e  lower c o n t a c t  of u n i t  I11 
d i s p l a y  cumula t ive  v e r t i c a l  
d i sp lacements  from 33 t o  35 cm, e a s t  
s i d e  down ( v a l l e y  s i d e  down), a c r o s s  
the  main f r a c t u r e  (nea r  meter 6 )  . 
The upper c o n t a c t  of  u n i t  111, u n i t s  
I V  th rough  V I ,  and u n i t  I X  have 
cumulat ive  d i sp lacements  from 17 t o  
21 cm. Uni t  X i s  f r a c t u r e d  and 
appears  t o  b e  d i s p l a c e d  from 2  t o  4  
cm between t h e  main f r a c t u r e  and a  
secondary f r a c t u r e  nea r  meter 9 .  

The pa leose i smic  s i g n i f i c a n c e  
o f  t h e  d i sp lacement  d a t a  i s  
i n t e r p r e t e d  a s  f o l l o w s .  Uni t s  I 
through I11 were o f f s e t  about 15 cm 
v e r t i c a l l y  d u r i n g  Event A - t h e  
f i r s t  e v e n t  i d e n t i f i e d  i n  the  
t r e n c h .  Unit  I1 i s  a  reworked 
t ephra  l a y e r  t h a t  chemical ly  matches 
most c l o s e l y  wi th  s e v e r a l  ash beds 
e rup ted  about 3400 t o  4100 y r  B.P. 
from Mono C r a t e r s  ( w r i t t e n  c o r n . ,  
Sarna-Wojcicki ,  19871, l o c a t e d  
approximate ly  70 km due west of  
n o r t h e r n  F i s h  Lake V a l l e y .  
T h e r e f o r e ,  Event A occurred s i n c e  
d e p o s i t i o n  o f  t h e  t ephra  o r  
t e n t a t i v e l y  s i n c e  3400-4100 y r  B.P. 
Following Event A ,  u n i t  I11 was 
e r o s i o n a l l y  t r u n c a t e d  and 
subsequen t ly  b u r i e d  by u n i t s  I V  
through I X .  Un i t s  I V  through V I  and 
u n i t  I X  were unfau l t ed  p r i o r  t o  
Event B - t h e  second event  - and 
s u s t a i n e d  from 16 t o  18 cm of 
c o s e i s m i c - s l i p  dur ing  the  e v e n t .  A 
r ad ioca rbon  d a t e  of  1670 + 40 y r  
B.P. (A-4768) was o b t a i n e z  from a  
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Figure 4. Graphical log of the north trench-wall at 
Excavation Site 1 on the Marble Creek alluvial fan. Vertical bar 
in unit V is the relative stratigraphic position of a log 
radiocarbon dated at 1670 - + 40 yr B.P. and located 20 m west of 
meter 0. 



log  conta ined w i t h i n  u n i t  V .  Hence, 
Event B occurred s i n c e  1670 + 40 y r  
B.P. Sur face  3 i s  estimated-to have 
been e s t a b l i s h e d  s i n c e  about 1200 y r  
B.P. and has  formed i n  Unit I X ,  
which was f a u l t e d  dur ing  Event B.  
There fo re ,  Event B i s  i n f e r r e d  t o  
have occurred s i n c e  1200 y r  B.P. 
Unit X i s  an i n f i l l i n g  of  a  f i s s u r e  
t h a t  formed d u r i n g  Event B and a  
c o l l u v i a l -  tongue formed by f a u l t  
s c a r p  d e g r a d a t i o n  succeeding the  
e v e n t .  Th i s  u n i t  h a s  subsequent ly  
been f r a c t u r e d  and d i s p l a c e d  about 3 
cm dur ing  Event C - t h e  t h i r d  and 
most r e c e n t  e v e n t .  

The fo l lowing  i s  a  Summary o f  
t ime c o n s t r a i n t s  f o r  the  sequence o f  
p a l e o s e i s m i c i t y  a t  Excavat ion S i t e  
1 ,  based on f i e l d  r e l a t i o n s .  Event 
A occurred s i n c e  d e p o s i t i o n  of  u n i t  
I1 ( F i g .  4 )  o r  t e n t a t i v e l y  s i n c e  
3400 t o  4100 y r  B.P. Events B and C 
occurred s i n c e  d e p o s i t i o n  o f  u n i t  V 
( F i g .  4 1 ,  t h a t  i s  s i n c e  1670 + 40 y r  
B.P. Also ,  bo th  Events B & C- 
occurred s i n c e  s u r f a c e  3 was 
e s t a b l i s h e d  o r  s i n c e  about 1200 y r  
B.P. 

Time-Predictable Model 

Andras f a u l t s )  i s  k n o w  t o  o c c u r .  

I n  F igure  5 t h e  t ime of  Event B 
was s e t  a t  1100 y r  B.P. This  i s  
n e a r l y  t h e  maximum time p o s s i b l e  
c o n s i d e r i n g  t h a t  the  event  d i s p l a c e d  
s u r f a c e  3 ,  which was e s t a b l i s h e d  
s i n c e  about  1200 y r  B.P. 
T h e r e f o r e ,  a  minimum v e r t i c a l  s l i p -  
r a t e  of  0 .18 m l y r  i s  c a l c u l a t e d  and 

Event 8 

An e q u i v a l e n t  t ime-pred ic tab le  
model t o  t h a t  of  Shimazaki and 
Nakata (1980) i s  developed i n  F igure  
5 .  The model i s  based on t ime and 
displacement  d a t a  from Excavat ion 
S i t e  1 .  The model assumes a  
c o n s t a n t  accumulat ion r a t e  o f  
t e c t o n i c  s t r e s s  and t h a t  s t r e s s  
r e l e a s e  o c c u r s  a t  some r e l a t i v e l y  
c o n s t a n t  t h r e s h o l d .  Given a  s l i p -  
r a t e ,  and the  t ime and amount o f  
cose i smic - s l  i p  of  an e v e n t ,  the  
model p r e d i c t s  the  t ime o f  t h e  n e x t  
e v e n t .  Th i s  model may p rov ide  
reasonab le  t ime e s t i m a t e s  f o r  major 
f a u l t s  o r  f a u l t  segments t h a t  have 
r e l a t i v e l y  uniform behavior  
(Schwartz ,  e t a 1  . , 1986).  The DVFS 
i s  i n  a  i n t e r p l a t e  r eg ion  ( C a r r ,  
19841, where uniform behavior  o f  
f a u l t s  ( e . g . ,  Ca laveras  and San 

Figure 5. Time-predic t ab 1 e  mod e l  
developed for the timing and 
d i s p l a c e m e n t  c o n s t r a i n t s  f r o m  
Excavation S i t e  1. The timing of 
Event B i s  s e t  a t  1100 years  b.p.  
(see explanation in t e x t ) .  

a  l a t e r a l  s l i p - r a t e  of  1 . 8  mm/yr i s  
i n f e r r e d  from the  10: 1  d i sp lacement -  
r a t i o  a t  t h i s  s i t e .  A t e n t a t i v e  
chronology f o r  t h e  t h r e e  e v e n t  
sequence,  e s t ima ted  from t h e  time- 
p r e d i c t a b l e  model i n  F i g u r e  5 ,  i s :  
1950 y r  B . P .  f o r  Event A ;  1100 y r  
B.P. ( t i m i n g  s e t )  f o r  Event B ;  and 
about 180 y r  B.P. f o r  Event C .  



EXCAVATION SITE 2 

Excavat ion S i t e  2  i s  l o c a t e d  
4 . 5  km t o  t h e  nor thwest  o f  S i t e  1 
( F i g .  21, where t h e  main t r a c e  o f  
t h e  FLVFZ d i s p l a c e s  s u r f a c e  3  
approximately  0 .8  m ,  v e r t i c a l l y .  
The f a u l t  p a t t e r n  a t  t h i s  s i t e  i s  
r e l a t i v e l y  complex. A s  p r e v i o u s l y  
d i s c u s s e d ,  t h e r e  a r e  two groups o f  
f a u l t s  i n  nor thwes te rn  F i s h  Lake 
V a l l e y ;  one group t r e n d s  NNW and t h e  
o t h e r  NNE . Right-obl ique 
d i sp lacement  i s  e v i d e n t  f o r  an 
abandoned d r a i n a g e  channel a c r o s s  
t h e  main t r a c e  o f  t h e  NNW t r e n d i n g  
group o f  f a u l t s  ( ~ i g .  6 ) .  A 
t h e o d o l i t e / ~ D ~  survey  o f  the  o f f s e t  
channel  i n d i c a t e s  about 150 m o f  
r i g h t - s l i p  and about 50 m of normal- 
s l i p ,  e a s t  s i d e  down ( v a l l e y  s i d e  
down). The survey  d a t a  sugges t s  a  
d i s p l a c e m e n t - r a t i o  o f  3: 1 
( l a t e r a l  : v e r t i c a l )  f o r  t h i s  t r a c e .  
A t  Excavat ion S i t e  2  a  t r e n c h  was 
excavated a c r o s s  t h e  sou thern  
e x t e n s i o n  o f  t h e  same t r a c e  ( F i g .  
6 ) .  The 3:  1 d i s p l a c e m e n t - r a t i o  i s  
cons idered  t o  be r e p r e s e n t a t i v e  o f  
t h e  late-Holocene s t y l e  o f  f a u l t i n g  
a t  t h i s  s i t e .  

Summary of Displacement Data and 
Paleoseismic Significance 

F i g u r e  7 i s  a  g r a p h i c a l  log  o f  
t h e  sou th  t rench-wal l  a t  Excavat ion 
S i t e  2. S t r a t i g r a p h i c  u n i t  I and 
t h e  lower c o n t a c t  o f  u n i t  I1 d i s p l a y  
cumula t ive  v e r t i c a l  d i sp lacements  o f  
about  66 cm, v a l l e y  s i d e  down, 
a c r o s s  t h e  main f r a c t u r e  i n  the  
t r e n c h  l o c a t e d  n e a r  meter 1 .5 .  The 
upper c o n t a c t  o f  u n i t  11 and u n i t s  
111 through V have cumulat ive  
d i sp lacements  from 33 t o  36 cm. The 
lower c o n t a c t  o f  u n i t  V I I I  i s  
d i s p l a c e d  about 6 cm and u n i t  X i s  
a p p a r e n t l y  u n f a u l t e d  . 

The pa leose  ismic  s i g n i f i c a n c e  
o f  t h e  d i sp lacement  d a t a  i s  
i n t e r p r e t e d  a s  f o l l o w s .  Uni t s  I and 
I1 were d i s p l a c e d  about 27 cm d u r i n g  

Event A - the  f i r s t  even t  a t  t h i s  
s i t e .  Subsequent ly ,  u n i t  11 was 
e r o s i o n a l l y  t r u n c a t e d  and bur ied  by 
u n i t s  I11 through V .  U n i t s  111 
through V were u n f a u l t e d  p r i o r  t o  
Event B - the  second event  - and 
s u s t a i n e d  about 28 cm of  coseismic-  
s l i p  d u r i n g  t h e  e v e n t .  Unit  V I  
r e p r e s e n t s  an i n f i l l i n g  of a  f i s s u r e  
t h a t  formed d u r i n g  Event B .  Unit 
V I I  i s  a  co l luv ia l - tongue  the  
r e c o r d s  t h e  d e g r a d a t i o n  o f  t h e  Event 
B f a u l t  s c a r p ,  which accounts  f o r  
t h e  eastward t a p e r  o f  u n i t  V ,  west 
o f  t h e  main f r a c t u r e .  Subsequent ly ,  
u n i t  V I I I  was d e p o s i t e d  and 
d i s p l a c e d  about 6  cm dur ing  Event C 
- t h e  t h i r d  and most r e c e n t  even t  a t  
t h i s  s i t e .  Uni t  I X  i s  a  "keystone" 
b lock  t h a t  was down-dropped dur ing  
t h i s  e v e n t .  Uni t  X was depos i t ed  
a f t e r  t h e  sequence o f  t h r e e  su r face-  
f a u l t i n g  even t s  and i s  u n f a u l t e d .  
T h e r e f o r e ,  Event A occurred p r i o r  t o  
Events B and C ,  which occurred s i n c e  
s u r f a c e  3 was e s t a b l i s h e d  o r  s i n c e  
about 1200 y r  B.P. 

Time-Predictable Model 

I n  F igure  8  a  t ime-pred ic tab le  
model i s  developed based on t h e  t ime 
and displacement  d a t a  from 
Excavation S i t e  2. As wi th  t h e  
t ime-pred ic tab le  model development 
f o r  the  f i r s t  s i t e  ( F i g .  51, the  
t ime of the  second event  was s e t  a t  
1100 y r  B.P. The reason  i s ,  t h a t  a t  
bo th  s i t e s  t h e  second event  
d i s p l a c e s  s u r f a c e  3 ,  which i s  
e s t imated  t o  have been e s t a b l i s h e d  
s i n c e  about 1200 y r  B.P. An 
es t imated  v e r t i c a l  s l i p - r a t e  o f  0.32 
mm/yr i s  c a l c u l a t e d  from the  d a t a  
and a  l a t e r a l  s l i p - r a t e  o f  0.96 
mm/yr i s  i n f e r r e d  from t h e  3: 1 
d i sp lacement - ra t io  a t  t h i s  s i t e .  A 
chronology f o r  t h e  sequence,  
e s t imated  from the  t ime-pred ic tab le  
model in  F igure  8 ,  i s :  1970 y r  B.P. 
f o r  Event A; 1100 y r  B.P. ( t i m e  s e t )  
f o r  Event B ;  and about 210 y r  
B.P.for Event C .  



