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120° 115' 
A b s t r a c t  

Three  seismic r e f r a c t i o n  p r o f i l e s  were 
reco rded  i n  and around t h e  Ba t t l e  Mountain h e a t  
f l o w  h igh  i n  n o r t h - c e n t r a l  Nevada. Models of P 
and S v e l o c i t y  s t r u c t u r e  d e r i v e d  from t h e s e  
p r o f i l e s  t o g e t h e r  w i t h  p r e v i o u s l y  pub l i shed  
p r o f i l e s  r e v e a l  a s u b s t a n t i a l  v a r i a t i o n  i n  
c r u s t a l  t h i c k n e s s  i n  t h i s  r e g i o n  ( f rom 2 3  km t o  
35 km). The c r u s t  i s  t h i n n e s t  i n  a band between 
the Battlc Mountain-Winnemucca area and  Keno, 
and t h i c k e n s  t o  t h e  n o r t h w e s t ,  east  and  sou th .  
The expec ted  g r a v i t y  anomaly a s s o c i a t e d  wi th  the  
v a r i a t i o n  i n  c r u s t a l  t h i c k n e s s  matches t h e  shape  
of t h e  obse rved  Bouger g r a v i t y  f i e l d  w e l l ,  but 
a c c e p t a b l e  f i t  t o  t h e  g r a v i t y  d a t a  r e q u i r e s  
e i t h e r  a n  u n u s u a l l y  small  d e n s i t y  c o n t r a s t  (0.10 
g/cm3) between t h e  c r u s t  a n d  uppermost man t l e  
o r  a p a r t i a l l y  compensa t ing  mass somewhere i n  
t h e  c r u s t  o r  upper  man t l e .  A l i k e l y  c a n d i d a t e  
f o r  t h e  l a t t e r  o p t i o n  i n v o l v e s  v a r i a t i o n  i n  the 
t h i c k n e s s  of  t h e  l i t h o s p h e r e  i t s e l f .  

I n t r o d u c t i o n  

Large  ampl i tude  long  wave leng th  anomal i e s  i n  
t h e  h e a t  f l o w  and g r a v i t y  f i e l d s  i n  n o r t h e r n  
Nevada as w e l l  a s  p u b l i s h e d  seismic r e f r a c t i o n  
work i n d i c a t e  s i g n i f i c a n t  l a t e r a l  v a r i a t i o n s  
occur  i n  t h e  c r u s t  i n  t h i s  r e g i o n .  The Bouguer 
g r a v i t y  f i e l d  i n  n o r t h e r n  Nevada, F i g u r e  1, 
shows a l a r g e  r e c t a n g u l a r  r e g i o n  of  h i g h  v a l u e s  
i n  no r thwes te rn  Nevada co r re spond ing  t o  t h e  Lake 
Lahonton topograph ic  low a n d  a g r a v i t y  low o v e r  
t h e  t o p o g r a p h i c a l l y  h igh  r e g i o n  i n  t h e  c e n t e r  of  
Nevada. Se i smic  P v e l o c i t y  models for two 
r e v e r s e d  r e f r a c t i o n  l i n e s  i n  n o r t h e r n  Nevada 
have been pub l i shed  by E a t o n  (1463)  and  H i l l  and  
P a k i s e r  ( 1 9 6 6 ) .  L o c a t i o n s  are  shown a s  
long-dashed l i n e s  i n  F i g u r e s  1 and  2 .  
models have a v a r i a t i o n  i n  c r u s t a l  t h i c k n e s s  of  
10 km ( 2 4  t o  3 4  km) w i t h  t h e  t h i n  c r u s t  
o c c u r r i n g  nea r  F a l l o n ,  Nevada where t h e  
r e f r a c t i o n  l i n e  i s  i n  t h e  g r a v i t y  h igh .  S e v e r a l  
o t h e r  un reve r sed  r e f r a c t i o n  l i n e s  i n  n o r t h e r n  
Nevada, u s i n g  n u c l e a r  t es t s  o c c u r r i n g  i n  
s o u t h e r n  Nevada a s  s o u r c e s ,  nave been 
i n t e r p r e t e d  f o r  c r u s t a l  t h i c k n e s s  v a r i a t i o n s  by  
S t a u b e r  and Boore (1978)  and  P r i e s t l y  and  o t h e r s  

These  
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F i g u r e  1. L o c a t i o n s  of r e f r a c t i o n  l i n e s  i n  
n o r t h e r n  Nevada superimposed o n  Bouguer g r a v i t y  
map f o r  t h e  r e g i o n  from Ea ton  (1978) .  Grav i ty  
v a l u e s  are i n  mgal.  Contour  i n t e r v a l  i s  20  
mgal. S o l i d  l i n e s  are d e s c r i b e d  i n  t h i s  pape r .  
Long dashed l i n e s  are p u b l i s h e d  r e v e r s e d  
r e f r a c t i o n  l i n e s  and s h o r t  dashed  l i n e s  are  
pub l i shed  un reve r sed  r e f r a c t i o n  l i n e s .  S e e  
f i g u r e  2 f o r  r e f e r e n c e s  t o  p u b l i s h e d  l i n e s .  

(1982) .  L o c a t i o n s  of  t h e s e  p r o f i l e s  are shown 
w i t h  s h o r t  dashed  l i n e s  o n  F i g u r e s  1 and 2 .  
These  i n t e r p r e t a t i o n s  have  a t h i n  ( 2 0  t o  2 4  km) 
c r u s t  i n  t h e  r e g i o n  of  t h e  g r a v i t y  h i g h  and  a 
t h i c k  c r u s t  ( 3 0  t o  35 km) unde r  t h e  g r a v i t y  low 
i n  c e n t r a l  Nevada. The i n t e r p r e t a t i o n  of  
un reve r sed  r e f r a c t i o n  l i n e s  i s  n o t  un ique  s o  
v e r i f i c a t i o n  o f  t h e s e  i n t e r p r e t a t i o n s  i s  
necessa ry .  
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F i g u r e  2 ,  
superimposed on  h e a t  f l o w  map of  Lachenbruch and 
S a s s  (1978) .  
t h e  c o n d u c t i v e  h e a t  f l o w  i s  g r e a t e r  t h a n  100 
mW/m2. L i g h t  p a t t e r n  shows l o c a t i o n  of  h e a t  
f l o w  low i n  c e n t r a l  Nevada where heat f low is  
less t h a n  60 mW/m2. P l a c e  name a b b r e v i a t i o n s  
are; WIN=Winnemucca; BMT= Battle Nountain;  AUS= 
A u s t i n .  Shot  p o i n t s  are shown w i t h  stars. Key 
t o  r e f r a c t i o n  l i n e s  ; A,B,D are d e s c r i b e d  i n  
t h i s  paper ;  E = Eaton  (1963) ;  F = P r i e s t l e y  and 
o t h e r s  (1982) ;  H = W i l l  and P a k i s e r  (19b7); S = 
S t a u b e r  and Boore (1978) .  

L o c a t i o n s  o f  r e f r a c t i o n  l i n e s  

Dark p a t t e r n  shows t h e  HFH where 

I n  a d d i t i o n  t o  t h e  l a r g e  g r a v i t y  anomal ies  
and seismic v e l o c i t y  s t r u c t u r e s  of  n o r t h e r n  
Nevada, t h e r e  i s  a l a r g e  h e a t  f l o w  anomaly. 

The Battle Mountain Heat  Flow High, W'y, 
d e s c r i b e d  by Lachenbruch and S a s s  (1978) i s  a 
l a r g e  r e g i o n  i n  which t h e  c o n d u c t i v e  h e a t  f l u x  
i s  g r e a t e r  t h a n  1 0 0  mW/m2, compared t o  t h e  
more t y p i c a l ,  b u t  s t i l l  h i g h ,  B a s i n  and Range 
v a l u e s  n e a r  8 0  mWfm2, 
is  shown i n  F i g u r e  2 a l o n g  w i t h  t h e  p u b l i s h e d  
r e f r a c t i o n  l i n e  l o c a t i o n s .  S t a u b e r  and Boore 
(1978)  noted  a c o r r e l a t i o n  i n  t h e  p o s i t i o n  of 
t h e  s o u t h e r n  boundary of  t h e  HFH and t h e  c r u s t a l  
t h i c k n e s s  change,  t h i n n e r  w i t h i n  t h e  HFH t h a n  t o  
t h e  s o u t h ,  on t h e  f o u r  e a s t e r n  nor th-south  
p r o f i l e s .  P a r t i a l  m e l t i n g  i n  t h e  c r u s t  of t h e  
HFH as  w e l l  as t h e  t e c t o n i c  e x t e n s i o n  models of  
Lachenbruch and S a s s  (1978) c o u l d  produce l a r g e  
v a r i a t i o n s  i n  t h e  seismic v e l o c i t y  s t r u c t u r e  of 
t h e  c r u s t  and mant le  i n  t h e  HFH. More d e t a i l e d ,  
r e v e r s e d  r e f r a c t i o n  l i n e s  are r e q u i r e d  t o  search 
€ o r  t h e s e  e f f e c t s  and  t o  c o n s t r a i n  t h e  
i n t e r p r e t a t i o n  of t h e  u n r e v e r s e d  p r o f i l e s .  

