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H . A . l .  

Geo m o r p h i c  S t u d i es o f  P o s t - P l e i s t o c e n e  Def o rmat i o n Alo n g  

t h e  S a n  An d rea s F a u l t ,  W e s t  C e n t r al T r a n s v e r s e Ra n g e s, 

C a l i fo r n i a  

Pr i n c i p a l  I n ves t i g a t o r s : Jo h n  C .  C r o w ell a n d  Ro b e r t  M .  No r r i s 

U n i v e r s i ty o f  C a l i f o r n i a, 

S a n t a B a r b a r a 

Repo r t  S u mm a ry 

T he p r o g res s o n  t h i s  r e s e a r c h  h a s  p ro c e e d e d o n  s c hed ule 
s i n c e  i t s i n i t i a t i o n o n  O c t o b e r  1 ,  1 9 7 6 . M o s t  a s pec t s  o f  t he 
s t u dy a re n o w  nea r i n g  c o m p l e t i o n  a n d  f i eld ma p p i n g  s h ould b e  
d o n e  i n  t h e  n e x t  c o u p l e o f  mo n t h s . T h e s e  i n v e s t i g a t i o n s  i n­
c l u d e  a n  e v a l u a t i o n o f  t h e  u p l a n d  s u r f a c e s  i n  a l a r g e  t r i a n­
g u l a r a rea ly i n g between t h e  S a n  Jo a q u i n V a l l ey ,  t he S a n t a 
C l a r a R i ver a n d t h e  An t elo pe V a l ley . Det a i l ed ma p p i n g o f  
t he y o u n g e r  f a u l t  t r a c e s  a l o n g  t h e S a n  An d rea s f a u l t h a s  been 
c o m p l e t e d  a n d  s o me  ma p p i n g , w h e r e  r e l ev a n t , o f  t he bed r o c k  
exp o s u r e s  o n  e i t he r  s i d e o f  t he ma i n  t r a ce h a s  b een u n der­
t a ken . A l t h o u g h  t here rem a i n s a s ma l l  g a p  i n  t he v i c i n i ty o f  
Go rma n ,  mo s t  o f  t h e  t r a c e  o f  t he S a n  An d rea s f r o m  ea s t  o f  
L i ebre M o u n t a i n  n o r t h we s t  t o  t he u p p e r  C u y a ma R i v e r  Va l ley 
h a s  been ma p ped i n  c o n s i dera ble det a i l . 

A n u m ber  o f  s a m ples h a v e  been c ol l ec ted f r o m  t r e n c h e s  a n d 
o t her  pla c e s  t h o u g h t  t o  be o f  v alu e fo r C1 4 d a t i n g . S o me o f  
t h e s e  s a m p l e s  h a v e bee n p repa red f o r d a t i n g  a n d  h a ve bee n s u b­
m i t ted t o  t he Geolo g i c al S u r v ey f o r  a n a l y s i s .  Ad d i t i o n al 
s a m p l es f r o m  c r i t i c a l  a r e a s a r e s t i l l  be i n g  p re p a r e d . I t  i s  
expec ted t h a t  t hese  s a m p l e s  w i l l  p r o v i d e i m p o r t a n t  i n f o rm a t i o n  
o n  t h e  p e r i o d i c i ty o f  s e i s m i c e ven t s  a l o n g  t h e  S a n  An d r e a s .  

T h e  ma p p i n g  n o w  c lo s e  t o  c o m ple t i o n  h a s  p r o v i d e d  e v i den ce 
o f  a n u m ber o f  e l o n g a te b u l ges o r  fo l d s p a r a l l e l o r  s u b - p a r a l l e l 
t o  t h e  f a ult . A s s o c i a t e d  w i t h  t h e se f old s a re t h r u s t  f a u l t s a n d  
g ra v i ty s l i des w h i c h  h a v e  mo v e d  r o c k s  u p wa r d  a lo n g  h i g h a n g l e 
r e ver se  fa u l t s i n  t he f a u l t zo n e  a n d d own s lo pe a c r o s s  t h e  fa u l t  
i n  s om e  i n s t a n c e s . At  o t h e r pla c e s , b r a n c h  f a u l t s c u r v i n g a way  
f r om  t h e  ma i n  t r a ce were f o u n d t o  p a s s  i n t o  t h r u st fa ult s w h i c h  
h a v e  d e f o rmed a n d b r o k en sever a l  e r o s i o n a l  s u r f a c e s . 
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I t  is exp e c t e d  t h a t  a l l fo u r  o f  t h e  r e searc h a s s i s t a n t s  
i n v o l v e d  i n  t h i s  s t u dy w i l l  h a ve c o m p l e t e d  t he i r f i e l d w o r k  
a n d mo s t  o r  a l l o f  t he i r rep o r t - w r i t i n g by  t he e n d  o f  Sep tem ­
b e r 1 9 7 8 .  Two  o f  t h e  a s sis t a n t s  h a v e  p res e n ted p a per s a t  t he 
Tem p e  m e e tin g s  o f  t h e  Ge o l o gic a l  So c i e ty o f  Amer i c a . Jo h n  C .  
C r o we l l ,  P r i n c i p a l  I n v e s tig a t o r, h a s  a l s o  del i v e red f o u r  
t a l k s d e al i n g  w i t h  n e o t e c t o n i c s  d u r i n g  t he l a s t  s i x  mon t h s . 

Ap pl i c a tio n ha s bee n  m a d e  f o r  a t wo - yea r c o n tin u a t i o n o f  
thi s resea r ch g r a n t  in o r der t o  i n v e s t i g a te t he f a u l t zo ne 
n o r t h w e s twa r d  t o wa r d  t h e  C a r rizo Pla i n .  It i s  ex p e c t e d  t h a t  
t h i s  f u r t h e r  s t u d y w i l l  p r o v i d e u s e f u l c om p a r i s o n s  o f  t h e  s o ­
c a l l ed 1I 1 0 c k e d s e g m e n tll o f  t h e S a n  A n d r e a s i n  t h e  " B i g  B e n dll 
a rea wit h t h e  s t r aig h ter, m o r e  a c t i v e p o r tio n t o  t he n o r t h wes t .  
T h i s new g r a n t  is p r o p o s e d f o r  the per i o d f r o m  O c t o b e r  1 ,  1 9 7 8  
thr o u g h S e p t em b e r  3 0, 1 9 80 a n d  w i l l  i n v olv e the c o n t i n u a t i o n  
o f  Re s e a r c h A s s i s t a n t  T h orn D a vis a s  a P o s t - D o c t o r a l f e l l ow .  

A c t i v i t i e s o f  t h e  Resea r c h  A s s i st a n t s  

Ro b e r t  C r i p p e n  h a s  c om p l et e d h i s  a n a l y sis  o f  u p l an d  s u r­
f a ces  be t we e n  t h e  S a n  Jo a q u i n  V a l l ey a n d the C a s t a i c  u t i l i z i n g 
s ev e r a l s e ts o f  a e r i a l  pho t o g r a p h s, b o t h  c o l o red a n d  bla c k  a n d  
w h i te, s t a n d a r d U S GS t o p o g r a p h i c  m a p s, a n d  geo l o g i c  m a p s . By  
mea ns of  a c om p u t e r  a n a l y sis,  he is see k i n g to  detec t ev i den ce  
of  H o l o c e n e  d e f o rm a t i o n of  t h i s  l a r g e  a rea w h i c h  c a n  be t i e d 
t o  even t s  a l o n g  t he S a n  An d rea s zo n e . C r i p pen  i s  c u r ren t l y 
p rep a rin g his  w rit t e n  rep o r t  w h i c h  i s  e x pec ted t o  be in h a n d 
by t he e n d  o f  Ju n e  t his  y e a r . 

Der e k Rust, wo r k i n g  i n  t h e  a rea o n  e i t her  s i de o f  L i eb r e  
M o u n t a i n ,  ha s c om ple t e d  h i s  d e t a i le d  m a p p i n g o f  s u r f a ce brea k s  
a l o n g  t h e m a i n  t r a c e  o f  t he S a n  A n d r e a s a s  we l l a s  d e l i n e a t i o n 
o f  t h e  fold e d  a n d  fa u l ted bed r o c k  b u l g e s  o n  e i t her s i de o f  t he 
m ain t r a ce . H e  h a s  fo u n d  c o n spic u o u s  d e f o rmed s u r faces o n  bed ­
r o c k  whic h he be l ie v e s  wil l p r o v i d e a ba sis  f o r d o c u men t i n g  
t he his t o ry o f  fo l d i n g a n d f a u l tin g .  H e  h a s  a l s o  f o u n d  s ome 
r a t her i m p o r t a n t  fa ult s wh i ch div e r ge f r o m  t he m a i n  t r a ce o f  
the Sa n An d r e a s  a s  m u c h  a s  3 8° a n d  w h i c h c a n  be t r a ced ove r 
5 km . T h ese f a u l t s bec o me t h r u s t s  nea r t he i r term i n a tio n s  a n d  
h a v e  c l ea r l y o f f s e t  a t  l e a s t  two  e ro sio n a l s u r f a c e s  a s  m u c h  a s  
1 2 0 m v e r t i c a l l y .  

Ru s t  a l s o  h a s  b e e n  abl e t o  d em o n s t r a te t h a t  b a semen t r o c k s 
ha ve  been d e f o rmed by f o l d i n g a s s o cia ted w i t h  d i s p l a cemen t s  i n  
t he Big Be n d  a r e a . E r o s i o n a l  s u r f a c es a n d v e ry y o u n g  dep o s i t s 
res t i n g o n  t h e m  h a v e  been d e f o r med by f o l d i n g s u c h  t h a t  fa u l t s  
p as sin g a c r o ss t h e  f o l d s s h o w  s e v e r a l meter s o f  v e r t i c a l  d i s ­
p l a cemen t a t  t he c r e s t , dimin i s h i n g to n o  ver tic a l  d i s p l a c e­
men t s  a t  t h e  en d s . He has f o u n d  t h a t  t h i s  f o l d i n g dim i n i s hes  
a s  t he m ain  s t r a n d  of  t h e  S a n  A n d r e as f a u l t i s  a p p r o a c h e d,  p re ­
s u mab l y bec a u se m o v e m e n t  i n  t h a t  a r e a  h a s  o c c u r red a s  r i g ht s l i p  
i n s t e a d  o f  a s  c om p r e ss i o n  m o re cha r a c t e r i s t i c  o f  e i t her s i d e o f  
t he ma i n  t r a c e . 
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Ru s t  h a s  a r ra n g e d fo r s o m e  e q u i pm e n t  t o  ma ke s o m e  c o r e s  
o f  l a r g e  o a k t r e e s  g r o w i n g  n e a r  t h e  mo s t  r e c e n t l y  a c t i v e  t r a c e  
o f  t h e  f a u l t .  B e c a u s e  t h e s e  t r e e s  h a v e  b e e n  g r ow i n g  i n  t h i s 
a r e a  a t  l e a s t  a s  f a r b a c k a s t h e  1 8 5 7  mo v em e n t  a n d  p e r h a p s  a s  
l o n g  a s  t h e  n ex t  e a r l i e r e v e n t , t h e  c o r e s  m a y  we l l r e v e a l 
d a ma g e  o c c a s i o n e d by l a r g e  e v e n t s  o n  t h e  fa u l t .  

T h orn D a v i s h a s c o m p l e t e d  v e ry d e t a i l e d ma p p i n g  of t h e  
f a u l t  zo n e  we s t  o f  F r a z i e r  P a r k  a s  f a r  a s  t h e u p p e r  C u y a m a  
V a l l ey .  H e  h a s  fo u n d  n o t  o n l y  m u c h  e v i d e n c e  o f  a c t i v e  r i g h t  
s l i p  a l o n g  t h e  ma i n  t r a c e  a n d  t h e  u s u a l  a r r a y  o f  f e a t u r e s  
a s s o c i a t e d  w i t h  l e f t - s t e p p i n g  o f  i n d i v i d u a l  f r a c t u r e s  s u c h  a s  
s a g s , c o m p r e s s i o n r i d g e s , a n d  t h e  l i k e ,  b u t  a l s o  h a s  b e e n  a b l e 
t o  d emo n s t r a t e  t h a t  c o m p r e s s i o n i n  t h i s p o r t i o n o f  t h e S a n  
A n d r e a s h a s p r o d u c e d  a s e r i e s o f  i m p r e s s i v e h i g h - a n g l e r e v e r s e  
f a u l t s w h i c h  fa n o u t  u p wa rd , s o me  p a s s i n g i n t o  t h r u s t s a n d 
g r a v i ty s l i d e s . T h i s k i n d o f  t e c t o n i c  a c t i v i ty h a s  p r o d u c e d 
w e l t s  o r  b u l g e s  s u b - p a r a l l e l t o  t h e  ma i n  t r a c e  o f  t h e  f a u l t  
a n d i n  a n u m b e r  o f  i n s t a n c e s  h a s b r o u g h t  E o c e n e  r o c k s  o v e r  
l a t e r  T e r t i a ry d e p o s i t s e i t h e r  b y  t h r u s t i n g  o r  g r a v i ty s l i d i n g .  
H e  h a s  a l s o  f o u n d t h a t  t h e s e  we l t s  o r  b u l g e s  a r e ty pic a l l y  c u t  
i n  t h e i r c e n t r a l  p o r t i o n s  by d o m i n a n t l y  s t r i k e  s l i p  fa u l t i n g . 
I n  a d d i t i o n , ma ny o f  t h e  ma j o r r i g h t - s l i p  fa u l t s  h a v e  a p p r e c i ­
a b l e d i p  s l i p  a s  we l l . 

E r nes t D u e b e n d o r f e r  i s  c om p l e t i n g  h i s f i e l d s t u d y  o f  t h e  
a r e a  b e t we e n  F r a z i e r  P a r k  a n d  L i e b r e  M o u n t a i n  i n  w h i c h  h e  h a s  
b e e n  d o i n g d e t a i l e d ma p p i n g  o f  t h e f a u l t  t r a c e s  as  w e l l a s  t h e  
bed r o c k g e o l o gy . H e  w i l l  s h o r t l y b e  s e l e c t i n g a s u i t a b l e s i t e 
f o r  a t r e n ch t o  b e  c u t  a c r o s s  a n  a c t i v e t r a c e . In  t h e  e v e n t 
a n  a p p ro p r i a t e s i t e c a n n o t  b e  fo u n d  i n  h i s  a r e a , s u c h  a t r e n c h 
wi l l p r o b a b l y  b e  c u t  i n  D a v i s ' a r e a  t o  t h e  n o r t hwe s t  w h e r e  
s e v e r a l  g o o d  s i t e s  s e em  t o  e x i s t . 

P a r t i c i pa t i o n o f  t h e  P r i n c i pa l  I n v e s t i g a t o r s 

B o t h  J o h n  C .  C r o w e l l a n d  Ro b e r t  M .  No r r i s c o n t i n u e  t o  t a k e  
a n  a c t i v e  p a r t  i n  t h e s e  s t u d i e s .  B o t h  h a v e  ma d e  s e v e ra l  s u p e r­
v i s o ry t r i ps t o  t h e  a r e a s u n d e r  s t u dy a n d b o t h  h a v e  h a d  n u m e r­
o u s  c o n f e r e n c e s  w i t h  t h e r e s e a r c h a s s i s t a n t s  - D a v i s ,  Ru s t , 
C r i p p e n  a n d  D u e b e n d o r f e r . B o t h  No r r i s  a n d  C r o w e l l w i l l  b e  
a v a i l a b l e d u r i n g  t h e  c o m i n g s u mm e r  t o  h e l p w i t h  t h e  w o r k , a l ­
t h o u g h  i t  i s  e x p e c t e d t h a t  o n l y m i n o r  f i e l d wo r k  w i l l  r e m a i n  
a n d t h e i r m a i n  r o l e w i l l  b e  c o n f e r r i n g w i t h  t h e  a s s i s t a n t s  a n d 
a d v i s i n g t h em a s  t h e i r w rit i n g  a n d  o f fic e w o r k  pro g r e s s e s . 

No r r i s  w i l l  a s s u m e  p r i m a ry r e s p o n s i b i l i ty for sy n t h e s i zin g 
t h e  g e o m o r p h i c  r e s u l t s o f  t h i s s t u dy f o r e v e n t u a l  p u b l i c a t i o n . 
I t  i s  e x p e c t e d  t h a t  t h i s wo r k  w i l l  o c c u r  ma i n l y  a f t e r  t h e  c o n­
c l u s i o n o f  t h e  g r a n t  a n d  d e c i s i o n s  a s  t o  f o rm a t a n d  s u i t a b l e 
p u b l i c a t i o n  o u t l e t  h a v e  n o t  y e t  b e e n  ma d e . 

C r o w e l l h a s  d e l i v e r e d  s e v e r a l  s c i e n t i f i c  l e c t u r e s  r e l a t e d  
t o  t h e  wo r k  i n  p r o g r e s s .  A t a l k o n  n e o t e c t o n i c s  w i t h  s p e c i a l  
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em p h a s i s  o n  t hese S a n  A n d rea s s t u d i es w a s g i ven i n Ja n u a ry a t  
t he Geo l o g i c a l  S o c i ety  o f  L o n d o n . I n  Ma r c h a n o t her t a l k o n  
t he H i s t o ry o f  t he S a n  A n d rea s f a u l t i n  s o u t hea s ter n C a l i f o r nia , 
d r a w i n g  o n  d a t a  o b t a i ned i n  t h i s s t u dy , wa s p resen ted a t  t he 
W . W .  R u bey C o l l o q u i u m a t  U C L A . I n  A p r i l , a t  t he t i me t he 
Dep a r t men t s  o f  Geo l o gy a n d  Geo phy s i c s a t  U C L A mer ged" C r o wel l 
g a ve a f u r t her  t a l k o n  r a tes  o f  m o vemen t o n  t he S a n  An d rea s 
f a u l t .  

S o me o f  t h i s  m a ter i a l , p a r t i c u l a r l y  t h a t  p resen ted i n  the 
Rubey C o l l o q u i u m ,  w i l l  be p repa red a s  a cha p ter i n  a f o r t h­
c om i n g b o o k o n  C a l i fo r n i a  Geo l o gy  ed i ted by Ga ry Er n s t  o f  
U C L A . 

C o n c l u s i o n s  

We a re p l ea sed w i th t he p ro g res s t o  d a te o n  t h i s s t u dy . 
We t h i n k  we w i l l  be a b l e  t o  a d d  s o me u se f u l i n f o rm a tio n on 
t he l a te Q u a ter n a ry def o rm a t i o n a l h i s t o ry o f  t he " B i g  Ben d " 
p o r t i on o f  t he S a n  A n d rea s f a u l t ,  i n c l u d i n g s o me new es t i ma tes  
of  r a tes , a mo u n t  a n d  f req u e n c y  of  s e i s m i c even t s  a s  we l l a s  
es t i ma tes  o f  t he r a tes o f  defo rma t i o n o f  ero s io n a l  s u r f a ces 
i n  t h i s  reg i o n . Bec a u se we bel i eve s o me c om p a r i s o n s  o f  s i g­
nific a n ce c a n  be d r a wn between t he s t r u c t u r a l h i s t o ry o f  t he 
" B i g Ben d " a rea a n d  t he s t r a i g h ter seg men t o f  t he S a n  A n d rea s 
n o r t h wes t ,  t o wa r d  t he C a r r i zo P l a i n ,  we h a ve a p p l i ed f o r  a n  
ex ten s i o n o f  t h i s  g r a n t  f o r a two -yea r per i o d . T h o m  D a v i s ,  
w h o  h a s  m a p ped t he wes te r n-m o s t  p o r t i o n o f  t he f a u l t i n  t h i s 
s u t d y , h a s ten t a t i vel y a g reed t o  c o n t i n ue a s  a P o s t - Do c to ral  
fe l l o w i f  t he g r a n t  i s  a p p r o ved . 
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Investigations 

Tectonic Framework San Francisco Bay Reg ion 

8-9540-01618 

Earl E .  Brabb 
Branch of Western Environmental Geology 

U . S .  Geological Survey 
345 Middlef ield Road , MS 75 

Menlo Park , CA 94025 
(415) 323-8111 , ext . 2203 

H . A . l . a .  

1 .  Analys is o f  the relat ion between aeromagnet ic anomalies , geologic 
units , and ep i centers in the southern San Francisco Bay region . 

2 .  Cont inuation of bedrock geologic mapp ing along active faults in 
Santa Cruz , Alameda , Contra Costa , Monterey and San Benito Count ies . 

3 .  Init iat ion of mapping of surficial deposits in northern Monterey 
County in order to eventually prepare map of l iquefact ion potent ial . 

4 .  Cont inuat ion of inves t igat ion of t iming and amount of movement along 
the San Gregorio fault .  

5. Coordinat ion of studies for seismic zonat ion in the southern San 
Franc isco Bay region , espec ially slope s tability studies and preparat ion 
of a paper showing how cities and counties are us ing USGS products for 
seismic z onat ion . 

6 .  Edit ing and completion of professional paper on paleontologic 
techniques for dat ing Cenozo ic depos its  of the Coast Ranges . 

Results 

1 .  Aeromagnet ic anomalies eas t of the San Andreas fault in the southern 
San Francisco Bay region are associated either with s teeply d ipp ing 
serpentinite bodies along strike s l ip faults or with more gently d ipp ing 
and f olded sheets of serpent inite along thrust fault s .  Correlation with 
epicenters for the period 1969-74 indicates that some of the l inear mag­
net ic anomalies are interrupted in areas of intense earthquake act ivity 
swarms , as if the magnet ic material i s  in the ini t ial period of intrusion 
along the fault zone . An alternate explanat ion is that the serpen t inite 
act s  as a lubricant in relieving stress along the fault zone and where it  
is absent the rocks are failing and are as soc iated with many small earth­
quakes . 

2 .  Geologic mapp ing of the Laurel , Los Gatos , Chit tenden and Watsonville 
East quadrangles along the San Andreas fault has been co ulpleted and will 
be released in open f iles by summer . Geolog ic mapp ing of Cas tle Rock 
Ridge , Loma Prieta and Tres Pinos is nearly complete . 
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B.A . I . a . 

3. A conference involving 41 paleontologists from 9 counties was held 
in Menlo Park last October to discuss various methods of dating and 
determining the paleobathymetry of Cenozoic deposits in the Coast Ranges. 
These studies are expected to help unravel the amount and timing of move­
ment along the major strike-slip fault systems. 

Reports 

Dibb1ee , T. W . , Jr. , Brabb , E. E. , and Clark , J. C. , 197 8 , Preliminary 
geologic map of the Laurel quadrangle , Santa Cruz and Santa Clara 
Counties ,  California: U.S. Geological Survey open file report 
7 8-84. 