Sur face  1 

a S u r f a c e  2 

@ Surface  3 

a S u r t a c e  5 

a S u r f a c e  6 

F i g u r e  6 .  D i s t r i b u t i o n  o f  s u r f a c e  map u n i t s  on a  p o r t i o n  o f  t h e  
I n d i a n  Creek  a l l u v i a l  f an  i n  t h e  v i c i n i t y  o f  E x c a v a t i o n  S i t e  2 .  
S u r f a c e  7 n o t  shown a s  i t  o c c u r s  t o  t h e  beyond t h e  map l i m i t .  
No te  o f f s e t  c h a n n e l  n e a r  t o p  o f  f i g u r e .  



Excava t ion  S i te  2 
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SMILbBITIES BETWgEH THE 
PALEOSEISCIC SEQUENCES 

There a r e  s e v e r a l  s i m i l a r i t i e s  800 
between the sequences o f  
p a l e o s e i s m i c i t y  a t  the  two 

Excavat ion Site 2 
excava t ion  s i t e s .  Most n o t a b l y ,  a  
sequence of  t h r e e  s u r f a c e - f a u l t i n g  , 600 Event C 
e v e n t s  i s  i n t e r p r e t e d  from E 
s t r a t i g r a p h i c / f a u l t  r e l a t i o n s  i n  - - .  both  t r e n c h e s .  The f i r s t  two e v e n t s  c 

i n  t h e  sequences r e s u l t e d  i n  s i m i l a r  
r e l a t i v e  amounts o f  v e r t i c a l  g 400- - 

% d i s p l a c e m e n t s ,  t h a t  a r e  
a s i g n i f i c a n t l y  l a r g e r  than those  - 

a s s o c i a t e d  wi th  t h e  most r e c e n t  o i! 
i 

e v e n t .  The youngest  f a u l t e d  s u r f a c e  200- 
a t  bo th  s i t e s  i s  s u r f a c e  3 ,  which I 
was o f f  s e t  dur ing  Event B.  
Fur the rmore ,  t h e  e r o s i o n / d e p o s i t i o n  
o r d e r ,  r e l a t i v e  t o  i n d i v i d u a l  even t s  
o f  t h e  sequences ,  a r e  s i m i l a r .  That C '  
i s  t o  s a y ,  a t  both  excava t ion  s i t e s  2.3 1 0  2.0 , 3.0 4 3 5.3 

rime, in 10 yrbp 
subsequent  t o  the  f i r s t  even t  a  
p e r i o d  of  e r o s i o n ,  which e n t i r e l y  
degraded t h e  Event A f a u l t  s c a r p s ,  
was followed by d e p o s i t i o n  o f  
s e v e r a l  s t r a t i g r a p h i c  u n i t s .  
Depos i t ion  was succeeded by Event B ,  
d u r i n g  which t h e s e  u n i t s  were 
f a u l t e d .  Following Event B ,  a  
pe r iod  of f a u l t  s c a r p  d e g r a d a t i o n ,  
r e s u l t i n g  i n  p a r t i a l l y  degrading the  
Event B f a u l t  s c a r p s ,  preceded the 
most r e c e n t  e v e n t .  

These s i m i l a r i t i e s  sugges t  t h a t  
t h e  same t h r e e  s u r  face-faul  t i n g  
e v e n t s  a r e  r e p r e s e n t e d  a t  bo th  
e x c a v a t i o n  s i t e s .  Th i s  is  no t  
unreasonab le  a s  t h e  two s i t e s  a r e  
s e p a r a t e d  by l e s s  than 5 km along 
t h e  main t r a c e  o f  the  FLVFZ. I n  
f a c t ,  based on h i s t o r i c a l  r u p t u r e  
l e n g t h  d a t a  f o r  e v e n t s  o f  s i m i l a r  
d i sp lacements  ( B o n i l l a  e t a l ,  19841, 
r u p t u r e  l e n g t h s  from 40 t o  60 km a r e  
e s t i m a t e d  . 

A p o s s i b l e  t e s t  a s  t o  whether 
t h e  two sequences o f  p a l e o s e i s m i c i t y  
a r e  i n  f a c t  the  same sequence,  t h e i r  
p r e d i c t e d  chrono log ies  a r e  compared 
i n  Tab le  2 .  There  i s  good agreement 

F i g u r e  8 .  Time-predictable model 
developed f o r  the timing and 
d i s p l a c e m e n t  c o n s t r a i n t s  from 
Excavation S i t e  2 .  The timing of 
Event B is s e t  a t  1100 years b.p.  
(see explanat ion in t e x t ) .  

between t h e  e s t i m a t e d  time of  the  
even t s  and the  corresponding 
i n t e r s e  ismic i n t e r v a l s .  A 1  though 
the  time o f  Event B i n  both time- 
p r e d i c t a b l e  models ( ~ i g s .  5 & 8 )  was 
s e t  a t  1100 y r  B.P., the  t ime o f  t h e  
o t h e r  two e v e n t s  v a r i e s  r e l a t i v e  t o  
the  es t ima ted  s l i p - r a t e  and t o  
coseismic-displacements  . Both of  
which a r e  unique f o r  each of  t h e  
s i t e s .  T h e r e f o r e ,  t h e  time o f  
Events A & C a r e  independent o f  t h e  
s e t  time o f  Event B. The good 
agreement between t h e  chrono log ies  
suggests  t h a t  t h e  same pa leose  ismic  
sequence i s  r e p r e s e n t e d  a t  bo th  
s i t e s .  



TABLE 2. Estimated timing and interseismic intervals for the . 
paleoseismic sequences based on time-predictable models. ................................................................ ................................................................ 

E x c a v a t i o n  S i t e  1 - E x c a v a t i o n  S i t e  2 
P a l e o -  I n t e r -  I n t e r -  
s e i s m i c  E v e n t  s e i s m i c  E v e n t  s e i s m i c  
E v e n t  T i m e  I n t e r v a l  T i m e  I n t e r v a l  

A 1 9 4 0  ( y r  B . P . )  1 9 7 0  ( y r  B . P . )  
8 4 0  ( y r )  8 7 0  ( y r )  

B * 1 1 0 0  " 1 1 0 0  
9 3 0  8 9  0  

C 1 7 5  2 1 0  ................................................................ ................................................................ * T i m e  o f  E v e n t  B s e t  a t  1 1 0 0  y r  B . P .  

DISCUSSION 

Events A and B r e s u l t e d  i n  
s i m i l a r  amounts of  d i sp lacement  and 
may r e p r e s e n t  c h a r a c t e r i s t i c  
ea r thquakes  f o r  t h e  n o r t h e r n  FLVFZ. 
Event C r e s u l t e d  i n  o n l y  r e l a t i v e l y  
minor cose i smic -d i sp lacements  , a t  
l e a s t  a t  t h e  two e x c a v a t i o n  s i t e s .  

I f  t h e  age  range  o f  3400 t o  
4100 y r  B.P. f o r  t h e  d i s p l a c e d  
t e p h r a  l a y e r  a t  Excava t ion  S i t e  1 
( u n i t  111 ;  F i g .  5 )  i s  c o r r e c t ,  then  
t h e  e s t i m a t e d  v e r t i c a l  s l i p - r a t e  o f  
0 .18 mm/yr, and hence t h e  l a t e r a l  
s l i p - r a t e  o f  1 . 8  mmlyr, were no t  
c o n s t a n t  d u r i n g  t h e  la te-Holocene.  
Otherwise ,  t h e  t e p h r a  would be 
d i s p l a c e d  by a  l a r g e r  amount. Th i s  
may sugges t  a  t e m p o r a l - c l u s t e r  o f  
pa leose  ismic  i t y  d u r i n g  t h e  l a t e -  
Holocene a long  t h e  n o r t h e r n  FLVFZ. 

CONCLUSIONS 

a t  bo th  e x c a v a t i o n  s i t e s .  Es t ima ted  
v e r t i c a l  s l i p - r a t e s  range from 0 . 2  
t o  0 . 3  mm/yr and l a t e r a l  s l i p - r a t e s  
from 1 . 0  t o  1 . 8  mmlyr a r e  i n f e r r e d  
f o r  the  n o r t h e r n  FLVFZ. Geomorphic 
ev idence  a long  t h i s  p o r t i o n  o f  t h e  
f a u l t  zone suppor t  a  dominantly 
r i g h t - s l i p  s t y l e  o f  f a u l t i n g .  

The p r e d i c t e d  chronology o f  t h e  
t h r e e  e v e n t  sequence i s :  1950 y r  
B.P. f o r  Event A ;  1100 y r  B.P. f o r  
Event B ;  and 200 y r  B.P. f o r  Event 
C .  I n t e r s e i s m i c  i n t e r v a l s  from 850 
t o  900 y e a r s  a r e  a l s o  es t ima ted  from 
the  time-pred i c  t a b l e  models . These 
t e n t a t i v e  r a t e s  of  a c t i v i t y  s u g g e s t  
t h a t  d u r i n g  t h e  late-Holocene t h e  
FLVFZ of  t h e  DVFS was among the  most 
a c t i v e  f a u l t s  i n  the  Basin and 
Range. T h i s  s t u d y  a l s o  s u g g e s t s  
t h a t  i n  unique c a s e s  a  time- 
p r e d i c t a b l e  model may be  used f o r  
t e m p o r a l - c o r r e l a t i o n  o f  pa leose i smic  
sequences . 
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THE USE O F  THE RELATIVE COMPARISON APPROACH AT YUCCA MOUNTAIN 
AND S I M I L A R I T I E S  BETWEEN YUCCA MOUNTAIN AND THE 

1932 CEDAR MOUNTAIN EARTHOUAKE AREA 

Craig M. dePolo, John W. Bell, and Alan R. Ramelli 

Nevada Bureau of Mines and Geology 

One of the many approaches or techniques used in assessing 
the seismic hazard of a critical facility is the Itrelative 
comparison approachl1 (dePolo and Slemmons, in review). This 
approach involves the comparison of a potential source or source 
area with other sources or source areas which have either 
experienced historical earthquakes or have been studied in 
sufficient detail to definitively establish a seismotectonic 
history. 

Seismotectonics of the Basin and Range province are very 
complicated and in general poorly understood. A relatively small 
number of active faults have been studied in detail, in comparison 
to the total number of potentially active Itsurface faultsn and 
other sources. Further, several historical earthquakes occurring 
within the Basin and Range province have behaved in manners which 
are quite difficult to predict. This is typically not considered 
in a standard seismotectonic analysis (dePolo and others, in 
press). These earthquakes include events which have ruptured 
beyond their mapped fault or speculated segment lengths, events 
which have had widely distributed surface rupture patterns, and so 
called I1floatingH or "randomf1 earthquakes. Other observations, 
such as spatial and/or temporal grouping or clustering of seismic 
events in the Basin and Range province (Wallace, 1987) are also 
not presently incorporated into seismotectonic analyses. 

The relative comparison approach should be considered in the 
seismotectonic analysis of the proposed high-level nuclear waste 
facilities at Yucca Mountain. A number of historical earthquakes 
can be considered which have similarities with the Yucca Mountain 
site. One of the largest regional historical earthquakes which 
has many reasonable similarities is the 1932 Cedar Mountain 
earthquake (M,=7.2) . 

When using a relative comparison approach it is important to 
document the similarities between the facility site and the 
comparable event or source. In the case of comparing the Yucca 
Mountain area with the 1932 earthquake area, the similarities are 
significant and substantiate the use of the 1932 event for 
seismotectonic analyses of the Yucca Mountain site. 



Some of the principle similarities which are important in such 
analyses are similarities in tectonic setting, distributed surface 
fault patterns, and fault structures exposed in trenches. 
Similarities between the two areas in tectonic setting include: 

* location within the Basin and Range province and the 
Walker Lane belt; 

* northwest-oriented least principle stress directions; 
* activity of both north-south and northeast-trending 
faults; 

* proposals that detachment structures locally exist; 
* conjugate structures locally exist; 
* focal mechanisms are dominated by strike-slip displacement 
and include north-south nodal planes; 

* adjacent or local caldera structures exist or have been 
proposed. 

Distributed fault patterns and ruptures extending beyond 
mapped fault lengths are aspects of the 1932 earthquake which are 
not accounted for in standard seismotectonic analyses, but need to 
be considered in the seismotectonic input for the Yucca Mountain 
facilities. Evidence for distributed faulting at the Yucca 
Mountain site has been noted by Ramelli and others (1988) and 
includes basaltic ash infilling fault fractures along several 
parallel, closely spaced faults and similarities in fault scarp 
morphology and ages of displaced surfaces, possibly indicating a 
widely distributed paleoseimic event. Short faults which are not 
easily attributed to a seismogenic fault system or do not appear 
kinematically linked at the surface, may have the potential to fail 
in sequence or be expressions of deeper, larger systems, which have 
larger earthquake potentials. 

Similarities between fault structures exposed in trenches the 
Yucca Mountain and Cedar Mountain areas are important for 
determining the existence of active strike-slip displacement in 
both regions and for documenting the need for strike-slip 
displacement to be evaluated in the Yucca Mountain area. Failure 
to account for lateral displacements may lead to underestimations 
of net displacements and slip-rates along faults in the Yucca 
Mountain area. Similarities noted in trenches in these two areas 
include vertical faults and flower structures. 
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Application of a reflned method for determfning 
principal stress orientations 

in southern Nevada 
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Local and regional principal stress orientations for both the present and 

recent past are essential to understanding the neotectonic history of an area. 

Several techniques have been successfully utilized for determining modern 

tectonic stress orientations, including analysis of geological data. focal 

mechanisms, and in situ measurements; Zoback and Zoback (1 980) 

discussed the assumptions, inherent difficulties, and uncertainties of these 

various techniques. 