The l o c a t i o n  of t h e  HFH 

Experiment  De s c r i p t  i o n  

To accompl ish  t h e s e  g o a l s  t h r e e  d e t a i l e d  
r e v e r s e d  r e f r a c t i o n  l i n e s  i n  n o r t h  c e n t r a l  
Nevada were recorded  and i n t e r p r e t e d .  The 
l o c a t i o n s  of t h e s e  l i n e s  are shown i n  F i g u r e s  1 
and 2 a s  s o l i d  l i n e s ,  These l i n e s  s p a n  t h e  HFH 
and t h e  g r a v i t y  anomal ies  d i s c u s s e d  above.  
R e g u l a r  q u a r r y  b l a s t s  a t  t h e  Copper Canyon Mine 
(CCM), 40,54*N, 117.13OW, and a t  t h e  C a r l i n  Gold 
$line (CAG), 41,61°N, 116.3fW, s e r v e d  as  t h e  
pr imary  s o u r c e s  f o r  t h e s e  d e t a i l e d  r e f r a c t i o n  
l i n e s .  
t h e . U .  S. G e o l o g i c a l  Survey i n  n o r t h w e s t e r n  
Nevada n e a r  t h e  Quinn R i v e r  (QR), 41,6lUmS, 
118.52'W, was recorded .  
from CCM was p a r t i a l l y  r e v e r s e d  by r e c o r d i n g s  of 
Nevada T e s t  S i t e ,  NTS, e v e n t s .  A d d i t i o n a l l y ,  
l i n e  A c r o s s e s  t h e  eas t -wes t  r e v e r s e d  p r o f i l e  of 
E a t o n  (1963) ,  which provided  c o n t r o l  f o r  d i p  
a l o n g  l i n e  A. L i n e  A c r o s s e s  b o t h  t h e  HFH 
boundary and t h e  g r a v i t y  anomaly. L i n e  B,  
between CCM and CAG, i s  e n t i r e l y  w i t h i n  t h e  
HFH. Both s h o t p o i n t s  were r e c o r d e d  on t h i s  
l i n e .  Reversed coverage  on  l i n e  D was o b t a i n e d  
by r e c o r d i n g  both  t h e  QR and CCM s h o t p o i n t s ,  

I n  a d d i t i o n ,  a 2000 l b  s h o t  d e t o n a t e d  by 

Line  A ,  r u n n i n g  s o u t h  

Recording was performed w i t h  s e v e r a l  t y p e s  
of se i smographs .  Most of  t h e  d e t a i l e d  
r e f r a c t i o n  l i n e s  were r e c o r d e d  w i t h  5 p o r t a b l e  
a n a l o g  FM r e c o r d e r s  b u i l t  a t  S t a n f o r d  U n i v e r s i t y  
( S t a u b e r ,  198U). The QR s h o t  was a l s o  recorded  
w i t h  U .  S .  G e o l o g i c a l  Survey 5-day a n a l o g  k'M 
r e c o r d e r s  ( C r i l e y  and Eaton ,  1976). 
S p r e n g n e t h e r  ~ ~ E ~ - ~ ~ ~  smoked p a p e r  r e c o r d e r s  were 
used t o  r e c o r d  NTS e v e n t s  and a s  r e f e r e n c e  
s t a t i o n s  o n  l i n e s  A and B, 1 Hz geophones  were 
used as  s e n s o r s  f o r  a l l  t h e  r e c o r d i n g  sys tems.  

Recording s i t e  s p a c i n g  of  2 t o  l a  kin was 
o b t a i n e d  w i t h  5 r e c o r d e r s  by moving t h e  
r e c o r d e r s  a l o n g  t h e  l i n e s  and r e c o r d i n g  many 
b l a s t s .  One smoked drum s t a t i o n  remained f i x e d  
a t  a " r e f e r e n c e "  s i t e  t o  o b t a i n  s h o t  time and 
a m p l i t u d e  i n f o r m a t i o n ,  F o r  e a c h  r e f e r e n c e  s i te ,  
a few s h o t s  a t  t h e  a p p r o p r i a t e  q u a r r y  were 
r e c o r d e d  w i t h  a geophone a t  t h e  edge  o f  t h e  s h o t  
h o l e  p a t t e r n  t o  p r o v i d e  a n  a c c u r a t e  s h o t  time 
and t r a v e l  time t o  t h e  r e f e r e n c e  si te.  F o r  
s u b s e q u e n t  s h o t s ,  t h e  a r r i v a l  t i m e  measured a t  
t h e  r e f e r e n c e  s t a t i o n  was used  t o  o b t a i n  s h o t  
time and c o r r e c t i o n s  f o r  smal l  s h o t  l o c a t i o n  
c h a n g e s  i n  t h e  l a r g e  q u a r r i e s  by t h e  method 
d e s c r i b e d  by S t a u b e r  (1980) .  Ampl i tudes  of  t h e  
P waves were measured from t h e  r e f e r e n c e  r e c o r d s  
and  used  t o  c o r r e c t  f o r  s h o t  s i z e  v a r a t i o n s  i n  
t h e  r e c o r d  s e c t i o n s  on L i n e s  3 and E) ( S t a u b e r ,  
1980) .  Because of v a r i a t i o n  i n  waveform of  
d i f f e r e n t  s h u t s  and i n s t r u m e n t a l  v a r i a t i o n s ,  t h e  
a m p l i t u d e  n o r m a l i z a t i o n  i s  c o n s i d e r e d  a c c u r a t e  
w i t h i n  a f a c t o r  of  2 ,  No a m p l i t u d e  
n o r m a l i z a t i o n  was a t t e m p t e d  f o r  l i n e  A because 
s e v e r a l  r e f e r e n c e  sites were used  a t  v a r i o u s  
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t i m e s  on  t h i s  l i n e .  V e r t i c a l  component r e c o r d  
s e c t i o n s  f o r  l i n e s  U, B and  A w i t h  r e d u c i n g  
v e l o c i t y  of 6.0 km/sec a r e  shown i n  F i g u r e s  3 ,  
5 and 7 .  

F i r s t  motion t i m e s  and a m p l i t u d e s  w e r e  
measured o n  t h e  r e c o r d  s e c t i o n  f o r  a l l  
r e c o r d i n g s  where i t  was p o s s i b l e .  For  some of  
t h e  weaker s i g n a l s ,  a t r a c i n g  of a clearer 
example a t  a nearby  s t a t i o n  was o v e r l a y e d  on t h e  
weak trace and used  t o  e s t i m a t e  t h e  f i r s t  mot ion  
t i m e .  An u n c e r t a i n t y  w a s  a s s i g n e d  t o  e a c h  
measurement a s  i t  was made. Later p h a s e s  were 
a l s o  i d e n t i f i e d  on a l l  t h e  r e c o r d  s e c t i o n s .  I n  
i d e n t i f y i n g  t h e  l a t e r  p h a s e s  I r e l i e d  main ly  on 
a n  a b r u p t  ( w i t h i n  o n e  c y c l e )  i n c r e a s e  i n  s i g n a l  
a m p l i t u d e  as  w e l l  a s  coherence  a c r o s s  more t h a n  
t h r e e  o r  f o u r  r e c o r d s .  I was f u r t h e r  b i a s e d  

F i g u r e  3 .  A )  Vertical  component r e c o r d  
s e c t i o n  f o r  CCM s h o t s  on  l i n e  D .  Trave l - t ime 
c u r v e s  a r e  computed from model i n  f i g u r e  3 C .  
B )  Vertical  component r e c o r d  s e c t i o n  f o r  QR 
s h o t  o n  l i n e  D.  
C )  V e l o c i t y  model f o r  l i n e  D .  P v e l o c i t i e s  and 
S v e l o c i t i e s  ( i n  p a r e n t h e s i s )  a r e  i n  km/sec. 
'The s o l i d  p o r t i o n s  of  t h e  i n t e r f a c e s  i n  t h e  
model i n d i c a t e  t h e  p a r t s  of  t h e  i n t e r f a c e s  f o r  
which o b s e r v a t i o n s  of  r e f r a c t e d  and r e f l e c t e d  
waves e x i s t .  
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F i g u r e  4 .  H o r i z o n t a l  componerit r e c o r d  s e c t i o n s  f o r  l i n e  D. The 
t r a v e l - t i m e  c u r v e s  l a b e l e d  S1, S 3  and SR5 were computed from model i n  
f i g u r e  3C. 
n o r t h  and e a s t  components. 