Poore , R. Z., and Brabb , E. E. , 1977 ,  Eocene and Oligocene planktonic 
Foraminifera from the upper Butano Sandstone and type San Lorenzo 
Formation , Santa Cruz Mountains , California: Journal of Foraminiferal 
Research , v. 7 ,  no. 4 ,  p. 249-27 2. 

Brabb , E. E. , 19 78 , Paleogene correlated: Geotimes , v. 23 , no. 3 ,  p. 20. 

Nilsen , T. H., and Brabb , E. E. , 197 7 ,  Slope stability studies in the 
San Francisco Bay region , California: Geological Society of America 
Reviews in Engineering Geology , v. 3 ,  p. 235-242. 

Newman , E. B. , Paredis , A .  R. , and Brabb , E. E. , 197 8 ,  Feasibility and 
cost of using a computer to prepare landslide susceptibility maps 
of the San Francisco Bay region , California: U.S. Geological Survey 
Bulletin 1443. 
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THE UNIVERSITY OF ARIZONA 
T U C SON, A R I Z 0 N A 85721 

DEPARTMENT OF GEOSCIENCES 
TEL (602) 884-1819 

TECTONIC GEOMORPHOLOGY OF THE SOUTH FRONT 
OF THE S AN  GAB IREL MOUNTAINS , CAL IFORNIA 

William B .  Bul l , Geos ciences Department , 
Univers ity of Arizona , Tucson , AZ 85 7 2 1  
Contract U14-08-000l-G394 May 24 , 1978 

S UMMARY 

H . A . I . a .  

The tectonic geomorphology model t hat was us ed with cons iderable 

succes s for mountain fronts bounded by s trike-slip and normal faults in 

the Moj ave Desert and the adj acent Basin and Range Province was app lied 

to the thrus t faulted terrain on the s outh side of the S an Gab riel 

Mountains of southern California . The initial attempts to us e the model 

revealed that a new approach will have to b e  devised f or thrus t faulted 

terrains . The principal prob lems are as fo l lows : 

(1)  Uplift  a long a thrus t-fault ed mountain front varies in both time 

and space , which is in marked contras t to the Moj ave Deser t where repeated 

movements occur along the same faul t zone . 

( 2) B ecause upl i f t  apparent ly occurs f irs t on one fault ,  and then on 

o ther fau l ts that may be either farther back in the mountains or closer 

to the piedmont , the s tandard indices for ident ification o f  relat ive 

tectonic activity classes cannot be used in many situat ions . Thus , for 

s tudies of fault-controlled internal fronts , parameters such as degree o f  

incizement o f  alluvial fans and mountain-piedmont j unct ion sinuos ity will 

b e  de-emphas i zed or replaced by o ther quant itative paramenters of land-

scape des crip tion . 
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R . A . I . a .  

(3) The ident ification o f  piedmont foreland areas and mUltiple 

mountain fronts is ess ential , and each of these fronts will have to 

b e  analyzed . 

( 4) Because of the complexity and high degree of tectonic activity , 

the three relat ive class es o f  tectonic activity u s ed for the Mojave 

Desert  s tudy will have to be expanded to at leas t five classes . 

8 



Invest igat i on s  

Acti ve Faults and Region al Deformat i on 
i n  the Western Moj ave Desert , Ca l iforn i a  

9940-02090 
Denn i s  B. Burke  

Branch of Ground Mot i on and Fau l t i ng 
U .  S .  Geo l oglca l  S urvey 

345 Mi dd l efie l d  Road 
Men l o  Park , Ca l iforn i a  94025  

(415) 323-81 1 1 , Ext .  2048 

R.A.I.a. 

The region un der study i s  the western wedge of the Moj ave Desert between 
the San Andreas and Garlock fault s ,  from near the i r  i ntersecti on east to about 
the long i tude of Bar stow , i n  southern Cal iforn i a .  The object i ves  of th i s  
project are to locate , document , and as ses s the tecton i c  act i v ity of 
potenti al l y  h azardou s geo l oglc structures i n  the region , to determ i ne whatever 
possible of crusta l k i nemati c s  of the prov i nce as a whole , and to comp ile 
f i r st-approximat i on se i sm i c response map s for the i ncluded Antelope Valley 
area . Resu l t s  thus  far have been reported i n  these Summar i es as part of the 
work in  M .  M .  C l ark ' s  proj ect (Quaternary Fault i ng in  Southern Cal iforn i a) .  

Resu lts  

Map p i ng of  the wa l l of a backhoe trench i n  the  Gar l ock  fau lt  zone in  
Fremont Val l ey i ndi c ates that d i splacement s i n  the zone h ave there occurred at 
least n i ne t imes , and perhap s  as many as seventeen t imes , dur i ng the past 
14,700 C-14 years ( work conducted in th i s  report period as part of M. M .  
Clark ' s  proj ect) . 

Paleomagnet i c  d i rect i on s  obta i ned from a s uite of l ater Cenozo i c  
volcan i c  rock s i n  the Opal Mounta i n  area ( north of Barstow ) s uggest 
counterclockwi se rotat i on s  of bloc k s  bounded by r i ght- l ateral fau l ts in the 
Moj ave region of as much as 300 . Th i s  i s  permi s s i ve ev i dence for southern 
Californ i a  cru stal  k i nemat i cs proposed by Garf unkel (1974 , G .S . A .  Bu l l . ,  v .  
85) . 

A i rphoto and f i eld stud i es i n  the areas of the M i r age Lak e ,  Llano ,  
Willow Spr i ng s ,  and Rosamond fau l t s show that N -S  t o  NE-SW cru stal shorten i ng 
i n  the i nter i or port i on of the Moj ave wedge i s  accommodated by movement on a 
network of numerous sma ll  fractures that trend s ubpara l l el to the Gar l ock 
fault and to the central Moj ave NW- �E system of fau lts . Rates of deformat i on 
are l arge ly unknown as yet . Generat ion  of l arge earthquakes  in the reg i on 
appears un l i kely, b ut potent i al for smal l fault d i splacements i s  wi despread . 

Pub l i c at i on s  

Bur k e ,  D .  B . , and Hede l , C .  W . , 1978, Act i ve Struct ures in  the western Moj ave 
Desert , Ca l iforn i a: G .  S .  A . , Abs . with Programs , v .  10 , no . 3 ,  p .  98. 

Bur k e ,  D. B . , i n  pres s ,  Log of a trench i n  the Gar l ock fau lt  zon e ,  Fremont 
Val l ey ,  Ca liforn i a: U .S . G .S .  MF map ,  s ca l e  1:20 . 
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Investigations 

Vertical Tectonics 

8-9950-01484 

Robert O. Castle 
Branch of Earthquake Tectonics and Risk 

U .  S .  Geological Survey 
345 Middlefield Road 
Menlo Park, CA 94082 

(415) 323-8111 ext. 2482 

R.A . l.a. 

1. Continued studies of historic crustal deformation based on repeated 
spirit levelings and both continuous and discontinuous water-level 
measurements and its relations to the late Cenozoic tectonics of southern 
California. 

2. Began intensive investigations of historic crustal deformation in 
selected parts of central and northern California. 

3. Began development of a regional vertical data base designed to serve 
the needs of the Geologic, Water Resources and Topographic Divisions. 

4. Completed conversion to the Multics of the Vanicek surface fitting 
program. 

5. Began development of applications programs for use with the evolving 
vertical data base. 

Results 

1. Results of the first year of short-line level surveys designed to 
monitor the changing configuration of the southern California uplift, 
showed that since 1974 the south flank was characterized by relatively 
modest down-to-the-south tilts. Continuation northward from Rosamond of 
the 1976 Los Angeles County leveling indicates that the 1974-76 collapse 
of the uplift flattened out south of Mojave and that the generally down­
to-the-north tilt developed between 1974 and 197 6 reversed in sense a 
few kilometers south of the White Wolf Fault. 

2 .  Reconstruction of all of the pertinent survey data produced prior to 
the initiation of the southern California general releveling in 1978, has 
revealed a well-defined trough of tectonic subsidence along the south 
flank of the southern California uplift. The trajectory of maximum 
subsidence, which between 0.15 and 0.10 m with respect to a 1955 pre-uplift 
datum, apparently extended about 300 km along a line that lies from a few 
kilometers to perhaps several tens of kilometers south of the Sierra Madre, 
Cucamonga and Banning-Mission Creek faults. 

3. Studies of vertical displacements in the Salton Sea area based on 
monthly measurements of water levels has produced confirmation of crustal 
deformation revealed through repeated spirit levelings. These water-level 
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R . A . 1 .a. 

measurements show a generally down-to-the-southeast tilt of almost 0.1 
prad/year that persisted from 1952 to 1967. This tilt accelerated 
dramatically to about 0.4 prad/year between 1954 and 1969 and then 
reversed in sense about 1971 or 1972; the 1972-77 down-to-the-northwest 
tilt has averaged about 0.4 prad/year. 

4. Preliminary tests of applications programs designed to tap the veritcal 
data base indicate that the base has indeed been formatted in a way that 
will permit computer manipulation of the vertical data in a variety of 
ways. 

Reports 

Wilson, M. E., and Wood, S. H . , 1978, Salton Sea water-level records 
(1952-1977) and the southern California uplift ( abs. ) : Trans. 
Amer. Geophys. Union, v. 58, no. 4, p. 242. 

Castle, R. 0 . , Elliott, M. R., McMillan, J. F., and Stone, R. E., 1978, 
Tectonic downwarping along the south flank of the southern California 
uplift ( abs. ) : Abs. of Papers, 73rd Ann. Mtg., Seismol. Suc. 
America, Earthquake Notes, v. 49, no. 1, p. 48. 

Wood, S. H . , and Elliott, M. R., ( in press ) , Early twentieth century 
uplift in the Peninsular Ranges of southern California: Tectono­
physics. 

Vanicek, Petr, Elliott, M. R., and Castle, R. 0 . , ( in press ), Four­
dimensional modeling of recent vertical movements in the area of the 
southern California uplift: Tectonophysics. 

Burford, R. 0 . , ( in press ), The sixth international symposium on recent 
crustal movements, Palo Alto, California, July 25-30, 1977: 
Tectonophysics. 

11 



I nvest i gat i on s  

Qua t ernary Faul t ing i n  Sou thern Cal i f orn ia 

9940 01293 

Ma l co lm C l ark 
Branch of Ground Mot i on and Fau lt i ng  

U .  S .  Geo l ogica l Survey 
345 M idd l ef i e l d  Road 

Men l o  Park , Ca l iforn i a  94025 
(415) 323-8111 , Ext .  2623 

R . A . I . a .  

1 .  Map and ana lyze strata  exposed in the wa l l s  of trenches that cut the ma i n  
trace of the Gar l ock fau l t  i n  order t o  determi ne  h i story of l ate P l e i stocene 
and Ho l ocene behavior ( such as fau l t  geometry , disp l acement rates , recurrence 
i nterva l ,  expected magn itude ) of th i s  part of the Gar l ock fau l t . 

2 .  Mon itor ,  record and analyze continu i ng and new creep a l ong the Gar l ock 
fau l t  zone in Fremont Va l l ey .  A l though the cau se probab ly  i s  drawdown of 
ground water leve l s ,  the t im i ng , d i str i but i on and sty l e  of creep shou ld  he l p 
u s  understand both this sort of s ubs idence and tecton i c a l ly  i nduced s ubs idence . 

Resu l ts 

1 .  We dug two trenches across the Gar l ock Fau lt near the east margin of the 
p l aya of Koehn Lak e ,  45 km NE of Mojave , California . The trenches lie 300 and 
700 m SW ( toward the center of the playa ) of a grave l bar constructed offshore 
in P l eistocene Lake Koehn . The trenches expose l acustrine and f l uvia l  
sediments of P l eistocene and Ho l oc ene age . 

The bar has been c l ean ly offset about 80 m l eft - l atera l ly and up lifted 
sever a l  meters on the SE side s i nce  it was formed . The terrain at the trench 
sites has also been uplifted 1/2 --1 m on the SE s ide of the fau l t .  The 
prospect of vertica l l y offset l ake beds prompted our excavation s .  Both 
trenches were 3 -4 m deep and reached a mas sive l acu strine c l ay ,  wh i ch we 
assume was deposited in P l e i stocene Lake Koehn when the bar was be i ng formed . 
Mas sive to thin ly-bedded l acustrine sands , si lt and c l ays over l i e  the bottom 
c l ay and are in turn capped by delta i c  (1) and f l uv i al sed iments 1-2 m thick . 
The bottom c l ay contai ns ostracods that yield a 14C age of 14 , 700 + 130 
years (USGS 388 ) . T i ny amounts of charcoal  occur throughout the sed iments . 
Jack Hi l l hou se has co l l ected samples from which we may be able to get usable l�cords of secu l ar pa l eomagneti c var i at i on . ( Tufa i n  the offset bar y i e lds 

C ages of about 10 , 000 years , but a so i l deve l oped on the bar suggests to 
some ob servers an age greater than about 50 ,000 years ) .  Trench #1 , 300 m west 
of the bar , was l ogged by Denn i s  Burke and others and is described i n  h i s  
report . 

Trench #2 was l ogged by C l ark and other s ,  but fi l l ed with runoff and 
co l l ap sed before l ogg i ng was comp l ete . At th i s  site the fau lt zone is marked 
by a sha l l ow (1/2--1 m )  graben 20-34 m wide . The trench revea l s  a zone of 
fractures 34 m wide . Concentrat ions of fractures at both sides of the graben 
are consistent in position and vertica l offset with surface  scarps .  The main 
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R . A . I . a .  

rupture , however , i s  i n  the center of the gr aben and has no  surface 
express i on ,  but s hows verti cal separ at i on i n  the trench wal ls  of more than 1 
m. Fluv i al ( and lacustr ine ?) eros i on and depos it i on along the ax i s  of the 
graben may account for the l ack of a s urface scarp here . Trench #2 also 
records ev i dence of pos s ib l e  sand blows . 

Be l ow a depth of about 1 m from the s urface , most of the fractures i n  
Trench 2 ( and  many i n  Tren ch 1) show es senti al ly  un iform offset with 
incr eas i ng depth . Th i s  impl i es e it her 1) r ecurrence i ntervals  of more than 
several thou sand year s for f au lt i ng events or 2) very r ap i d  l ate 
Ple i stocene/ear ly  Ho l oc ene depos it i on of sed iments deeper than 1 m .  

I n  trench  #1, Denn i s  Burke  f i n ds ev i dence i�r at least 9 probable and 8 
more pos s i ble faulti ng event s above the 14,700- C-yr l ayer , for a total of 
17 events . These f i gures s hould be treated more as m i n ima than max im a ,  
because of the l i k el i hood that some events may not h ave been recorded i n  the 
str ata expo sed i n  the trenches . Correspond i ng aver age recurrence i ntervals  
are about 1700 Yl�19 events) and 900 y (17 events) . If we add it i on ally a s s ume 
th at the 14,700- C-yr layer i s  contemporary wit h the offset gravel bar , 
these events  had an aver age lateral sl i p  of about 9 m (9 events) and 4.5 m (17 
event s) . 

2. Creep cont i nues  along tecton i c  fract ures  of the Gar l ock fault zone in 
Fremont Valley .  ( See report i n  V. 5 of th i s  ser i es) . Max imum ob served modern 
di p sl i p  now exceeds 600 mm and i s  accumulat i ng at about 50 mm yr . Sever al 
new fractures h ave opened s i nce September 1977, and the heavy r a i n  of the past 
wi nter caused wi des pread collap se of the wa l l s  of many act i ve fractures , 
converti ng them i nto promi nent f i s s ures . Level l i nes  were estab l i s hed across  
the  center of the cr eeping zone  l ate  i n  1977 to get a better i dea of the 
d i str ibut ion and t i m i ng of future s ub s i dence and assoc i ated creep . 

Tom Holz er and Ear l Pampeyan h ave d i scovered 2 we l l s  that now protrude 
100-200 mm above the  s urface . Th i s  sort of ev i dence generally i s  tak en to 
in d i cate shallow-based s ub s i dence . 

Aer i al photos of Fremont Va l l ey taken at i rreg u l ar i nterva l s  s i nce 1943 
show th at s i gn if i cant westward t ilt of the p l aya of K oehn dry l ak e  started 
between 1952 and 1965, and it cont i nues  today .  The l ow po i nt of the playa i s  
now next to the p l aya's former western edge and represents a westward sh ift of 
the l ow po i nt of more  than 3 km . 

The protrud i ng we l l s  and recent t i lt i ng of the playa s urface i s  
addit i ona l  ev i dence that recent major l ower i ng of ground water l eve l s  west of 
the playa i s  cau s i ng the s ub s i dence and re l at ed fau lt  creep . 

Reports 
Clark , M .  M . , Buc h an an-Bank s ,  J. M . , and Ho lzer , T. L . , 1978, Creep a l ong 

parts of the  Gar l ock f au lt: p os s i b l e  re l at i on to  dec l i ne i n  ground water 
levels: Geo l . Soc . Amer i ca ab stract s with program s ,  v .  10, no . 3, p .  100. 

Tabor , R .  W . , E l l en , S . , and C l ark , M .  M . , 1978, Geo l og i c  Haz ards Map , Washoe 
C ity Fo l i o: Nev ada Bur eau  of Mi nes  and Geo l ogy , Environmental ser i es ,  
Washoe Lake area , m ap no . 4 An . 
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Gravity and Magnetics of the San Fra�ci6co Bay Region 

Investigations 

8-9730-00363 

And rew Griscom 
Branch of Regional Geophysics 

U.S. Geological Survey 
345 Middlefield Road 

Menlo Park, CA., 94025 
(415) 323-8111 X2268 

R. A.I . a .  

1. Interpretation o f aeromagnetic map o f  the no rth Bay Region (lat.37°52'30"N. 
to lat. 38°52'30"N.) at a scale of 1 : 125,000. S upporting materials at"the same 
scale from various sources include: gravity map, contoured at 2 mgal; geologic 
map; seismicity map. 

2. Model studies of selected magnetic anomalies from the above data. Possible 
models for simulation of magnetic anomalies fall into three general classes: 
steeply-dipping dike-like masses with great vertical extent; models with vary­
ing magnetic properties; or configurations involving gently folded sheets 
with relatively minor interruptions by steeply-dipping faults. 

3. Collection of a few magnetic profiles by truck-mounted magnetometer across 
puzzling aeromagnetic anomal ies that are not clearly explained by the known 
geology. 

Results 
1. The magnetic anomalies in the North Bay Region are almost entirely caused 
by the serpentinized ultramafic masses. Relatively few minor anomalies are 
caused by the Cenozoic volcanic rocks. The Francisc an volcanic rocks in 
general do not cause aeromagnetic anomalies. 

2. The amplitude of magnetic anomalies o ver the serpentinite masses decreases 
from east to west from the vicinity of the Coast Range thrust to the San Andreas 
fault. Because the magnetization o f  the serpentinite appears approximately 
constant (0.0015 emu/cm3) throughout the area, it is interpreted that the 
serpentinite masses generally become thinner to the west. 

3. MOdel results favor the interpretation of most major magnetic anomalies 
as being c aused by gently folded sheets of magnetic serpentinite, interrupted 
by relatively minor, steeply-dipping faults. 

4. The magnetic anomalies allow tracing near-surface serpentinite masses 
beneath the relatively thin cover of Cenozoic rocks. The distribution of 
the associated magnetic anomalies is suffic iently dense that there are 
relatively few permissible locations for major strike-slip faults on 
strike with o r  parallel t o  the Hayward, Franklin, o r  Calaveras faults to 
the Southeast. 
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Investigations 

Shallow Geophysical Investigations 

8-9940-01897 

R. M. Hazlewood 
Branch of Ground Motion and Faulting 

U. S. Geological Survey 
345 Middlefield Rd., MS 77 

Menlo Park, CA 94025 
(415) 323-8111, ext. 2125 

H.A.l.a. 

1. Seismic refraction survey to determine near surface seismic structure 
in Parkfie1d-Cho1ame area. Data from this project will be used in con­
junction with downhole logs of P and S velocity collected in project 
"Instrument Development and Geotechnical Studies" (Warrick) and numerical 
models developed in project "Ground Motion Modeling and Prediction" 
(Joyner) to synthesize the Parkfield strong motion records. 

2. Seismic refraction survey in northern San Francisco Bay region to define 
configuration of bedrock interface. 

Results 

1. Exceptionally high rainfall has caused land owners to refuse entry until 
roads are dry. Initial preparation for experiments is complete and data 
collection will begin as soon as entry ;5 possible. 
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Neotectonic s of the San Francisco Bay Region , California 

8-9540-01950 

Darrel l  G .  Herd 
Branch of Western Environmental Geology 

U . S .  Geological Survey 
345 Middl efield Road 
Menlo Park , CA 94025 

(415) 323-8111, ext . 2951 

H . A . l . a .  

This project has b een undertaken to provide a synthesis of geologic , geo­
physical and geodetic information on Quaternary tectonic movement in the 
San Francisco Bay region . Data on the amount , location , character , and 
timing of faulting and folding in the San Francisco Bay area are being 
evaluated to provide an understanding of the tectonic forces active in 
the c entral Coast Ranges of California. 

Investigations 

1 .  To establish the relationship of the line of fault zones , consisting 
of the Paicines-Calaveras-Hayward-Rodgers Creek-Maacama fault zones , with 
the northern end of the San Andreas fault zone at the Mendo cino triple 
junction ,  a search was made for other recently active fault zones north 
of Laytonville which might be the northward prolongation of the line of 
fault zone s .  

2 .  Geologic mapping was continued along the San Joaquin Valley fault zone , 
a major normal fault zone bounding the west side of the San Joaquin Valley 
between Tracy and Lo s Banos . A geologic strip map (scale 1:24,000) is 
being prepared to document the fault zone , and to estab lish a history of 
movement along the fault zone . 

3 .  Mapping of recently active faults in San Mateo , Santa Cruz , and western 
Santa Clara Counties was b egun toward completion of a regional study of 
Quaternary faulting in the south San Francisco Bay region. 

4. A detailed study of the Green Valley fault zone north of Corde lia was 
made to complete a map of Quaternary faulting and seismicity in the north­
eastern San Francis co Bay region b eing prepared in cooperation with 
W. H .  K. Lee . 