Advances in quantitative analysis of data derived from grooves and 
slickensides on fault surfaces provide a powerful tool for determining both 
recent stress and paleostress orientatio~s (Angelier, 1984). Underlying the 

technique are the assumptions that the slickensides indicate major fault 

motion in the direction of maximurn resolved shear stress in response to a 
uniform regional tectonic stress (recognizing that local ''block setting" may 

introduce some spurious data) and that the orientations detennined on 

features which formed relatively close to the Earth's surface accurately 

reflect those at depth. This technique involves collection and analysis of 

fault-slip data. Data include the strike and dip of the fault surface, the 

orientations of the lineation defrning the slip vector on that surface, and the 

sense and amount of offset. To determine both the orientations of regional 
principal stress and their relative magnitudes, lineation surfaces of various 

orientations must be measured within the fault zone. The plunge of the 

lineation must be determined for faults with dips less than 50'; either rake 

or plunge may be detennined for more steeply dipping faults. 

Determination of offset sense is essential for rigorous analysis, although 
data from faults with an unknown sense of offset can be used for a qualitative 

geometric analysis. In addition to using offset of planar features, such as 



bedding, to determine sense of slip, Angelier and others (1985. p. 351-3) 
utilized four other criteria: orientation of small fractures, interpreted to be 

Nedel shears; asymmetry of grooves created by projections from the fault 

surface; rough facets with or without striae, and asymmetry of discoid 
cavities. Although care should be taken when detemining sense of offset on 

all surfaces, the sense indicated by gently dipping beds that are offset by 
shallow-rake faults (less than 20') requires special attention. If superposed 

sets of striae are present on a surface, the age of one set relative to the other 

should be determined. 

The analysis uses a least-squares iterative inversion to determine the 

mean deviatoric principal stress tensor. As outlined by Angelier (1984) and 

applicable on both desktop and mainframe computers, the method 

determines the orientation of the principal stress axes and a ratio of relative 

stress magntudes by iteratively minimizing the mean angular deviation 

between the computed and observed slip vector for each measurement. 

In a recent application of this technique to a structurally complex zone of 

strike-slip and normal faults in the Hampel Wash area of southern Nevada we 
(Fsizzell and a b a c k ,  1987) have determined a normal faulting stress regime 

(mardmum principal stress vertical), with a minimum horizontal stress 

orientation of N 60' W. The maxirnum horizontal stress was found to be 

intermediate in magnitude between the vertical and minimum horizontal 

stresses. The N 60' W minimum horizontal principal stress orientation 

obtained from the fault-slip inversion agrees with a geometric analysis of the 

data and is consistent with a modern least horizontal principal stress 

orientation of N 50' - 70' W inferred from earthquake focal mechanisms, 

wellbore breakouts, and hydraulic fracturing measurements in the vicinity of 

the Nevada Test Site (Stock and others, 1985). This solution fits all the data 

well except for a subset of strike-slip faults that strike N 30' - 45' E, 

subparallel to normal faults of the data set. Nearly pure dip-slip and pure 

strike-slip movement on similarly oriented faults, however, cannot be 

accommodated in a single stress regime. Superposed sets of striae observed 

on some faults suggest temporal rotations of the regional stress field or local 

rotations within the region of the fault zone. 

This analysis of a modest data set indicates that the above assumptions 

are correct and that similar studies might be undertaken successfully in 



areas where the results from other techniques are absent or sparse. For 
example, the technique should prove particularly useful in determining the 
orientations of principal stress directions within regional blocks 

constituting the Walker Lane belt (Stewart, in press). 
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The wealth ot paleomagnetic data from volcanic, plutonic, and sedimentary 
rocks from the western margin of North America has been used to clarrfy the 
often far-travelled and significantly rotated tectonic history of terranes 
comprising the borderland. In comparison, relatively little paleomagnetic 
work has been carried out in the Basin and Range province, lying inboard of 
and seemingly far less approachable and perhaps aesthetically less pleasing 
than the western North America borderland. Nonetheless, in the past decade 
considerable attention has been given by paleomagnetists, often in conjunction 
with structural geologists, to numerous problems in the Basin and Range 
province and immediately adjacent areas (e.g., Mojave Desert Block). Many of 
these endeavors have provided important results bearing, in particular, on the 
Cenozoic structural development of the province. This contribution is 
intended as a brief review of the historical development of paleomagnetic 
research in the Basin and Range province, a brief example of paleomagnetic 
research in the province from the UNM Paleomagnetism Laboratory, and a 
cautionary statement regarding the practical limitations of paleomagnetic 
research in a region which has potentially experienced several complicated 
periods of deformation and related events which may contribute to a 
coniplicated magnetization record. 

General Goals and Historical Pers~ective 

From a general standpornt, paleomagnecrc studies in the Basin dnd Kange 
province can be divided into endeavors involving pre-Cenozoic, "basement" 
layered sedimentary and volcanic rocks, and cross-cutting plutons; and 
Cenozoic, largely latest Eocene and younger, layered volcanic and sedimentary 
rocks, and plutons. Principal research goals fall into structural and 
diagenetic/tectonothermal categories. Structure-related studies are, in a 
relative sense, largely of local scale and include assessment of the amount 
and sense of vertical-axis rotation of crustal blocks, as well as dimensions 
ot domains of uniform, rigid-body rotation; the amount and, perhaps, sense of 
horizontal-axis rotation (true tilting) of crustal blocks; and latitudinal 
translation of allochthonous terranes. The magnitude of Cenozoic extension at 
different latitudes across the Basin and Range province cannot be addressed 
through direct paleomagnetic studies of longitudinal translation, although 
paleomagnetic data from Mesozoic rocks ot the Sierra Nevada clearly constrain 
variations in the amount of extension across the province (Magill et al., 
1982; Bogen and Schweickert, 1985; Prei, 1986). 

Evaluation of vertical axis rotation is most properly addressed using 
layered volcanic or sedimentary units, as reference to the paleohorizontal is 
usually, although not always, afforded. This problem will be further 
discussed below. If non-layered (e.g., plutons) or penetratively deformed 
rocks can be restored to the paleohorizontal at the time of magnetization 
acquisition, then such units can as well be used for studying vertical axis 
rotations. More commonly and often appropriately, data from these units may 
be used to infer amounts of crustal tilt. Finally, since early to 
mid-Paleozoic passive margin development, the Basin and Range province has 
been the site of several perlods of deformation, magmatism, and regionally 
elevated thermal flux. Often superimposed upon or completely replacing 
primary magnetizations are those of secondary origin related to this complex 
history. Their recognition and evaluation in terms of age and origin may be 
useful in understanding particular tectonothermal processes, including the age 
and nature of mineral deposition. 



Early paleomagnetic work in the province focussed on ash-flow tuffs and 
regional correlations (e.g., Grommd et ax., 1972; Best et al., 1973). The 
first study to document vertical-axis rotation related to strike-slip motion 
was that of Gillett and Van Alstine (1982) along the Las Vegas Valley shear 
zone. Subsequently, this field of research has certainly expanded in 
importance (e.g., Las Vegas Valley shear zone: Nelson and Jones, 1986; Dixie 
Valley area: Hudson and Geissman, 1984, 1987; Hudson, 1988; Lake Mead Shear 
Zone: Ron et al., 1986, 1988; Geissman, 1986; Geissman et al., in prep., 
1988; Nevada Test site: Rosenbaum and Scott, 1986; Walker Lane area: 
Geissman et al., 1984; Callian and Geissman, 1984; Bell et al., 1986; 
southwest Arizona: Calderone and Butler, 1984). Local scale tilting of the 
crust was studied by Geissman et al. (1982a, 1982b) in the Yerington area and 
confirmed field-based observations by Proffett (1977) that mid-Miocene and 
younger motion along east-dipping normal faults had resulted in significant 
(often over 90') west-side down tilting of thick portions of the upper crust. 
Additional studies have been varied in scope and results (e.g., Mineral 
Mountains, Utah: Bruhn and Geissman, 1985; San Antonio Mountains, Shaver and 
McWilliams, 1987; Black and Eldorado Mountains, Faulds and Geissman, 1986; Ron 
et al., 1988; Faulds et al., in prep., 1988; Gilles Range: Keller et al., 
1987; Dixie Valley area; Hudson, 1988; Kingston Kange; Jones, 1983; Calzia et 
al., 1986. 

Primary magnetizations in layered basement strata, which could be used to 
assess latitudinal motion of terranes, have been few in number. Pervasive 
remagnetization of Permian and Jurassic strata by plutonism has been reported 
by Russell et al. (1982) (Jackson Mountains) and Geissman et al. (1984) 
(Excelsior Mountains). Late Paleozoic remagnetization of Lower Paleozoic and 
latest Precambrian strata was recognized by Gillett and Van Alstine (1982) 
(Desert Range area) and has also been recorded in the Egan Kange (Gillett and 
Geissman, unpublished data). Hudson and Geissman (1984) and Hudson (1988) 
have reported the absence of a statistically significant inclination anomaly 
in layered mafic rocks and equivalent extrusive rocks of the mid-Jurassic 
Humboldt Lopolith. A recent reinvestigation of the Jackson Mountains area 
(Maher and Kirschvink, 1987) has revealed that a primary magnetization is 
present in latest Triassic to Late Jurassic volcanic and sedimentary rocks and 
that considerable southward translation occurred prior to emplacement. 

Example of Ongoing Research 

Beginning with the detailed pioneering work by R.E. Anderson (e.g., 1971, 
1973), the Lake Mead area has attracted considerable interest from numerous 
geoscientists. Paleomagnetic studies have been prompted by the possibility of 
recovering significant vertical axis rotations related to crustal shear. 
Documented rotations must be taken into account in the evaluation of 
pre-existing structures and causitive stress-fields. Angelier et al.'s (1985) 
evaluation of fault-slip data from the mid-Miocene Tuff of Hoover Dam at and 
near Hoover Dam suggested that the ca. 10 Myr clockwise rotation of least 
principal stress direction, evidenced in other portions of the Basin and Range 
province, was recorded at Hoover Dam and that faulting spanned the 
reorientation of least principal stress directions. They cautioned, however, 
about the the possibility of considerable relative rotation of a portion of 
their study area in response to motion along the Lake Mead shear zone. 
Paleomagnetic studies in the Hoover Dam area have concentrated on the Tuff of 
Hoover Dam but older and younger volcanic rocks (Patsy Mine and Kt. Davis 



sequences) as well as sills, dikes, and plutons (Boulder City, Wilson Ridge) 
have been sampled (Figure 1). The Tuff of Hoover Dam usually responds 
extremely well in progressive demagnetization. Alternating field and thermal 
methods both isolate a magnetization of shallow inclination and westward to 
northwestward declination which is well-grouped at the site level, In in situ 
coordinates, sites from west and northwest of Hoover Dan and the Colorado 
River consistently exhibit westward declinations, which those southeast and 
east of Hoover Dam yield northwestward declinations (Figure 2). The mean 
inclinations determined from the two populations of directions are 
statistically indistinguishable. To restore magnetizations to the 
paleohorizontal, simple tilt corrections about present strike axes of 
eutaxitic structures have been used. The magnitudes of tilt used in these 
corrections are in good agreement with dips of underlying or overlying 
volcanogenic sedimentary units. With local structural correction, site means 
steepen slightly in inclinations, but again the mean inclinations for the two 
populations sre statistically indistinguishable and the declination 
discrepancy, approximately 35', remains and is statistically significant (+/- 
8", at the 95% confidence level). Even with structural correction, the 
magnetization characteristic of the Tuff of Hoover Dam is anomalously shallow 
in inclination and was in all likelihood acquired during a geomagnetic field 
excursion or true field reversal. The unit is a recorder of a short-lived, 
anomalous field direction and therefore the dbsolute amount of ver~ical axis 
rotation in the area cannot be inferred. In a relative sense, the region west 
and northwest of Hoover Dam has rotated approximately 35" in a 
counterclockwise fashion with respect to the area to the south and east. Our 
preliminary data (Figure 3) suggesc thht the rotation does not appear to be 
gradual over a broad deforming zone, leaving one with the difficult problem of 
evaluating how a significant declination anomaly (i.e. rotation) can abruptly 
occur over such a short distance. The consistency in inclination data in both 
in situ and corrected coordinates, nonetheless, leads us to suggest that 
counterclockwise rotation in the region occurred after regional east-side down 
tilting. 

Practical Concerns and Limitations 

Paleomagnetic research in the Basin and Range Province has a healthy 
future, if workers recognize both the limitations of the research techniques 
and the importance of close collaboration with geoscientist colleagues more 
familiar with structural and other complexities of the rocks in question. 
First, assessment of absolute axis rotation, tilting, and latitudinal 
displacement requires adequate averaging of the geomagnetic field by the units 
in question. For sequences 02  lava flows, for example, demonstration of 
considerable time between individual eruptions, a dual polarity record, and 
reasonable angular standard deviation of virtual geomagnetic pole (VGP) data 
(e.g., Merrill and McElhinny, 1983) derived from individual flows, dikes or 
sills, are all considerations whlch must not be overlooked. Even thick (>200 
m) ash flow tuffs act as geologically instantaneous recorders of the 
geomagnetic field (e.g., Geissman et al., 1982a; Wells et al., 1987). 
Kelative rotations or crustal tilts (e.g., Geissman 1986; Wells et al., 1987) 
can be investigated using a single igneous unit or sedimentary bed, providing 
a homogeneous magnetization is present. 