S e c t i o n  A i s  f o r  CCM s h o t s .  The t r a c e s  l a b e l e d  N and E a r e  
S e c t i o n  B i s  f o r  t h e  QR s h o t .  

toward p h a s e s  which c o u l d  be f i t  by smooth 
t r a v e l t i m e  c u r v e s  s u c h  a s  t h o s e  produced by 
r e f r a c t i o n s  and  r e f l e c t i o n s  from p l a n a r  p o r t i o n s  
of  i n t e r f a c e s ,  F i n a l l y ,  s i n c e  many s h o t s  were 
used on e a c h  l i n e ,  I r e q u i r e d  t h a t  l a t e r  p h a s e s  
be seen  on r e c o r d s  from s e v e r a l  s h o t s  b e f o r e  
c o n s i d e r i n g  them s i g n i f i c a n t .  A r r i v a l  times and 
a m p l i t u d e s  were measured and a s s i g n e d  a n  
u n c e r t a i n t y  f o r  t h e s e  la ter  p h a s e s .  A scatter 
of  a r r i v a l  times of  2 0.1  sec a b o u t  p o t e n t i a l  
smooth t r a v e l t i m e  c u r v e s  was commonly f o u n d - f o r  
t h e s e  la ter  phases .  

Shear  waves were observed  o n  a l l  t h e  l i n e s  
and i d e n t i f i e d  as  s u c h  by t h e i r  p h a s e  
v e l o c i t i e s ,  less t h a n  4.5  km/sec. Record 
s e c t i o n s  w i t h  a r e d u c i n g  v e l o c i t y  of  3.5 km/sec 
were produced t o  enhance  t h e  v i s i b i l i t y  of  S 
waves f o r  s e v e r a l  v e r t i c a l  and h o r i z o n t a l  
component p r o f i l e s .  They are shown i n  F i g u r e s  
4 ,  6 and 7 .  

I n t e r p r e t a t i o n  of S e i s m i c  R e f r a c t i o n  Data 

The seismic v e l o c i t y  s t r u c t u r e  a l o n g  t h e  
l i n e s  was modeled as uni form v e l o c i t y  l a y e r s  
s e p a r a t e d  by p l a n a r  d i p p i n g  i n t e r f a c e s .  
S l i g h t l y  more c o m p l i c a t e d  s t r u c t u r e  was a l lowed 
n e a r  t h e  s u r f a c e  t o  a c c o u n t  f o r  t h e  a l l u v i a l  
f i l l e d  b a s i n s  c r o s s e d  by t h e  p r o f i l e s .  The 
d i p p i n g  l a y e r  models  were f i t  t o  t h e  observed  

t r a v e l  times by a n  i t e r a t i v e  weighted ,  
l e a s t - s q u a r e s  i n v e r s i o n  program ( S t a u b e r ,  
1980). The r e c i p r o c a l s  of  t h e  u n c e r t a i n t i e s  i n  
t h e  measurements were used a s  w e i g h t s  so t h a t  
p o o r l y  de te rmined  o b s e r v a t i o n s  had o n l y  a weak 
i n f l u e n c e  on  ,the model compared t o  well 
determined  o b s e r v a t o n s .  The S wave o b s e r v a t i o n s  
formed a less comple te  s e t  of p h a s e s  t h a n  t h e  P 
wave o b s e r v a t i o n s .  Consequent ly  S wave 
v e l o c i t i e s  were o b t a i n e d  f o r  t h e  models  by 
keeping  t h e  l a y e r  b o u n d a r i e s  f i x e d  a t  t h e  
p o s i t i o n s  de te rmined  by t h e  P wave t r a v e l  times 
and t h e n  s o l v i n g  f o r  t h e  S v e l o c i t i e s  w i t h i n  t h e  
l a y e r s  w i t h  t h e  same i n v e r s i o n  program. Having 
d i s c u s s e d  t h e  d a t a  r e d u c t i o n  and t h e  
i n t e r p r e t a t i v e  method, w e  c a n  proceed t o  d i s c u s s  
t h e  r e s u l t s  f o r  t h e  i n d i v i d u a l  l i n e s .  

L i n e  D i s  t h e  l o n g e s t ,  most f u l l y  r e v e r s e d  
p r o f i l e .  T r a v e l  t i m e s  from t h e  d i p p i n g  l a y e r  
model, shown i n  F i g u r e  3C, a r e  p l o t t e d  on t h e  
r e c o r d  s e c t i o n s  i n  F i g u r e  3 and 4 .  The f i r s t  Y 
a r r i v a l s  n e a r  CCM, F i g u r e  3A, are  e x p l a i n e d  by 
t h r e e  l a y e r s  w i t h  v e l o c i t i e s  o f  4 . 6 8 ,  5.17 and 
5.96 km/sec as d e p t h  i n c r e a s e s .  11 km n o r t h w e s t  
of CCM, F i g u e r  3 A ,  t h e  p r o f i l e  c r o s s e s  from a 
r a n g e  i n t o  a b a s i n  and t h e  f i r s t  a r r i v a l s  are 
d e l a y e d  by 0.10 t o  0 .14 sec. Assuming a v a l l e y  
f i l l  w i t h  a v e l o c i t y  of  2.0 km/sec t h i s  
c o r r e s p o n d s  t o  a f i l l  t h i c k n e s s  of  0.22 t o  0.30 
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Figure  5.  Vertical component r e c o r d  s e c t i o n s  
f o r  l i n e  B .  S e c t i o n  A i s  f o r  CAG s h o t s  and 
s e c t i o n  B i s  f o r  CCM s h o t s .  Trave l - t ime c u r v e s  
a r e  computed from t h e  model i n  f i g u r e  5C. P and  
S ( i n  p a r e n t h e s i s )  v e l o c i t i e s  i n  f i g u r e  5C a r e  
i n  km/sec . 

km. A t  40 km t h e  f i r s t  a r r i v a l s  a r e  o f f s e t  
about  0 .2  sec. T h i s  c o r r e s p o n d s  t o  a l a t e r a l  
o f f s e t  i n  t h e  r e c o r d i n g  l o c a t i o n s .  The two 
segments ,  less  t h a n  40  km and more t h a n  40  km, 
a r e  r a d i a l  t o  CCM b u t  are about  1 5 "  a p a r t  i n  
azimuth.  T h i s  o f f s e t  r e p r e s e n t s  a l a t e r a l  
v a r i a t i o n  i n  t h e  n e a r  s u r f a c e  s t r u c t u r e .  F i r s t  
a r r i v a l s  from 4 0  t o  90 km and from 0 t o  9 0  km 
f o r  t h e  QR s h o t  d e f i n e  a p p a r e n t  v e l o c i t i e s  of 
6.0 km/sec. The p h a s e s  marked R4 on t h e  CCM and  
QR r e c o r d  s e c t i o n s  are i n t e r p r e t e d  as  
r e f l e c t i o n s  from t h e  t o p  of  t h e  6.64 km/sec 
l a y e r ,  t h e  f o u r t h  i n t e r f a c e  i n  t h e  model. These  
r e f l e c t i o n s  c o n t r o l  t h e  p o s i t i o n  of t h e  t o p  of  
t h i s  l a y e r .  
i n t e r p r e t e d  a s  r e f l e c t i o n s  from t h e  bot tom of  
t h i s  l a y e r ,  t h e  f i f t h  i n t e r f a c e  of t h e  model. 
The p o r t i o n  of  t h e s e  p h a s e s  a t  l a r g e  d i s t a n c e  
c o n t r o l s  t h e  v e l o c i t y  (6 .64 km/sec) i n  t h e  l a y e r  

The p h a s e s  marked R5 a r e  

and t h e  n e a r e r  s h o t  p o r t i o n s  c o n t r o l  t h e  d e p t h  
t o  t h e  base .  Small  f i r s t  a r r i v a l s  n e a r  160  km 
f o r  t h e  QR s h o t  i n  F i g u r e  3B a r e  i n t e r p r e t e d  a s  
r e f r a c t e d  waves from below t h e  6.64 km/sec 
l a y e r .  Using t h i s  i n t e r p r e t a t i o n ,  one  o b t a i n s  a 
v e l o c i t y  of 7 .4  km/sec below t h e  f i f t h  i n t e r f a c e .  

S waves were a l s o  o b s e r v e d  and modeled on 
l i n e  D.  For  t h e  CCM s h o t ,  F i g u r e  3A,  a c l e a r  
i m p u l s i v e  low f requency  (2-5 h z )  p h a s e  l a b e l e d  
S3 w i t h  a n  a p p a r e n t  v e l o c i t y  of  3 .5  km/sec i s  
v i s i b l e  between 35 and  65 km. Record s e c t i o n s  
f o r  h o r i z o n t a l  components r e c o r d e d  on L i n e  I) 
from b o t h  s h o t p o i n t s  a r e  p l o t t e d  w i t h  a reducing  
v e l o c i t y  of 3 . 5  km/sec i n  F i g u r e  4 .  