5 .  Four cores collected from Hol lister Valley were sampled and described . 
The cores contain a record of fluctuations of ancient Lake San Benito, a 
large lake that was impounded in Ho llister Valley behind a large landslide 
dam astride the San Andreas fault zone at Chittenden . Ancient Lake San 
Benito occupied the southern Hol lister Valley near the San Andreas-Paicines­
Calaveras fault bifurcation . 
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6 . An inves t igat ion o f  the magneto s t rat igraphy o f  the L ivermore and 
Irvington Gravel s  in Alameda County was begun by Eugene Shoemaker ( Branch 
of Petro physics  and Remot e  S ens ing , Flagsta f f , AZ ) . The s tudy is designed 
to provide rad iometric control for the age of the grave l s  through the 
ident i f icat ion and correlat ion of geomagnet ic reversals and excur s ions . 
Ab solute-age control for the gravels  i s  crit ically needed to  dec ipher the 
history of movement along the Hayward , Calaveras , Las Pos i tas , and Verona 
faul t s . 

Resul t s  

1 .  The Lake Mountain and McKinleyville f ault z ones , two northwest-tr ending , 
recently active r ight-sl ip fault zones , were discovered east o f  C ap e  
Mendocino . The two f ault z ones a r e  t h e  apparent nor thward cont inuat ion o f  
the Paic ine s-Calaveras-Hayward-Rodgers Creek-Maacama f ault zone s . This l ine 
o f  fault s ,  the Hayward-Lake Mountain faul t system ,  extends past  Arcat a  onto 
the cont inent al shelf southwes t  o f  Crescent C i ty . The Hayward-Lake Mountain 
faul t sys t em def ines the eas t ern boundary o f  the Humboldt plat e , a small 
northwest-elonga t e  s l iver of the North Amer ic an c ont inent bounded on the wes t  
b y  t h e  S an Andreas f ault z one and to the north b y  the Gorda plat e . This 
newly r ecognized plate is converging northwestward agains t the Gorda pla t e , 
which is being t hrust beneath i t . 

2 .  The San Joaquin Valley f ault zone , which was discover ed late in FY 1 9 7 7 , 
was traced southward along t he east flank o f  the Diablo Range from Tracy t o  
L o s  Bano s . Although a search wa s  made along the ent ire wes t  s i d e  o f  the 
Central Valley for a northward and southward cont inuat ion o f  the f ault zone , 
no evidence for a prolongat i on o f  the faul t z one was found . 

Geologic relat ionships along the fault z one indicat e that normal fault ing along 
the San Joaquin Val l ey faul t z one began after the upl ift  o f  the Diablo Range 
and the d evelopment o f  the Central Val ley . The S an Joaquin Valley fault zone 
pos t-dat es  the Tulare Gravels , Pl io-Pleistocene-age gravels which rest uncon­
formably on eastward-dipping r ocks in the east f lank o f  the D iabl o  Range . 
Dif ferent ial o f f set o f  late Pleistocene stream t erraces sugges t s  a complex 
history o f  movement along the San Joaquin Valley faul t z one . 

3. S everal prev iously unident i fied thrust  faul t s  have b een located along the 
foot of the hills on the wes t  side of S an Franci s co Bay in S anta C lara and 
S an Mat eo Counties . Thes e  f aul t s , which appear s imilar in character to the 
Monte Vista  and S erra thrust  fault s , locally d i splace late Pleistocene t errace s . 

4. Geologic mapping of the Green Valley fault  z one north of Cordelia has 
revealed that the f ault z one c ont inues northward t o  Cache Creek , eas t  o f  
Clear Lake . The fault z one s t r ikes northerly , pas s ing j us t  west o f  Lake 
Berryessa . The d iscovery o f  the northward p rolonga t ion o f  the fault zone 
provides a conveni ent explanat ion for the micro s eismic act ivity (1969-19 7 4 )  
that has been instrumentally located i n  t he area , but had previou sly been 
unexplained . 
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5 .  Preliminary examinat ion and radiocarbon dat ing of sediment s recovered 
from the floor of Hol lister Vall ey have revealed the presence of at l east 
three leve l s  o f  lacustrine clays , all presumably associated with ancient 
Lake San Benito . The uppermo st clays had been dated previously at 4000 
C-14 years B . P . ;  the lowermo st clays were recently determined to b e  
approximately 9900 C-14 years B . P  • •  The 9900-radiocarbon year a g e  for 
the lowermo st c lays indicat es that the land slide dam a t  Chi t t enden , which 
impounded ancient Lake San Benito , is at least about 10,000 years old . 

Report s 

Herd, D .  G . ,  1978 , An intracontinental plate boundary eas t  o f  Cape Mendocino, 
California : Geology (submit t ed for publicat ion) . 

1978, Map o f  Qua ternary faul t ing along t he northern Calaveras faul t zone; 
Las Trampas Ridge , Mount Diablo , Dublin, Niles, and La Co sta 7-1/2' quad­
rangles , California : U . S .  Geological Survey Open-file Report 78-307, 5 
sheet s ,  scale 1 : 24 , 000 . 

1978, Map of Quaternary faul ting along the northern Hayward faul t zone; Mare 
Island, Richmond, Briones Vall ey, Oakland Wes t , Oakland East, San Leandro, 
Hayward, and Newark 7-1/ 2' quadrangles, California : U . S .  Geological Survey 
Open- file Report 78-308, 8 sheet s ,  scale 1 : 24,000 . 

____ 1978, Map o f  Quat ernary faulting a long the southern Rodgers Creek f ault 
zone; Glen Ellen, Petaluma River , and S ears Poin t  7-1/2' quadrangles, 
California : U . S .  Geological Survey Open-f il e  Report 78-306, 3 she e t s, 
scale 1 : 2 4 , 000 . 

Russ , D .  P . ,  S t earns , R .  G . ,  and Herd, D .  G . ,  1978, Map o f  exploratory trench 
acro s s  Reelfoot scarp , northwes tern Tennes see : U . S .  Geolo gical Survey 
Mis cellaneous Field S tudies Map MF-985 . 
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Inv e stiga tio ns 

Te c to n ic s  o f  Centra l a n d  Nor th er n  Ca l ifo r n ia 

8-9950-01290 

Wil l ia m  P .  Irwin 
Bra n c h  of Ea rth qu a ke Te c to n ic s  a nd Risk 

U. S. Geo l o gic a l  Su r v ey 
345 Mid d l e fie l d Roa d  
Me n l o Pa r k ,  C A  94025 

(415) 323-8111 e x t .  2065 

H.A.1.a. 

1. Study o f  th e r e l a tio n be twe e n  c a r bon - d io x id e  disc h a r ge s  a nd seismic ity 
wa s c o n tin u ed in c o l l a bo r a tion with Iva n  Ba r n e s .  F ina l p r e p a ra tion o f  a 
re port a n d  ma p re l a tin g th e gl o ba l  d istr ibu tio n  o f  c a r bon - d io x ide a nd 
seismic ity wa s c omp l ete d . 

2. Pre l imin a l�y a n a l y sis of in tr a p l a te se ismicity to d e te rmine w h e th er su c h  
se ism icity is a ssoc ia te d  with distin ctive geo l o gic fea tu re s. 

3. Comp l e te d  p re p a ra tio n o f  geo l o gic str u c tu re sec tion a c ross n o r th e r n  
Ca l ifo r n ia fo r Pl a te Ma r gin s G ro u p , U . S .  G eody n amic s  Committe e . 

4. Prep a red a p a p e r  on th e tec to n ic a c c r e tion o f  th e Kl ama th Mo u n ta in s  
for th e R u by c o l l o qu iu m  ( UCLA ) a n d  memor ia l  v o l u me .  

5. La bo ra to ry wor k  wa s c om p l e te d  o n  the radio l a ria n c h e r ts from va rio us 
l ith ic be l ts o f  n o rth e rn Ca l ifo rn ia ,  a n d the re su l ts we re reported in a 
sympo sium vo l ume o n  the Me so zo ic p a l e o geo gr a p hy o f  th e we ster n Un ited Sta te s .  

Re su l ts 

Ca r bo n -d io xide d isc ha r ge s  a n d  e a r th qu a ke s  a re co n c e n trated a l on g  the 
bou nd a rie s  o f  c r u sta l p l a te s. Al ong the se bou nd a r ie s  th e resista n c e  to 
p l a te mo tio n is exp re ssed p a r tl y  a s  seismic e n e r gy, a n d  it is here a l so th a t  
c o n d itio n s  a re su ita bl e for re l e a se o f  c a r bo n  d ioxid e  fro m  ma rin e ca rbona te ­
bea r in g  roc ks th ro u gh p r o ce sses o f  su bd u c tio n a n d  ign e o u s  in tru sion . Fra c ­
tu res ex te n d in g  to su fficie n t  de p th may a l so y ie l d  c a rbon d ioxid e  from th e 
ma n tl e .  The ge n e ra tion o f  c a rbo n d io xid e a l o n g  th e se tec to n ic zo n es is a 
l o n g- te rm e ve n t , com p a re d  to th e h isto r ic a l  re co r d  o f  seismicity , a nd thu s  
may be a u se fu l  fe a tu re in re gio n a l  seismic zon in g .  T h e  ge ne r a l l a c k  o f  
c a r bo n -d io x ide d isc h a rge s  a nd seismic ity in c r a to nic re gion s  ind ic a te s  the 
c o n tin u a n c e  o f  a l o ng h istory of te c to n ic quie sc e n c e . 

Re por ts 

Ba r n e s ,  Iva n ,  Irwin , W . P . , a nd Wh ite , D . E . ,  G l o ba l  d istr ibu tion o f  c a r bo n ­
d ioxide d isc h a r ge s  a nd m a jo r  zon e s  o f  seismiCity : U . S .  Geo l . Sur v ey , 
Wa ter R e so u r ce s  In v . ,  in p re ss.  

Irwin , W . P. ,  Jo n e s ,  D. L . , and Ka p l a n ,  T . A . , 1978 , R a d io l a ria n s  from p re ­
Ne vad a n  roc k s  o f  th e Kla ma th Mo u n ta in s ,  Ca l ifo r n ia a nd O r e go n , in 
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Mesozo i c  pal eogeography of the wes tern Un i ted Sta tes : Soc . Econ . 
Pa l eontol ogi s ts and Mi nera l og i s ts , Paci fi c Sec . , Pac i fi c  Coa s t  
Pal eogeography Symposi um 2 ,  p .  303- 3 1 0 .  

I rwi n , W . P . , 1 977 , Oph i o l i t i c  terranes of Cal i forn i a ,  Oregon , and Nevada , 
i n  North Ameri can oph i o l i tes , Co l eman , R . G . , and I rwi n ,  W . P . , Eds . : 
Oregon Dep t .  of Geo l ogy and Mi nera l  I nd .  Bu l l .  9 5 , p .  75-92 . 
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California Institute of Technology 

EARTHQUAKE HAZARD STUDY OF SIERRA NADRE FAULT SYSTEH 

U.S.G.S. Contract No. 14-08-0001-15258 

Barclay Kamb, Principal Investigator 

I October 1977 - 31 March 1978 

Detailed geologic rlapping of the Sierra Hadre and Raymond Hi 11 

fault zones is essentially completed. Some additional mapping in the 

La Canada-Tujunga area and the Monrovia Canyon area was done and some 

revisions were made to earlier mapping, which result in a more complete 

picture of the structure of the Sierra Madre fault zone. Three new localities 

of Quaternary faulting were found and studied, in addition to those reported 

previously; all involve northward-dipping thrusts br inging crysta 11 ine b,ISC-

ment over alluvium. New information on faulting relationships in the Sierra 

Madre and Raymond Hill zones has been obtained from ten trench excavations 

14 
at critical localities and from the C dates from samples collected from 

trenches excavated and reported on previously. Analysis of geomorphic d�t;j 

14 
and the C dates has yielded preliminary estimates of fault activity in L\1\: 

two fault zones. Seismicity in the study area is under detailed scrutiny 

through use of the CIT-USGS seismographic network; although the hypocenter 

pattern shows no clear clustering in relation to the known fault zones except 

in the aftershock area of the 1971 earthquake, focal mechanisms show a COI1-

sistent north-south alignment of compression axes. Publication of results 

as part of a USGS Professional Paper on the Transverse Ranges has been arranged, 

and the preparation of our contribution is near completion. 
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CALIFORNIA DIVISION OF MINES AND GEOLOGY 
RECENCY AND CHARACTER OF FAULTING OFFSHORE FROM METROPOLITAN 
SAN DIEGO, CALIFORNIA 

by M.P. Kennedy 
California Division of Mines and Geology 
1416 Ninth Street, Sacramento, California 95814 

SUMMARY REPORT - U S G S GRANT NO. 14-08-0001-16728 

This report, the Semi-Annual Technical Report for U.S. Geological 
Survey Contract 14-08-0001-16728, documents progress on the study of 
"Recency and character of faulting offshore from metropolitan San Diego, 
California" for the period October 1, 1977 through March 31, 1978. 

The initial data collecting phase of the project was completed 
during the month of December 1977 aboard the Scripps Institution of Ocean­
ography Research Vessel ��. Scripps. The area studied lies immediately 
offshore from La Jolla, California between latitudes 320 47' dnd 330 03' 
and longitudes 1170 15' and 1170 28', and is structurally a part of the 
southern California borderland (figure 1). 

Major faults associated principally with an offshore part of the Rose 
Canyon fault zone transect the area studied and have been observed by means 
of high resolution, subbottom, reflection profiling. Two profiling systems 

were employed to give a combination of maximum resolution and moderately 
deep (more than .5 sec) penetration in strata with velocities between 1.5 
and 3 km/sec. These systems included a 3.5 khz echo sounder and a 10 in

3 

air gun. More than 2,000 krn of profiles were measured along 96 individual 
lines (figure 1). 

The ship's position was plotted along each line by means of a tran­
sponding type, near microwave frequency, ranging system.. Four shore based 
relay stations provided resolution of + 30 m for any given point along each 
line. This navigational system was kindly loaned to us by the Marine 
Branch of the U.S. Geological Survey. 

All work associated with the first phase of data collection and 
development of the ship's track has been completed. The interpretation 
phase of the reflection data began March 1, 1978 and the sampling program 
is scheduled for late June and early July 1978. 

All data are available from California Division of Mines and Geology 
on microfilm and computer cards. Upon completion of the study copies of 
all facts will be supplied to the Marine Branch of the U.S. Geological 
Survey and will be available through Open-File by the California 
Division of Mines and Geology. 
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Figure 1. Index map s:10wing locations of subbottou reflection 
profiles and area studied. 
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Coastal Tectonics , Western U .  S .  

8-9940-0 1623 

Kenneth R .  Lajoie 
Branch of Ground Motion and Faulting 

U .  S .  Geological Survey 
345 Middlefield Road 
Menlo Park , CA 94025 

(4 15) 323-8111 ,  Ext . 2642  

I nvestigations 

1 .  The objectives of the Coastal Tectonics project are to provide information 
on late Quatern ary crustal deformation in the coastal region of the western U .  
S .  This information is used to assess tectonic state , date fault activity ,  
establish recurrence intervals o n  faults and establish style and rates of 
crustal deformation . 

2 .  Continuation of mapping and dating marine terrace deposits and late 
Quatern ary str ata from numerous coastal sites in western U . S . 

3 .  Continu ation of dating lacustrine deposits , western Great Basin . 

Results 

1 .  With John Wehmiller ( University of Delaware) , George Kennedy ( University 
of Californi a ,  Davis) , Tom Stephens ( USGS) , Sam Morrison ( USGS) , Joe Liddicoat 
( Lamont-Doherty Geological Observatory) and Duane Packer ( Woodward-Clyde 
Consultants) calibrated the amino-acid kinetic model in northern California 
and southern Oregon using paleomag netic data . At Moonstone Beach magnetically 
reversed marine beds near the base of a stratigraphic section yield an 
amino-acid age estimate of 7 10 , 000 years and magnetically normal beds near the 
top of the section yield an amino acid age estimate of 600 , 000 years . 
Normally magnetized beds in the Elk River fm at Cape Blanco , Oregon yield an 
amino- acid age estimate of 500 , 000 years . All of the amino-acid and 
paleomagnetic data are intern ally consistent and agree with correlations based 
on vertebrate and invertebrate fossils. 

2 .  With John Wehmiller , Andrei Sarna-Wojcicki ,  Bob Yerkes and George Kennedy 
dated molluscan faunas from Holocene and late Pleistocene terraces in the 
Ventura area . Amino-acid correlation of terrace remnants across the Red 
Mountain thrust fault indicate at least1�0 m of displacement h as occurred on 
the fault in the past 40 ,000 years . A C date of 2 , 100 + 80 years confirms 
the Holocene age of a marine terrace at Sea Cliff . Emergent Holocene terraces 
occur at only one other k nown loc ality along the west coast . The anomalously  
h i gh tectonic uplift rates of the  40 , 000 year old terrace (�7 . 6  mm/yr) and the 
2 , 100 year old terrace (�6 . 5  TW/yr) are consistent with rates of � 10  mm/yr 
derived from geodetic data . C dates , amino-acid age estimates and 
paleontological data agree with U-series dates on molluscs derived from data 
published by K aufman and others (1971) . This information suggests that 
Kaufman and others were incorrect in concluding that the U-series technique 
could not be used on molluscan fossils . 
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3 .  With Wehmill e r  an d Sarn a-Wo jcicki co l l e cted an d dated marin e f o s s il s f rom 
the thick s tratigrap h ic se ction con t ain in g vo l can ic as h e s  on the s o u t h  l imb o f  
the Ven tu ra Ave n u e  an t icl in e.  Pre l imin ary res u l ts indicate amin o -dcid age 
e stim ates are con s is ten tly too o ld in th e l ower p art of t h e  se ction n e ar the 
B ishop ash (700,000 yrs ) .  We be l ieve th e se o l d ages are the res u l t  o f  high 
temperatu re s re l ated to th e geo t h e rm al gradient . Re s u lt s  f rom this con tro l l ed 
e xperimen t m� he l p  exp lain o l d  amin o acid age e s timates in o the r thick 
stratigrap hic se ction s in cen tral an d n o rt h e rn Calif orn ia . 

4. Fo s s il s  f rom m arin e te rrace s at Su mmerl an d, San t a  B arb ara an d Gav iota 
y ie l d  amin o acid age e s t im ate s of 85,000 ye ars . Terrace remn an t s  o f  this age 
have n o t  p rev iou s l y been f o und alo n g  th e Ven tu ra-Poin t Con cep tion co ast. 

5. With Sarn a-Wojcicki an d Jack Hillho u se ,  co l l e ct e d  p aleomagn e tic samp l e s 
f rom the stratigraphic section on t h e  s o u t h  l imb o f  the Ven tu ra Ave n u e  
an ticl ine to co n f irm age e s t im at es b as e d  o n  ash correlation s an d study 
geothe rm al e f f e ct on amin o-acid racemiz ation . 

6.  With Jos ep h  Liddico at , co l l ecte d Pal eomagn e t ic samp l e s in Mon o  B asin an d 
Lon g  Val l ey to ref ine datin g an d correlation of tecton ical ly defo rmed 
sed imen ts in th e Great B as in an d the south  co as t al region . Pre l imin ary 
res u l ts are co n s is tent with o ther age con t ro ls an d p o s s ib l y co rre l ate 
sed imen ts b etween Mono B as in an d th e Tah oe b as in . 

7. With K e ith K ve n vo l den an d D ave B l un t  (Pacif ic- Arctic B ran ch o f  Marine 
Geo l ogy) , in itiated an amin o - acid datin g p ro je ct in the Gre at Basin u sin g 
o straco d s  f rom l acu s trin e sedimen t s . Pre limin ary res u l ts are 
stratigrap hical l y  con s is ten t . Th is tech n ique may p rovide a n ew too l  for 
d atin g l acu s t rin e depo sits t hrou gh ou t the we stern U. S. 

8. Wit h  Ste ve Rob in s on (Isof8pe Bran ch ) co l l ecte d s amp l e s o f  tuf a  dep osits 
f rom Mon o B asin to ev al u ate C dat in g of th is mat e rial an d inve stigate 
iso top ic res p o n se to l ake f lu ctu atio n s .  Pre limin dry d ates dre 
stratigraphical l y  an d geomo y'p h ical l y  con siste n t. Oxy gen isoto pe v al u e s  v ary 
p red ictab l y  with l ake f l u ct u atio ns . Oxy gen is otope d ata m ay p rove u sef u l  in 
datin g an d co rre l atin g l acu s t rin e dep os it s  in other b as in s . 

Report s  

Lajo ie, K .  R., an d Wehmill er, J. F., 1978, Q u atern ary u p l ift rates , Sou thern 
Cal ifo rn ia Bo rderl and ( ab s . ) : A mu ltidisciplin ary Symp osium on t h e  
Califo rn ia Bo rde rlan d, Ab s tract s f o r  1977 Mee tin g, San ta B arb ara Mu s e um 
of N atu ral History, San ta B arb ara, Ca l i forn i a, Feb ru ary 27-March 1, 1978. 

Wehmil l er, J. F., L ajo ie , K. R . ,  Sarn a-Wojcicki, A .  M., Ye rkes , R. F. , 
Ken n e dy ,  G. L . , Ste p he n s ,  T. A., Koh l, R .  F. , 1978, Amin o -acid 
racemiz ation datin g of Q u ate rn ary Mo ll us ks , Pacif ic Co as t Un ited State s 
(ab s .): Fou rth I n te rn at ion al Con f e ren ce on Geoch ron o l o gy ,  
Cosmoch ron o l ogy an d Is o tope Geo l o gy, Aspen , Colorado , Au gu s t 1978. 
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Inves tigat ions 

Eastern Transverse Ranges Tectonics 

8-9540-01616 

Douglas M .  Morton 
Branch o f  Western Environmental Geology 

U . S .  Geological Survey 
34 5 Middlefield Road 
Menlo Park , CA 94025 

H . A . 1 . a . 

1 .  Comple t ed comp ilat ion o f  preliminary Quaternary depo s it s  map o f  the 
upper S anta Ana r iver vall ey , southern Califo rnia . 

2 .  Completed isotopic (K/Ar) dat ing o f  Mesozo ic granitic rocks from the 
eastern Transverse Ranges and southern Moj ave Desert , southern California . 

3 .  Completed f ield mapping of  the northern f rontal thrus t syst em ,  S an 
Bernardino Mountains , southern California . 

4 .  Completed photointerp re t ive faul t map s  o f  a number o f  central Moj ave 
Desert fault s .  

5 .  Began paleomagnet ic study o f  young basalt ic rocks in the southern 
Moj ave Deser t , eastern Transverse Ranges ,  and northern P eninsular Ranges , 
southern Californ ia . 

6 .  Continued detailed mapp ing in the Rivers ide east and Riverside wes t  
quadrangles , southern California . 