The local scale tilt-correction of in situ (geographic) paleomagnetic 
data is not straightforward, especially when stratal tilt is ascribed to 



e x t e n s i o n a l  p rocesses .  A s  d i s c u s s e d  by MacDonald (1980), t h e  p resen t  s t r i k e  
a x i s  of t i l t e d  u n i t s  may r e f l e c t  a  combination of b o t h  t i l t i n g  and v e r t i c a l  
axis r o t a t i o n .  Whether s imple  c o r r e c t i o n  of d a t a  abou t  t h e  p r e s e n t  t i l t  a x i s  
i s  a p p r o p r i a t e  can be  a s s e s s e d  i n  a t  l e a s t  some c a s e s  by r e f e r e n c i n g  t h e  
f a c t  t h a t  t h e  angu la r  r e l a t i o n s h i p  between t h e  i n c l i n a t i o n  of magne t iza t ion  
and t h e  p a l e o h o r i z o n t a l  is  f i x e d  u n l e s s  d i s t u r b e d  by i n t e r n a l ,  p e n e t r a t i v e  
deformat ion.  R e s t o r a t i o n  of paleomagnetic d a t a  from t i l t e d  f a u l t  b locks  t o  
t h e  p a l e o h o r i z o n t a l  should  r e s u l t  i n  a  cons tan t  i n c l i n a t i o n ,  y e t  p o s s i b l y  
d i s p e r s e d  d e c l i n a t i o n ,  e x p l a i n e d  by v e r t i c a l  a x i s  r o t a t i o n .  



~ i g u r e  1. Location map of t h e  Hoover Dam a rea .  Paleomagnetic sampling sites 
a r e  given a s  do t s ;  i n  congested a r e a s ,  t h e  l a rge  c i r c l e  and a s soc i a t ed  number 
r e f e r s  t o  t h e  number of s i t e s  w i t h i n  t h a t  a r e a .  A t t i t u d e s  of e u t a x i t i c  
s t r u c t u r e s  i n  t h e  Tuff of Hoover Dam a r e  a l s o  shown. 



Ficrure 2 .  E q u a l  a r e a  p r o j e c t i o n s  o f  p a l e o m a g n e t i c  d a t a  f rom t h e  Tuff  of  
Hoover Dam, S m a l l  c i rc les  r e f e r  t o  i n d i v i d u a l  s i t e  means, w i t h  p r o j e c t e d  
cones  o f  95% c o n f i d e n c e  ( i n  a ) .  Large c ircles  r e f e r  t o  l o c a l i t y  means, w i t h  
p r o j e c t e d  c o n e s  o f  95% c o n f i d e n c e  ( i n  b). Open ( c l o s e d )  symbols  r e f e r  t o  
u p p e r  ( l o w e r )  h e m i s p h e r e  p r o j e c t i o n s .  ( a )  i n  s i t u  c o o r d i n a t e s .  (b) 
s t r u c t u r a l l y  c o r r e c t e d  ( p a l e o h o r i z o n t a l )  c o o r d i n a t e s .  S i t e  means w i t h  
h o r i z o n t a l  t ics  r e f e r  t o  t h o s e  nor thwes t  and  W e s t  o f  Hoover Dam. 



F i a u r e  3 .  Geographic  map showing i n  s i t u  d e c l i n a t i o n  d a t a  f rom 1 9  s i tes  i n  
t h e  Tuf f  o f  Hoover Dam. S i t e  mean d e c l i n a t i o n s  a r e  p l o t t e d  a s  l i n e s  from 
i n d i v i d u a l  s i t e  l o c a t i o n s .  
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ABSTRACT 

Earthquake clustering is a characteristic of the regional seismicity pattern in the west central Great 

Basin. Clustering in the Mina, Nevada region during the summer of 1987 indicates activity on secondary 

faults associated with a major range bounding structure, the Soda Springs Valley fault, within the Walker 

Lane structural trend. This activity is clearly of the same character as that that preceded the 1986 ML 6.4 

Chalfant, California earthquake and which has been seen in several clustering episodes in the region. Ten- 

dencies in the clustering centers include; activity confined to a small volume at mid crustal depths, no 

clearly defined mainshock with several events in the upper ML 3 range, and as distinct from standard 

mainshock-aftershock sequences no well defined decay of the rate of activity with time. 

Source mechanisms determined with spectral methods from near source digital recording, within a 

mine tunnel 12 km distance, indicate low stress drops and nearly a constant source radius for several of the 

larger events. These results are in agreement with source studies of Basin and Range earthquakes by Doug- 

las and Ryall(1972) for the same magnitude range. There is evidence that the site effect is controling the 

spectral shape and calls into question these source parameter determinations. A study is currently underway 

to determine the site characteristics at this particular recording site. 

Regional estimates of Q for travel paths to USGS Southern Great Basin Network at NTS, result in a 

frequency dependent Q of, 

Q(f) = 16.60 f i- 172.26 

in the frequency range 5 to 25 Hz 

INTRODUCTION 

An ML 4 and several ML 3.54- earthquakes occurred within a shallow localized cluster of activity 

during July and August 1987 near the small town of Mina, Nevada. The larger earthquakes were strongly 

felt by local residents. This area is of particular interest in terms of earthquake potential because it is 

within the proposed White Mountains 'seismic gap' (Hill et al, 1985). The 'seismic gap' is defined to the 



south by the northern extent of the 1872 ML 8 Owens Valley earthquake, just south of the town of Bishop 

(Figure I), and to the north by southern extent of the 1932 ML 7.1 Cedar Mountains event (star in Figure 

1). The earthquake cluster occurred in the northern part of the 'gap' where it crosses the Walker Lane, a 

structurally complex northwest trending zone of significant right-lateral offsets (130 to 190 km of lateral 

displacement during the late Cenozoic, Stewart 1978; Stewart et al, 1968; Nielsen, 1965; Shawe, 1965). 

The activity was just to the west (=7krn) of the Pilot Mountains Range front fault which does show holo- 

cene off-sets and was initially thought to be the causative structure. Earthquake clustering has been recog- 

nized as a characteristic of seismicity of the the Mina, Nevada area since good quality hypocentral ioca- 

tions became available in the 1970's. Ryall and Priestley (1974), in a study of the Excelsior Mountains 

region east of Mina, noted the high levels of seismicity in this region with a cooresponding lack of 

moderate to large events and suggested that the bulk of the stress release was being accommodated by 

smaller events. The Mesozoic tectonics of the Pilot Mountains-Mina, Nevada region has been discussed in 

detail by Oldow (1981,1983). 

Shallow clustering of small earthquakes has preceded several of the ML=6 events of the Bishop- 

Mammoth Lakes, California earthquake sequence (1978-present), 100 km to the southwest of Mina along 

the eastern front of the Sierra Nevada (Ryall and Ryall, 1981; Smith and Priestley, 1988; Priestley et al, 

1988). In particular, the two most recent earthquakes in this region, the 1984 ML 5.8 Round Valley and 

1986 ML 6.4 Chalfant, California earthquakes, occurred in close association with significant range front 

faults, and were preceded by some degree of earthquake clustering. The seismotectonics of the Bishop, 

California area is somewhat similar to the Mina region in that we see dominantly strike slip faulting and the 

seismicity rarely conforms to major range bounding faults. Also, periods of localized clustering are a 

characteristic of the seismicity of this entire region (Figure 1). 

We shall define clustering in a qualitative sense. In the region, clustering, as opposed to aftershock 

sequences, tends to include a significant number events at the ML 3-4 level with no particular event being 

dominant (no clearly identified main shock), and there is not the characteristic exponential decay with time 

of earthquake occurrance and size that is usually observed in classic mainshock-aftershock sequences. 

Also, these phenomena usually occur at shallow depth, are confined to a small volume of the crust and 

represent a significant amount of energy release for the restricted volume. 

In this study we analyze the 1987 Mina activity, attempt to isolate the causative faults and discuss 

recent regional seismicity patterns with respect to localized clustering and active faulting. 



DATA 

The University of Nevada Seismological Laboratory (UNSL), in cooperation with the U.S. Geologi- 

cal Survey (USCS), monitors earthquake activity along the Sierra Nevada-Great Basin boundary of 

Nevada and California and with USGS funding extends coverage to the west central Great Basin of 

Nevada. Data from the UNSL short period seismic network are telemetered to the Reno Lab where it is 

digitized and recorded. Seismograms are analyzed by Lab personnel and earthquakes of ML= 1.5 and 

greater are routinely located. The trace data is archived and earthquake locations are published in a yearly 

catalog. 

Between July 28 and August 31,1987,140 events were located by UNSL in the Mina area. Of these, 

13 were ML 3 or greater, 1 was an ML 4 (Table I), and 45 were in the ML 2.5-3.0 range (duration magni- 

tudes in all cases). Beause the activity occurred to ,the east of the network, earthquake location quality 

based on network data alone was poor (gaps in locations greater than 180°). Three component digital 

seismographs were deployed from July 29 through August 4, to supplement the permanent network. These 

stations provided coverage to the east, near source S-wave arrival times, near source P-wave first motions 

to constrain focal mechanisms and digital waveform data for source parameter studies. Timing control was 

maintained in the fieid for the portable instruments, clock drifts were measured and P and S wave phase 

arrivals were time corrected prior to merging with network phase data. One instrument was placed 100 

meters within a mine tunnel, 12 km epicentral distance, to obtain digital waveform data not contaminated 

by surface effects. 

A master event was chosen (1 119 UTC July 31; ML 2.7; depth 6.0 km) which included several P and 

S arrival times from the portable instruments assuring a good location. All events for the July to August 

time period were then relocated using P wave residual times fiom this event as stations corrections. A sim- 

ple layered velocity model was used (Table 2) in the University of Washington SPONG hypocentral loca- 

tion program in the relocation of all events. The reliability of such a technique depends on the accuracy of 

the location of the master event which in turn is dependent on the velocity model. The relocation process 

significantly decreased the scatter in the preliminary locations, both in the lateral and depth distribution, 

and moved the epicentral distribution approximately 2 krn to the east. Phases from the portable stations 

were not used in the relocation process other than to determine the locaton of the master event. We found 

that using a consistant station set was more reliable. In this sense we have placed more confidence in the 

master event location and the relative locations and avoided hypocentral shifts that result from deviations 

from the velocity model for near in phase arrivals. 



HYPOCENTRAL DISTRIBUTION, FOCAL MECHANISMS AND RELATION TO MAPPED 

FAULTS 

July and August 1987 Mina earthquake activity was confined to a small shallow volume of the crust. 

Map views and cross sections of the relocated hypocentral distribution are shown in Figures 2 and 3. The 

mean depth of the hypocentral distribution is approximately 7 km. The vertical extent of activity is slightly 

greater than the lateral extent and this may be somewhat due to the trade off between origin time and focal 

depth that can occur in the location process when there is poor station coverage. Focal mechanisms for 

those events with enough fist motion data to constrain fault planes show little to no variation and indicate 

nearly pure strike slip motion (Figure 4); right-lateral on a bJNE striking near vertical fault or left-lateral on 

a WNW striking near vertical plane. This is precisely the location where left lateral trending faults of the 

Excelsior Mountains region meet the right-lateral offsets of the Walker Lane, so a combination of both 

left-lateral and right-lateral strike slip motion cannot be ruled out. Recent earthquake sequences in the 

Bishop, California area include both right-lateral and left-lateral svike slip motion in near conjugate planes 

of faulting (Smith and Priestley, 1988; Priestley et al, 1988). The slight northeasterly trend in the epicen- 

tral distribution (Figure 2) would favor right-lateral strike slip on the NNE striking fault plane, although 

this is based on only several earthquake locations. 

For the Soda Springs Valley range front fault, 7 km to the east of the earthquake activity along the 

base of the Pilot Mountains, to be the causative fault would require it to dip less than 45 degrees (Figure 3). 

Considering that its sense of motion is predominantly strike slip (Nielsen, 1968) would suggest that it prob- 

ably dips more steeply. Also, focal mechanisms for the larger events (Figure 4) are not consistent with 

right-lateral strike slip on a northwest striking fault plane. 

The projection of the northeast striking right-lateral slip plane, seen in all focal mechanisms, is con- 

sistent with a series of northeast trending faults approximately 2 km east and southeast of the town of Soda- 

ville (Figure 5). These structures are oblique to the range front. The slight northeasterly trend in the epi- 

central distribution (Figure 2) also supports the interpretation that these are the operative faults. The auxili- 

ary plane from the focal mechanisms, or what is the east-west striking left-lateral slip plane, in all cases 

projects to the surface north of the town of Sodaville and north of the activity. It would therefore be 

difficult to place these earthquakes on faults seen in aerial photographs that occur south of the epicentral 

area (Figure 5). Another factor to be considered is that this seismicity may be associated with ground 

water activity in the Sodaville springs, the most dominant feature in the aerial photograph (Figure 5). 

A check of seismicity of the past several years (Figures 6) indicates that small tight clusters of 

activity are not unusual in the Mina region. Several of these clustering points are active for short periods of 



times and others remain active for years. This is the first time this particular point has been active since 

good quality locations became available in the 1970's. 

CLUSTERING AND MODERATE EARTHQUAKES IN THE REGION 

The two most recent moderate size earthquakes in the region, the 1984 ML 5.7 Round Valley and 

1986 ML 6.4 Chalfant, California events, occwed on faults with a similar geometry with respect to local 

range fronts as those apparently responsible for the 1987 Mina activity (Figure 7). Aftershock distributions 

consistent with focal mechanisms define conjugate sets of fault planes for both the Round Valley and Chd- 

fant events that are oblique to their respective range fronts. The main shocks occurred on the NE striking 

plane at Round Valley and on the the NW striking plane at Chalfant. The NE striking plane in the Chalfant 

area is that associated with an ML 5.7 foreshock. 

The Chalfant earthquake was preceded for three weeks by a localized shallow cluster of activity very 

similar in character to that seen at Mina (Figure 8) and was one of the motivations for deploying portable 

instruments in the Mina area Location qualities for Chafant precursory activity are excellent, and show a 

tight cluster at 7 km (mean depth of Mina activity). The Chalfant cluster was within 4 km hypocentral dis- 

tance of the nucleation point of the mainshock and was at the hypocenter of the ML 5.7 event that occurred 

24 hours before the main shock (Smith and Priestley, 1988). Similarly, a cluster of activity, again in the 

epicentral region, preceded the Round Valley event (Figure 9). but this was approximately 1 year prior to 

the earthquake (Smith and Priestley, 1988). At the time of Round Valley precursory activity the UNSL- 

USGS network did not extend to the east, location qualities are poor and these events have not been relo- 

cated. 