F o r  t h e  QR s h o t p o i n t ,  F i g u r e  4B, a tenuous 
phase  ( l a b e l e d  S3) w i t h  a n  a p p a r e n t  v e l o c i t y  of  
3 .5  km/sec and a n  i n t e r c e p t  t ime n e a r  2 seconds 
i s  s e e n .  A r e f l e c t e d  p h a s e ,  SR5, i s  c l e a r l y  
v i s i b l e ,  p a r t i c u l a r l y  a t  l a r g e r  d i s t a n c e s .  For  
t h e  r e v e r s e  d i r e c t i o n ,  a t  CCM s h o t p o i n t  i n  
F i g u r e  4A, low f r e q u e n c y  S3  and SR5 p h a s e s  a r e  
a g a i n  v i s i b l e .  Assuming t h a t  t h e s e  S phases  
were g e n e r a t e d  a t  t h e  s o u r c e ,  and h o l d i n g  t h e  
l a y e r  boundares  f i x e d  i n  t h e  p o s i t i o n s  
de te rmined  by t h e  P waves,  t h e  S v e l o c i t i e s  of  
t h e  l a y e r s  were found by t h e  l e a s t  s q u a r e  
i n v e r s e  program and are p l o t t e d ,  i n  p a r e n t h e s i s  
on t h e  model f o r  l i n e  D ,  F i g u r e  3C. The 
t r a v e l - t i m e  c u r v e s  f o r  t h e  observed  S phases  
produced by t h e  model a r e  p l o t t e d  a s  s o l i d  l i n e s  
i n  t h e  r e v e r s e d  s e c t i o n s  of F i g u r e s  3 and 4 .  

Record s e c t i o n s  and  t h e  model f o r  l i n e  B a r e  
shown i n  F i g u r e  5. The a m p l i t u d e s  of t h e  
seismograms have been  s c a l e d  by d i s t a n c e  
s q u a r e d .  The f i r s t  a r r i v a l s  d e f i n e  s e v e r a l  
l i n e a r  segments  which a r e  modeled by t h i n  l a y e r s  
w i t h  P v e l o c i t i e s  o f  4 .63,  5 .43 o v e r  a t h i c k e r  
l a y e r  w i t h  a P v e l o c i t y  of 5.94 km/sec. These 
t r a v e l t i m e  c u r v e s  a r e  o f f s e t  when t h e y  c r o s s  two 
b a s i n s  a l o n g  t h e  p r o f i l e ,  i n d i c a t e d  i n  F i g u r e  
5. Between 1 0  and 20 km from t h e  CAG q u a r r y ,  
F i g u r e  5 A ,  t h e  p r o f i l e  c r o s s e s  Boulder  Val ley  
and t h e  P 2  p h a s e  i s  d e l a y e d  by 0.2 seconds .  
Between 1 8  a n d  26 km from t h e  CCM q u a r r y ,  F i g u r e  
5B, t h e  Reese River  V a l l e y  i s  c r o s s e d  n e a r  
B a t t l e  Mountain and t h e  P 3  phase from CCM i s  
d e l a y e d  0.4 seconds .  Assuming a v a l l e y - f i l l  
v e l o c i t y  of 2 .0  km/sec,  d e l a y s  of 0.2 and 0.4 
seconds  cor respond t o  f i l l  t h i c k n e s s  of  0.43 and 
0.85 km. A r e f l e c t i o n ,  l a b e l e d  R4 on F i g u r e  5 
i s  v i s i b l e  a t  d i s t a n c e s  g r e a t e r  t h a n  3 5  km and 
h a s  a similar c h a r a c t e r  as t h e  R4 r e f l e c t i o n  
o b s e r v e d  on L i n e  D. T h i s  r e f l e c t i o n  i s  modeled 
by a n  i n c r e a s e  i n  v e l o c i t y  t o  6.7 km/sec below 
t h e  5.94 km/sec l a y e r .  
enough t o  see t h e  wide a n g l e  R5 r e f l e c t i o n s  
which would c o n s t r a i n  t h e  v e l o c i t y  of  6 .7  
km/sec,  t h i s  v a l u e  w a s  assumed and h e l d  f i x e d .  
6 .7  km/sec i s  t y p i c a l  of  t h e  v e l o c i t y  found i n  
t h e  lower  c r u s t  of t h e  o t h e r  r e f r a c t i o n  l i n e s  i n  
t h e  area. A s t r o n g  r e f l e c t i o n ,  l a b e l e d  R5, i s  
v i s i b l e  beyond 60 km f o r  b o t h  s h o t p o i n t s .  
r e f l e c t i o n  c o n s t r a i n s  t h e  b a s e  of t h e  6.7 km/sec 
l a y e r  a t  a d e p t h  of a b o u t  23 km below t h e  
s u r f  ace. 

S i n c e  l i n e  B i s  n o t  l o n g  

T h i s  
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F i g u r e  6 .  Vertical component r e c o r d  s e c t i o n  f o r  CCM s h o t s  on l i n e  11 
w i t h  a r e d u c i n g  v e l o c i t y  of  3 .5  
c a l c u l a t e d  from model i n  f i g u r e  

Low f r e q u e n c y  S waves w i t h  a n  a p p a r e n t  
v e l o c i t y  n e a r  3.5 km/sec a r e  v i s i b l e  f o r  t h e  CCM 
s h o t s ,  S3 on F i g u r e s  5B and 6. On F i g u r e  6 ,  a 
h i g h  f r e q u e n c y  ref lect  i o n ,  S i b ,  is  v i s i b l e  n e a r  
70 km a t  a reduced  time n e a r  f, seconds .  No S 
waves were observed  on t h e  comperable  r e c o r d  
s e c t i o n  from CAG s h o t s .  I f  ttiese two p h a s e s  a r e  
i n t e r p r e t e d  as  S waves g e n e r a t e d  a t  t h e  s o u r c e ,  
and t h e  l a y e r  boundar ies  are f i x e d  by t h e  P wave 
t r a v e l  times, t h e n  t h e  upper  arid lower  c r u s t a l  S 
v e l o c i t i e s  a r e  3.52 and 3 .15  km/sec.  The 
a v e r a g e  s h e a r  v e l o c i t y  of  3.15 km/sec f o r  t h e  
lower  c r u s t ,  P v e l o c i t y  of 6.7 kmlsec ,  i s  
u n u s u a l l y  low. 

Record s e c t i o n s  and a model f o r  l i n e  A are 
shown i n  F i g u r e  7 .  Ampli tudes are s c a l e d  t o  
y i e l d  approximate ly  c o n s t a n t  maximum a m p l i t u d e  
on  e a c h  t r a c e .  F i r s t  a r r i v a l s  between 10 and  
1 1 0  km have a n  a p p a r e n t  v e l o c i t y  of  5.97 
kmlsec. Between 1 0  and 60  km t h e  r e c o r d i n g  
s i tes  were l o c a t e d  i n  t h e  sed iment  f i l l e d  Reese 
R i v e r  V a l l e y .  Two s t a t i o n s ,  one  n e a r  21  km and 
o n e  a t  39.5 km were l o c a t e d  on bedrock  o u t c r o p s  
t h r o u g h  t h e  sed iment  f i l l .  
t h e s e  two s t a t i o n s  and f o r  s t a t i o n s  beyond 60  km 
a r e  0.15 t o  0.20 seconds e a r l i e r  t h a n  t h e  
s t a t i o n s  on t h e  v a l l e y  f i l l .  Assuming a v a l l e y  
f i l l  v e l o c i t y  of  2 .0  km/sec, a b o u t  0.32 t o  0.42 
km of  v a l l e y  f i l l  o c c u p i e s  t h e  Reese R i v e r  
V a l l e y  s o u t h  of  CCM. Beyond 1 5 0  km, t h e  f i r s t  
a r r i v a l s  have a n  a p p a r e n t  v e l o c i t y  of  7.8 
kmlsec.  
2.6 s e c  a l a r g e  ampl i tude  r e f l e c t i o n  w i t h  a n  
a p p a r e n t  v e l o c i t y  n e a r  7.8 kmlsec i s  clear and 
w a s  c a l l e d  t h e  R5 r e f l e c t i o n .  An a b r u p t  
i n c r e a s e  i n  t h e  low-frequency s i g n a l  a t  reduced  
times n e a r  0.0 sec was p i c k e d  between 1 8 0  km and 

F i r s t  a r r i v a l s  a t  

S t a r t i n g  a t  60 km and a reduced  t i m e  of  

km/sec. S wave t r a v e l - t i m e  c u r v e s  a r e  
5c 

t h e  end of  t h e  l i n e  and i d e n t i f i e d  as  RS 
Another  r e f l e c t i o n ,  R4, was p i c k e d  between 9 
and 160  km a t  reduced  times n e a r  1 . 4  sec an 
w i t h  a n  a p p a r e n t  v e l o c i t y  n e a r  6.0 kmlsec. R 
a r r i v a l s  between 60  and 90 km are a l s o  v i s i b l  
i n  F i g u r e  7 A .  They were based on a n  i n c r e a s e  i 
t h e  a m p l i t u d e  o f  t h e  s i g n a l  e x c e p t  a t  t h e  t w  
s t a t i o n s  n e a r e s t  80 km where t h e  s i g n a l  l e v e  
a b r u p t l y  d e c r e a s e d  a t  t h e  e x p e c t e d  a r r i v a  
time. T h i s  i s  p r o b a b l y  d u e  t o  d e s t r u c t i v  
i n t e r f e r e n c e  between t h e  R4 s i g n a l  and t h e  coda 
of e a r l i e r  a r r i v i n g  phases .  