7 .  Cont inued detailed mapping in the San Timoteo Badlands , southern 
Cali fo rnia . 

Result s  

1 .  Result s  o f  detailed mapping southeast o f  Loma L inda , southern California , 
includes recognit ion o f  an older alluvium unit o f f set by what may b e  the 
northwestern extens ion of the Banning fault . Vert ical component of the 
d isplacement along this northwest striking fault appears to be locally as 
much as 40 m, nor th s ide up . 

2 .  Contour ing o f  K-Ar apparent ages o f  granitic rocks f rom the Moj ave 
Deser t , southern Califo rnia , sugges t that o ffset on strike slip faults  
in that region is  no t as large as previously thought . Garfunkle (1974 ) 
argued that the aggregate right lateral offset across the three western­
most of these fault s  is 35 to 4 5  km .  Apparent age contours in the vicinity 
of the westernmo s t  two faul t s  show no r ight lateral o ffsets , but are 
strongly disrupt ed where they cro s s  these faul t s . It is thought that the 
lack of apparent right lateral o f fset and the d isrupt ion of the contours 
at the fa�l ts indicat e that there is a component o f  vert ical d isplacement 
across the faul t s  and that r ight lateral o ffsets are small compared to 
tho s e  previously suggested . 
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San Andrea s Fau l t System 
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D.  C .  Ros s  
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345 Mi dd l efi e l d  Road 
Men l o Park, CA 94025 

( 41 5 )  323-81 1 1  ext .  2341 

H . A. l . a .  

1 .  F i e l d i nves ti gati ons of gran i t i c  and metamorph i c  terrane i n  the Kern 
Ri ver area northeas t of Bakersfi e l d ,  Ca l i forn i a .  

2 .  Comparat i ve petrograph i c s tudy of metamorph i c rocks  from the Bean 
Canyo n Formati on and the " Kernvi l l e Series "  on oppos i te s i des of the 
Garl oc k fau l t .  

3 .  Th i n  sec ti on petrograph i c  s tudy of sel ected samp l es o f  various gra­
n i ti c  formati ons i n  the Tehachapi Mounta i ns . 

4 .  Comp i l a ti on of  data on me ta l l i c mi ne ra l  occurrences i n  the Sal i ni an 
bl oc k and the sou thernmos t S i erra Nevada ( San Emi gd i o  and Tehachapi Moun­
ta i ns ) to tes t " compati b i l i ty" of these two terranes on oppos i te s i des  
of the San  Andreas fau l t .  

Re su l  ts 

1 .  Fi e l d work on  both s i des of the wes ternmost  90 km ( 55 mi . ) of the 
Garl oc k fau l t zone s uggests there are no conv i nci ng basemen t correl a­
ti ons acros s the fau l t  a l ong th i s  i n te rva l . Two gran i t i c  rock  types 
cou l d  be gros s l y " refi tted" acros s the fau l t zone wi th 50 km of " ri ght­
l a tera l reversa l I I , but the framework metamorphi c rocks of these grani t i c 
s u i tes  are d i s s i mi l a r .  On the sou theas t ( Moj ave ) s i de of the Garl ock 
fau l t  the metamorph i c  terrane i s  charac ter i zed by dark hornfe l s and 
sch i s t ,  a nda l us i te hornfel s ,  d i sti ncti ve ca l c- hornfel s, and some meta­
vol can i c  roc k s . On the northwes t  ( S i erran ) s i de of  the fau l t zone the 
metamorph i c  rocks feature l i gh ter quartzo-fe l dspath i c  hornfel s and i m­
pure quartzi te or dark d i ori t i c gnei sses wi th ha l oed coarse garnets . 
Recen t sugges ti ons  have been made tha t the l ateral offset on the Garl ock 
may d i mi n i s h  toward the eas tern and wes te rn ends of the fau l t  zone 
( Troxe l ,  Wr i ght, and Jahns , 1 97 2) . My ba sement  s tud i es so  far sugges t 
at l east  50 km of  offs et near the western ( San Andreas ) end of  Ga rl ock 
i f  one accepts the ra ther cha ncy gran i ti c  correl a ti on j us t  descri bed . 
Thu s  the very mi n i mum offs et nea r the San Andreas termi nus of the 
Gar loc k  fau l t zone i s  comparab l e to the offset  determi nati ons of 50-60 
km made e l sewhere a l ong  the fau l t ( G . ! .  Smi th, 1 962 ; Dav i s and Burchfi e l , 
1 97 3) .  

2 .  A cross -secti on acros s the conti nen tal margi n of nearly 300 km has 
j u st  been comp l eted from offs hore of Poi nt  Sur acros s the Sa l i n i an b l oc k  
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a nd t h e  S a n Joa q u in Va l l ey for th e P l a te Ma rgins Gro u p  o f  the U. S .  Geo­
dy namic s  Commit tee .  Fo r t h e  fir s t  time on a regiona l s c a l e th e c omp l exi­
ties of the gra nitic a nd me tamorp h ic u nits of th e S a l inia n bl oc k  a re s ho wn 
a s is the controv e r s ia l  pos s ibil ity tha t the S a l inia n bl oc k is " detached "  
onl y a fe w kil ome ters be l ow t h e  p re s ent s u rface . 

3 .  A s e rie s  of s l ivers a nd l ense s  of g neis s ic a nd s c his to s e  roc k ,  s tr u ng 
o u t  fo r a bou t 22 km a l ong the Garl o c k  fa u l t e a s t  of Te h a chapi Pa s s ,  had  
been no te d by e a r l ier wor kers , bu t the sou rce terrane wa s no t known. Re ­
cent work h a s  s hown tha t  t h e  dominant roc k type is d a rk dio ritic gneis s  
wit h  coar s e  h a l oed g a rnets wh ich u ndou bted l y  wa s de rived f rom t h e  ex ten­
s ive da r k  g neis s ic te rrane tha t e x te nd s  a l o ng th e north s id e  of t h e  S a n  
Emig d io a nd Te h a c h a p i  Mo u nta ins . The se g a rne t- bea r ing g neis s ic s l iv e rs 
ind ica te a t  l ea s t  45 km of dis p l aceme nt in a l e ft- l a tera l s ens e from t h e  
pa re nt g neis s terra ne- - prov iding a nother mea s u re of minimum dis p l aceme nt 
on the Gar l oc k  fa u l t zone . Within the s er ie s  o f  s l ive rs is o ne d is c re te 
dark s c h is to s e  s l ive r a bo u t  5 km l o ng t h a t  is c h a ra cterized by coa r s e  
p o ikil itic a l bite ( in p a r t  " bl a c k" with gra phitic inc l u s ions ) a nd a c ic u l a r  
a c tino l itic amp h ibo l e ;  bio tite , epidote , a nd q ua r tz a re a l s o  commo n .  
Th e s e  roc ks ra nge from we l l - fo l ia te d  s p o tted s c h is t  to imp u re q u a r tzite 
and s ome a r e  p roba bl y  meta v o l c a nic . The overal l l it ho l ogy s u gges ts t h es e 
roc ks may be pa rt of the Pel ona te rrane . 

4 .  No rth of the Ke rn Rive r nea r  the we s te r n  ed ge o f  t h e  ba s ement roc k  
ou tcrop a dis tinc tive " po l ka -d o t l l d ike h a s  bee n  traced dis co ntinuou s l y  
for a bou t 1 km . The p o l ka -d o t s  a re white h a l oe d ovoid g ray ma s s es 
several  cm ac ros s t ha t a re s pa r s e l y  s p r inkl e d  wit h  p ink g a rne t , a nd are 
somewh a t d a r ke r  tha n t h e  fe l s ic dike ma trix . Wha t  ma ke s  t h is d ike mo re 
th a n  a mine ra l ogic c u r io s ity is the fa c t  tha t s imil a r  p o l ka- d ot dikes in 
the La P a nza R a ng e  a nd the S a l ton Tro u g h  h a ve bee n c ited a s  evidence fo r 
the corre l a t ion o f  g ra nitic te rrane s  a c ro s s  the Sa n A nd reas  fau l t ( D .  P .  
Smith , 197 7 ;  E h l ig a nd J o s ep h , 1 9 7 7 ) . The Ke rn area d ike doe s not 
nece s s a ril y t h re a te n  s u c h  a corre l a tio n ,  bu t it doe s s u g ge s t  some c a u tio n .  
" p ubl icity l l  s hou l d  h e l p dete rmine whether p o l ka -dot d ike s are s omewh a t  
wide s p re a d  a nd ha ve bee n  til l now ove r l ooke d  ( wh ich s eems h ig h l y  u nl ike l y ) 
o r  a re indeed ra re a nd a good co rre l a tio n c l ue ( a l o ng with oth e r  s up p or ting 
d a  ta ) . 

Reports 

Ros s , D. C . , 1 977 , The Sa l inia n bl ock- -A Mes ozoic g ra nitic orp ha n in the 
Ca l ifornia Coa s t  Range s :  in Howe l l ,  D . G . , a nd McDoug a l l ,  K . A . , e ds . , 
Mes oz o ic P a l eogeog rap hy o f

-1:he we s tern United S ta te s , So c .  E con.  
P a l eonto l o g is ts a nd Mine ra l og is ts , P a c ific Se c . , P a c ific Coas t Pa l eo ­
g eo g ra p hy Sympos ium 2 ( in p res s ) .  
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S a l ton Trough Tecton i c s 
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( 4 15 ) 323 -81 1 1 ,  Ex t.  2596 

I n vest i gat i on s  

1 .  Con t i n u at i on o f  ph otogeo l og i c  doc umen t at i on o f  t h e  s ur f ace r upture o n  t h e  
Imper i a l f au l t  t h at ac comp an i ed the May 18 , 1940 Imper i a l V a l l ey earthq u a k e .  

2 .  Comp i l at i on of a l l ev i dence re l at i ng to l ate Ho l ocene an d h i stor i c  
movement o n  the Imper i a l and a s s oc i ated f au l t s i n  southern Imper i a l Va l l ey. 

3 .  Further i nve s t i gat i on by trenc h i ng of the Imper i a l  f au l t  at the 
I ntern at i on a l  Boun d ary , u s i n g n ew strateg i es deS i gned to y i e l d  ev i dence on 
Ho l oc ene str i ke s l i p  d i sp l ac ement .  

4. Pa l eoch an n e l  study on the Coyot e  Creek f au l t  a t  a l oc at i on where s ur f ac e  
d i sp l acemen t occ urr ed d ur i n g t h e  1968 Borrego Moun ta i n  e arthquake.  The 
obj ect i ve i s  to estab l i sh a record of hor i z on t a l  as we l l  as vert i c a l  
components of l ate Ho l ocene d i s p l acement. 

Res u l t s  

1.  Vert i c a l  an d ob l i q u e  aer i a l  v i ew s  of port i on s  of the 1940 e arthq u ak e  
s urface r upt ure , a s  we l l  a s  many ground v i ews o f  t h e  f au l t  trace , perm i t  a 
f a i r ly acc ur ate recon struct i on of the det a i l ed geometry and d i str i but i on of 
s l i p  on the Imper i a l  f au l t . The comp i l at i on revea l s  t h at the r upt ure t r ace 
was not a l i n ear s i ng l e  break as dep i cted on many map s ,  b u t  i ns te ad con s i sted 
of a number of en eche l on separ ate b reak s .  Th e max imum d i sp l acement occ urred 
about 1 km n orthw est of the Al l - Amer i can C an a l  where t h e  i n i t i a l s l i p ,  p l u s an 
un k n own amount of after s l i p ,  tota l ed about 6 . 3  met er s , on e of the l ar ger 
h i s tor i c  s tr i k e - s l i p  d i sp l ac emen ts k n own . The ver t i c a l  a i rphotos s how off set 
crop rows a l ong a 1 4  km l ength of the f au l t  trace , an d t h ey prov i de an 
u n u s ua l ly good record of s hort -d i stance v ar i ab i l i ty of fau l t  s l i p . 

2 .  A f i e l d  c heck of man -made f e at ures th at cross t h e  Imper i a l  f au l t  h as 
pr ov i de d  a l arge amoun t of data on pos t - 1940 f au l t  s l i p  an d creep . Loc at i on s  
o f  th ese offset f e at ures agree c l o s e l y  w i t h t h e  1 940 f au l t  t r ace a s  revea l ed 
i n  1940 p o s t - e arthq u ak e  a i rph otos , as we l l  as wi t h  d i st i nc t  photo l i n e ar s  
v i s i b l e  o n  pre- 1940 a i r photos.  Agr i c u l t ur a l  ac t i v i ty i n  Imp er i a l V a l l ey h a s  
des troyed t h e  n atur a l  ev i dence s how i ng the pos i t i on o f  the f au l t  trace , b u t  
the comb i n at i on of the pre- an d p o s t - 1 940 p h o t o  l i n e ar and cr eep d at a  yi e l d s a 
fa i r l y c l ear p i cture about the l oc at i on s  and comp l ex i t i es of separ ate strands 
of the Imper i a l  f au l t .  

3 .  Trenches c ut acr o s s  the Imper i a l  fau l t  at the I nt er n at i on a l  boun d ary h ave 
exposed the two 1940 f au l t  r upt ures t h at are k n own to h ave extended i nto 
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Mex i co .  I n  add i t i on to f i x i ng the  l ocat i on of the break s i n  a sector where 
l i tt l e  s urf i c i a l ev i dence of the 1940 rupture h as s urv i ve d ,  the trenches 
showed th at no fau l t  strands other than those that moved in 1 940 ex i st ,  at 
l east w i th i n  8 feet of the groun d s urf ace . The sequence of f l uv i a l and 
l acu str i ne str ata revea l ed i n  the trenches are unu s ua l ly d i st i nct i ve ,  and no 
d i ff i cu l t i es i n  recogn i z i ng corre l at i ve beds on oppos i te  s i des  of the fau l t  
strand s  were en countered . A cros s -cutt i ng channe l was found near the ma i n  
fau l t  stran d ,  and i t s  truncat i on of a part i cu l ar stratum was p i ck ed as a 
l i near feat ure to be fo l l owed i nto and out of the fau l t  break . A system of 
trenches and p i t s  were cut to expose  the  two i nter sect i on s  of the l i near 
feature ( the " p i erc i ng po i nts " ) w i th the  fau l t  s urface . The offset on the 
fau l t  strand was foun d to be 3 . 7  m ,  in  c l ose  agreement w i t h  J .  P .  Buwa l da ' s  
1940 ob servat i on of s l i p  at the i ntern at i on a l  boundary . Al though th i s  
ev i dence s uggest s  that the channe l  depos i t s  encountered i n  the trench h ave 
exper i enced on ly  a s i ng l e  ep i sode of f au l t  movement , that of 1940 , other 
strat i graph i c  features i n  the pre-ch anne l  sect i on suggest  that at l east one 
add i t i ona l s l i p  event had occu14ed s i nce the l ast 1 . 5  meters of pre-channe l  
sed iments were depos i ted . A C age from charcoa l  co l l ected at the 1 . 5 
meter l eve l wi l l  s oon def i ne a max imum t i me d ur i ng wh i ch at l east two se i smi c 
event s  w i t h  major s l i p  have occurred on the Imper i a l fau l t .  

4 .  A pa l eochanne l study on the Coyote Creek f au l t  n ear the mi dpo i nt of the 
surface ruptur e  of the 1968 Borrego Mounta i n  earthquake has  i nvo l ved to date 
the cutt i ng  of 13 trenches and p i ts in  var i ou s  ori entat i ons  w i th respect to 
the fau l t  tr aces . The purpose of the study i s  to def i ne i n  deta i l the  pattern 
of f au l t i ng in a sect i on of l ate Ho l ocene f l uv i a l  and l acustr i ne sed iments and 
to search for channe l s  th at cou l d  be tr aced across  the comp l ex of fau l ts .  At 
l east one channe l that cros ses  the ent i re f au l t  zone was found , and i t  h as 
been offset r i ght l ater a l ly over 1 1  meters by at l east 1 3  fau l t  break s .  On ly  
two break s were known to be act i ve i n  1 968 . The data estab l i shes  a hor i zon ta l  
as we l l  as vert i ca l  record of  d i sp l acement and w i l l  prov i de a va l uab l e  test of 
the va l i d i ty of ass ump t i on s  common ly  u sed i n  est imat i ng earthquake  recurrence 
t i mes for str i ke s l i p  f au l ts based on the record of accompanyi ng ver t i ca l  
components of d i sp l acement . 

A C14 age run a l ready on a peat str atum found  i n  two of the trenches 
suggests  that there i s  a very l arge error in apparent ages of s he l l s  from l ake  
depos i t s  found  a l ong the  Coyote Creek fau l t .  A 200 + year est imate  of the 
recurrence t ime of 1968 - s i zed earthquak es on the Coyote Creek fau l t  by C l ark , 
Gr antz , and R ub i n  ( 1972 ) probab l y  i s  i n  error ( too l arge ) by a factor of about 
3 to 4 .  Charcoa l an d s he l l s  from severa l  str at i graph i e  pos i t i on s  in t he new 
trenches w i l l  be dated to estab l i sh a correct i on schedu l e  for apparent ages 
ob ta i ned from s he l l s  at th at l ocati on . 

Reports  

Sh arp , R .  V . , 1977 , Ho l ocene  traces of  the  Imper i a l fau l t  i n  Braw l ey ,  E l  
Centro , Ho l tv i l l e  West , Ca l ex i co ,  and Bond ' s  Corner quadrang l es ,  
south -centra l  Imper i a l  Va l l ey ,  Ca l i forn i a :  U. S .  Geo l . Survey 
Open-F i l e map 7 7 -81 5 , 5 s heets . 
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1 .  Completion of drafts o f  surficial geologic map ( scale 1 : 2 4 , 00 0 )  o f  S an 

Gabriel Val l ey and S an Fernando Val ley . Field checks and e f forts to locate 

s i te suitable for sampl ing o f  soi l s  for laboratory analyses are continuing . 

2 .  Continuation o f  1/24 , 000 geomorphic/photogeolog i c/soil s tratigraphi c  

mapping of Coastal Plain o f  Lo s Angeles County . 

3 .  Coordinate the assembl ing o f  textural data for ( scale 1 : 1 2 5 , 0 0 0 )  prel im­

inary surficial materials maps of flatland areas of Los Ange les County , Ven­

tura County , Riverside and San Bernardino Counti e s , Cal i forni a . 

4 .  Prepare pre l iminary maps ( 1/125 , 0 00 & 1/48 , 00 0 )  showing textural charac ­

teri stics o f  surfic ial geologic deposits in San Gabri e l  Valley and San Fer­

nando Valley . 

5 .  Reconnai s sance fie ld surveys of soil stratigraphic relation s  in Cucamonga , 

Lytle Creek , and Day Canyon areas of San Bernardino County . 

6 .  Selection o f  2 0  s i tes for in-s itu measurements of shear-wave velociti e s  

us ing down-hole techniques ( J . Gibbs , T .  Fumo l , and J .  Roth ) . 

7 .  Sel ection of 4 2  additional instrument sta tions in Los Ange les County to 

re cord ground mot ion generated by NTS nuc lear tests . ( A . M . Rogers , Proj ect 

Chie f ) . 

8 .  Preparat ion of a l ique faction suscept ibil i ty map ( 1/48 , 00 0 )  for parts o f  

the S a n  Fe rnando Val l ey , Lo s Angeles County , Cal i fornia , based on data com­

piled from exis ting sources . 

9 .  Addit ion of 4 0  new 1 4C date s to the compi lation begun one year ago . 

Re sults 

1 .  Geomorphic mapping and analys i s , photogeologic mapping , and pedological 

studie s  have culminated in a prel iminary vers ion of a stratigraphy for Qua­

ternary deposits in the S an Gabr iel and S an Fernando Valleys . 
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S ites for sampling o f  soi ls are be ing sought so that quantitative labo ratory 

data can be developed to better de fine pedological correlations and soi l 

stratigraphic units . 

2 .  The Baldwin H i l l s  promi se s to be a natural l aboratory for obtaining des­

criptions and anal yses o f  Late Plei stocene soil stratigraphic units in the 

Coastal P l ain of Los Ange les County . 

3 & 4 . Maps ( scale 1 : 12 5 , 00 0 )  to descr ibe the textures of sur f i cial materials 

( 0 - 2m subsur face ) are being prepared for the fol lowing Los Ange les regions : 

Areas 

Coastal LA County 

San Fe rnando Val l ey 

San Gabriel Val ley 

North LA County 

Ventura Cour. cy 

Upper Santa Ana Val ley 

Authors 

( J .  Tins ley ) 

( J . Tin s ley) 

( J . McCalpin ) 

( D .  Ponti & D .  Burke ) 

(A . Sarna-Wo j c icki & G .  McCoy ) 

( D .  Morton & B .  Cox ) 

Status 

( Draft)  

( Draft) 

( Draft ) 

( Draft) 

Surf i c ial depos i ts are arbitrari ly de s ignated as " Holocene " i f  the surface 

soi l  l acks a textural " B "  horizon ; " P l e i stocene " if the surfic ial soi l exhibits 

a textural " B "  horizon . The fol lowing fac i e s  are recogn i zed for " Holocene " 

and " P l e i s tocene" materials : very coarse-grained ( cobble s and boulders ) ;  

coarse-grained ( grave l ly ) ; medium-grained ( sandy ) ; and f ine -grained ( s ilts and 

c l ays ) . De formed con tinental and marine depos its of Quaternary or Late Ter­

tiary age , Tertiary sedimentary bedrock , Tertiary vol cani c s , and Pre-Te rtiary 

crystall ine and metamorphic l i tholog ies wi l l  a l so be del ineated where, they 

bound the flatlands . To the degree tha t ve loci tles of shear-waves characterize 

di f ferences in ground re sponse and corre spond to textural character i stics o f  

near- surface depos its , the se maps could b e  interpre ted t o  provide quali tative 

estimates o f  rel ative intensities o f  ground motion in the Los Ange les area . 

5 .  F i eld reconnai s sance of so i l  stratigraphic relations exposed in the Day 

Canyon-Cucamonga Canyon a l luvial fan sequences show that a l l uvial depos its 

which are faul ted are c apped by soils exhib iting minimal deve lopment of soil 

pro fi les and weathering of intermedi ate c lasts . Certain soi l  profi les are o f  

interest because they are not distingui shable from soi l s  o n  Holocene flood­

plains in the Los Ange les basin and thus may record young ( Ho locene? ) ep isodes 

o f  faul t movement in the Cucamonga-Day Canyon area . 