SOURCE PARAMETERS 

Spectral methods have been used to estimate source parameters from the digital recordings at the 

portable stations (Table 3). These stations consisted of 1 Hz three-component velocity sensors paired with 

Sprengnether DR100's. The data was sampled at 100 Hz and a 50 Hz anti-aliasing filter was applied prior 

to recording. One instrument, located approximately 100 meters within a mine adit, in competent rock, 

shows an excellent signal to noise ratio in the frequency range, 1 to 40 Hz (Figure 10). P-wave and S-wave 

spectra have been calculated from vertical and horizontal components, respectively, for the ten largest 

events (ML 2.6 - 3.4) recorded at the mine site. One to two second velocity time series were windowed 

with a ten percent cosine taper at each end. The windowed time series were then transformed with an FFT 

routine, corrected for instrument response and resulting velocity spectra were converted to displacement. 



The log-log displacement spectra were interactively fit for the the long period level, comer frequency and 

high frequency fall-off. Frequencies beyond 1.0 Hz (the instrument free period) were considered, comer 

frequencies were picked by hand and a least-squares fit was applied to the high frequency fall-off from the 

comer to approximately 40 Hz. No attenuation correction has been applied. 

The seismic moment is determined from the long period level of the P or S spectra, Qo according to 

Keilis-Borok (1960), 

where p is the density, a and P are the P and S wave velocities, R is the hypocentral distance, k is the free 

surface correction (taken as unity for the tunnel site) and & is the average radiation pattern. The values 

in Table 3 were calculated using p = 2.8 gm/cm3, a = 6.0 km/s and P = 3.5 km/s. The radiated seismic 

energy, E,, was determined from the integration of the P and S wave velocity squared spectra in the fre- 

quency band 1 to 40 Hz according to Wu (1968), 

where I is a constant equal to 4n / 15 for P-waves and 24n / 15 for S-waves, and f Q(f) is the velocity spec- 

trum. In this case the P-wave energy is 5% of the S-wave energy. The total radiated seismic energy was 

calculated for each component using equation 2 for that particular phase, plus the energy in the other body 

wave phase according to I. 

Stress parameters were estimated in three ways. First, the apparent stress can be determined directly 

from the radiated energy and the seismic moment, 

where p is the rigidity. Secondly, stress drops were estimated from the hand picked comer frequencies 

according to Brune (1970,1971). 

where r is the source radius of the Brune circular model and is related to the comer frequency, f, by, 

Since the Brune model was developed for S-waves, we have made the additional assumption that the 



comer frequency shift for P-waves relative to S-waves is a / j3 as determined in several studies (e.g. Hanks 

1981). Thirdly, the Snoke (1987) method of determining the Brune stress drop was applied to the spectra. 

Due to the fact that the stress drop is proportional to f:, small uncertainties in hand picked comer frequen- 

cies will have a significant effect upon the stress drop determination. Using the Brune (1970, 1971) model, 

Snoke (1987) derived a relationship between J the integrated squared velocity spectrum, 

and the comer frequency, 

I /3 

f,= - 
[2%:*4 . (7) 

This new comer frequency is then used with (3) and (4) to determine the Brune stress drop. The Snoke 

method has the advantages of an objectively determined observable J that is linearly proportional to stress 

drop. Both the Snoke method and the apparent stress apply integration of the velocity squared spectrum to 

determine the stress. It can be shown that if the contibution of the P-wave energy is negligable, the Snoke . 

method gives a Brune stress drop that is about 4.3 times the apparent stress. 

The apparent stress and the Snoke method stress drops, Table 3, cover a smaller range than the hand 

fit Brune stress drops. Brune stress drops determined with the Snoke method fall between about 0.1 and 3 

bars. The apparent stress levels are consistantly about a factor of 4 lower than the Snoke stress drops (this 

is because the P-wave energy is not quite negligable). Low stress drops of similar magnitude have also 

been found for small, M,, < ldO, events in the Basin and Range (e.g. Douglas and Ryall, 1972) and at hard ' 

rock sites at Anza (Fletcher et al., 1987). Furthermore, comer frequencies and inferred source radii show 

little correlation with the more than a factor of ten range in seismic moment. Fletcher et al., (1987) found 

that the comer frequencies and inferred source radius remained essentially constant for these low moment 

events at Anza. Another factor to be considered here at Mina is that several of the comer frequencies imply 

source dimensions on the order of the width of the hypocenual distribution (= 2 km). 

Many spectra show a steeper falloff than the f2 predicted by the Brune (1970) model. This steep 

failoff could be explained by attenuation (low Q). Hanks (1980) defined fmax as the frequency at which the 

high frequency acceleration spectrum decreases from a constant level due to path attenuation or some site 

condition, or where the theoretical f2 falloff beyond the comer frequency in the displacement spectra 

steepens significantly. Acceleration spectra of the smallest events recorded were calculated in order to 

realize high comer frequencies. We found little evidence for an fmax below 20 Hz but some suggestion of a 

22 Hz f,,,. The highest comer frequencies in Table 3 are about 15 Hz, near this 22 Hz f,,,, so it may be 



the case that the low stress drops and the approximately constant inferred source radii are due path or site 

effects associated with f,,,. The short hypocentrai distances (about 11 to 15 km for the mine tunnel site) 

and steep fall-offs require a frequency independent Q of less than 200 for many of these events if the high 

frequency fall-offs at the source are actually f2. This Q function is in distinct disagreement with prelim- 

inary values for the regional Q function determination discussed below. 

REGIONAL ESTIMATES OF Q 

Regional Q values have been estimated for travel paths to the USGS Southern Great Basin (SGB) 

network. Spectral ratios have been determined for several event pairs common to the portable array and the 

SGB network for shear waves recorded on horizontal components of motion. To calculate Q from the spec- 

tral ratio, we assume that the S-wave displacement spectra A(f) can be approximated by, 

where S(f) is the source excitation, r is the hypocentral distance and P is the shear wave velocity (3.5 

km/sec). f accounts for the geometrical spreading where n=l (direct S-wave at near source distances) for 

near source stations (r < 15 km) and n=1/2 (Lg at regional distances) for SGB stations (r > 100 km). Since 

the source excitation, S(f), is the same for both recordings, equation (8) can be solved for Q. 

Figure 11 shows estimates of Q calculated from the spectral ratio of the portable station OLI (-5.2 

km) and station GMNH (e137.4 km) of the SNB array (both free field stations). This result is preliminary 

and only includes one event. The spectra was smoothed and interpolated at 0.2 Hz int6rvals. A least- 

squares fit was applied to the data in Figure 11 to yield Q(f) = 16.60 f+ 172.26 in the frequency range 5 to 

25 Hz with a correlation coefficient of 0.98 for the linear fit. Although Figure 11 is only a representative 

sample, Qfl consistantly shows a strong frequency dependence. This is apparently the case whether using 

the mine recordings or the free field data. Although the portable instruments sample different parts of the 

focal sphere, the strong frequency dependence is consistanlty observed. 

SUMMARY AND CONCLUSIONS 

Earthquake clustering in the Mina, Nevada region during the summer of 1987 has been interpreted to 

be occurring on a series of NNE striking secondary faults evident on aerie1 photographs south and east of 

the town of Sodaville. These faults are oblique to the main range bounding fault, the Soda Springs Valley 

fault which borders the Pilot Mountains and does shows significant holocene right-lateral displacement. 

The relocated hypocenters plot above a 45" down dip projection of the range front fault, and a similar focal 



mechanism for all events also rules out the range front fault as the causative structure. Focal mechanisms 

indicate nearly pure right-lateral strike slip motion on near vertical faults. 

Faults with similar geometry with respect to local range fronts were involved in the two most recent 

moderate earthquakes in the Bishop - Mammoth Lakes area, the 1984 ML 5.8 and 1986 ML 6.4 Chalfant 

events. These two events were also preceded by precursory clustering very similar in character to that seen 

at Mina. This is particulariy true in the case of the Chalfant event, whereas Round Valley precursory clus- 

tering is less well defined. 

Secondary structures, oblique to large swle holocene structurai trends, which have been responsible 

for much of the recent seismicity in the region are accounting for strike slip deformation in close associa- 

tion with range front normal fault systems. If this is indicative of the process of stress accumulation within 

the major fault zones and not regional stress release, we may only be seeing the secondary effects of stress 

build up which may make it even more difficult to recognize the potential nucleation zones of future Basin 

and Range earthquakes. 

Source parameters determined from the spectra of several of the larger events recorded on a portable 

digital array indicate very low stress drops and apparent stresses. These results are consistant with studies 

at the Anza, California digital array, where low stress drops correlate with low seismic moments (below 

lo2' dyne-cm) and by Douglas and Ryall (1970) for a microearthquake study in the Basin and Range. 

Attentuation effects are surely playing some role. Attempts to correct the steep high frequency fall-offs in 

the near source spectral shapes suggest a strong frequency dependent Q. Calculations of regional attentua- 

tion for paths to the USGS Southern Great Basin network do show a strong freqeuncy dependent Q func- 

tion in the 5 to 20 Hz band. 

Since the present study we have gathered data from a dense multi-station digitally recorded portable 

array at the tunnel site to help answer some of the source versus site questions. This array included three 

stations equally spaced within the 100 meter tunnel and one located directly above the center of the tunnel 

((approx) 30 meters) on the free surface (all hard rock sites). Preliminary results show significant site 

effects and may result in complete reinterpretation of the spectra corner frequencies. Site effects may be 

the most important factor in controlling the spectra shape in the low magnitude range of concern in this 

study and if this is the case it is not surprising that our results are similar to the 1972 Douglas and Ryall 

study for Basin and Range earthquakes. 

Acknowlegemen ts 



This research was funded by U.S. Geological Survey research grant 14-0007-G1326. Wally Nicks, 

Austin Wilson and Greg Klemesrud were responsible for maintaining the UNR network during the study 

pcriod and Diane dePolo was responsible for processing the network phase data. Craig dePolo supplied the 

fault maps used in the figures. This study has been dependent on their efforts. 

References 

Brune, J.N. (1970). Tectonic stress and spectra of seismic shear waves form earthquakes, J. Geophys. Res. 
75,4997-509. 

Brune, J.N. (1971). Correction, J. Geophys. Res. 76,5002. 

Douglas, B. M. and A. Ryall, (1972). Spectral Characteristics and stress drop for microearthquakes near 
Fairview Peak, Nevada, J. Geophys. Res. 77,351-359. 

Fletcher, J., L. Harr, T. Hanks, L. Baker, F. Vernon, J. Berger and J.N. Brune (1987). The digital array at 
Anza, California: processing and initial interpretation of source parameters, J. Geophys. Res. 92, 
369-382. 

Hill, D.P., R.E. Wallace, and R.S. Cockerham (1985). Review of evidence on the potential for major earth- 
quakes and volcanism in the Long Valley-Mono Craters-White Mountains regions of eastern Cali- 
fornia, Earthquake Predict. Res. 3, 571. 

Kcilis-Borok, V. (1960). Investigation of the mechanism of earthquakes, Sov. Res. Geophys. 4,201 pp. 

Niclsen, R.L. (1965). Right-lateral strike-slip faulting in the Walker Lane, west central Nevada, Geol. Soc. 
Am. Bull. 76, 1301-1308. 

Oldow, J.S. (1983). Tectonic implications of a iate Mesozoic fold and thrust belt in northwestern Nevada, 
Geology 11,542-546. 

Oldow, J.S. (1981). Kinematics of late Mesozoic thrusting, Pilot Mountains, west central Nevada, U. S. A., 
J. Struc. Geol. 3,39-49. 

Priestley, K.F., K.D. Smith, and R.S. Cockerham (1988). The 1984 Round Valley California earthquake 
sequence, submitted to Geophys. J. R. Astr. Soc. 

Ryall, A.S. and K.F. Priestley (1975). Seismicity, secular strain and maximum magnitude in the Excelsior 
Mountains area, western Nevada and eastern California, Bull. Geol. Soc. Am. 86,1585-1592. 

Ryall, A.S. and F. Ryall (1981). Spatial-temporal variations in seismicity preceding the May 1980, Mam- 
moth Lakes, California earthquakes, Bull. Seism. Soc. Am. 71,747-760. 

Shawe, D.R. (1965). Strikes-slip control of Basin-Range structure indicated by historical faults in western 
Nevada, Geol. Soc. Am. 76,1361-1378. 

Smith, K.D. and K.F. Priestley (1988). The foreshock sequence of the 1986 ML 6.4 Chalfant, California 
earthquake, Bull. Seism. Soc. Am. 78. 

Snoke, J.A. (1987). Stable determination of (Brune) stress drops, Bull. Seism. Soc. Am. 77,530-538. 

Stcwart, J.H. (1978). Basin and range structure in western North America, in Smith, R.B. and G.P. Eaton, 
eds., Cenozoic tectonic and regional geophysics of the western Cordillera: Geological Society of 
America Memoir 152, 1-3 1. 

Stewart, J.H., J.P. Albers and F.G. Poole (1968). Summary of regional evidence for right-lateral displace- 
ment in the western Great Basin, Geol. Soc. Am. 79, 1407-1413. 



Table 1 

Larger Events of 1987 Mina Activity 

Origin Time Latitude Longitude Depth (km) ML Event #t 

870728 0905 8.44 38-19.75 118- 6.67 5.48 3.7 

870728 1855 11.91 38-19.63 118- 6.73 5.33 3.8 

v v e n t  number refered to in Table 3 

Table 2 

Depth P-wave velocity 



Table 3 

t Includes event number from Table 1, V for vertical component R for radial, T for tranverse com- 
ponent of motion, and phase used to determine source parameters. 