Looking a t  f i g u r e  2 ,  one c a n  s e e  t h a t  o n e  c 
t h e  NTS p r o f i l e s  of S t a u b e r  and  Boore (14178) 
c o i n c i d e s  w i t h  l i n e  A between CCM and A u s t i n .  
The two l i n e s  d i f f e r  i n  az imuth  by a b o u t  10 
d e g r e e s .  S o u t h  of A u s t i n ,  t h e  t w o  l i n e s  d i v e r g  
more s t r o n g l y .  An expanded view of t h e  l i n e  
l o c a t i o n s  a round and  s o u t h  of  A u s t i n  i s  shown i 
f i g u r e  8. The heavy s o l i d  l i n e  shows t h e  
l o c a t i o n  of t h e  r e c o r d i n g  s i tes  f o r  CCM s h o t s  
which were used t o  produce t h e  r e c o r d  s e c t i o n  i 
f i g u r e  7A. The l i n e  between CCM and NTS i s  
shown w i t h  a dashed  l i n e  i n  f i g u r e  8. Record in  
si tes f o r  NTS e v e n t s  are  shown w i t h  c i rc les  nea  
t h e  CCM t o  NTS l i n e .  S i x  s i t e s  i n  t h e  Toquima 
Range a l o n g  t h i s  l i n e  recorded  CCM s h o t s  and 
t h e s e  are shown w i t h  t r i a n g l e s  i n  f i g u r e  8 .  
U n f o r t u n a t e l y ,  t h e  s h o t  time is  n o t  known f o r  
t h e  CCM r e c o r d i n g s  made i n  t h e  Toquima Range s o  
o n l y  a p p a r e n t  v e l o c i t y  i n f o r m a t i o n  c a n  be 
e x t r a c t e d  from t h e  seismograms. Reduced 
t r a v e l - t i m e s  from S t a u b e r  and Boore (1980) f o r  
NTS e v e n t s  r e c o r d e d  on t h e  f o u r  p r o f i l e s  
i n d i c a t e d  i n  f i g u r e  2 a r e  p l o t t e d  i n  F i g u r e  9. 
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7-48 KMAEC r 0.17 t r a v e l - t i m e  p r e d i c t e d  by model ing d i s c u s s e d  
l a t e r .  Because of  t h e  emergent  n a t u r e  of  t h e  
SR5 r e f l e c t i o n ,  t h e  p icked  t i m e s  a r e  expec ted  t o  
be l a t e  and ,  by i n s p e c t i o n  of f i g u r e  7B, t h e  
t r u e  a r r i v a l  t i m e s  might  r e a s o n a b l y  b e  e x p e c t e d  

0 7.81 KM/SEC 2 0.13 1 t o  b e  up t o  1 . 5  sec ear l ier  t h a n  t h e  p i c k s .  
- 

A n r3 v The t r a v e l  times o f  t h e  l a r g e - a m p l i t u d e  SR5 
0 I - 0  

240 260 280 300 
A ( KM FROM NTS 

F i g u r e  10 .  Reduced t r a v e l  times f o r  s t a t i o n s  
l o c a t e d  a l o n g  t h e  l i n e  between Copper Canyon and  
NTS. Top p a n e l  h a s  times r e c o r d e d  i n  t h e  
Toquima Range f o r  CCM s h o t s .  The l o c a t i o n s  of  
t h e s e  s t a t i o n s  are shown w i t h  t r i a n g l e s  on 
f i g u r e  8. The bot tom p a n e l  h a s  reduced  t r a v e l  
times f o r  NTS s h o t s  r e c o r d e d  i n  t h e  n o r t h e r n  
Toiyabe Range. The s t a t i o n  l o c a t i o n s  are shown 
a s  c i rc les  i n  f i g u r e  8 .  Least s q u a r e  l i n e a r  
f i t s ,  t h e i r  s l o p e s  and  one s t a n d a r d  d e v i a t i o n  i n  
t h e  u n c e r t a i n t y  of  t h e s e  s l o p e s  are shown. 

Another  e s t i m a t e  of  t h e  P5 v e l o c i t y  between 
Winnemucca and A u s t i n  c a n  be o b t a i n e d  from t h e  
a r r i v a l  times on t h e  Winnemucca NTS p r o f i l e ,  
F i g u r e  9.  T h i s  p r o f i l e  c r o s s e s  both  L i n e  D and  
t h e  r e f r a c t i o n  l i n e  o f  E a t o n  (1963) .  Using t h e  
c r u s t a l  v e l o c i t i e s  and  t h i c k n e s s  f rom t h e s e  two 
c r o s s  l i n e s  and  t h e  t r a v e l  times from NTS a t  t h e  
i n t e r s e c t i o n s ,  t h e  upper  m a n t l e  v e l o c i t y  between 
c a n  be measured.  The  v a l u e  t h a t  r e s u l t s  i s  7.73 
km/sec. A change  i n  c r u s t a l  t h i c k n e s s  on o n e  of 
t h e  c r o s s  l i n e s  of 2 km, w i t h i n  t h e  u n c e r t a i n t y  
of  t h e  d e t e r m i n a t i o n s ,  c a n  change  t h e  d e r i v e d  
v e l o c i t y  by 0.08 km/sec.  U n c e r t a i n t i e s  i n  t h e  
t r a v e l  times from NTS of  0 .10  sec due  t o  t h e  
scatter of p o i n t s ,  n o t  measurement a c c u r a c y ,  c a n  
change t h e  computed v e l o c i t y  by 0.05 km/sec. 
T h e r e f o r e ,  t h e  e r r o r  i n  t h e  upper  m a n t l e  
v e l o c i t y  of  7 .73 km/sec c o u l d  be as l a r g e  a s  
0 .13 km/sec. 
i s  c l o s e  t o  t h e  v a l u e  7.65 2 0.11  km/sec 
o b t a i n e d  n e a r  A u s t i n  and 7.69 km/sec o b t a i n e d  
from t h e  l i n e  A model. 

T h i s  v a l u e  of  7.73 2 0 . 1 3  km/sec 

A r e c o r d  s e c t i o n  was a l s o  p l o t t e d  w i t h  a 
r e d u c i n g  v e l o c i t y  o f  3 .5  km/sec t o  f a c i l i t a t e  
t h e  i d e n t i f i c a t i o n  of s h e a r  waves ( F i g .  7B). 
The v e r t i c a l  component r e c o r d i n g s  show a l a r g e  
i n c r e a s e  i n  a m p l i t u d e  between 70  km, 5 . 5  sec, 
and 130 km, 4.5 sec. T h i s  i s  p r o b a b l y  a n e a r  
c r i t i c a l - a n g l e  s h e a r  wave r e f l e c t i o n ,  p o s s i b l y  
SR5, t h e  s h e a r  wave e q u i v a l e n t  of  t h e  R 5  
r e f l e c t i o n .  
symbols. The s o l i d  l i n e  shows p a r t  of t h e  SR5 

The p i c k s  are i n d i c a t e d  by p l u s  (+) 

a r r i v a l s  beyond 70 km i n  F i g u r e  7B were i n v e r t e d  
t o  o b t a i n  a n  a v e r a g e  s h e a r  v e l o c i t y  i n  t h e  lower  
c r u s t  a long  l i n e  A.  The d e p t h  and d i p  of t h e  
i n t e r f a c e s  f rom i n v e r s i o n  of t h e  P t r a v e l  times 
were h e l d  f i x e d  and t h e  S 3  s h e a r  v e l o c i t y  was 
h e l d  a t  3.52 km/sec,  t h e  v a l u e  from l i n e  B .  The 
r e s u l t i n g  v e l o c i t y  i n  t h e  lower  c r u s t  i s  3.35 
km/sec.  T h i s  s h o u l d  b e  c o n s i d e r e d  a minimum 
s i n c e  t h e  a r r i v a l s  a r e  emergent  and one  e x p e c t s  
measured times t o  b e  b i a s e d  toward l a r g e  
v a l u e s .  S u b t r a c t i n g  1 . 5  sec from a l l  t h e  SK5 
t r a v e l  times, c o r r e s p o n d i n g  t o  t h e  e a r l i e s t  
r e a s o n a b l e  t i m e ,  c a u s e s  t h e  v e l o c i t y  t o  i n c r e a s e  
by 0 .30  km/sec t o  3.65 km/sec. Because no 
h o r i z o n t a l  component r e c o r d s  a r e  a v a i l a b l e ,  t h e  
emergent  n a t u r e  of  t h e  a r r i v a l s ,  and p o s s i b l e  
m i s i d e n t i f i c a t i o n  of t h e  r a y p a t h ,  I a m  n o t  
c o n f i d e n t  of  t h e  lower  c r u s t a l  s h e a r  v e l o c i t i e s  
o b t a i n e d  a l o n g  l i n e s  A and B.  