6 .  J .  Gibbs , T .  Fumo l , and J .  Roth are measuring in-s itu ve loci ties at 2 0  

s ites sel ected by J .  Tins ley and A . M . Rogers i n  the Long Beach and San Gabrie l  

Val l ey areas i n  Los Ange les County . The data wi l l  be used t o  evaluate and 

cal ibrate experiments to predict ground response as a fun ction of near-surface 
geo logy . 

7 .  Recordings o f  Nevada Te st S ite nuc l ear event s we re made in the Long Beach , 

Cal i f . area on s i tes unde r l ain by a l luvium and simul taneous ly on rock at sites 

in the Palos Verde s and Pasadena areas . These data show peak-ground-ve locity 

a l l uvium- to-rock ratios as large as 7 and spectral ratios in the per iod band 

0 . 2 -- 6  sec as high as 11 . Comparison of the low- strain nuc l ear and the San 
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Fernando strong-motion data at three s i te s  indicate s that for nuc lear events 

a l l uvium-to-rock hori zontal spectral ratios are about 1 . 3  times the ratios 

for the earthquake s .  S igni ficant trends exi s t  in the short-period data 

toward higher ground re sponse at s ites underlain by high vo id ratios in the 

near- sur face mater ials and lower ground re sponse with increas ing thi ckness 

of Quaternary depos its . 

8 .  With the a s s i stance o f  T .  L .  Youd , E. King , R .  Pre ston , and M .  Bennett , 

geologic , hydrologic , and geote chnical data i s  being compiled , analyzed , and 

incorporated into a l ique faction sus ceptibility map of parts of the San Fer­

nando Val ley . The pre l iminary interpretation i s  entirely con s i stent with 

patterns of l iquefaction induced by the San Fernando earthquake of 2/9/71 . 

14 
9.  More than 40 C date s have been added to a comp i lation begun one year 

ago . The date s help us to e s tabl ish local rate s o f  sedimentation ( vert ical 

accretion ) and rate s o f  soi l formation in the Los Ange les area . 

Reports 

Rogers , A. M . , Tinsley , J .  C . , Hays , W . W . , and King , K. W . , 1978 , Evaluation 

of the relation between near-sur face geologic units and ground response 

in the vic inity of Long Beach , Cali fornia , ( Approved by the Director for 

publ ication outs ide the U . S . G . S . ) .  
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CAL I FORN I A  D I V I S I ON O F  M I NES AND GEOLOGY 

INVESTIGATION OF THE NORTHWESTERN PART OF THE SAN GABRIEL FAULT ZONE , WITH 
REGARD TO CHARACTER AND RECENCY OF MOVEMENT , LOS ANGELES AND VENTURA COUNTIES , 
CALIFORNIA by F .  Harold Weber , Jr . 

U S G S CONTRACT NO . 14-08-0001-16600 , Modif ica t ion 1 

SUMMARY REPORT COVERING PERIOD OCTOBER ! , 1977 to MARCH 3 1 ,  1978 

Continuat ion of the study o f  the San Gabriel  faul t zone between its nor th­
wes terly terminus in the vic inity of Fraz ier Mountain and the Lit tle Tuj unga 
Canyon area , a d istanc e of sl ightly more than 70 km (44 miles) , aff irms that 
movement has occurred along the zone dur ing late Quat ernary t ime ( roughly the 
last 100 , 000 to 300 , 000 year s) . The pr inc ipal evidence for this movement con­
sists of approximately 15 local i t ies along the 70-km stretch of the zone s tudied 
which show late  Quaternary older al luvium , land slide d epos its , and paleosol s  
juxtaposed or  apparen tly j uxtaposed against  older rocks along faul t s . These 
relationships generally imply a sense of  ver t ical offset  but no t a sense of 
horizontal offset  or movement . The offsets  are not large , al though comparable 
in s iz e  (maximum of  10 - 15 m) to  s imilar offsets  along the nor thwes t  part of 
the Elsinore f ault in nor thwestern River s ide County , which the wr iter s tudied 
under a previous U . S .  Geological Survey contrac t . The offsets  collec t ively 
suggest that land on the southwes t  s id e  of the faul t has been moving upward 
with relationship to land on the nor thea s t  sid e  dur ing lat e  Quat ernary t ime . 

Well-developed geomorphic f ea tures tha t would indicat e  periodic and 
subs tantial movement in latest geologic t ime do no t occur consis tently along 
the San Gabriel fault zone , however , as they do along the Elsinore fault zone . 
Isolated examples occur , however : Beartrap Canyon area , you thful low scarps 
appear to occur along faul ts in the center of a graben ; Placeri ta Canyon area , 
a modera te sized drainage is lef t-def lec t ed or offset ; and Little Tuj unga Canyon 
area , a possible scarp occurs on the De Mille faul t of the zone , and nearby 
ground cracks on ano ther faul t may have formed dur ing the 1971 San Fernando 
ear thquake . The extreme l inear ity of maj or part s  of the fault zone also may 
ind icate tha t i t  is ac t ive , as surely it is no t being d isplaced or warped by 
other faul ts ; in f ac t ,  wes t  to eas t-trending s truc tures of the Transverse Ranges 
either terminate against the f aul t , or are offset  by it ; some evidence suggests  
that along the nor thwes t par t of the zone several o f  these struc tures  are  of f set  
right la terally be tween 1 1 / 2  and 2 1/ 2 km .  

Mapping in the Valenc ia area d isclosed that conglomerate beds o f  the S augus 
Forma t ion , of Plio-Pleistocene age , in outcrops nor th of the alluvial basin of 
the Santa Clara River contain clasts  of Pelona Schist  but no anor tho s ite ; 
whereas , nearby outcrops to  the south contain Pelona Schist as well as abundant 
anorthosite . This abrup t change across the logical cont inuat ion of the trend 
Qf the Hoser fault  zone beneath alluvium eas t-southeas tward from Hasley Canyon 
suggests that a pr inc ipal trac e of the Holser fault zone may terminat e  against  
the San Gabriel faul t zone near the mou th o f  San Franc isquito Canyon ; this  point 
is nearly 5 km nor thwes t  of Bouquet Junc tion , the generally accepted po int where 
the Holser j oins the San Gabriel fault zone . 
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Department of Geology , Oregon S tate Univers ity , Corvall is , Oregon 9 73 31 

USGS Contract  No . 14-08- 000 1- 1674 7 

"Subsurface Geology of the San Gabriel , Holser ,  and S imi- Santa Rosa Faul ts ,  
Transverse Ranges , California" 

Robert S .  Yeats , Principal Inves t igator 
Jill T. S chlaefer 
Fred M .  Nelligan 

SEMI-ANNUAL TECHNICAL REPORT SUMMARY 

During the f irst s ix months reporting perio d ,  we began our s tudy o f  the San 
Gabr iel fault , concentrating on the Hono r Rancho oil f ield , where Paschall and O f f  
(1961)  pub lished evidence that the fault is mainly dip s lip , and the Placer ita 
oil f ield , where a Plio-P leistocene sequence over l ies a Paleogene marine s equence 
which i t s elf overlies basement rocks , previous ly und escribed . Data were collec t ed 
for 142 wells in the Hono r Rancho area and 2 14 wel ls in the P lacerita area . The 
Honor Rancho s tudy is being done in cooperat ion with the S outhern Cal ifornia Gas 
Company which is us ing the southeas t area o f  the Honor Rancho f ield as a gas­
s torage reservo ir ;  this will permit us to consider reservo ir pres sures and gas­
inj ect ion barriers in mapp ing subsurface fault s . We are now construc t ing cros s  
sections and structur e contour map s in both areas . W e  are int egrat ing our work 
with a study of the surface trace of the San Gabriel fault  (Weber , 1 9 7 7 )  and a 
seismic ity study by Murdock ( 19 7 7 , 19 7 8 ) . 

Cross sect ions through the Honor Rancho oil f ield indicate that the Saugus­
Sunshine Ranch (Pliocene-Pleis tocene ) s trat igraphy is so s imilar on both s ides o f  
the San Gabriel fault that individual electric- log markers can b e  c orrelated acros s 
the faul t wi thout difficulty . This sugges ts l it t le or  no lateral d isplacement 
along the San Gabriel fault s ince Saugus-Sunshine Ranch deposition . The P ico 
Formation is s imilar on both sides of the fau lt , but it  is not poss ible to correlate 
markers across the fault thus permit t ing but not requiring lateral d isplacement o f  
the Pico along the San Gabriel faul t .  Pre-P ico s trat igraphy o n  oppo s ite s ides 
o f  the faul t is diff erent . On the wes t sid e ,  granitic bas ement is overlain by 
upp er Miocene Modelo Formation and Miocene-Pliocene Tows ley Format ion . On the eas t  
side , nonma rine middle Miocene Mint Canyon Format ion i s  overlain b y  shal low 
mar ine upper Miocene Castaic Format ion . Coarse-grained submarine fan depo s i t s  in 
the Modelo Format ion have an easterly source acro s s  the San Gabriel f ault , but 
coeval Cas taic Forma tion immediat ely eas t of the fault cons is t s  mainly of  mass ive 
marine silts tone which could not have served as a source for the Modelo fan depo s its . 
A sedimentary b recc ia lens in the Modelo Forma tion was cons idered to be an interbed 
of Mint Canyon Format ion by Paschall and O f f  ( 1 9 6 1 ) , but faunal evidence from the 
Modelo Formation above and below the lens and from the Cas taic Format ion eas t of  
the fault  ind icat es that the  Mint Canyon in  this area is o lder than the breccia 
lens and that the lens i t s el f  is fossiliferous . S trata with Castaic and Modelo 
faunas are interbedded , as suggested by Paschall  and Off ( 19 61 ) , but this may be 
explained by a b iofacies boundary parallel to the San Gabriel faul t .  
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The San Gabriel fau l t  a t  Honor Rancho cons is t s  o f  a warped wes tern strand 
with lit t le or no sur face expres s ion and a planar , east-dipp ing eas t ern s trand 
with surface expres s ion in lat e Quat ernary depusits  as mapped by T?eber ( 19 7 7 ) . 
Both s trands cut the Saugus , but the wes tern s trand marks the boundary between 
Castaic and Modelo Format i on .  A suggested , but sp eculative his tory o f  the S an 
Gabriel fault at Honor Rancho would inc lud e : ( 1) format ion of the western s trand 
after Modelo and Cas taic d ep o s it ion but pr ior  to Pico d epo s i t ion , pos s ib ly along 
a st eep scarp marking the eas t ern boundary of the Mo delo deep-water bas in , ( 2 )  j uxta­
pos ition of the Modelo and Cas taic bas ins by s trike-s lip faulting , ( 3) depos i t ion of 
the Pico Format ion and po ss ibly add it ional s t r ike- s l ip fau l ting , (4 ) deposit ion o f  
the Saugus format ion , ( 5) d ip- s lip movement on the wes tern and eas tern s trand s , and 
( 6 )  cont inued d ip-s lip movement on the eas t ern strand to lat e  Quaternary t ime . 
This interpretation o f  the S an Gabr iel fault imp l ies that the faul t is no longer 
undergo ing strike s lip , but it  is capab le of d ip s lip because it  continues to be 
a zone of wea¥ness . 

Basement rocks are f ound in s evera l wel ls in the Honor Rancho and Placerita 
ar eas . Al l are gran i t ic excep t  basement in the Mobil H & M I well wes t  o f  Plac er ita 
which encountered hornblende-b iot ite  amphibo lite which has s ome s imilarities to 
Pelona Schis t . 

A no rth- trending d i s c ont inui ty s eparates contras t ing pre-Tows ley (pre­
Plioc ene) sequences in the Placer i t a  area . On the wes t  sid e ,  Topanga Format ion is  
over lain by a thick s equence o f  deep-water Mod elo Format ion inc lud ing submar ine 
fan depo s it s . On the eas t s id e , basement rocks are overlain by mar ine Paleogene 
s tra ta , nonmarine beds  var iously referred to as Sespe , Mint Canyon , or nonmar ine 
Topanga ,  and by a thin sequence of Mod elo . This discont inuity intersect s  the 
San Gabriel faul t near the town of Saugus and may be of  value as a p ierc ing po int 
for determining o f f set along the f aul t . 

Eleven earthquakes o f  magnitude 3 . 9  or less occurred in January and February , 
19 73 j us t  wes t  of Honor RancrD oil f ield and south of the San Gabriel fault (Murdo c k ,  
1 9 7 7 ; 1 9 78 ) . Fo cal d epths are 17-2 0 km ,  unusually deep for California . The 
distribut ion of events and f ocal mechanisms as repor ted by Murdock do not correspond 
to any known s truc ture in the area . 

References : 

Murdock, J .  N . , 1 9 7 7 , Earthquakes located by data o f  the Castaic network , southern 
California , 1 9 7 2- 1 9 7 3 : u . S .  Geolog ical Survey Open-File Report  7 7-357 , 60 p .  

Murdock , J .  N . , 1 9 7 8 , A t e c t onic interpretat ion of earthquake focal mechanisms and 
hypocent ers in Ridge bas in ,  southern California (abs . ) : Earthquake Notes , 
v .  4 9 , no . 1 ,  p .  6 9- 7 0 . 

Paschal l ,  R .  H . , and Of f ,  T . , 1 9 6 1 , Dip-s l ip versus s t r ike- s lip movement on San 
Gabr iel fault , southern Cal ifornia : Am Assoc . Petrol eum Geo log is t s  Bull . , 
v .  4 5 , p .  1941- 1 9 5 6 . 

Weber , F .  H . , Jr . , 1 9 7 7 , Invest igat ion of the northwes tern p art  of the San Gabr iel 
fault z one , with regard to character and recency o f  movement , Los Angeles 
and Ventura Count ies , Cal ifornia : Annua l Technical Repor t  to U .  S .  Geolog ical 
Survey , Contrac t 14- 08- 0001- 16 6 00 , 3 3  p .  
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Tec ton i c s  o f  the We s t e rn Transverse  Range s 

8 - 9 5 4 0- 0 1 6 1 5 

R .  F .  Y e r kes 
B ra n ch of W es te rn E n v i ronme n ta l  Geol ogy 

U .  S .  Geol og i c a l  S u rv ey 
34 5 M i d d l efi e l d Roa d  
Me n l o P a r k , C A  94025 

( 4 1 5 ) 3 2 3 - 81 1 1  ex t . 2 3 5 0  

F i e l d I n ve s t i ga t i o n s  

H . A . l  . a . 

a .  A ma j or fau l t offs e tt i n g  H o l ocene s tre am te rra c e  a l l u v i um h a s  been 
mapped i n  J a vo n  C a nyon , i n  the v i c i n i ty of P i tas P o i n t , we s t  o f  the town 
o f  V en tu ra . App a re n t  v e rti ca l d i s pl a cemen t of t h e  te rrace a l l u v i um a n d  
bedrock p l a tform i s  4 . 5  m .  T h e  fa u l t s t ri k e s  a p p rox i ma te l y  e a s t-we s t  
a nd d i ps 68° t o  t h e  s ou th . Ap parent mo v eme n t  i s  rev e rs e , s o u th s i d e u p . 
The s t re am te rra ce depos i ts g ra de s ou t hwa rd t'4 a n  u p l i fted Ho l o cene 
ma ri ne te rra ce wh i c h has been dated a t  2 , 4 5 5  C y e a rs b . p .  ( Wehmi l 1 e r 
a n d  o t h er s , 1 978 ) . Th ree or fo ur deb ri s cones  f rom the f ro n t  of the 
fa u l t g ra de l a t e ra l l y  i n to te rra ce a l l u v i um and i n d i c a te recu rrent mo ve­
men t  pos t a pprox i ma te l y  2 , 500 years b . p .  Th i s  fa u l t a l s o  o ffs e ts a 
h i g h e r , ol d e r  u p l i fte d  ma ri ne te rra ce , da ted a t  4 5 , 000 ± 1 0 , 000 yea rs b . p .  
( by the ami n o - a c i d ra c emi z a t i on me th od , W e hmi l l er a n d  o th e rs , 1 978 ) . 
Appa re n t  v e r t i c a l  o ff s e t  on th e l a t te r  te rra ce i s  a b ou t 36 m .  The fa u l t 
i s  s i tua ted b e twee n  two ma j or , e a s t-we s t  trend i n g , north - d i p p i n g , h i g h ­
a n g l e re v e r s e  fa u l t s ,  ( the Red Mou n ta i n fa u l t ,  a b ou t o n e - h a l f mi l e  to 
the no rth , a n d  the P i ta s  P o i n t  fa u l t ,  a pp rox i ma te l y  2 - 2� m i l es offs h o re 
to the s o u th ) , e l eme n ts of a th ro u g h - go i n g  zone typ i c a l  of T ra n s ve r s e  
R a n g e s  s t ru c t u re . 

b .  The s ou th b ra n ch of the Red Mou n ta i n fau l t i n  t h e  v i c i n i ty of Sea 
C l i ff ,  e a s t o f  R i n c o n  P o i n t , offs ets a n  u p l i fted ma r i n e  t e rra ce dated a t  
45 , 000 ± 1 0 , 000 years b . p .  ( Wehmi 1 1 er a nd o th e rs , 1 9 78 ) . Ap p a re n t  ver t i ca l  
o ffset i s  e s t i ma te d  a t  b e tween 1 2  a n d  2 1  m ,  w i th a mi n i mum o f  7 m .  T rend 
of the fa u l t i s  a p prox i ma te l y  e a s t-wes t ,  u p  o n  th e north . 

Offi c e  I n ves t i ga t i o n s  

1 .  Comp i l ed g e o l o g i c d a t a  on f au l t a c t i v i ty a n d  1 : 2 50 , 00 0  m a p  of fau l ts 
for one s q u a re - de g ree a rea ( N . 1 a t 3 3 ° 4 5 ' -34 ° 4 5 ' x W .  l o ng . 1 1 9 ° 3 0 ' - 1 20 °  
30 ' )  o f  V e n tu ra a n d  S a n ta Barb a r a Co u n t i e s , i n c l u d i ng S a n ta B a rb a r a  
C h a n n e l  a n d  t h e  p r ov i n c i a l  bou nd a ry t o  t h e  s ou th . 

2 .  Mapped f oc a l  me c h a n i s m  s o l u t i o ns p re v i o u s l y  d e r i v e d  for 2 s q u a re ­
degree a rea ( N .  l a t .  33° 4 5 ' - 34° 4 5 ' x W .  l o n g . 1 1 8° 30 ' - 1 20 ° 30 ' ) . 
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3 .  Compared and analyzed geo l og i c-sei smo 1 0g i c data o n  geo l og i c  h ab i t ,  
di s p l acement , and acti v i ty o f  fau l ts fo r the 2 square-deg ree a rea . 
P repared and s ubmi tted report on res u l ts .  

4 .  Conti n ued fi e l d i nves ti gati on  and report preparati on on age , corre l a­
ti on , and deforma ti on of exposed mari ne terraces a l ong Santa Barbara­
Ventrua Coas t .  ( I n  coopera ti on wi th LaJo i e , OES  #9940-0 1 623 ) . 

Res u l ts 

Focal  mech an i s ms based on about 200 ML 2 to 6 events for the s i x­
year peri od 1 9 70- 1 976 i n  the wes tern TransVerse Ranges refl ect the s ame 
stress  regi me as l arger earthquakes i n  the reg i on for wh i ch records a re 
ava i l ab l e :  Subhori zonta l  compres s i� e  s tress  d i rected general ly  norma l 
to the b i g b end  of the San  An dreas fau l t .  The  s tress i s  express ed 
ch i efly by se i smi c i ty and revers e di s p l acement a l ong s evera l maj or 
th rough - goi ng  zones of north -d i pp i ng fau l ts ( Red Mountai n -San Cayetano , 
P i tas Po i nt-Ventura , M i d - Channe l , and Ana capa-Santa Mon i ca ) ; a moderate 
component of  l eft- l atera l  s tri ke s l i p  a l so  i s  i ndi cated . Al l avai l ab l e 
ev i dence on rate and sense of  deformati on i s  cons i s tent fo r i ndi v i du a l  
fau l ts :  geol og i c  da ta on age and sense of l a tes t d i sp l acement and amou nt  
and  sens e of  s tra t i g raph i c  sepa rati on , geodeti c da ta on t i l t i ng of 
coas ta l a reas u nderl a i n by fau l ts , u p l i ft of dated ma ri ne terrace depos i ts 
i n  coa s ta l  areas u nderl a i n by fa u l ts , and as s oc i ated foca l mech an i sms . 
The i nd i cated average ra tes of deformati on ( 5- 1 0m/ th ous and years ) are 
cons i s tent for the severa l  types of evi dence and s h ow no ev i dence of 
s l owi ng over the l as t  4 5 , 000 years . 

The th rough - goi ng  east- trend i ng ,  north-d i pp i ng revers e fau l ts that 
domi nate the s tructure of the wes tern Transverse  Ranges res emb l e  s l i p  
s urfaces between a seq uence o f  north -to north eas t- d i ppi ng  s h i ngl es a l ong 
wh i ch many k i l ometers of north - s ou th s horten i ng and s ome eas t-wes t 
extens i on h as occu rred i n  l ate Quaterna ry ti me . At the present rates , 
a l l the meas ured compress i ve deformati on  i n  the wes tern Transvers e  
Ranges cou l d  h ave occu rred du ri ng the l a st 0 . 5  t o  1 mi l l i on years . 

Reports 

1 .  R .  F . Yerkes and W .  H. K .  Lee , Late Quaternary deformati on  i n  the 
wes tern Tra ns ve rs e  Ranges , Cal i forni a :  Chapter for U . S . G . S .  P rof . Paper . 
Submi tted to TRU 8 May 7 8 .  

2 .  W .  H. K .  L e e  and R .  F .  Yerkes , Se i smi ci ty o f  the wes tern Transverse 
Ranges , Cal i forn i a ( compani on report ) : Chap . i n  U . S . G . S .  P rof . Paper . 

3 .  J .  F .  Wehmi l l er ,  K .  R .  L aj oi e ,  A .  M .  Sa rna-Woj c i c k i , R .  F . , Yerkes 
and oth ers , 1 978 , Am i no-ac i d  ra cemi zati on da ti ng of Quaternary mo l l u s ks , 
Pac i fi c  Coas t U n i ted S tates ( a ten page i l l u s trated abs tract ) : P roceed i ngs , 
Fou rth I nternati onal  Conference on Geoch rono l ogy ,  Cosmoch ronol ogy and 
I s otope Geo l ogy , Snomass -at-As pen , Col o . , Au g .  1 978 . 

3 9  



H . A . l . a . 