Regional Seismicity 
1974- 1986 

Figure 1. Regional activity and Holocene faults within the UNR-USGS network for 
1974-1986. The three areas of significant earthquake activity in the lower portion of 
the figure are, from left to right, the 1980 Mammoth Lakes, 1984 Round Valley, and 
1986 Chalfant, California, sequences. The arrow points to the cluster of activity of 
interest in this study. The star is at the southern extent of the surface ruptures 
associated with the 1932 Cedar Mountains earthquake and the northern extent of the 
Owens Valley rupture is just south of the town of Bishop, defining the White 
Mounta ins .  



Mina Area 
1987 

Figure 2. Epicentral distribution of July and August clustering in the Mina area. 
The Soda Springs Valley range front is represented by the solid line bordering the 
Pilot Mountains. The extent of the cross section for Figure 3 is labeled A-A', The town 
of Sodaville would be less than 1 km north of the activity. 



Figure 3. Cross section A-A' from Figure 2. The diagonal line is the 450 dip 
projection of the Pilot Mountains range front fault as discussed in the text. 



Figure 4. Lower hemisphere projection of the short period focal mechanism for the 
largest event; 0309 GMT August 8. This mechanism includes several first motions 
from the portable instruments. The preferred plane as discussed in the text and 
which conforms to a series of faults seen on the aerial photograph (Figure 5) is the 
NNE striking right-lateral near vertical plane. All mechanisms of ML 3 events are 
nearly identical. The ENE striking Ieft-lateral slip pIane projects to the surface north 
of the activity and therefore would rule against considering faults seen south of the 
activity on aerial photos (Figure 5) as the causative structures. 



Figure 5. Aerial photograph covering the Sodaville area south of Mina. The star is 
the center of the epicentral distribution and the suggested causative fauIts are seen 

i striking NE just east of the Sodaville springs (dominant feature in center of photo). 
The Pilot Mountains range front fauIt is to the east of the photo and these secondary 
faults interpreted to be responsible for the 1987 activity are oblique to the range 

I f r o n t .  
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Figure 6. Mina area activity from the UNR catalog for 1974-1987. The box is the 
area covered in Figure 2. 



C o n j u g a t e  F a u l t i n g  P a t t e r n s  

SCALE 

Figure 7. Fault planes active during the 1984 Round Valley and 1986 Chalfant 
sequences that also indicated nearly pure strike-slip motion and were oblique to 
their corresponding range-bounding fault,  the Round Valley fault zone and the 
White Mountains fault zone, respectively. 



Precursory Chalfant Activity 86 

Figure 8. Precursory clustering in the Chalfant main shock source region. The 
large (+)Is are the epicenters of the ML 5.9 foreshock, to the north, and the ML 6.4 
main shock to the south. The small (+) i s ,  the epicenter of the 1984 Round Valley main 
shock .  



Precursory Round Valley Activity 83-84 
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Figure 9. Precursory clustering in the Round Valley main shock source region. 
This clustering is less well defined than for the Chalfant event and mostly occurred 1 
year before the earthquake. 
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Figure 10. P-wave spectra of event #3 in Table 1 plotted as a solid line. Preceding 
noise window of equal length plotted as a dashed line. The good signal to noise ration 
from 1 to 40 Hz is typical of the events used in this study. The two line asymptotic 
hand fit is  plotted over the P-wave spectra. Note the falloff at high frequencies is 
much steeper than f-2. 



Figure 11. Q as a function of frequency for the Mina to Southern Great Basin travel 
path as determined from the spectral ratio of the horizontal component S-waves for 
one event common to the portable stations and the USGS Southern Great Basin 
network. These are preliminary results and are representative of the present data 
set .  
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Abstract. 

Moment tensor inversions of low frequency teleseismic surface wave and body-wave data for the 

March 2, 1987 Edgecumbe, New Zealand earthquake, give an average seismic moment of 7 . 0 ~  10'' N 

m. Measurements of seismic moment at low frequencies are converted to spectral levels normalized to 

10 km distance and combined with the acceleration spectrum from a strong-motion seismogram 

recorded at about 15 km epicentral distance to give a composite source spectrum for the main shock 

covering more than four decades in frequency. The source spectrum shows a constant low frequency 

level, a comer frequency of 0.22 Hz, and a high frequency slope of approximately w - ~ .  The comer fre- 

quency implies a fault radius of 6 km giving an average fault displacement of 2 m and a stress drop of 

5 MPa. Integration of the velocity-squared spectrum indicates an energy release of 1.1 x 1015 J. 

Preliminary aftershock location extend over a 65 kin long NE-SW trending zone, with the largest 

concentration in an area 12 to 15 km southwest of the main shock epicenter. Depths of the aftershocks 

range from 0.2 to 9.6 km with most of the events occurring between 4 and 6 krn depth. Focal mechan- 

isms primarily show normal faulting with varying degrees of strike slip motion. A suite of 255 three 

component, digital seismograph recordings of 57 aftershocks has been analysed to obtain estimates of 

seismic moment (w), source radius (r), and stress drop (ds). Seismic moments were calculated from 

the asymptotic long-period spectral levels range from 10" N-m to 1013 N-m. The source radii inferred 

from the comer frequencies ranged from 200 to 300 m. Stress drops from the Brune formulation were 

low ranging from 0.01 to 1.0 MPa. 



INTRODUCTION 

The 1987 March 2 Edgecumbe earthquake (ML 6.3, mb 5.9, NI, 6.6) was a moderate, shallow, 

normal faulting event in a rifting environment. This event had a maximum intensity of IX on the 

Modified Mercalli scale and caused extensive damage in the surrounding region. The earthquake 

occurred in a rifting environment behind the convergent Pacific - Indian plate boundary. In this region, 

the Pacific plate is presently being subducted westward beneath the Indian plate at approximately 50 

mmlyear (Walcott 1978). Typically, earthquakes along the Benioff zone extend to 250 km depth 

(Reyners 1980); however, some events as deep as 600 km have been observed (Adams & Ware 1977). 

The earthquake occurred within the Central Volcanic Region (CVR) within the continental crust of the 

North Island, New Zealand. The CVR is characterized by large volumes ( =12,000 km3 ) of Quaternary 

rhyoiitic volcanic rocks (Cole 1979), a mean heat Aow of 700-800 mw/m2 (Studt & Thompson 1969; 

Thompson 1977; Allis 1979), historical extension (Walcott 1978), thin crust ( =: 15 km ), and low P,, 

velocity (7.4 km/s) (Stem et al. 1986). Stem (1985) showed that the CVR is a direct continuation of a 

young oceanic back-arc basin into the continental structure of New Zealand. 

The earthquake occurred at the southeastern margin of the CVR beneath the Rangitaiki Plains, a 

low lying alluvial basin consisting of volcanic and greywacke-derived sands and gravels with interbed- 

ded ignimbrites, silts, and peats, all of Pleistocene to Holocene Age (Anderson et al. 1987). The nor- 

mal faulting surface rupture accompanying the main shock occurred along a number of strands over a = 

10 km broad and = 15 krn long region. The maximum vertical offset is 2 m; however Grapes et al. 

(1987) suggest that the more than 1 km of unconsolidated sediment underlying the plain may have 

taken up part of the faulting. Measurements made on fissures and cracks crossing the rupture indicate a 

total extension of up to 1.6 m. The overall trend of the surface faulting is 51°, and the suike of the 

most easterly striking section is 77" + 6" (Grapes et al. 1987). For more details of the geological set- 

ting and nature of the surface faulting, see Beanland et al. (1989), Darby (1989) and Nairn and Bean- 

land (1989). 

Analysis of the Main Shock 

TELESEISMIC SOURCE MECHANISM 

Surface Wave Analysis: 

Low frequency digital seismograms from the International Deployment of Accelerometers (IDA) 

and the Global Digital Seismic Networks (GDSN) were used in this analysis. The distribution of these 

stations relative to the epicenter is shown in Fig. 1. Analysis of low frequency (2 - 8 mHz) waves 



constrains the low frequency portion of the source spectrum which is related to the overall dimension of 

the fault process. Six hour time series from vertical seismograms of the IDA and vertical and horizon- 

tal seismograms of the GDSN networks were used in a linear inversion procedure to recover the ele- 

ments of the seismic moment tensor. These time series are shorter than have been previously used in 

such inversion procedures (e.g. Priestley & Masters 1986), but this was necessitated by the occurrence 

of a M, 6.2 event in the Indian Ocean at 0558 GMT. However, for moderate events such as the 

Edgecumbe earthquake, the instruments remain linear for the direct Love and Rayleigh wave arrivals, 

and these phases dominate the surface wave signal. The surface wave inversion procedure used is an 

extension of the procedure suggested by Buland & Gilbert (1976). Green's functions are computed for 

the 1066b (Gilbert & Dziewonski, 1975) spherical earth model. Then a linear relationship is con- 

structed between the Green's functions and the observed wave forms, and this is solved for the six ele- 

ments of the moment tensor. Synthetic wave forms are computed from the moment tensor elements 

and the misfit between the observed and synthetic wave form is used to compute adjustments to the 

source parameters and the moment tensor recalculated. 

Results from the surface wave inversion are given in Table 1. The largest uncertainty in deter- 

mining the seismic moment for shallow focus events results from the indeterminacy of the dip. A 10% 

error in the assumed dip will result in a 10% error in the determined moment. The fault finiteness and 

the finite rise time introduce a source process time 2 causing a phase shift of the seismogram with 

respect to the seismogram from an equivalent point source. The phase of the event (Fig. 2) is well fit 

after accounting for the source process time; however, amplitude anomalies exist for several azimuths. 

Such effects can arise due to the finite source size or to aspherical Earth structure. For moderate earth- 

quakes such as the Edgecumbe event, aspherical Earth structure is likely to be the dominant effect. 

Body wave analysis: 

Analysis of teleseismic body waves can constrain the estimated depth of the initial rupture, pro- 

vide details of the source time history of the event, and provide an estimate of seismic moment at a 

higher frequency (0.03 - 1 Hz) than the surface wave analysis. Waveform inversion techniques for 

recovery of the seismic moment tensor have been discussed in a number of recent papers (e.g., Doom- 

bos 1982, 1985; Ward 1980, 1983), and moment tensor solutions are routinely reported in the Prelim- 

inary Determination of Epicenters by the U.S. Geological Survey for earthquakes larger than about mb 

5.5. Time series for the teleseismic phases P, PP, PKP, S and SKS were extracted from the digital 

seismograms from the GDSN day tape. Greens functions used in the inversion procedure were calcu- 

lated for these phases, and their near-source reflections (i.e., P plus pP and sP, S plus pS and sS, etc.) 



for specific source depths using the WKBJ approximation (Chapman 1978) for earth model 1066B. 

Only bodywave arrivals at distances greater than 30' were used in the inversion procedure to avoid 

complications introduced by upper mantle structure. 

Observed body wave arrival times may be as much as several seconds early or late with respect 

to the arrival times predicted by model 1066b. This arises from differences in the large scale velocity 

structure of the spherical earth model used and the aspherical Earth and local variations of earth suuc- 

ture in the vicinity of the source and receivers. The moment tensor fitting procedure is performed 

interactively, permitting the theoretical waveforms to be time-aligned with the observed waveform. If 

these constant time alignments of the synthetic seismograms are not made, the synthetic seismograms 

can be several seconds out of phase with the observed seismograms, the calculations between the syn- 

thetic and observed seismograms can be poor, and the resulting solution can be badly biased. Phases 

with high noise level or those displaying obvious interference were discarded. The quality of the solu- 

tion was assessed by calculating the average variance reduction (VR) which is a quantitative measure of 

the misfit between the synthetic waveform calculated for the moment tensor solution and the observed 

waveform. 

, , 

Results from the body-wave inversion are given in Table 1 and are compared with inversion and 

body-wave modeling results from other studies, and from surface and trenching observations. 

MATAHINA STRONG MOTION RECORD 

The Edgecumbe earthquake triggered five strong-motion accelerographs on and near the Matahina 

dam at about 15 km epicentral distance. Four of the instruments are sited on the dam, and the fifth is 

located a few meters in front of the dam (McVeny -- Pers. Comm. 1987). Figure 3 shows the 

acceleration records and the integrated velocity and displacement records from the instrument at the 

base of the dam. The surface trace of the fault passes within about 7 km of the instrument, thus con- 

sidering the fault dimension, the instrument is in the near field. The peak horizontal ground accelera- 

tion is 0.33 g (Anderson et al. 1987), and the duration of the strong ground shaking is typical of earth- 

quakes of this magnitude. The strong horizontal velocity pulse arriving roughly 6 to 8 seconds after the 

instrument triggered is correct in both polarity and shape with the expected pulse resulting from the 

passage of a propagating rupture front. The low frequency energy observed in the displacement record 

for times greater than 10 s has particle motion consistent with that expected from surface-wave energy 

trapped in the low velocity material comprising the Rangitaiki Plains. 



It is difficult at this point to take into account the proximity of the dam. Brune et al. (1985) and 

Anooshehpoor (1988) have measured dam-foundation interaction on a foam rubber model and found the 

coupling of energy back into the ground from resonance of the dam structure for this model is less than 

10%. Only data from the instrument near the base of the dam are considered in constructing the source 

spectrum since the waveforms for the instruments on the dam will be significantly distorted by the dam 

structure. Instruments at greater distance will suffer from pronounced attenuation effects. 

Figure 4 are plots of the displacement spectra computed from the two horizontal accelerograrns. 

The special windows could be chosen in various ways. The windows chosen in the upper part of figure 

4 include the time series from just prior to the arrival of the S-wave pulse and includes all the high fre- 

quency energy in the accelerogram. These windows were chosen since the high frequency energy in 

the time-series may represent direct body wave energy radiated from the fault. However, comparisons 

were made between spectra computed for short windows which included only the direct s-wave arrival 

and long windows that included the whole record. These showed only minor differences in the spectra. 