A c r u s t a l  c r o s s  s e c t i o n  w i t h  a v e r t i c a l  
e x a g g e r a t i o n  of  2.5 c o n s t r u c t e d  from t h e  l a y e r e d  
model i n t e r p r e t a t i o n s  of L i n e s  A ,  B and  D i s  
g i v e n  i n  F i g u r e  11. 
w i t h  t h e  l i n e  A s t r u c t u r e  e x t e n d i n g  s o u t h  from 
CCM and t h e  l i n e  D s t r u c t u r e  e x t e n d i n g  nor thwes t  
f rom CCM. The s t r u c t u r e  f rom l i n e  B i s  
p r o j e c t e d  t o  t h e  c r o s s  s e c t i o n  a t  t h e  v e r t i c a l  
b a r  below CCM. P and  S v e l o c i t i e s ,  t h e  l a t te r  
i n  p a r e n t h e s i s ,  a r e  shown where de te rmined .  The 
s t r u c t u r e  proposed  by Eaton  (1963)  i s  shown a t  
t h e  v e r t i c a l  b a r  below t h e  l o c a t i o n  of Aus t in .  
The l o c a t i o n  of  t h e  h e a t  f l o w  h i g h ,  HFH, i s  
shown by t h e  b a r  a t  t h e  t o p .  I i n t e r p r e t  t h e  
r e g i o n  w i t h  P v e l o c i t i e s  g r e a t e r  t h a n  7 km/sec 
t o  be mant le .  The c r u s t ,  t h e n ,  v a r i e s  i n  
t h i c k n e s s  f rom 3 4  km a t  t h e  SE end t o  23.5 km 
n e a r  CCM and 30.5 km j u s t  SE of  Qk. T h i s  
s t r u c t u r e  c o n f i r m s  t h e  p r e v i o u s  i n t e r p r e t a t i o n s  
by S t a u b e r  and  Boore (1978) and  P r i e s t l y  and 
o t h e r s  (1982)  t h a t  t h e  e a r l y  Pn a r r i v a l s  i n  
n o r t h e r n  Nevada a r e  due  t o  a t h i n n i n g  of t h e  
c r u s t  i n  t h e  Lake Lahonton d e p r e s s i o n  and n o t  
because  of  a n  i n c r e a s e  i n  t h e  c r u s t a l  o r  upper  
m a n t l e  P v e l o c i t i e s .  

The s e c t i o n  bends a t  CCM 

Using t h e  d e t a i l e d  r e f r a c t i o n  l i n e s  from 
t h i s  s t u d y  and  t h o s e  of  E a t o n  (1963)  and H i l l  
and P a k i s e r  (1966)  and  t h e  u n r e v e r s e d  r e f r a c t i o n  
l i n e s  of S t a u b e r  and  Boore (1978)  and P r i e s t l y  
a n d  o t h e r s  ( 1 9 8 2 ) ,  a f a i r l y  d e t a i l e d  map of  t h e  
e l e v a t i o n  of  t h e  c r u s t - m a n t l e  boundary c a n  be 
c o n s t r u c t e d  f o r  n o r t h e r n  Nevada, F i g u r e  12A. To 
i n t e r p o l a t e  o r  e x t r a p o l a t e  t h e  c r u s t a l  
t h i c k n e s s ,  between and  around t h e  r e v e r s e d  
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F i g u r e  11. 
bends a t  CCM w i t h  t h e  l i n e  A model shown t o  t h e  r i g h t  and  t h e  l i n e  D 
s t r u c t u r e  shown on t h e  l e f t .  
1963 l i n e  a r e  shown a l o n g  t h e  v e r t i c a l  l i n e s  which mark t h e  i n t e r s e c t i o n s  
of  t h e s e  l i n e s  w i t h  t h e  cross s e c t i o n .  The p o s i t i o n  o f  t h e  
l i t h o s p h e r e - a s t h e n o s p h e r e  boundary p u b l i s h e d  by P r i e s t l e y  a n d  Brune 
(1978)  i s  shown n e a r  t h e  s o u t h e a s t  end and t h e  l o c a t i o n  of t h e  Heat Flow 
high  of Lachenbruch and  S a s s  (1476)  i s  i n d i c a t e d  w i t h  t h e  h o r i z o n t a l  ba r  

Composi te  cross s e c t i o n  a l o n g  l i n e s  A and D. The p r o f i l e  

The v e l o c i t y  model f o r  l i n e  B and E a t o n ' s  

a t  t h e  t o p .  W I N  marks t h e  p o s i t i o n  of 

r e f r a c t o n  l i n e s  u s i n g  t h e  NTS o b s e r v a t i o n s ,  a n  
upper  m a n t l e  v e l o c i t y  o f  7.8 kmlsec was used.  
C r u s t a l  t h i c k n e s s  v a r i a t i o n s  were c a l c u l a t e d  
f rom t h e  d e v i a t i o n s  i n  a r r i v a l  times, from t h e  
7.8 kmfsec r e f r a c t i o n ,  by m u l t i p l y i n g  t h e  
a r r i v a l  time d e v i a t i o n s  by 10.0 f o r  t h e  f o u r  
p r o f i l e s  of S t a u b e r  and Boore (1978)  and by 9.4 
f o r  t h e  o b s e r v a t i o n s  o f  P r i e s t l y  a n d  o t h e r s  
(1982). The d i f f e r e n c e  i n  t h e  two c o n s t a n t s  
r e s u l t s  i n  a n e g l i g i b l e  d i f f e r e n c e  i n  
e l e v a t i o n .  The v a l u e  o f  10.0 a p p r o x i m a t e s  t h e  
case where t h e  r e l a t i v e  p r o p o r t i o n  of upper  and 
lower c r u s t  remains  c o n s t a n t  as t h e  t o t a l  
c r u s t a l  t h i c k n e s s  changes  and t h e  v a l u e  of 9.4 
i s  a p p r o p r i a t e  when t h e  lower  c r u s t  m a i n t a i n s  a 
c o n s t a n t  t h i c k n e s s .  Where t h e  d a t a  are s p a r s e  
t h e  p o s i t i o n s  of some c o n t o u r s  are  e s t i m a t e d  
w i t h  t h e  a i d  of  t h e  Bouguer g r a v i t y  f i e l d .  

Winnemucca. 

These c o n t o u r s  are  c o n s i s t e n t  w i t h  t h e  seismic 
o b s e r v a t i o n s ,  however. The most prominent  
f e a t u r e  i s  t h e  s h a l l o w  c r u s t - m a n t l e  boundary i n  
a r e g i o n  e x t e n d i n g  from Reno t o  t h e  Bat t le  
~lountain-Winnemucca area. The e l e v a t i o n s  r e a c h  
as h i g h  a s  -20 km. The e l e v a t i o n s  d e c r e a s e  t o  
between-30 and  -35 km i n  c e n t r a l  Nevada. The 
p a t t e r n  c o i n c i d e s  w i t h  t h e  r e g i o n a l  e l e v a t i o n  
map of n o r t h e r n  Nevada, F i g u r e  12C. The areas 
of  t h i n  c r u s t  c o r r e s p o n d s  t o  a r e g i o n a l  
t o p o g r a p h i c  low a n d  t h e  t h i c k  c r u s t  t o  a 
t o p o g r a p h i c  h i g h .  The c r u s t - m a n t l e  e l e v a t i o n  
map a l s o  correlates w i t h  t h e  r e g i o n a l  Bouguer 
g r a v i t y  f i e l d ,  F i g u r e  12B. The g r a v i t y  f i e l d  i s  
h i g h  where t h e  c r u s t - m a n t l e  boundary i s  s h a l l o w  
and t h e  g r a v i t y  v a l u e s  are low i n  c e n t r a l  Nevada 
where t h e  boundary i s  deep .  
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G r a v i t y  F i e l d  Modeling 