4 .  Wehmi l l e r ,  J .  F . , L aj o i e ,  K .  R . , Sarna-Woj ci cki , A .  M . , a nd Yerkes , 
R .  F . , Unus ua l l y  h i gh ra tes of cru s ta l  upl i ft i n  Ven tu ra County , Cal i forn i a 
i nferred f rom Qu a te rnary mari ne terra ce ch rono l ogy ( abs . ) :  1 978 Na ti ona l  
G . S . A . , Toronto . 
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I nves ti gati ons 

Southwest  Utah Se i smotecton i c Stud i es 

8-9950-0 1 738 

R .  Ernes t Anderson 
Branch of Earthquake Tecton i cs and Ri s k  

U .  S .  Geo l og i ca l  Su rvey 
Denver Federal Center , MS 966 

Denver , CO 80225  
( 303 ) 234- 5 1 09 

1 .  F i e l d  stud i es i n  the v i c i n i ty of Beaver , Utah . 

B . A . I . h .  

2 .  Organ i zed and prepared road l og and gu i de book for Geol . Soc . Ameri ca 
fi e l d  tri p from Provo to Cedar Ci ty and return . 

3 .  Comp i l ed data on s l ope ang l es and hei g hts of fau l t s carps i n  the Beaver 
and Pangu i tch areas . 

4 .  F i e l d studi es wi th U . S .  Bu r .  Rec l amati on geo l og i s ts concern i ng s u i ta­
bi l i ty of s i tes i n  Cl ark Co . , Nevada , for eng i neered s tructu res . 

5 .  F i e l d s tud i es wi th R .  G .  Bohannon , U . S . G . S . , concern i ng structura l and 
strati graph i c  re l ati onsh i ps and prob l ems a l ong the Col orado P l ateau- Bas i n  and 
Range boundary i n  the La ke Mead area , Nevada . 

Resu l ts 

1 .  Stud i es of so i l s ,  teph ra , geomorph i c  s urfaces , and geol ogi c re l at i ons h i ps 
i n  the v i ci n i ty of  Beaver , Utah , i nd i cate the fol l owi ng  sequence of events 
duri ng the l as t  0 . 7 m . y . : ( a ) depos i t i on of l acustri ne sedi ments and 
i ntercal ated l ayers of ash and tephra duri ng the 0 . 7 -0 . 5  m . y .  i nterval , 
( b ) d i s p l acement of the sed i ments by at  l east  one northerly trendi ng fau l t ,  
( c ) depos i ti on of mafi c l ava that erupted from a vent to the north i n  the 
Cove Fort area , ( d ) d i sp l acement by northerly  trend i ng fau l ts and assoc i ated 
s trata l t i l t i ng wh i ch ,  together , produced a north- trend i ng anti forma l s truc­
ture characteri zed by " l i mbs " that are structural ly  defl ated by fau l ts that 
dropped s trata down toward the " fo l d ax i s , "  ( e ) eros i onal  breac h i ng of wa l l s  
of c l osed l acu stri ne bas i n  resu l t i ng i n  eros i onal  p l anati on of the north ­
trendi ng anti form by through-fl owi ng s treams and depos i ti on o f  a gravel 
mantl e on the eros i on surface , ( f ) beg i nn i ng of devel opment of carbonate soi l s  
on the grave l s �  ( g ) renewed fau l ti ng and associ ated  strata l ti l t i ng on s ame 
trends as for early an ti form , ( h ) conti nued so i l formati on and eros i onal  
breach i ng res u l t i ng i n  product i on of  a ser i es of s tream terraces on whi ch 
so i l s  deve l oped to contras ti ng stages of matur i ty ,  ( i ) renewed faul t i ng on 
northerly trends , ( j ) conti nued eros i ona l downcu tt i ng to present . 

I t  i s  n ot certai n whether fau l ti ng and strata l t i l t i ng were quas i conti nuous 
p rocesses or d i v i ded i nto the three d i st i nct ep i s odes as i nd i cated . I n  any 
case , the i nd i cated norma l d i sp l acement on i nd i v i dua l  fau l ts du ri ng the l ate 
Quaternary i s  at l east  25 m and may be as much as 70 m .  I t  i s  hoped that 
conti nued stud i es wi l l  res u l t  i n  a cl oser defi n i ti on of the age of the fau l t  
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events . Al l are probabl y pre Ho l ocene based on esti mates made from the 
morphol ogy of the fau l t scarps ( Bucknam and Anders on , 1 978 ) . Curren t under­
standi ng of the chrono l ogy of events i s  ba sed on a fi s s i on track age by 
Char les  Naes er , a K-Ar age by Ha ra l d Mehnert , and an ash  typ i ng by G l en n  
I zett . 
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1 .  Con t inuat ion o f  f ield mapp ing o f  Quaternary deposi t s  and physiographic 
features , eastern front of Sangre de Cr isto Upl i f t , to validate and 
refine ages o f  Pleistocene faulting . 

2 .  Collect ion o f  basalt samples for rad iometric age determinat ions , Ocate 
volcanic f ield . 

3 .  Photogeo1ogic mapp ing and comp ilat ion o f  new struc tural data on 
Albuquerque and Es tanc ia Basins , Socorro 2 °  sheet ( 3 4 ° - 3 5 °  N . , 
106° 108 °  W . ) .  

4 .  Pho togeo 1ogic mapp ing o f  phys iographic sur faces , and preparat ion o f  
physiographic prof i les and struc ture cross sect ions , Santa F e  region . 

5 .  Pe trolog ic and petro fabric analysis o f  Precambr ian basement rocks , 
Mora-Rociada area . 

6 .  Collect ion o f  soil-sample suit e , Las Cruces and Albuquerque areas , for 
exper imental age dating analysis by carbonate-thermoluminescence and 
uranium- trend methods . 

Results -------

Resul ts are s imilar to those reported in the January , 1 9 7 8 , summary . Proj ect 
personnel are invo lved in data analysis and report complet ion . 
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by 

R .  D . H 0 1  me s * ,  r� . G .  Be  s t ,  a nd W .  K • Ham b 1 i n 
De p a r tme n t  o f  G eo l o gy 

B r i g h am Y o u n g  U n i ver s i ty 

T h e  t h e rmo l um i n e s c e n c e  ( T L )  me t h od h a s  been a p p l i ed to th e a g e  d a t i n g  o f  
a l k a l i c  ba s a l ts from t h e  e a s te rn ma rg i n o f  t h e  B a s i n  a nd Ra n g e  prov i n ce ( H o l me s , 
i n  p res s ) . Loc a l l y ,  t h e s e b a s a l ts a re c u t  by n o rma l fa u l ts ex h i b i t i n g rec u rre n t  
movemen t w h i c h p o s tda tes t h e  e r u p t i o n  o f  t h e  l a va fl ows . A b s o l u te s tra i n ra tes , 
o r  ra te s  o f  fa u l t d i s p l a c em e n t ,  h a v e  b e e n  c a l c u l a ted for ba s a l ts of k n own a g e  
a nd fa u l t d i s p l a c eme n t . T h e  r e s u l t s a nd i n te rp reta t i o n s  o f  the s e  c a l c u l a t i o n s  fo r 
t h i r tee n s u c h  l a va f l ows from s o u th e r n U t a h  a n d  n o r t h e r n  Ar i zona ( F i g .  1 ) a r e  
pres en ted h er e . 

Rec e n t  s tu dy o f  t h e  g eomo rp h i c d e v e l o pmen t  o f  t h e  Wa s a tc h  fa u l t s c a rp ( H amb l i n ,  1 97 6 )  h a s  s hown t h a t t h e  d i s p l a c eme n t  h i s to ry o f  t h i s fa u l t i s  c h a ra c ter i z ed by 
a l terna t i n g  p er i od s  o f  recurre n t  moveme n t  a nd o f  q u i e s c e n c e  or tec t o n i c  i n a c t i v i ty .  
S u b s eq u e n t  s tu dy by And e r s o n  ( 1 97 7 )  h a s  s h own th a t  t h e s e  per i ods  o f  a c t i v e  d i s ­
p l a c em e n t  a nd o f  q u i e s c e n c e  c a n  b e  corre l a ted fo r more t h a n  7 5  km a l o n g  t h e  l e n g th 
o f  t h e  Wa sa tc h  fa u l t z o n e . T h e  q u a n t i ta t i v e da ta pre s e n ted b e l ow s u g g e s t t h a t  
s u c h  a p a t te r n  o f  a l terna t i n g p e r i od s  of tec to n i c a c t i v i ty a nd i n a c t i v i ty may a l s o  
b e  ty p i ca l  o f  s egme n t s  o f  t h e  H u r r i c a n e  a nd Torowea p fa u l t s  s ome 400 km t o  th e s o u t h . 

T h e  t h e o re t i c a l  l i m i ta t i o n s  o f  ca l cu l a t i n g  a b s o l u te s tr a i n rates  from t h e  
fa u l t  d i s p l a c em e n t s  o f  l a v a s  o f  k n own a g e  c a n  be s ee n  by a ca refu l exami n a t i o n  o f  
F i g u re 2 .  I n  c o n tra s t  t o  t h e  s em i - co n t i n u o u s reco rd o f  d i s p l a ceme n t  p r e s e rved by 
t h e  g eomo rp h i c  d ev e l o pmen t o f  ma j or fa u l t s ca rp s  ( s e e  Hamb l i n �  1 9 76 ) , a mea s u red 
d i s p l a c emen t  a nd age g i v e o n l y  the a���e ra te o f  fa u l t d i s p l a c emen t s i n c e  t h a t 
t i me ;  n o  s p ec i f i c  i n forma t i o n  i s  g a i ned reg a rd i n g  t h e d e ta i l ed h i s to ry a nd s eq u e nc e  
o f  tha t d i s p l a c eme n t  ( F i g .  2 ) . More o v e r , t h e  a n a l yt i ca l u n c e r ta i n t i e s  i n  t h e  a g e  
d e term i n a t i o n s  may ma ke i t  i mp o s s i b l e  t o  d e t e rm i ne d e ta i l s  of t h e  d i s p l a c eme n t  
h i s to ry e v e n  w h e n  s ev era l d a ta p o i n ts a re a v a i l a b l e ( s ee , fo r' examp l e ,  P o i n t  C i n  
F i g .  3 ) . 

N o n e t h e l e s s , ev e n  w h e n  t h e  a v er a g e  s tr a i n ra t e  i s  t h e  o n l y a v a i l a b l e ev i d e n c e , 
a s  i s  t h e  c a s e  i n  t h i s  s tu dy , i t  may s t i l l  b e  po s s i b l e to draw s ome g e n e r a l i za t i o n s  
rega rd i ng t h e  g ro s s  p a tterns  o f  d i s p l a c eme n t  h i s to ry .  Rec e n t  s tra i n  r a t e s  w h i c h 
a re m a r ked l y  d i ffe r e n t  f rom t h e  a ve r a g e  r a t e s  o f  d i s p l a c eme n t  s i nce s ome o l d e r  ev e n t  
( s ee F i g .  2 )  may a l l ow s ome b o u nd a ry c o nd i t i o n s  t o  b e  s e t  o n  th e re c e n t pa ttern s 
a nd h i s to ry o f  fa u l t d i s p l ac eme n t . For exampl e ,  t h e  s tra i n  ra tes reco rded by l a v a s  
e ru p ted a cro s s  a fa u l t ex h i b i t i n g rec u rr e n t  mo v em e n t  ( F i g . 3) may b e  g r e a te r  t h a n , 
l e s s  tha n or i nd i s t i n g u i s ha b l e from t h e  a v era g e  ra tes o f  d i s p l aceme n t  s i nce s ome 
o l d e r  e v e n t  ( e . g .  the i n ce p t i o n  o f  fa u l t i n g ) . T h e s e  da ta , res pe c t i v e l y , m i g h t  
i n d i ca te o r  d e l i m i t  p e r i od s  o f  a c t i v e  tec to n i sm ,  o f  r e l a t i v e  q u i e s c e n c e , o r  o f  
" n o rma l " fa u l t a c t i v i ty .  

Da ted l a v a s  from t h r e e  d i s t i nc t  f a u l t s e gme n t s  wer e a v a i l a b l e fo r a n a l y s i s  i n  
t h i s  s tu dy .  T h e  d a ted b a s a l t s  r a n g e  i n  a g e  from 0 . 09 to 1 . 05 m . y . T h e  t h re e  

*Now a t  Depa rtme n t  o f  G e o l ogy , A u s tra l i a n Na t i o n a l  U n i v e rs i ty ,  C a n berra , Au s tra l i a .  
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fa u l t  s egme n t s  s tu d i ed a re s hown i n  F i g u re 1 ;  t h ey are t h e  nor t hern Hurr i ca n e  
fa u l t ( i n  s o u t h e r n  U ta h ) , the s o u th e r n  H u rr i ca ne fa u l t ( i n Wh i tmo re Wa s h , A r i zona ) 
a nd th e To rowea p f a u l t  ( i n T o r owea p Va l l ey , A r i z o na ) . T h e  tota l d i s p l a c emen ts o f  
thes e fa u l ts t h r o u g ho u t  g eo l o g i c  t i me , a s  g i v e n  by Hamb l i n  ( 1 9 7 0 ) , a re 2 4 0 0  m 
( 8000 ' ) ,  460 m ( 1 500 ' ) ,  a n d  240 m ( 800 ' ) ,  r e s p ec t i v e l y .  

T h e  fa u l t d i s p l a c eme n t s  for e a c h  o f  t h e  f l ows d a ted by the TL me thod , toge ther 
w i t h  t he i r  T L  a g e  d a te s  a n d  c a l cu l a ted r a te s  o f  d i s p l ac emen t  a re l i s ted i n  Tab l e  1 .  
A l s o  l i s ted i n  Ta b l e 1 a re t he a g e s , d i s p l a c eme n ts a nd s tra i n  ra tes of s ev era l o l d e r  
b a s a l ts from t h i s  a rea wh i c h h a v e  been da ted b y  t h e  K-Ar me thod . F i g u re 1 s hows the 
l oca t i o n  o f  t h e s e  d a ted s amp l e s  re l a t i v e  to t h e  maj o r  f a u l t zones of t h e  a rea . 

F o r  t h e  d a ted f l ows a v a i l a b l e ,  t h e  a v er a g e  r a t e s  of d i s p l aceme n t  are 320  + 80 
m /m . y .  f o r  t h e  n o r t h e r n  H u r r i c a ne fa u l t ,  1 7 0  + 30 m/m . y .  for the sou thern H u rrTca n e  
fa u l t ,  a nd 7 0  � 1 5  O1/m . y .  fo r t h e  To rov/ea p faul t .  T h e  s i g n i f i c a n tl y l ower s t ra i n  
ra te reco rded by s amp l e Z i o n - 68 may be d u e  to a n  error i n  t h e  TL a g e  da te . I ts 
p rox i m i ty to s amp l e s  Z i o n - 20 ,  Z i o n - 57 a nd S G - 8 1 , wh i c h a re o n l y  s l i g h tl y  g re a ter 
age a nd w h i c h  c l u s te r  nea r the average s tr a i n  r a te o f  320 m/m . y . ,  s u g g e s ts  tha t the 
v a l u e of 77 m/m . y . i s  a n oma l o u s  a nd does no t a c t u a l l y  record a per i od of tecton i c  
q u i es ce nc e .  

Fu r t h e r  c a l c u l a t i o n s  s u g g e s t t h a t  two o f  t h e s e a ve ra g e  ra tes o f  rec en t d i s p l ace­
me n t a re s i g �i f i c a n tl y h i g h er t h a n  t h e  c o rr e s p o nd i n g p r e s umed a v e r a g e  ra tes o f  faul t 
d i s p l aceme n t  o v e r  t h e  l a s t  1 0  m . y .  McKee a nd nc Kee ( 1 9 7 2 )  e s t i ma te tha t mos t of 
t h e  u p l i f t o f  t h e  G r a n d  C a nyo n reg i o n h a s  ta ken p l a c e  w i t h i n the l a s t  5 - 1 0  m . y .  By 
a s s i g n i ng a n  a r b i tra ry a g e  o f  6 m . y .  to th e i n ce p t i on o f  fa u l t i ng  a t  the th ree s tud i ed 
l o ca t i o n s , i t  i s  p o s s i b l e  to p roj e c t  t h e s e  mo s t  rece n t s t ra i n  ra tes ba c k  over t h e  
p o s tu l a ted l i fe t i me o f  t h e s e  fa u l t s  a n d  to ca l cu l a te the to ta l d i s p l acemen t  tha t 
wou l d  o c c u r ( s e e  F i g .  2 ) . T he p ro j ec ted d i s p l a c em e n t  of t h e  northern H u rr i c a n e  fa u l t 
i s  1 900 + 500 m ,  s l i g h t l y  l ower th a n  b u t  n o t  s i g n i f i ca n t l y  d i ffere n t  from t h e  o b s erved 
tota l d i sp l a c eme n t  of 2 4 00 m. I n  co n t ra s t ,  the projec ted d i s p l aceme n t  of the 
s ou thern H u r r i c a ne fa u l t s egme n t  i s  1 000 + 200 m, more th a n  tw i c e  the o b s erved d i s ­
p l a c em e n t  o f  460 01 ; t h e  c a l c u l a ted d i s p l acemen t o f  the Torowe a p  fa u l t ,  420 + 80 m ,  
i s  a l s o n e a r l y tw i c e t h e  o b s e rv ed t o ta l d i s p l a c eme n t  ( 240 m ) . Th es e  ca l cu l at i o n s  
a ppea r  ev e n  more s i g n i f i ca n t  i n  c o n s i d e r a t i o n  o f  t h e  fa c t  t h a t  t h e  a r b i tra r i l y  
a s s i g ned a g e  o f  6 m . y .  i s  c o n s i d e ra b l y  yo u n g e r  th a n e i ther the i nc e p t i o n  o f  Ba s i n  
a nd Ra n g e  fa u l t i n g  1 6- 1 9  m . y .  a g o  o r  the 1 0  m . y .  u p per l i m i t  s e t  by Mc Kee a nd Mc Kee 
( 1 97 2 )  for the b eg i n n i ng o f  ma j or u p l i ft i n  th i s  a rea . T he s e  d a ta s how tha t rec e n t  
d i s p l ac em e n t  « 0 . 5 m . y . ) a l o n g  t h e  s o u t h e r n  H u r r i c a n e  a n d  Toroweap fa ul ts h a v e  
ta ken p l a c e  a t  ra t e s  s i g n i f i c a n t l y  h i g h er t h a n  th o s e typ i ca l  of the preced i ng 5 - 10 
m . y .  

W e  s u g g e s t ,  t h erefore , t h a t  t h e  s ou t h e r n  H u r r i c a n e  a nd Torowea p fa u l t  s egme n ts 
a re c u r re n tl y  u n d ergo i ng a p er i od o f  a c t i v e  t e c ton i c  d i s p l acem en t a n d  tha t thes e 
l a vas  rec ord t h e  typ e  of r e c e n t  tec ton i c  a c t i v i ty mod e l ed by e v e n t  A i n  Fi g ure 3 .  
T h e  n o r th e r n  H u r r i c a n e  fa u l t ,  i n  c o n tra s t ,  a p p e a r s  to h a v e  u n d e r g o n e  rec e n t  d i s pl a c e ­
m e n t  a t  ra te s  n o t  ma r ked l y  d i ffer e n t  from i t� p r e s umed a v e ra g e  r a te o f  d i s p l aceme n t  
s i nce t h e  b eg i n n i n g  o f  P l i o c e n e  t i me a nd r e c o rd s t h e  ty p e  o f  d i s p l a c eme n t  h i s to ry 
mod e l ed by e v e n t  C i n  F i g u re 3 .  Th e s e da ta s u gg e s t tha t a I ' s to p - a nd - g o "  pa ttern 
o f  a l te r na t i n g p e r i od s  o f  rec u r ren t fa u l t mo v �n e n t  a nd o f  t e c to n i c  q u i e s c e n c e  may 
h a v e  ty p i f i ed t h e  d i s p l a ceme n t  h i s to ry of th e s e  fa u l t s egmen t s . 
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Fi gure Capti ons 

Fi gu re 1 - I ndex map s howi ng the l ocat i on of TL  and K-Ar sampl es  rel ati ve 
to the maj or fau l t  zones of southern Uta h  and norther Ari zona . The three 
fau l t segmens con s i dered i n  the text are the southern Hurri cane fau l t ( # 1 -3 ), 
the Toroweap fau l t ( #4-6), and the northern Hurri cane fau l t ( #7 - 1 3 ) . The 
Type I s ampl es dated by the TL  method are o l i v i ne thol e i i te basal ts ; the 
Type I I  sampl es  are al ka l i ol i v i ne basa l ts and basani tes and the Type I I I  
sampl es are basal t i c  andes i tes . Each petrochemi cal  type requ i res a s l i ght ly  
d i fferent TL cal i brati on ; onl y  the  Type I I  sampl es are con s i dered i n  
th i s  study .  Sampl e numbers corres pond to those i n  Tab l e I .  

Fi gure 2 - T he l imi tati ons o f  determi n i ng stra i n  rates and d i s pl acement 
h i stori es  by measured offsets on l ava fl ows of known age . Poi nts of known 
age and fau l t d i sp l acement g i ve l i ttl e i nformati on on the actua l  patterns 
and paths  of d i sp l acement . 

F i g ure 3 - Hypotheti ca l  d i sp l acement h i story of a fau l t  exh i b i ti ng a l ternati ng 
peri od s  of recurrent movement and of tecton i c  q u i escence . Events of A-D 
represents po i nts of known age and d i sp l acement ( i . e .  fau l ted l avas of known 
age ) . 
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TABLE 1 

S train Rat e  Calcula t ions 

Samp le Age Offset Rate Fault 
* cu 

Whw-2 0 . 088 ± 0 . 015 m . y  2 2  m 250 .± 6 0  m/m . y . d Cd () 
0 . 203 + 0 . 024

* .-.,.4 
Whw-6-3 25 1 2 5  + 20 � - � =' 
Whw-9 0 . 108 + 0 . 029

* II: 
15 140 + 35 . -

en 

Vulc- l 1  0 . 201 + 0 . 034
* 15  7 5  + 1 5  -

Co 

Twp-17 0 . 284 + 0 . 048
* 

17 60 + 15 
Cd cu - � 

Htn- 18 0 . 2 9 7  + 0 . 07 4
* 

20 7 0  + 2 0  
... 
0 - - E-t 

Z ion-55 0 . 7 3 + 0 . 02+ 230
** 

3 1 5  + 20 -

Zion- 5 7  0 . 3 6 + 0 . 08+ 137 '1c* 380 + 90 -

Z ion-65A 1 . 05 + 0 . 0 7+ 3 7 7
* *  

3 6 0  + 3 0  -

Z ion-68 0 . 30 + 0 . 05
* 

2 3
** 

77 + 15 -
Q) 

Z ion-20 0 . 26 + 0 . 07+ 46
** 

180 + 4 5  ; 
u 

..-4 
SG-8l 0 . 244 + 0 . 021+ 9 1  3 70 + 3 0  

... ... 
.a -

" 0 . 282 + 0 . 0 7 3
* " 3 2 5  + 8 0  . 

z 

Z ion-69 0 . 44 + 0 . 04 130 2 9 5  + 3 0  

* 
Det ermined by the TL method . �e termined by the K-Ar me thod (M . G .  Bes t , 197 8 ,  per s . comm . ) .  