SOURCE SPECTRUM 

Band limitation of existing seismic instrumentation makes estimation of the source spectrum for 

moderate and large earthquakes difficult. Acceleration data collected in the epicentral region are res- 

tricted by the poor low frequency response of typical smng-motion instrumentation. High frequency 

data do not normally exist from teleseismic recordings because of the high attenuation for teleseismic 

propagation paths and low level response of most teleseismic seismographs. To overcome this problem, 

I have constructed a composite source spectrum for the Edgecumbe earthquake. 

Estimates of seismic moment from the surface wave and body-wave inversion, and from the 

surface-wave magnitude were converted to full-space spectral amplitudes at their observed frequencies 

for comparison with the spectral amplitude determined from the near-source acceleration data. Using a 

shear wave speed (P) of 3.6 km/s, a density (p) of 2800 kg/m3 (Robinson 1989), and a radiation factor 

(R,) of 0.6 (Thatcher & Hanks 1973), the seismic moment M,, is related to the spectral amplitude 

normalized to 10 km by 

This gives values of i2 at lower frequencies for comparison with values of i2 obtained from the body- 

wave accelerograms. 



The strong motion accelerograms could not be rotated into radial and transverse components 

because of the proximity of the accelerograph to the fault. Therefore, I have combined the horizontal 

data forming a vectorial sum (i.e. , = ~ ( N ~ ~ E ) ~ + ( N O ~ W ) ' ) .  I normalized the resulting strong-motion 

accelerogram 10 km to a hypocentral distance, corrected it for the average radiation pattern, corrected 

the spectrum for the free surface amplification, and divided it by a2 to convert it to a displacement 

spectrum. Since the Matahina strong motion accelerograph was located in the near field of the earth- 

quake, the strong motion seismogram is dominated by energy radiating from nearby portions of the 

fault. I have used the procedure of Smith et al. (1988) as a first approximation to normalizing the 

accelerogram to 10 km hypwentrai distance. The energy radiated per unit area of the fault is assumed 

to be constant. The observed spectral amplitude from the strong motion recording is multiplied by the 

ratio of twice the area of the fault (to account for the radiation from both sides of the fault) to the area 

of a patch of the fault of 7 km radius, the distance of the instrument from the nearest section of the 

fault. This value approximates the true amount of energy radiated from a point source double couple 

dislocation equivalent to the finite fault dimension appropriate for the Edgecumbe earthquake. The 

spectrum was then normalized to 10 km distance. 

The acceleration spectrum was corrected for a range of attenuation values which seemed reason- 

able for greywacke. Since these produced negligible effects on the spectrum in the frequency band of 

interest, an arbitrary whole path Q of 300 was assumed. Contamination of the spectrum by local record- 

ing site effects (near surface structure) may also be important. Archuleta (1986) has analyzed data 

recorded at different depth levels in a borehole near Mammoth Lakes, California and found that the 

differences in spectra computed from data recorded at different depths could be predicted by taking into 

account the differences in the acoustic impedance of the rock at the different levels. He found that 

spectral ratios computed between surface and deep borehole recordings showed that the near surface 

amplification is uniform across the 2 - 50 Hz band. On the other hand, Anderson (1986) suggests that 

the spectral decay at high frequencies is an attenuation effect which may affect inferences of the comer 

frequency of events up to about ML= 6. 

To estimate the possible distortion of the spectrum from near surface structure, I have computed 

the response of the presumed recording site structure to a vertically incident SH wave. The structures 

considered (Fig. 5a) are from the velocity model determined by Robinson (1989). I assumed a Poisson's 

ratio of 0.25, and a density given by p = 0.32 Vp + 0.77 to convert the compressional velocity model to 

a shear wave and density model. The response of the structure is compared in Fig. 5b. The reference 

(MODEL 1) model has the high velocity (3.4 kmls) layer extending to the surface, and MODEL 2 is 



Robinson's velocity structure. The combined effect of the 1 km thick 1.4 km/s layer and the 5 km 

thick 2.9 km/s layer is to cause an average spectral amplification of a factor of about 2. Since it is 

impossible to account for lateral variations in the velocity model, there is little significance in the 

details of the spectral amplification shown in fig. 5b. Therefore the whole spectrum was corrected 

using this average amplification value of 2. 

The composite displacement spectrum for the Edgecumbe earthquake (Fig. 6) shows a constant 

low frequency amplitude, a comer frequency at 0.22 Hz, and high frequency fall off of 0-' above the 

comer frequency. 

SOURCE PARAMETERS OF THE MAIN SHOCK 

Source parameters for the Edgecumbe earthquake can be estimated by combining results obtained 

from the analysis of the main shock data with the rupture dimensions determined from patterns in the 

aftershock distribution. The estimate of the seismic moment from the teleseismic analysis is 7 . 0 ~  10'' 

N-m. During the first days of the aftershock sequence, aftershocks occurred along a zone 20 km long. 

Surface faulting extended over a zone about 15 km long. This presumably represented the upper limit 

for the surface which slipped during the main shock. In several cases where dense seismograph net- 

works were in place at the time of the main shock, allowing accurate aftershock locations immediately 

following a main event, it has been observed that the aftershock zone grew in size by 10 - 20 % in the 

first few hours (e.g., Smith & Priestley, 1988; Priestley et al. 1988). This is to be expected since aft- 

ershocks should be most frequent at the boundaries of the slip zone where the main shock has increased 

the stress. 

The source spectrum can be interpreted in terms of spectral source parameters. The source radius 

r for the Edgecumbe event (Brune, 1970; 1971) is 

giving a fault area of 105 km2. For comparison, early aftershocks (Robinson, 1989) extend over a 15- 

20 krn zone extending to a depth of 10 km. This gives a fault area of approximately 175 km2. Using 

these values as the bounds on the fault area, the average slip <u> is 

and the average stress drop -4- (Kanamori & Anderson 1975) 



where W is the shortest dimension of the fault. Errors enter into these values through errors in M, and 

A. M, have been estimated both from low frequency surface wave data and teleseismic body wave 

data and these values are within 4% of each other. 

To determine the radiated seismic energy I have integrated the composite velocity squared spec- 

trum, scaled ie for the S-wave radiation pattern according to Wu (1966), and included 5% of the S-wave 

energy as the P-wave conhibution. The seismic energy is 

where R(f) is the composite velocity spectrum. The calculated radiated seismic energy of the compo- 

site spectral shape from the main shock is 1.1 x 1015 J. 

The shape of the spectrum beyond the comer frequency is important in the calculation of he  total 

radiated energy; if the amplitude spectrum falls off as o -~ ,  the velocity spectrum falls off as w-' and 

the velocity squared spectrum, which is proportional to energy, falls off as o-~,  thus, there is relatively 

little contribution to the total energy for frequencies beyond the comer frequency. However, if the 

amplitude spectrum falls off as o-' beyond the comer frequency, the velocity spectrum and the velocity 

squared spectrum are constant, and the contribution to the total radiated energy is proportional to the 

band width of that portion of the spectrum (Smith et al. 1988). The additional high frequency energy 

causing the spectrum to drop off with a slope less than 0-' past the comer frequency can arise due to 

fault roughness (Gusev 1983). Such effects have been observed for earthquakes over a wide magnitude 

range (Anderson et al. 1986; Brune et al. 1986; Smith et al. 1988). The lack of this roughness energy 

in the spectrum of the Edgecumbe earthquake indicates a relatively uniform rupture process. However, 

complexities in the source spectrum in the 1 to 3 Hz band may be the result of interference of the 

arrival of energy from the second source suggested by Anderson & Webb (1988) with the primary 

pulse. 

ANALYSIS OF THE AFTERSHOCKS 

LOCATIONS 

Figure 7 shows locations for over 100 of the larger (ML> 3) aftershocks using 11 portable and 3 



permanent seismographs operating in the epicentral region between March 5 and 11. The epicenters of 

these events define a 65 km long, NE-SW trending, 10 krn broad zone. There is a gap in the aftershock 

zone in the vicinity of the recent andesitic volcanic cone, Mt. Edgecumbe. The aftershock zone is much 

longer than both the zone of surface faulting and what would be expected based on the seismically 

observed moment of the rnainshock The length of the aftershock zone may be in part the result of sub- 

sidiary aftershock sequences associated with larger (ML 5) events near the ends of the zone of faulting 

associated with the rnainshock. Many offshore events form a secondary aftershock sequence associated 

with a ML 4.2 event on March 3. Three of the six ML > 5 aftershocks which occurred less than a day 

after the mainshock were located southwest of Mt. Edgecumbe and three occurred near the epicenter of 

the mainshock. Activity south of the Mt. Edgecumbe gap lies on an extension of the Tarawera rift 

formed in the large eruption of 1886 and may be part of a secondary aftershock sequence associated 

with these ML 5 events. Healy et al. (1964) mapped several recent faults in this area however, no new 

surface faulting associated with the Edgecumbe earthquake was reported in this region. The distribution 

in seismicity may result from variations in rock properties or from a disruption in the pre-existing 

throughgoing fault system by the formation of the volcano. The extent of the aftershock distribution 

indicates that seismic strain release was much more widespread than would be estimated from the size 

of the mainshock. 

Depths of aftershocks range from 0.2 to 9.6 km (Fig. 8) with most events occurring between 4 

and 6 km. This shallow cutoff depth probably reflects the high temperature gradient. Aftershocks near 

the main surface fault appear to be in the footwall block and do not define the fault plane itself. The 

mainshock hypocenter is at the bottom, northeastern edge of the aftershock zone. 

FOCAL MECHANISMS 

Focal mechanisms for 27 aftershocks (Fig. 9) primarily show normal faulting with varying 

degrees of strike slip motion. If the northeast plane of the focal mechanism is chosen as the fault 

plane, this corresponds to right-lateral faulting. The tension (T) axes are mostly horizontal and strongly 

clustered in the 150 rt 20 degree azimuth range. The compressive (P) axes are clustered in a vertical 

direction or if not vertical, have a NE - SW azimuth. The most prominent direction of the P and T 

axes for the aftershocks are consistent with the mechanism of the main shock presented above and by 

Anderson and Webb (1989), with observed surface faulting (Beanland et al. 1989), with focal mechan- 

isms observed in the Taupo region further to the southwest (Smith and Webb 1986), and with broad 

scale geodetic studies of the CVR (Sissous 1979). This stress regime reflects the tectonic setting of 

back-arc spreading and rift formation combined with a degree of right-lateral shearing due to the 



oblique plate convergence boundary to the east. 

SPECTRA 

Fifty-seven representative aftershocks that were recorded on three or more digital seismographs 

during the period March 14 to 19 were chosen for spectral analysis. The hypocentral parameters of the 

aftershock for which spectra were determined are summarized in Table 2. All records used are less 

than 20 krn epicentral distance and most are less than 10 krn. The results of the spectral analysis are 

summarized in Table 3. The event number in column one of Table 3 correspond to the event number 

in column seven of Table 2. Seismic moments of the Edgecumbe aftershocks range from 10" to loi3 

N-m, and Brune stress drops range from 0.01 to 1.0 MPa. 

Scaling of the Edgecombe aftershock source spectra is shown in Figure 10 where the logarithm of 

the low frequency spectpal level or seismic movement is plotted as a function of the logarithm of the 

fault radius or S-wave comer frequency. Diagonal lines across the plot are contours of constant stress 

drops. Source radii for the Edgecombe aftershocks are almost constant over nearly three orders of mag- 

nitude in moment. This leads to a strong dependence of stress drop on moment. The largest events 

(10'~ N-m) have a stress drop of =1 MPa whereas events of (10" N-m) have a stress drop of 0.01 MPa 

or less. The dependence of stress drop on movement over this range has been noted in a number of 

studies (Tucker and Brune, 1977; Choute et al 1978; Fletcher 1980; Fletcher et a1 1987). Such a cutoff 

in comer frequency could result from the effect of Pax (Hanks, 1982), a site related cutoff of the high 

frequency spectrum. However, spectra of the Edgecombe aftershocks typically show a second comer in 

the frequency range 16 to 23 Hz which more closely correspond to the f,,, seen for spectra of Califor- 

nia microearthquakes (Hanks,1982). This is significantly above the comer frequencies picked for the 

Edgecombe aftershock spectra so we do not feel that the near constant comer frequency with increasing 

moment in the range 10" to 1014 N-m is a f,,, effect. 

Discussion and Conclusions 

In this study, teleseismic surface wave and body wave data, and local acceleration data have been 

used to estimate the source spectrum and source parameters of the 1987 Edgecumbe, New Zealand 

earthquake. The teleseismic moment is 7x  1018 Nm. The source mechanism from the body wave 

inversion is in good agreement with the fault plane solution from first motion data (Anderson & Webb 

1988). The strike of the faulting inferred from surface wave data is closer to the overall trend of sur- 

face faulting (Grapes et al. 1987). The differences in the mechanism inferred from the surface wave 

and surface faulting data, and the teleseismic body wave and first motion data may arise from 



complications introduced by the second source suggested by Anderson & Webb (1988). Seismic 

moments have been used to constrain the low frequency far field displacement spectrum, and near 

source acceleration data has been used to define the high frequency part of the displacement spectrum. 

This broad band spectrum covering more than four decades in frequency indicate a relatively simple 

source spectrum. Using bounds of the main shock slip area indicated by the comer frequency and the 

aftershock zone, the displacement occurring during the main shock is 1.840.4m, compatible with sur- 

face measurements. The stress drop is 4.6+ 1.1 MPa. From integration of the velocity squares source 

spectrum 1.1 x 1015 J of energy were radiated during the faulting process. 