S i n c e  t h e  r e g i o n a l  c r u s t a l  t h i c k n e s s  and  
g r a v i t y  maps e x h i b i t  t h e  same l a r g e  s c a l e  
f e a t u r e s  i t  i s  r e a s o n a b l e  t o  a t t e m p t  t o  compare 
t h e  observed  g r a v i t y  f i e l d  w i t h  t h e  g r a v i t y  
f i e l d  c a l c u l a t e d  f rom t h e  c r u s t - m a n t l e  boundary 
map. T h i s  h a s  been a t t e m p t e d  by S t a u b e r  (1980) 
f o r  n o r t h - c e n t r a l  Nevada between 115" and 118" W 
l o n g i t u d e  and 3 9 "  a n d  42" N l a t i t u d e .  A 
smoothed v e r s i o n  of t h e  r e g i o n a l  g r a v i t y  f i e l d  
i s  p r e s e n t e d  i n  F i g u r e  1 3 A .  The g r a v i t y  d a t a  
used  i n  producing  F i g u r e  1 3 A  come from Erwin 

C 

120" 115" 
42" 

B 

4 0' 

30" 

F i g u r e  12. A )  E l e v a t i o n  below s e a  l e v e l ,  i n  
km, of  t h e  c r u s t - m a n t l e  boundary i n  nor thwes t  
Nevada from a l l  s o u r c e s .  L o c a t i o n  of t h e  B a t t l e  
Mountain Heat Flow High from Lachenbruch and 
S a s s  (1478) i s  shown by s t i p p l e d  p a t t e r n .  
B) Bouguer g r a v i t y  map of  n o r t h e r n  Nevada from 
Eaton  (1978) .  Contour  i n t e r v a l  i s  2 0  mgal. 
Shading d e n s i t y  i n c r e a s e s  as  anomaly d e c r e a s e s .  
C )  Regional  topography of  n o r t h w e s t e r n  Grea t  
B a s i n  from Diment and Urban (1Y81). Contour 
i n t e r v a l  i s  0 . 2  kin and v a l u e s  a r e  i n  km. 

( 1 9 7 4 ) ,  Erwin and B i t t l e s t o n  ( 1 Y 7 7 ) ,  and 
Woollard and  J o e s t i n g  (1964) .  The lowpass  
smoothing f i l t e r  had a c o r n e r  wavelength of 3 5  
km t o  smooth o u t  t h e  anomal ies  of i n d i v i d u a l  
b a s i n s  and r a n g e s  ( S t a u b e r ,  1980). The c r u s t  
m a n t l e  e l e v a t i o n  map was approximated  by a set  
of  p o l y g o n a l  b o u n d a r i e s  shown on  f i g u r e  138.  
The p o l y g o n a l  b o u n d a r i e s  were d e r i v e d  from a n  
o l d e r  v e r s i o n  of  f i g u r e  1 2 A .  The c h i e f  
d i f f e r e n c e  between t h e  two v e r s i o n s  i s  i n  t h e  
southwes t  c o r n e r  of f i g u r e  12A. Use of t h e  
o l d e r  p o l y g o n a l  b o u n d a r i e s  r e s u l t s  i n  a m i s f i t  
between t h e  observed  and computed g r a v i t y  i n  
t h a t  c o r n e r  which w i l l  be p o i n t e d  o u t  l a t e r .  A 
s h e e t  of e x c e s s  mass n o r t h  o f  42" and e a s t  of  
118" was added  t o  a p p r o x i m a t e  t h e  e f f e c t s  of t h e  
Snake R i v e r  P l a i n  s t r u c t u r e .  The 3-D g r a v i t y  
program of P louf  (1975)  was used t o  compute t h e  
g r a v i t y  anomaly of t h e  p o l y g o n a l  b o d i e s .  The 
g r a v i t y  program a l s o  de te rmined  t h e  d e n s i t y  
c o n t r a s t  f o r  which t h e  computed anomaly most 
c l o s e l y  matches ,  i n  a l e a s t - s q u a r e  s e n s e ,  t h e  
smoothed o b e s e r v e d  f i e l d  ( a l l  t h e  polygonal  
boundar ies  have  t h e  same d e n s i t y  c o n t r a s t )  . 
T h i s  d e n s i t y  c o n t r a s t  w a s  found t o  be 0.16 
g/cm3 and t h e  g r a v i t y  f i e l d  computed w i t h  t h i s  
c o n t r a s t  i s  p l o t t e d  i n  F i g u r e  13C. The r e s i d u a l  
f i e l d ,  t h e  d i f f e r e n c e  between t h e  observed  f i e l d  
i n  1 3 A  and t h e  computed f i e l d ,  1 3 C ,  i s  shown i n  
F i g u r e  13D. 
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F i g u r e  1 3  A )  Smoothed obse rved  Bouguer g r a v i t y  f i e l d .  Con tour s  a t  
5 mgal i n t e r v a l s .  
B )  
topography i n  f i g u r e  1 2 A .  
C )  G r a v i t y  anomaly c a l c u l a t e d  from 13B. 
D )  R e s i d u a l  g r a v i t y  f i e l d ,  f i g u r e  1 3 A  minus 1 3 C .  
mgal.  Ou tc rops  of v o l c a n i c  r o c k s  a s s o c i a t e d  w i t h  t h e  Miocene Nor the rn  
Nevada R i f t ,  Zoback and Thompson (1978), shown w i t h  d i a g o n a l  ha t ch ing .  

Po lygona l  boundar i e s  used t o  approximate  c rus t -man t l e  boundary 
Depths  are i n  km. 

Contour  i n t e r v a l  i s  5 mgal.  
Contour i n t e r v a l  i s  5 

The computed g r a v i t y  f i e l d ,  f i g u r e  1 3 C ,  f o r  mgal f o r  t h e  obse rved  g r a v i t y  maps. 
obv ious  r e s i d u a l  v i s i b l e  i n  f i g u r e  131) i s  a 
NNW-SSE s t r i k i n g  r i d g e  of p o s i t i v e  r e s i d u a l s  
c o i n c i d e n t  w i t h  t h e  Miocene N o r t h e r n  Nevada r i f t  
zone ( Zoback and  Thompson, 1978), which i s  
i n d i c a t e d  o n  f i g u r e  1 3 D .  The g r a v i t y  h i g h  a l o n g  
t h i s  r i f t  zone may r e s u l t  f rom t h e  p re sence  o f  

The most 
t h e  po lygona l  model of F i g u r e  13B which 
approx ima tes  t h e  c r u s t a l  model p re sen ted  i n  t h i s  
pape r  i s  similar t o  t h e  smoothed observed  
g r a v i t y .  
area r e l a t i v e  t o  c e n t r a l  Nevada n e a r  Eureka i n  
t h e  c a l c u l a t e d  g r a v i t y  map i s  50 mgal and  i s  60 

The g r a v i t y  h i g h  i n  t h e  Winnemucca 
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F i g u r e  1 4 .  
t h i c k n e s s  f o r  t h r e e  models of  l i t h o s p h e r i c  
e x t e n s i o n  t a k e n  f rom Lachenbruch and S a s s  
(1978) .  
f o r  t h e  B a t t l e  Mounta in  h e a t  f l ow h i g h  and 
normal Basin and Range a r e  i n d i c a t e d .  

Reduced h e a t  f l o w  v s  l i t h o s p h e r i c  

Reduced h e a t  f low r a n g e s  a p p r o p r i a t e  

h i g h  d e n s i t y  i n t r u s i v e  b o d i e s  i n  t h e  c r u s t  which 
a r e  a s s o c i a t e d  w i t h  t h e  Miocene r i f t i n g .  A 
s t e e p  g r a d i e n t  a l o n g  t h e  n o r t h  edge  of  t h e  
r e s i d u a l  g r a v i t y  map p robab ly  r e s u l t s  from a n  
i n a d e q u a t e  r e p r e s e n t a t i o n  of t h e  Snake R ive r  
P l a i n  s t r u c t u r e  t o  t h e  n o r t h .  'The n o r t h - s o u t h  
s t r i k i n g  c o n t o u r s  a l o n g  t h e  sou thwes t  edge of  
t h e  r e s i d u a l  g r a v i t y  map r e s u l t s  from t h e  use  of 
t h e  o l d e r  v e r s i o n  o f  t h e  Crust-Mantle  boundary 
e l e v a t i o n  map d i s c u s s e d  e a r l i e r .  F i n a l l y  t h e r e  
i s  a g r a d i e n t  r e s u l t i n g  i n  east-west s t r i k i n g  
c o n t o u r s  a t  a b o u t  t h e  l a t i t u d e  of  B a t t l e  
Mountain.  The w i d t h  of t h i s  g r a d i e n t  zone i s  
comparable  t o  t h e  c u t o f f  wavelength of t h e  
smoothing f i l t e r  u sed  on t h e  g r a v i t y  d a t a .  
Because of  t h i s  one c a n  on ly  say  t h a t  i t ' s  
s o u r c e  i s  s h a l l o w e r  t h a n  t h e  mid -c rus t ,  abou t  1 7  
km . 