Repr esent s the f low ' s  elevat ion above the present drainage 
levels rather than i t s  d i splacement wher e d irect ly cut by 
recurrent f au l t ing . 

4 7  



<t 
C 
<t 
> 
laJ 
Z 

BASIN 

A ND 
RA N GE 

r- --

I � tP 

8 
:3 bA 7  
tP �  

� 9  124 10 
.:e:­o:) () 

� UTAH 
- - - - - � - -

A R I ZO 

0 
I 

Fi gure 1 

48 

H . A . l . h .  

/ / 

COLORAD 

• T YPE I 

• T Y P E  1 1 - 8  
• T YPE I I I  
A K - AR 

50 km 100 
I • 



+­c: 
Q) 
E 
Q) 
o .2 
a. (/) - -

o 

A g e 

Period of Active 
Tectonism 

N 0'\ 
OJ ....::t 
� 
::::s 
O'l or-

l..L-



VI 
o 

.... c: 
Q) 
E 
CI) 
o 
c -
c. 
fI) 

- -
o 

Projected ...-Strain Rate---:/ 

. . , 

. . . . . . 

. . 
. . . 
. . . 

. . . . 
. . . 

/ 
/ / 

/ 
/ 

�. / / 
� Average 

/ 

I / /
/ Strain Rate 

/ 

/ 

// 
/ / 

�/ 
A g e  

/ 
/ 

/ 

/ / / 

Possib le Displacement 
Paths 

• 
I 
I 

....... � 
••• • I 

. ,' I -:: _ _ _ _ _ _ _ _ _ _ _ _ .J 



R . A.l. h .  

Characteri s ti cs  of Acti ve Fa u l ts  i n the Great Bas i n  

Investi gat i ons 

8- 9950-0 1 538 

R .  C .  Bucknam 
Branch of Earthquake Tec ton i cs  and Ri s k  

u . s . Geol og i ca l  Survey 
Denver Federa l Center , MS 966 

Denver , CO 80225 
( 303 )  234-5089 

1 .  Profi l es of fau l t scarps at  the Fi s h  Spri ngs , Drum Mountai ns , Sci p i o 
Val l ey Pangu i tch , and Beaver , Utah , were s tudi ed to eval uate the s tati s ti cal 
s i gn i ficance of the re l ati ons h i p among scarp he i ght , s l ope ang l e , and age . 
Addi ti onal  f i e l d data were col l ected to augmen t  severa l of the data s ets . 

2 .  Pa rti c i pated i n  pos t-earthquake f i e l d stud i es of the 1 977 San J uan , 
Argenti na , earthquake . 

Resu l ts 

1 .  We l l -defi ned curves descri bed by the s l ope profi l e  data s how that for 
scarps of a g i ven age , the s l ope ang l e  of the scarp i s  proporti ona l to the 
l ogari thm of the s carp hei g ht .  Regres s i ons of s l ope ang l e  on the l ogari thm 
of scarp he i ght  typi cal ly  q i ve s tandard dev i ati ons of about 2°  and coeffi ­
ci ents of determi nati on ( R� ) of about 90 percent . For scarps of a g i ven 
hei ght , there i s  a reg u l ar decrease i n  s l ope ang l e  wi th i ncreas i ng age . The 
re l ati ons i nd i cate that such measurements can prov i de a means of rank i ng 
scarps accordi ng to re l ati ve geomorph i c age . The scarps s tud i ed range i n  
age from about 1 ,000 years to about 1 00 ,000 years and the procedures may 
provi de a means of d i s crimi nati ng age d i fferences of about 50 percent of 
the age i nvol ved . 

2 .  Carefu l  s tudy by aeri a l  reconnai s sance o f  the ep i central reg i on o f  the 
San Juan , Argent i na , earthquake fa i l ed to l ocate any surface ruptures  that  
mi ght have been produced by the  earthquake , a l though n umerous preh i s tori c 
fau l t s ca rps i n  a l l uv i um are present i n  the area . L i q uefacti on was a common 
phenomenon and occurred as far as at l east  200 km from the ep i center . The 
c l ose associ ati on of l i quefacti on effects such  as  ti l ted bu i l d i ng s , l oca l i zed 
re l ati ve changes i n e l evati on of the ground of 0 . 5  m ,  sand b l ows , and fi s s ures 
at that d i s tance adj acent to adobe bu i l d i ngs  l ac k i ng v i s i b l e  damage i nd i cates 
that l i quefacti on can occur  at l ow i ntens i ty l eve l s .  

Reports 

Bucknam , R .  C . , and Anderson , R .  E . , 1 978 , Use of s l ope ang l e to dete rmi ne 
fau l t s carp age [abs . ] : Geo l . Soc . Ameri ca Abs . w i t h  Programs , v.  1 0 ,  
no . 5 ,  p .  2 1 1 .  

BUcknam , R .  C . , and Anderson , R .  E . , 1 978 , Es ti mati on  of fau l t  scarp ages by 
use  of a s carp hei ght- s l ope ang l e  re l at i ons h i p :  Di r .  approva l .  

Al germi ssen ,  S .  T . , Cas tano , J .  C . , Langer , C .  J . , Hard i ng , S .  T . , Bucknam , 
R .  C . , 1 978 , A pre l im i nary report on the wes tern Argenti na earthquake of 
November 2 3 , 1 97 7  [ abs . ] :  Earthquake Notes , v .  49 , no . 1 ,  p .  40 . 
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Anchorage-Susitna Lowlands Ear thquake Hazards Mapping 

Inve s tiga tions 

8- 9 3 1 0- 0 2 07 8  

Oscar J .  Ferri ans , Jr . 

Branch of Alaskan Geo logy 

u . s .  Geologi cal Survey 

3 45 Midd l efield Road 

Menlo Park , CA 94 0 25 

( 415 ) 3 2 3- 8 1 1 1  ext . 2 247 

1 .  First- s tage work nec essary for ini tiating studies on new pro j ect . 

2 .  Preparatory work for upcoming f i eld season . 

Resul ts 

1 .  Completed prel iminary l iterature search for perti nent geo log ic reports 

of region and for reports rel ating to ear thquake hazards mapp ing . 

2 .  Coordinated with members of th e Bra nch o f  Engineering Geo logy and of 

the Alaska Divi s ion o f  Geo log i ca l and Geophy s i ca l  Surveys who wi l l  be 

working on proj ec t .  

3 .  Corre sponded wi th member s o f  the Muni c ipa l Geotechnica l Advi sory 

Commi s s ion and of the P lanning Depar tment of the City of Anchorage 

concerning the ob j e ctives and s cope of the new pro j ec t  and of the 

concerns o f  the ci ty .  

4 .  Ordered , received and organi zed aeria l pho tographs covering entire 

region . 

5 .  Made reques t  to the Topographic Divis ion for new base map coverage 

o f  region a t  metri c s ca le of 1 : 1 0 0 , 0 0 0 . 

6 .  Compiled geologic map o f  most of reg ion based on exi s ting mappi ng . 

Emphas i s  of mapping has been p lac ed on bedroc k- - sur f i c i a l  depos i ts 

genera l ly not subdivided , exc ept in Anchorage area . 
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Seismo-Tec tonic Analysis o f  Puget Sound Province 

Invest igat ions 

8-9540-0219 7 

Howard D .  Gower 
Branch o f  Western Environmental Geology 

U . S .  Geological Survey 
34 5 Middlef ield Road , MS 7 5  

Menlo Park , CA 94025 
(415)  3 2 3-8111 , ext . 2 35 2  

1 .  Detailed high-resolut ion seismic pro f iling surveys were made o f  
southern Puget Sound , San Juan Island area , and southern S trait o f  
Georgia . 

2 .  An aeromagnetic survey , flown at 2 mile flight l ine spacings , 
was made o f  the San Juan Island - Strait o f  Georgia area ( 4 8 ° 3 0 ' --
4 9 ° 00 ' N ,  l 2 3 ° 3 0 ' --12 2 ° 00 ' W) . An analysis  o f  the magne tic anomalies 
is  underway . 

3 .  Geologic mapping o f  Tert iary , sed imentary and volcanic rocks along 
the large Seatt le-Bremerton gravity anomaly has been s tarted . 

4 .  Samples and logs of several deep oil explorat ion well s in the central 
Puget Sound area are being s tud ied to provide informat ion on the sub­
surface s trat igraphy and s tructure of the region . 

5 .  Photography has been obtained to inve s t igate the val idity o f  a 
suspected maj or t ectonic structure along the prominent arcuate topographic 
feature in the wes t ern Cascade Range eas t of Seat tle . Geologic field 
inve s tigat ions of this inferred s truc ture will begin in June , 1 9 7 8 . 

6 .  Detailed gravity stud ie s are being made in the vic inity o f  Seattle  
and in the San Juan I sland s . 

Result s  

1 .  Marine se ismic records o f  Commencement Bay i n  southern Puget Sound 
were inferred by earl ier invest igators to show a pronounced northwes t  
Holocene faul t o f f s e t t ing the sea floor . A detailed high-resolut ion 
survey , however , has shown that the features interpreted as fault ing 
are relat ed to down slope gravitational movement of the sedimentary 
deposits  beneath Commencement Bay and that no Lat e Quaternary faul t ing 
is present . 

2 .  High-resolut ion seismic pro f il ing in t he southern S trait of Georgia 
did no t reveal any fault ing in the late Quaternary deposit s .  
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Report s  

Gower , H .  D . , 19 7 8 ,  Tectonic map o f  the Puget Sound region , Washington , 
showing locat ions of  faul ts,  princ ipal folds and large-scale Quaternary 
deformat ion : U . S .  Geological Survey Open-File Report 7 8-4 26 . 

Snavely , P .  D . , Jr . , Gower , H .  D . , Tagg , A .  R .  and Lands , Diane , 19 7 8 ,  
Not es on acquisit ion o f  high-resolut ion seismic profiles in southern 
Puget Sound , Washington : U . S .  Geological Survey Open-File Report 
7 8-3 2 8 . 

U . S .  Geological Survey , 19 7 8 ,  Aeromagnet ic map of  the Bellingham area , 
Washington : U . S .  Geological Survey Open-File Report 7 8-354 . 
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I nvest i ga t i ons 

Wa sa tc h  Front Surfic ia l  Geo l ogy 

8- 9550- 01 622 

Robert D .  Mi l l er 
Branch  of E ng i neer i ng Geol ogy 

U . S .  Geol og i ca l  Su rvey 
Box 2 5046 , MS 903 
Denver , CO 80225 

( 303 ) 234- 2960 

R . A . I . h . 

1 .  The purpose of thi s i nvest i ga t i on i s  to prepa re maps of t he d i str i but i on  
and phys i ca l  propert ies o f  surfi c i a l  ma ter i a l s of a n  8 000- squa re- k i l ometer 
area a l ong the Wa sa tc h Front , Uta h .  The i nformat i on wi l l  prov i de a ba s i s  to 
pred i c t  ground-moti on  response and cou l d be a pp l i ed to a m icrozona t i on ma p 
of se i sm i c  r i s k  for the urban  corr i dor . Comp i l a t i on of  the d i s tr i bu t i on 
of surf i c i a l  ma ter ia l s  on a 1 : 1 25 , 000- sca l e  topograph i c  ba se map ha s been 
comp l eted i n  the Great Sa l t La ke Val l ey and i s  40 percent compl ete i n  the 
Uta h La ke Va l l ey to the sou t h .  The comp i l a t i on combi n ed i nterpreta t i on of 
h i g h-al t i tude aer i a l  photographs , pu bl i s hed geol og i c  maps , and so i l s  maps 
on a photo ba se prepa red by the USDA So i l  Conservat i on Serv i ce .  P hoto i nter­
preta t i on ut i l i zed the Kern PG- 2 optica l  pl otter wh i c h  permi tted accura te 
pl acement of map u n i t bounda r i es of mater i a l s .  Ma p un i ts were sel ected on 
the ba s i s  of  genet i c  and textural propert i es . Or i g i n s  of unma pped depo s i ts 
between area s covered by publ i s hed maps were determ i ned by sta ndard i nterpre­
t i ve tec hn i ques wi t h  empha s i s on those geograph i c and geomorph i c  a ttr i butes  
that  are prom i nent i n  opt i ca l  stereo-dev i ce-control l ed comp i l a t i on s . Tex­
tura l  c harac ter i s t i c s  of depos i ts i n  these areas were i nterpreted from des­
cr i pti on s by the So i l  Conservat i on Serv i ce of paren t so i l mater i a l s .  After 
reconna i s sa nc e  f i el d  i nvest i ga t i ons  to confi rm i n terpreta t i on s , these map 
un i ts were coded i nto the compi l at i on accord i ng to textura l c harac ter i st i c s  
and or i g i n .  

2 .  La boratory p hys i ca l  property tests on u nd i sturbed dr i l l  samp l es o f  the 
unconso l idated ma ter i a l  a l ong the Wa satc h Front  are be i ng cond ucted i n  the 
Eng i neer i ng Geol ogy Branc h l a bora tory ; a bout 40 percent of the sampl es have 
been tes ted to date . Fu l l eva l ua ti on of the test resu l ts awa i t  the ava i l ­
a bi l i ty of a l l test data , at whi c h  t ime the data wi l l  be app l i ed to the 
preparat i on of the phys i ca l  property ma p .  Exampl es of  tes ts performed 
i nc l ude textura l determ i nat i ons , natura l mo i sture conten t ,  vo i d  ra t i o ,  
dens i ty ,  and conso l i da t i on c haracter i st i c s . 

3 .  Logs o f  bor i ngs o n  f i l e  wi th Water Resou rces D i v i s i on of the USGS i n  
Sa l t  La ke C i ty were obta i ned and p l otted o n  the base ma ps . 

Resu l ts 

1 .  The prepara t i on of a surfi c i a l  geol og i c  ma p from the comp i l a t i on of the 
mater i a l s data has been 80 percent comp l eted for the Sa l t La ke Va l l ey a rea . 
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2 .  Desc r i pti ons of the mater i a l s beneath  t he dr i l l  s i tes have been anal yzed . 
The descr i pti ons  confi rm the anti c i pated d i s tr i buti on of textural c hanges of 
the geo l og i c  mater ia l s at depth a s  i nferred from the conf i g ura t i on of the 
ma p un i ts on the geol og ic  ma p and from the USGS dr i l l i ng program data . 
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TECHNICAL REPORT SUMMARY 

October 1 ,  1 9 7 7  - March 31 , 1 9 7 8  

RECENT VERTICAL MOVEMENTS O F  THE CRUST I N  THE WESTERN UNITED STATES : 

Purpose 

REDUCT ION AND ANALYSIS  OF LEVELING DATA AND ITS INTERPRETATION 
IN LIGHT OF RELATED SEISMOLOGI CAL AND GEOLOGICAL INFORMATION 

Jack Oliver , Principal Inves t i gator 
Report prepared by Robert Reil inger 

CORNELL UNIVERS ITY 
Department o f  Geologi cal Sc iences 

I thaca , New York 14853  

The purpose of  th is s t udy is to provide a better under s t anding o f  the 
relat ionship be tween recent crus tal movrnents , primar ily as det ermined by 
level ing , and earthquakes with the hope that improved understanding o f  
this  relat ionship will provide means o f  amel iorat ing the earthquake hazard.  

Me thod 

Co l lec t ion of the relevant data for analys i s  b eg ins by det ermining the 
routes o f  level ing in an area of int erest for which at l east two level ings 
separated s igni f i cantly in t ime exi s t . Th en the various da ta sheets  for these 
specific  l evel ings are obta ined fr om the s torage files o f the Nat ional Geodeti c  
Survey . The ob served e leva t ions o f  benchmarks common to the original and sub­
sequent l evel ings are then coded and keypunched for computer reduct ion.  A 
Fo rtran IV p rogram then computes and p lo ts dif ferent ial movements and rat e  
d i f ferences for benchmarks along the pro fil e .  

Interpretat ion o f  the data entails placing the resul t s  o f  the analys is 
in the perspect ive of what is  known about the relevant geology and tectoni cs 
as well as evaluat ing exis t j ng theories in the l i ght of the new informat ion 
from l eveling dat a .  

Res ul t s  

I .  Relat ive Crus tal Sub s idence From Level ing Data i n  a Seismically Act ive 
Par t  o f  the Rio Grande Rift  

Analys is  of  rep eated l evel ing s urveys in a part of  the R io Grande r i f t  
shows a z one o f  pronounced relat ive sub s idence which app ears to  be associated 
with anomalous s e i smic act ivity north o f  Espano la , New Mexi co . Maximum 
subs idence relat ive to nearby benchmarks was 4 . 4  cm between S ep tember , 1 9 34 and 
March , 1 9 39 . Ob s erved subs idence occurs over a distance o f  approximately 19  km 
ext end ing from 4 km north to 2 3  km nor th-northwest  o f  Espanola . The leve l ing 
anomaly do es no t appear to be asso ciated with e i ther near s ur face ef fects or 
l eveling errors and thus mo s t  l ikely represents cr us tal de formatio�. Bes ides 
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the correla t ion with seismic ac t ivi ty , the zone o f  rela t ive subs idence occurs 
near some unusual pos t-Miocene dikes in this part of the ri f t . In add i t ion , 
extremely high heat flow ( 5 . 3  RFU) has b een r eported nearby the zone o f  
sub s idence . Th e crus tal movement anomaly appears qualitat ively s imilar t o  
movements ob served in the Socorro , New Mexico area o f  the Rio Grande r i f t  
which have been associated , f o r  a variety o f  reasons , wi th a crus tal magma 
body . The movement s  report ed here appear cons i s t en t  with deflat ion o f  a 
shallow « 10 km) magma body al though rap id cool ing o f  a recent crus tal pluton 
or normal faul t ing within the crus t could give rise to the obs erved s ur face 
deforma t ion . 

I I .  Recent vert ical crus t al movements along the wes t  coas t o f  the U . S .  from 
leveling and t ide gauge meas uremen ts 

A pro f ile of relat ive vert ical crus t al movement has b een compiled from 
level ing data along the wes t  coas t o f  the Uni t ed States . The prof ile ext ends 
from As tori� Oregon to San Diego , Cal i fornia . The movement profile is 
cont inuous excep t for a gap north of Po int Arena , Cal i fornia and south o f  
Los Angeles , Cal ifornia . It was no t pos s ib le to obt ain uni form t ime coverage 
from the availab l e  data . Vert ical crus tal movements along the coast were 
also det ermined from t ide guage measurements . Comparison o f  movements 
indicated by leveling to thos e  indicated by t ide gauge measurement s indicate 
dis crepancies wh ich canno t b e  accoun t ed for by random measurement error . Some 
of th is discrepancy may be due to prob lems associated with compiling long move­
ment p ro f il es from inhomogeneous level ing data . 

The mos t  outstanding feature o f  th e coas tal l eve l ing pro f ile is a zone o f  
pronounced relat ive upl i f t  along the San Andreas fault b etween San Francis co , 
and Po int Arena , Cal i fo rnia . Th is sect ion o f  the movement p ro f il e  was der ived 
from s econd order l evel ing surveys conduc ted in 1 9 3 5  and 1 9 4 2 . 7 . Maximum 
upl i f t  reaches about 2 3±4 cm near Bodega , Cal i fornia relat ive to b enchmarks 
near San Francis co . These  movement s  may be  due to post-seismic deforma t i on 
associa t ed with the 1906  San Francis co earthquake . 

I I I . Relat ive vert ical crustal movement s  in the Klamath Mountains and surrounding 
areas , northern Cali fo rnia 

Two p ro f iles o f  relat ive vert ical crus tal movment within the Klamath 
Mountains in northern Cali fo rnia have been derived from NGS leveling da ta . 
Both pro f iles  indicate rap id up l i f t  o f  the Klamath Mountain re la t ive to 
po int s to the east within th e Great Val ley and Columb ia Pla�eau . The p ro files 
are charact er i z ed by sharp o f fsets  wh i ch in a numb er o f  cas es separate s£gmen ts 
wh ich show l i t t le int ernal deformation,  sugge s t ing decoup l ed ,  b lock type 
behavior o f  the crus t  in this area . The mos t  pronounced o ff s e t  occurs 
b e tween the wes t ern Klamath Mountain and Great Central Val ley indicat ing 
about 48 cm of r e la t ive up l i f t  of the wes t ern Klamath Moun tains . Our 
analys i s  indicate that these offsets  are no t associated wi th near s urfa c e  
e f fects  s uch as b enchmark ins tabil ity o r  f luid withdrawal . However ,  mis­
readings by the f ield crew could conceivab ly b e  responsib le fo r a numb er of 
features indicated by the dat a .  

S i gn i f icant movements also o ccur near t h e  contact between t h e  southern 
Klamath Mountains and adj acent Coast Range . Thes e movement 3  appear indicative 
o f  elas t ic rebound . Al though a numb er o f  faul t s  have been �apped in this area , 
all have p revious ly been cons idered inact ive . 
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IV Recent vert ical crus tal movement s in the U . S . : a comparat ive analy s i s  

I n  o rder t o  examine t h e  fac tors wh ich a f f e c t  our unders tanding o f  e s t imates 
of recent vert ical movement s  as derived from leve ling measurement s  and t o  develop 
some criter ia wi th which to  evaluate the ir reliability , a compara t ive analys is 
is made o f  ob served apparent elevat ion changes in three very different t ectonic  
sett ings in  the  U . S . --Alaska , New Mexico , and North Caro l ina . The relevant 
meas urement s  in the first two areas can be related satis factorily to deformat ional 
proces s es cons istent wi th what is known about their tectonic environment . Ye t 
the obs ervat ions in No rth Caro lina , which are s imilar in s everal respect s  to 
those  o f th e o ther two examples , are much more difficult to int erpret in terms 
of plaus ible mechanisms . Whether o r  no t this interpretat ional uncertainty 
cons t it utes a legi t imate  criterion for evaluat ing r el iab ility is considered . 
Comparison o f  regional s cale pro files o f  apparent vert ical crus tal movement 
shows considerable s imilarity between tho se movement s  in the neotectonically 
"act ive " western U . S .  and the nominally " st ab le "  eas tern U . S .  Uncertaint ies 
related to the role of sys temat ic errors and the lack of eas ily demo ns t rable 
mechanisms are shown t o  be more serious for these  longer baselines , and criteria 
are presented for evaluat ing their  s igni ficance . The comparat ive analyses 
presented here emphas ize that l evel ing measurements can be an important source 
of informa t ion on tectonic pro cesses with s igni ficant imp licat ions for models 
of earth rheology , although there rema ins s erious uncertaint ies as to the proper 
interpretat ion o f  some meas urements . Of p ar t icular concern are uncertainties 
that can arise  from the lack o f  adequate t emporal s ampl ing of movements which 
may have a comp l ex t ime behavior as well  as thos e  due to  poorly known sys temat ic 
measurement errors . These examples also suggest  that models o f  earth proces ses 
and rheologies should account not only for the expected dif fer ences in vert i cal 
movements in contrasting tectonic regimes , b ut their obs erved s imilarit ies as 
well . 
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USGS Grant  No . l 4- 08- 0001 - G- 366 

Associ ate I nves ti gato r :  Robert T .  S i egfri ed 

R . A . I . b . 