Stress drop for events of the Edgecombe sequence range from about 1 MPa for the largest aft- 

ershocks reported here, to about 0.01 MPa for the smallest events reported here. Similar observations 

have been made in a number of previous studies. Tucker and Brune (1977) noticed that there was a 

correlation between the estimated stress drop and the high frequency spectral falloff and suggested that 

this might be a result of the smaller stress drop events corresponding to partial stress drops while the 

larger events might correspond to total stress drop events. Brune et a1 (1986) found that the average 

slope of the high frequency falloff for events with stress drop greater than 10 MPa was 2.9 whereas the 

average slope for events with stress drop less than 0.2 MPa was 2.0, supporting the partial stress drop 

model of Brune (1970). The spectra of the Edgecumbe aftershocks do not show the same relationship 

between the rate of high frequency spectral falloff and stress drop. The high frequency falloff for most 

events is approximately 3. 

Similarly, low stress drops have been found for other small M,< lo2' events in the Basin and 

Range (e.g. Douglas and Ryall, 1972; Smith et al, 1989b) and at hard rock sites such as Anza (Fletcher 

et al., 1987). Furthermore, comer frequencies and inferred source radii show little correlation with the 

factor of five range in seismic moment. Fletcher et al., (1987) found that the comer frequencies and 

inferred source radius remained essentially constant for these low moment events at Anza. Whether this 

is a source or a path effect was not determined. The spectra generally show a steeper falloff than the 

predicted by the Brune (1970) model. This steep falloff could be interpreted as being due to 

attenuation (low Q). The short travel times and steep falloffs require a frequency independent Q of less 

than 200 for many of these events if the high frequency falloff at the source falloff is actually w - ~ .  
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TABLE 1 

strike dip slip M, z VR Records 
(N-m) (set> used 

normal mode 239" 71" 59" 6.1 x loi8 7.5 74% 20 
body wave 21 lo  64" 73" 7.8 x 10" 1 .O 76% 17 
body wave(1) 228" 58" 83" 6.4 x loi8 
body wave(2) 225" 45" 80" 
geolog~(3) 235" 55" 
Mo = seismic moment 
z = source process time 
VR = variance reduction 

(1) Harvard solution 
(2) Anderson & Webb (1989) 
(3) Beanland et a1 (1989) 



Table 2. Event Hypocentral Parameters 

Date Time 

March 14 0520 33.87 
0648 16.83 
0838 14.42 
0843 32.91 
1108 25.69 
1149 04.35 
1227 19.25 
21 12 45.74 

March 15 OOO1 42.87 
0029 05.59 
0031 50.85 
0047 32.64 
0109 46.07 
0931 09.02 
1117 45.19 
1340 30.36 
1350 52.86 
1442 36.82 
1519 09.68 

1813 23.70 
1813 59.95 
1816 58.85 
1824 07.95 
1852 14.61 
1918 12.42 
2057 03.65 
21 10 25.98 

March 17 1115 23.99 
March 18 0301 12.61 

0957 24.78 
1258 32.21 
1432 28.54 
1949 53.52 
2132 31.41 
2222 35.56 

March 19 0452 16.80 
0546 39.67 

Latitude 

37.982 
37.91 1 
37.917 
37.921 
38.132 
38.114 
37.942 
38.034 
38.008 
37.912 
38.042 
38.134 
37.918 
37.975 
38.040 
38.037 
38.114 
38.012 
38.034 
38.036 
37.982 
38.048 
38.005 
38.095 
38.087 
38.093 
37.959 
37.978 
38.180 
38.024 
37.906 
38.161 
37.910 
38.171 
37.910 
38.117 
37.985 
38.047 
37.927 
37.936 
38.019 
38.108 
38.037 
38.113 
37.907 
37.905 
37.905 
37.984 
38.046 
38.117 
37.913 
37.918 
38.046 
38.042 
38.001 
38.040 
38.125 

Longitude 

176.777 
176.847 
176.840 
176.846 

I 176.666 
176.676 
176.794 
176.764 
176.773 
176.840 
176.757 
176.666 
176.861 
176.778 
176.751 
176.750 
176.649 
176.804 
176.733 
176.747 
176.739 
176.734 
176.749 
176.689 
176.694 
176.683 
176.845 
176.808 
176.640 
176.770 
176.806 
176.597 
176.807 
176.597 
176.810 
176.652 
176.821 
176.764 
176.861 
176.850 
176.772 
176.655 
176.713 
176.688 
176.817 
176.814 
176.817 
176.817 
176.742 
176.680 
176.797 
176.797 
176.741 
176.755 
176.765 
176.767 
176.669 

t Event number refered to in Table 3 



Table 3. Spectra1 and Source Parameters 

Spectral Fit 

No. AMo Afcp Afcs Ads Ar Afcp Afcs Ads 

No. is the event number from Table 2, AMo is loglo of the average seismic moment in N-m, 
Afcp is the average p-wave comer frequency in Hz, Arcs is the nvcrage s-wave comer frcquency 
in Hz, Ar is the average source radius, and Ads is the average stress drop. 



Figure 1. Location of digital teleseismic stations (A) of the IDA and SRO relative to the location of 
the earthquake (6). 



Figure 2. Comparison of the low frequency (2-8 mHz) observed waveforms (solid lines) from SRO 
seismic networks with synthetic waveforms (dashed lines) computed for the normal mode model 
of Table 1. 
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Figure 3. Acceleration, velocity and dispIacement records for the three components of strong- 
motion records collected near  the base of the Matahina dam (NZPEL). 
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Figure 4. Fourier displacement amplitude spectra for the horizontal component accelerograms. 
The brackets above the seismograms denote the time window analyzed. 
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Figure 5. (a) Reference shear  wave velocity structure (MODEL 1) and shear  wave velocity 
structure (MODEL 2) adapted from Robinson (1989); (b) amplification of the Robinson velocity 
structure relative to the reference model. 



L o g  F r e q u e n c y  ( H z )  

Figure 6. Composite displacement source spectrum and source parameters for the Edgecumbe 
ma in  shock. 



Figure 7. Location of the digital (I) and smoked paper (A) seismographs superimposed on a general 
geologic map of the area. Location of the aftershocks analyzed in this report ( 6 ) .  The epicenter of 
the main shock is denoted by the large star  and the extent of the aftershock zone is denoted by the 
hatchered region. The cross-sections shown in Figure 8 are  indicated. 



Figure 8. Projection of the aftershock hypocentres onto the  cross-section indicated in Figure 7. 



Figure 9. Summary of focal mechanisms (upper hemisphere) showing the position of each in the 
aftershock sequence. The nine mechanisms in the lower right corner a re  for events in the cluster 
enclosed by t h e  dashed lines. The darkened regions are  the regions of compressional first 
motion. 



L o g  Faul t  Rad ius  (MI  

Figure 10. Plot of Logro of the seismic moment vs Loglo of the fault radius. 
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RATES AND PATTERNS OF PIEDMONT EVOLUTION 
IN THE SOUTHWEST BASIN AND RANGE 

John C. Dohrenwend, U.S. Geological Survey, MS 901, Menlo Park, CA 94025 

Average long-term erosion rates have been estimated for a number 
of piedmont areas across the southwestern Basin and Range. These 
estimates, based on measurements of the average vertical distance 
between remnant piedmont surfaces of known age and adjacent modern 
surfaces, document region-wide similarities in the patterns and rates of 
late Tertiary and Quaternary piedmont evolution. As predicted by the 
concept of the threshold of critical stream power, a general pattern of 
upland erosion, upper piedmont quasi-euqilibrium, and lower piedmont and 
basin deposition prevails in most closed basin systems. Two significant 
exceptions to this general pattern are (1) piedmonts along the fronts of 
highly active fault-bounded ranges that have undergone more or less 
continuous alluvial deposition, and (2) areas isolated from the sediment 
influx of upland drainage systems that are drained solely by streams 
arising on the piedmont surface and have experienced one or more 
relatively short-lived pulses of rapid dissection. Average long-term rates 
of erosion typically range between I and 4 cmIlO3 yr in upland areas and 
systematically decrease in a basinward direction. Therefore, many middle 
piedmont areas in a variety of tectonic settings have changed little, 
remaining for long periods of time in approximate geomorphic adjustment 
with little net erosion or deposition. For example, relations with K-Ar 
dated lava flows document conditions of approximate geomorphic 
equilibrium for periods of: (1) at least 5.9 m.y. along both flanks of the 
Reveille Range and at least 1 .l m.y. along both flanks of the Pancake Range 
in central Nevada; (2) at least 0.5 to as much as 6 m.y. on the flanks of 
pediment domes in the area of the Cima volcanic field in the eastern 
Mojave Desert; and (3) at least 1 m.y. along the east flank of the Sierra 
Nevada in Owens Valley. Moreover, the widespread preservation in both 
middle and distal piedmont areas of relict and shallowly buried piedmont 
remnants of late and middle Pleistocene age also indicates that most of 
the region's alluvial piedmonts are underlain by deposits of considerable 
antiquity that have been only superficially affected by Quaternary 
geomorphic processes. These relatively slow rates of late Tertiary and 
Quaternary change imply an initially rapid erosional-depositional response 
of newly formed range-basin systems folowed by an asymptotic slowing 
in range erosion and basin deposition as these systems approach a long 
term condition of slow, nearly constant decay. 





LATE QUATERNARY PALEOCLIMATE STUDIES-- 
GEOLOGIC PROBLEMS AND QUESTIONS 

Emily M. Taylor, U.S. Geological Survey, MS 913, 
Box 25046, Denver, Colorado, 80225 

To assure the prolonged integrity of any nuclear-waste 
repository site, the long-term environmental stability of 
that site needs to be considered. This stability will be 
strongly affected by future climatic change. On the 
assumption that future climates will most likely resemble 
those of the recent geologic past, the U.S. Geological 
Survey has begun several studies aimed at characterizing the 
past climatic variability near the potential nuclear-waste 
repository site at Yucca Mountain, Nevada. 

One explanation advanced for climatic change is 
variation in net global solar-energy input, a consequence of 
the procession of Earth's orbit and the obliquity and 
eccentricity of its axial position. Major climatic changes 
occur at intervals of 10,000 to 100,000 yr. The Holocene 
Epoch is the most recent in a long series of relatively 
brief (7,000-20,000 yr) interglacials that punctuate much 
longer (90,000-150,000 yr) periods of glaciations. A 
permanent nuclear-waste repository must be able to withstand 
the effects of a major climatic change. A climatic change 
that results in greater effective moisture may cause 
percolating water and (or) ground water to move within the 
zone of the waste material during the time that the material 
is still hazardous. Therefore, the focus of the geologic 
investigations is to help understand the hydrologic 
responses to cooler and wetter climates. 

The geologic approaches to evaluating the paleoclimate 
of an area in Southern Nevada can be summarized under six 
main topics: (1) characterization of the modern climate, (2) 
paleolake, marsh, and playa studies, (3) terrestrial paleo- 
ecology, (4) paleoenvironmental history, (5) paleoclimate- 
paleoenvironmental synthesis, and (6) numerical climatic 
modeling. Each of these approaches contributes to the 
overall characterization of the paleoclimate in the region. 

The modern climate is being characterized by a network 
of weather stations throughout the southern Great Basin. 
The types of data being collected include air-temperature, 
precipitation, soil temperature, and solar radiation 
measurements, though not all properties are measured at all 
sites. These data establish a baseline for climatic 
modeling . 

The paleolake, marsh, and playa studies consist 
primarily of drilling and trenching projects aimed at better 
understanding the sedimentological record of internal basins 



that do not drain to the sea. Dated sediments and the 
associated paleontological specimens can be related to the 
climate under which they were deposited. The sites under 
study are Walker Lake, Pyramid Lake, Ruby Marsh, and Kawich, 
Frenchman, and Desert Dry Lake Playas. The initial results 
suggest that the records are of variable quality because 
different basins respond differently to similar climates. 
The basins are influenced not only by climate, but also by 
tectonism and stream captures, among other factors. 

The terrestrial paleoecological record includes datable 
macro- and microfaunal assemblages and pollen found in 
packrat middens. These data record the vegetation pattern 
at the time of deposition, which can be related to 
paleoclimate by analogy to existing environments. Packrat 
midden sample sites have been selected for their nearness to 
existing Quaternary paleoclimatic studies, for their 
availability, and to complete the faunal record for a given 
area. Because packrats collect their midden building 
material within 10 meters, these records are site specific. 
Very localized climatic influences affect vegetation 
patterns which directly affect the pollen and packrat midden 
assemblages. 

The paleoenvironmental history approach to paleoclimate 
depends primarily on studies of soils, geomorphology, and 
climatic analog sites. Properties of Quaternary surfaces 
representing a variety of ages, paleoclimates, and parent 
materials have been studied. The sites under study are the 
alluvial deposits in the Yucca Mountain, Kyle Canyon, Cima 
Volcanic field, and Silver Lake areas. The physical and 
chemical properties of the soils developed on dated 
geomorphic surfaces were compared. For example, the 
presence of soluble salts or CaC03 at depths much greater 
than those at which such concentration occur in soils formed 
under the modern climate, suggest the influence of a former 
wetter climate. These properties can be compared to 
computer-generated models based on climates different than 
the present. The analog sites are areas that seem to be 
climatically similar to southern Nevada during the last 
glacial maximum, based on packrat midden data and hydrologic 
properties. These sites offer data similar to those 
produced by the soil and geomorphic studies, 

Finally, the paleoclimatic and paleoenvironmental data 
can be combined and synthesized in order to compare trends. 
This synthesis should help to resolve questions concerning 
specific regional climatic trends at the Holocene- 
Pleistocene boundary. Paleoclimatic conclusions derived 
from the geologic and paleoenvironmental studies will be 
compared with those derived from numerical climatic 
modeling . 