The d e n s i t y  c o n t r a s t  of 0 .16 g/cm3 i s  
r a t h e r  s m a l l  f o r  t h e  d e n s i t y  c o n t r a s t  between 
t h e  c r u s t  and m a n t l e .  T h i s  i s  e s p e c i a l l y  
t roublesome s i n c e  F i g u r e  11 shows t h a t  t h e  
t h i c k n e s s  of t h e  lower  c r u s t  i s  r e l a t i v e l y  
c o n s t a n t  and t h e  main  c o n t r a s t  shou ld  b e  between 
man t l e  rocks  and uppe r  c r u s t a l  r o c k s .  One 
s o l u t i o n  t o  t h i s  problem i s  t o  p o s t u l a t e  a 
l a r g e r  d e n s i t y  c o n t r a s t  between t h e  c r u s t  and 
man t l e  and p a r t i a l l y  compensat ing low d e n s i t y  
anomaly below. One c a n d i d a t e  i s  t h e  l i t h o s p h e r e -  
a s t h e n o s p h e r e  boundary obse rved  a t  a d e p t h  of  65 
km i n  c e n t r a l  Nevada ( P r i e s t l y  and Brune,  1978)  
and shown-in F i g u r e  11. A d e n s i t y  c o n t r a s t  of 
0.08 g/cm3 a t  t h i s  boundary ( Crough and 
Thompson, 1Y76), a n d  a l i t h o s p h e r e  t h i c k n e s s  20 
t o  30 km l e s s  i n  n o r t h w e s t  Nevada t h a n  i n  

c e n t r a l  Nevada would a l l o w  a l a r g e r ,  0.3 t o  0.4 
g/cm3, d e n s i t y  c o n t r a s t  between t h e  c r u s t  and 
m a n t l e .  Thermal-mechanical models f o r  
l i t h o s p h e r i c  e x t e n s i o n  i n  t h e  B a s i n  and Kange 
P r o v i n c e  proposed by Lachenbruch and S a s s  (1478) 
p r e d i c t  r e l a t i o n s h i p s  between l i t h o s p h e r i c  
t h i c k n e s s ,  e x t e n s i o n  r a t e s  and s u r f a c e  h e a t  
f l u x .  F i g u r e  1 4 ,  reproduced from Lachenbruch 
and S a s s  (1978,  F i g u r e  l l ) ,  shows t h e  
re l a  t i o n s h i p  be tween l i t h o s p h e r i c  t h i c k n e s s  and 
reduced h e a t  f l ow f o r  t h r e e  proposed 
l i t h o s p h e r i c  e x t e n s i o n  models.  The r a n g e s  of 
reduced h e a t  f low a p p r o p r i a t e  f o r  normal Bas in  
and Range and t h e  B a t t l e  Mountain High are 
i n d i c a t e d .  One can see t h a t  t h e  l i t h o s p h e r i c  
t h i c k n e s s  d e c r e a s e s  w i t h  i n c r e a s i n g  h e a t  f low 
and t n a t  f o r  a l l  t h r e e  e x t e n s i o n  modes, t h e  
l i t h o s p h e r e  cou ld  be 1 5  t o  25 km t h i n n e r  i n  t h e  
h e a t  f low h igh  t h a n  i n  t h e  normal B a s i n  and  
Range. T h i s  i s  i n  t h e  r ange  which i s  c o n s i s t e n t  
w i t h  g r a v i t y  and s e i s m i c  o b s e r v a t i o n s  d i s c u s s e d  
above.  

Summa r y 

A combinat ion of unreversed r e f r a c t i o n  l i n e s  
u t i l i z i n g  NTS e v e n t s  as  s o u r c e s  and r e v e r s e d  
r e f r a c t i o n  l i n e s  u s i n g  qua r ry  b l a s t s  and 
b o r e h o l e  s h o t s  r e s u l t s  i n  a rough ly  no r th - sou th  
c r u s t a l  c r o s s  s e c t i o n  a c r o s s  t h e  B a t t l e  Mountain 
Heat Flow High,  nea r  B a t t l e  Mountian,  Nevada, 
shown i n  f i g u r e  11, and  a c o n t o u r  map of t h e  
c r u s t - m a n t l e  boundary e l e v a t i o n  i n  n o r t h e r n  
Nevada, f i g u r e  1 2 A .  The dominant f e a t u r e s  
observed a r e  t h e  a r e a  of t h i n  c r u s t  c o i n c i d i n g  
w i t h  t h e  Lake Lahontoii b a s i n  i n  n o r t h w e s t  Nevada 
and t h e  t h i c k  c r u s t  o c c u r r i n g  i n  t h e  c e n t r a l  
p a r t  of Nevada. On t h e  p r o f i l e  i n  f i g u r e  11, 
t h e  h e a t  f l ow h igh  c o r r e s p o n d s  t o  t h e  area of 
t h i n  c r u s t .  The c o r r e l a t i o n  between t h e  s p a t i a l  
e x t e n t  of t h e  hea t  f l ow h i g h ,  d e s c r i b e d  by 
Lachenbruch and S a s s  (1978) shown i n  f i g u r e  2 ,  
and t h e  t h i n  c r u s t  as shown i n  f i g u r e  1 2 A  i s  n o t  
p e r f e c t .  

The l ong  wavelength Bouguer g r a v i t y  f i e l d  
c o r r e l a t e s  w e l l  w i th  t h e  topography of t h e  
c rus t -man t l e  boundasy i n  n o r t h e a s t e r n  Nevada 
w i t h  high g r a v i t y  v a l u e s  o c c u r r i n g  where t h e  
c r u s t - m a n t l e  boundary i s  h i g h .  I f  t h e  
topography of t h e  c rus t -man t l e  boundary i s  t h e  
o n l y  sou rce  of t h e  Bouguer g r a v i t y  f i e l d ,  t h e n  a 
low d e n s i t y  c o n t r a s t ,  0 .16  g/cm3, between t h e  
a v e r a g e  c r u s t a l  and upper  man t l e  d e n s i t i e s  i s  
r e q u i r e d .  A l a r g e r  v a l u e  f o r  t h i s  d e n s i t y  
c o n t r a s t  i s  p e r m i t t e d  i f  t h e r e  i s  a p a r t l y  
compensat ing d e n s i t y  c o n t r a s t  a t  a n o t h e r  
boundary having a long  wavelength shape  s i m i l a r  
t o  t h e  c r u s t  mant le  boundary. One p o s s i b l e  
boundary i s  t h e  lithosphere-asthenosphere 
boundary which o c c u r s  a t  abou t  65  km d e p t h  i n  
c e n t r a l  Nevada ( P r i e s t l e y  and Brune, 1 9 7 8 ) .  The 
magnitude of t h e  g r a v i t y  h igh  obse rved  i n  t h e  
a r e a  of  t h i n  c r u s t  c o u l d  be e x p l a i n e d  by a 
lithosphere-asthenosphere boundary which i s  20 
t o  30 km h i g h e r  i n  t h e  Lake Lahonton b a s i n  t h a n  
i n  c e n t r a l  Nevada and a l a z g e r ,  0.3 t o  0 .4  
g/cm3 i n s t e a d  of 0.16 g/cm-' d e n s i t y  
d i f f e r e n c e  between t h e  ave rage  c r u s t a l  and t h e  
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upper  mant le  d e n s i t i e s .  F u r t h e r  t h r e e  
d i m e n s i o n a l  g r a v i t y  lnodeling u s i n g  t h e  updated 
c r u s t - m a n t l e  e l e v a t i o n  map of  f i g u r e  12A, which 
c o v e r s  a l a r g e r  r e g i o n  of  n o r t h w e s t e r n  Nevada, 
t h e  observed  Bouguer g r a v i t y  f i e l d  o v e r  t h i s  
l a r g e r  r e g i o n ,  and i n c l u d i n g  upper  m a n t l e  
d e n s i t y  v a r i a t i o n s  such  as topography on t h e  
l i t h o s p h e r e - a s t h e n ~ s p h e ~ e . b o u n d a r y  i s  n e c e s s a r y  
t o  make t h i s  d i s c u s s i o n  more q u a n t i t a t i v e .  
S i n c e  thermal -mechanica l  models of l i t h o s p h e r i c  
e x t e n s i b n  such  as  t h o s e  proposed by Lachenbruch 
and S a s s  (1978)  p r e d i c t  r e l a t i o n s h i p s  between 
l i t h o s p h e r i c  t h i c k n e s s ,  e x t e n s i o n  ra tes ,  and 
h e a t  f l o w ,  more e x t e n s i v e  g r a v i t y  model ing of 
t h e  upper  mant le  i n  n o r t h w e s t  Nevada i s  l i k e l y  
to  y i e l d  u s e f u l  c o n s t r a i n t s  on t h e  e x t e n s i o n  
mechanism of  t h e  l i t h o s p h e r e  i n  t h i s  r e g i o n .  
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