Wa s hi n gton  Depa rtment  of Natural Resou rces 
Di v i s i on o f  Geo l o gy and  Earth Resou rces 
O lymp i a ,  Was h i ngton 98504 

Pri nci pa l I n ves ti gato r :  Pamel a Pa l mer 
Was h i ng to n  Depa rtmen t o f  Natu ral Resources 
Di v i s i on of Geo l o gy and Ea rth Resources 
O l ymp i a ,  Was h i ngto n  98504 

Succes s fu l  terrace co rre l ati o ns be tween ra i sed mari ne terra ce remnan ts 

i n  wes tern Whatcom a nd S kag i t Counti es wo ul d make i t  pos s i b l e  to draw con-

c l us i ons about any di fferen ti a l  verti ca l mo vemen ts that  may have  occurred 

s i nce the l as t  major regres s i on  o f  re l a ti ve s ea l evel . Duri ng  th i s  po rti o n  

of  t h e  s tudy , i den ti fi cat i on o f  ra i sed ma ri ne te rraces a n d  s trandl i nes was 

emphas i zed for the purpose of  corre l at i ng  l ateral l y  sepa ra ted te rrace 

remnants wi th i n  each of these co unti es . 

Methods of  i nves ti gat i on  i nc l uded terrace profi l i ng ,  g ra i n-s i ze di s ­

tri but ion a na l ys i s , 
l 4

C_age dati ng , a n d  s urfi c i a l  geo l og i c mappi ng .  A 

surfi c i a l  geo l og i c ma p o f  Bay V i ew Ri dge , Skag i t County ,  Wa s h i ngto n  i s  

presen ted i n  the report .  

Abso l ute terrace co rrel ati ons can no t  be made due to the pauci ty of 

da tab l e materi a l s i n  the terrace depos i ts . 

Ten tat i ve corre l ati on s , based on terrace profi l i ng ,  gra i n-s i ze d i s tri -

bu t ion  ana l ys i s ,  and pos s i b l e s tra ti graph i c  s i mi l ari ti es , are made fo r 

20- � 30-foo t ( 6 to 9 me ters ) and 40- to 60- foo t ( 1 2  to 1 8  meters ) terrace 

sequences i n  Whatcom Co unty ( B i rch Bay and Lummi Pen i ns u l a ) . 
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Tentati ve co rrel ati o ns , based o n  e l eva ti on , a re made fo r gO- foo t 

( 27 . S  me te rs ) , 1 1 0- foot ( 33 . S  meters ) , and  l SO- foo t ( 46  me ters ) te rrace 

seq uences i n  Skagi t Co unty ( Bay V i ew Ri dge and so uth o f  Mount  Vernon ) . 

I f  the ten tati ve co rrel a ti ons are co rrect , they i mpl y that  l i ttl e i f  

any measura bl e d i fferenti a l  tecto n i c and (or ) g l ac i o- i so s ta ti c upl i ft has 

occurred s i nce the l ast  regress i o n  o f  rel ati ve sea l evel i n  the separa te 

areas o f  terrace co rrel a ti o n .  No sta tements a bout  re l a ti ve movement between 

the two co unti es can presen tl y  be made . 

Add i t i o na l  concl us i o ns can be made when resu l ts from a po l l en a na l ys i s 

of  basal  pea t  co l l ected from the l SO- foot bo g at Bay V i ew Ri dge a re ava i l ­

abl e .  I f  the pea t con ta i ns domi na nt  sa l t ma rs h or  es tuari ne po l l en assem­

bl ages , i t  wou l d estab l i s h a fo rmer rel a ti ve sea l evel a t  1 50 feet , 1 1 , 700 

years a go a t  Bay V i ew Ri dge . 

A q ues t i on  re l at i ng to gra i n-s i ze di s tri b uti on anal ys i s  for the i den­

ti f i ca ti o n  of  fos s i l l i tto ra l sands i n  gl ac i a ted  a reas i s  a l so ra i sed  i n  

the report . L i nes drawn by Fri edman ( 1 96 7 ) separati ng l i ttoral and  fl uv i al 

depo s i ti ona l  envi ro nme n ts on  the bas i s  of  compari ng d i agnos ti c s tati s ti ca l  

parame ters do not appl y i n  much of  the s tudy a rea . Howeve r ,  new l i nes  

were drawn for the  s tudy area ba sed on  pa rameters ca l cu l a ted  from sampl es 

of known l i tto ral P l e i s tocene s ands . 
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H . A . l . b .  

A .  Review o f  l i terature and comp ilat ion o f  exis t ing rad iometric ages 
to ident ify loca t ions for future inve s t ig a t ions and to eva lua te s tate 
of present 14C chronology . 

B .  Helped to organize and p ar t i c ipated in a sem inar , "Chronology o f 
Quat ernary dep o s i t s  in the Bonneville bas in , "  that was he l d  in Denver 
in March . The seminar was at tend ed by R .  B .  Morrison ( formerly o f  
USGS , now a t  Un ivers i ty o f  Ar izona) ; G .  M .  Richmond , K .  L .  P ierce , 
G .  A .  Izet t , and W .  E .  Scot t ( Branch of C en tral Env ironmental Geology ) ; 
R .  D .  Mil ler , R .  Van Horn , and D .  J .  Varnes ( Branch o f  Eng ineering 
Geo logy ) ; R. E .  Anderson (Branch of Ear thquake Tectoni cs and Risk) ; 
and W .  D .  McCoy (Univers i ty of Colorado) . The subj ec t s  d is cus sed 
inc luded the inconsistencies in the 1 4C chronology of Lake Bonneville 
deposi t s , s trat igraphic and geographic locat ions of volcanic ashes in 
the Bonneville bas in , new id eas on the ages o f  s trat igraphic units , 
and the use o f  recently developed dat ing techniques in he lp ing to so lve 
problems in chronology . There was agreement among the p ar t ic ipants  that 
there is no me thod of knowing which of the available d ates are rel iable-­
especially the 14C dates on shells , marl , and tufa and uranium-series ages . 
There is  a need to d evelop techniques by which the rel iab ility of dates 
on var ious materials can be as ses sed . Unt il t he reasons for inconsistencies 
in rad iometric ages are known , and new dating techniques are appl ied to 
the s equence , the chronology of Lake Bonneville depos i t s , with but few 
excep t ions , remains poorly known . 

C .  Wood and volcani c-ash samp les tha t were collec ted by R .  B .  Mo rrison from 
sedimen t s  o f  the Alp ine Format ion at Little Valley , Promontory Point , 
are b e ing submi t ted for analys is . G .  A .  I ze t t  is working on the volcanic 
ashes . The s trat igraphi c  pos i tion of wood samp les is  b e ing examined to 
s ee if the wood is sui table for 14C dating by the enr i chment me t hod at the 
Quat ernary I sotope Laboratory , Univers i ty of Washington . 

D .  With K .  A .  Kvenvo1den ( Branch of Pac i f i c  and Arc t i c Mar ine Geology )  and 
K .  L .  P ierce , exper iments are being des igned for the use of  am ino-acid 
racemizat ion of d iatoms and o s tracodes in dat ing and correlat ion o f  Lakp 
Bonneville depos its . 
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E .  In i t ial f ie l dwo rk in the Bonnev ille ba s in has invo lved ins p e c t ion 
o f  s e c t ions d e s c r ibed by prev ious workers in the Wa s a t ch Front area 
and wor k  on s ec t ions in recent exposures and excava t ion s . 

Res u l t s  

A .  The c omp i l a t ion o f  exis t ing rad iome t r ic d a t e s  h a s  aid e d  in 
id ent i f ic a t ion of incons is tenc ies in the l 4 C d a t ing of t u f a s . 
The d a t e s  are from tufas assoc iated with Lake Bonnevil l e  sho r e l ines 
of d i f ferent a g e s . However ,  the group o f  d a t e s  from each sho re l ine 
a l l  have about the s ame ranges--abou t 9 , 000 to 2 5 , 000 o r  3 0 , 00 0  yr 
B . P .  App arently one or s evera l  of the f o l l owing f a c t o r s  a c coun t  f o r  
t h i s . 

1 .  On an�? one shore l ine , tufa was d ep o s it ed d u r ing s everal int e rv a l s  
o f  t ime when t h e  f luctuat ing lake l evel s t ood a t  tha t s hor e l in e . 

2 .  There i s  con t am inat ion by mod ern c arbon f r om exchang e  wi th carbon 
in the a tmo sphere and in perco la t ing wa t er s , e sp e c ia l ly dur ing 
recrys t a l l i z a t ion or s o lut ion and r epr e c i p i t a t ion o f  carbonat e 
minera l s . 

3 .  There is contaminat ion with " o l d "  (no 1 4C )  c arbon f r om Pa leo z o ic 
c arbonat e s . 

In the future , care ful insp e c t ion o f  the s t ra t igraph i c  r e l a t ions wi thin 
the tu f a  coa t s  or mas s es and p e t ro graph i c and X-ray ana lys i s  o f  the 
ma t e r i a l s  may a id in p rovid ing more mean ing f u l  and r e l i abl e d a t es f r om 
the t u f a s . 

B .  Resul t s  o f  in i t ial f i e l dwork in the much s tud ied area o f  L i t t l e C o t to nwoo d  
and Be l l s  Canyons , where f aul ted mor a ines a r e  r e l a t ed t o  d e p o s i t s  o f  Lake 
Bonnev il l e , s upp o r t  th e conclus ions of D .  R .  Currey (Un iver s i ty of Utah ) 
and W .  D .  McCoy (Un iver s i ty o f  Co lorado ) that t h e  mor a in e s  are younger 
than p r ev ious ly thought and thus wou l d  sugge s t  g r e a t er r a t e s  of t e c t o n i sm .  
The mo r a in e s  d isp lay the char a c t er is t i c s  o f  mor a in e s  map p ed e l s ewhe r e  a s  
P in e d a l e  in age . T h e  so il d eve lop ed i n  t il l  o f  t h e  mor a ines is s im ilar 
t o  s o i l  d eve l o p ed on dep o s i t s  of the Bonnev i l l e  s ho re l ine ( approxima t e  age 
1 5 , 000- 2 5 , 000 yr B . P ) nearby sugges t ing near c on t emporane i ty of d epo s i t i on . 
Ear l i e r  sugge s t ions that a bur ied s o i l  i s  p re s en t  be twe en the t il l  and 
over ly ing Bonnev i l e  d epo s i t s  ( and thus a s igni f ic an t  d i f f er en c e  in age )  
were no t sub s t ant ia t ed dur ing exam inat ion o f  the t il l / l ake s ed imen t c on t a c t 
along the t r ench o f  L i t t le C o t t onwood Creek . Ox idat ion a l ong the c on t a c t 
was app aren t ly b e l i eved to ind icate p r e s enc e o f  a bur ie d  s o i l . The 
o x i d a t ion , however , is conf ined t o  c e r t a in z one s w i t h in the t il l  and e x t end s 
upward in t o  s e l ec t ive beds o f  the over lying s t r a t i f ied lacus t r in e  s ed imen t s . 
This s t r on gly s u g ge s t s  tha t  the oxid a t ion i s  c aus ed by ground water e f f e c t s  
along the l i tho l o g i c  change at the cont a c t  b e tween the t il l  and l ake 
s e d imen t s  and i s  no t rel a t ed to s o il f o rma t ion a t  a l l . App aren t l y  the 
f aul t ed mo r a in e s  are only s l ight l y  o ld e r  t han the s ed imen t s a s s o c i a t ed 
w i t h  the Bonnevil le sho r e l ine . 
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c .  Examinat ion o f  so ils in areas along the Wasatch Front has revealed 
two fac tors that must be fur ther explored before soils can be 
rel iab ly used as ind icators o f  relat ive age . 

Some phases o f  the quar tz monzoni t ic L i t t le Co t tonwood s tock that  
are common as c l as t s  in gravels and t ills  are relat ive ly r ich in 
b io t ite and gruss ify much more rapidly than less b i o t i te-rich phases . 
Therefore , the degree o f  surfa ce-s tone weathering or degree of 
grus s i f ication of clas ts in the soil pro file is h ighly dependent on 
the content of b io t i te-rich clasts . So ils developed on terraces and 
shorelines of Provo age d isplay var iable gruss i f icat ion al though dep th 
o f  oxidat ion in all profi les i s  very nearly the same , about 7 0 to 
80 cm . Thus the l ithology of the p arent  material is an important  
cons iderat ion in evaluat ing degree o f  soil development . 

The other factor influencing degree o f  soil  development i s  the presence 
or absence of a mantle o f  f ine-gra ined sed iment o f  eolian and /or 
alluvial origin . Th is can lead to the presence of a textural B horizon 
unrelated to durat ion of weather ing . The f iner-grained ma terial s may 
originally have a reddish-brown color and /or oxid ize more in tensely 
than coarser- grained materials and g ive the appearance of deeper and 
more intense ox idat ion , and there fore o f  a grea ter degree of soil 
development .  

Both o f  these factors wil l be invest igated in further detail . 
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S e i smi c haz ard evalua t ion o f  l a rge known and 
susp ec ted ac t i v e  faul t s  in wes t e rn Nevada 
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J .  D .  VanWo rme r an d A. Moh l e r  

Se ismolo g i c a l  L ab o ra to ry 
Univers i ty o f  Nevada 

Reno , Neva d a  
May 19 7 8  

R . A . I . b .  

Th e ne two rk o f  s e i smo graph s in the Min a , Neva d � a rea h as b e en p a r t i a l l y  

d i sman t l e d  an d dep loy e d  i n  wes t e rn Nevada t o  c ov e r  l arge known o r  s us pe c t e d  

faul t s  in o r d e r  t o  eval ua te the i r s t a t e s  o f  a c t i v i ty an d mo de o f  d e fo rma t i on . 

The revi s e d  n e twork ( Fi gure 1) p rovi de s  c l o s e - s p ac e d coverage o f  f aul t s  in 

th e p o p ul a t e d C a r s on-tah o e - Reno a re a . 

Op e r a t ion o f  the ne two rk d u ring the win t e r  o f  19 7 7  - 19 78 w as s p o rad i c  

due t o  i c in g o f  an t enn ae during s eve re s t orms . D i s t r ib ut i on o f  avai l ab l e  

e ar thquakes mi r r o re d  that o f  p r evious rep o r t ing p e r io ds in b o th th e Mina and 

Reno areas . The l arge s t  even t to o c c ur in th e n e two rk during th i s  t ime wa s 

a FMAG = 4 f i ve km we s t  o f  Gabb s ,  Nevada . A l t hough th i s  even t was f e l t  s h a rp ly 

in Gabb s th e re we r e  no rep o r t s  o f  d amage o r  d i s p l ac e d  ob j e c t s . Ten a f t e rsh ocks 

we re loc a t e d . 

A c ro s s -s e c t i on o f  hyp o c en t ers in the Mina area p roj e ct e d  ont o  an eas t -

we s t  p lane i op l i e s  tha t the maximum dep th o f  e a r thq u akes in e reas e s  t o  the 

wes t in th e d i re c t ion o f  gen e ra l  c rus t al th i ckenin g . 

Comp a r i s on o f  the re l o c a t e d  1 9 6 6  T r uck ee , C a l i f o rni a , a f t e rshocks w i th 

on- go in g  s e i smi c i ty reve aled th at th e a f t er shock zone h as sp r e ad to th e s ou th -

ea s t . Th i s  may ind i c a t e  a c t ivat i on o f  one o f  the NW-SE l in e ame n t s  in t h e  

reg i on s i n c e  the 1966 ea rthq uake . 
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O f f s h ore Ae r oma g n e t i c S t u d i e s R e l a te d  t o  t h e  C h a r l e s to n  E a r t h q u a k e  
P r o b l em- - A  Fe a s i b i l i ty S t u dy 

I n v e s t i ga t i on s 

8- 9 7 30-02083  

J o h n  C .  Be h r e n d t  
Re g i o n a l  Ge o p h y s i c s B ra n c h  

U .  S .  G e o l o g i c a l  S u r v ey 
Den v e r  Fe d e r a l C e n te r , MS 964 

Denv e r , CO  8 02 2 5  
( 30 3) 2 34 5 9 1 7 

1 .  S t u dy e x i s t i n g  a e roma gn e t i c  d a ta c o l l e c t e d  f o r  t h e  A t l a n t i c  c o n t i n e n t a l  
ma r g i n  o i l a n d g a s  r e s o u r c e  a s s e s s men t p r o g ram to m a k e  i n t e r p r e ta t i o n s  o f  
ge o l o g i c s tr u c t u r e wh i c h m i g h t  be  r e l e v a n t  t o  t h e  C h a r l e s to n  Ea r t h q u a k e . 
Th e s t u d� a r e a  l i e s  s e awa r d  o f  t h e  c o a s t  fr om a bo u t  300N t o  34 0N a n d  
a b o u t  76  W t o  82 0 W .  

2 .  E x am i n e  e x i s t i n g  h i g h r e s o l u t i on s e i s m i c p r o f i l e  d a t a i n  t h e  a re a  to s ee 
i f  a n y  e v i d e n c e  o f  s h a l l ow fa u l t i n g o r  o t h e r  fea t u r e s  re l a te d  t o  t h e  
e a r t h q u a k e  a r e  p re s en t .  

R e s u l t s  

1 .  Th e 1 / 1 , 000 , 000  s c a l e a e roma g n e t i c ma p r e c e n t l y  p u b l i s h e d  a t  5 0  n T  
co n t o u r  i n te r va l s h ows l i t t l e r e l e v a n t  e v i d e n c e  i n  t h e  C h a r l e s to n  a re a . 
The 1 /2 50 , 000  a n d  1 / 1 , 00 0 , 000 s c a l e ma ps o f  t h e  d a ta c on t o u r e d  a t  2 n T  
s u g ge s t s a s u b� l e  l i n e a t i o n t r u n c a t i n g  o r  bo un d i n g  a n oma l i e s  w i t h  a t r e n d 
o f  a bo u t  S .  38 E p r o j e c t i n g  i n to t h e  C h a r l e s to n  a r e a . Th e o b v i o u s  fea tu r e  
i n  t h e  A t l a n t i c w i t h  w h i c h  t h i s  c o u l d be  c o r r e l a te d  i s  t h e  B l a k e s p u r  
fra c t u r e  zo n e  wh o s e  t r e n d o w h e r e  we l l  ma p p e d  t o  t h e  e a s t  o f  t h e c on t i n e n t a l  
ma r g i n ,  i s  c l o s e  t o  S .  5 5  E .  I f  t h e r e  we r e  a c a u s a l  r e l a t i o n s h i p  b e twee n 
t h e s e  fea t u r e s , i t  wo u l d  i m p l y t h a t  a t  t h e  t i me o f  i n i t i a l  r i f t i n g  o f  t he 
A t l a n t i c a bo u t  1 80 m . y . b . p .  a p r e e x i s t i n g z o n e o f  wea k n e s s  l oc a l i z e d  t h e  
oc e a n i c  fr a c t u r e  z o n e . I f  s u c h  a zo n e  i s  r e a c t i v a t e d  a t  p r e s e n t  a s  a 
res u l t o f  s t r e s s e x i s t i n g  w i t h  t h e  p l a t e  i t  m i g h t  b e  r e l a t e d  t o  mo d e r n  
s e i s m i c i ty .  

2 .  Th e re i s  a t  p r e s e n t  o n l y  on e h i g h r e s o l u t i on s e i sm i c  l i n e  c ro s s i n g  t h e  
a re a  a n d  n o o b v i o u s  e v i d e n c e  o f  fa u l t i n g  i s  o b s e r v e d  c l o s e  t o  C h a r l e s ton , 
Th e re i s  a " b re a k  i n  t i me "  d i s c on t i n u i ty a b o u t 40  km o f fs h o re . O t h e r  
s u g g e s ted fa u l t s  h a v e be e n  r e p o r t e d f u r t h e r  s e a wa r d  b u t  t h e r e a r e 
i n s u f f i c i e n t  d a t a  i n  t h e  a r e a  o f  s t u dy to re s o l v e  t h e  q u e s t i on . A d d i t i o n a l  
h i g h re s o l u t i on s e i s m i c  p r o f i l i n g  i s  p r o po s e d  for c o l l e c t i on i n  s umme r  1 9 7 8  
d e s i g n e d  t o  s p e c i fi c a l l y  l oo k  fo r e v i d e n c e  o f  r e c e n t fa u l t i n g  i n  t h e 
o f fs h o r e C h a r l e s t o n  a re a  wh i c h  may p r ov i d e mo r e  i n fo r ma t i on . W i t h o u t  
m u l t i c h a n n e l  s e i s m i c p r o f i l i n g  c a p a b i l i ty ,  w h i c h i s  pre s e n t l y n o t  a v a i l a b l e , 
t h e  a b s e n c e  o f  e v i d e n c e  o f  fa u l t i n g  on t h e s e  pro f i l e s w i l l  n o t  b e  c o n c l u s i v e . 
T h e  USGS  w i l l  ha v e  m u l t i c ha n n e l  s e i s m i c  ca pa b i l i ty o n  t h e  ea s t  c o a s t  w i t h i n 
a y e a r  o r  s o  w h i c h  wi l l  prov i d e a d d i t i o n a l h e l p . 
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H . A . I . c .  

1 .  Measured more than 50 sect ions o f  Pliocene and Pleistocene exposures 
from northern Florida to southern Virginia . Sediment s  and t race fossils were 
described and bulk samples were collected for macro- and micro fauna1 analyses . 
We have adopted the approach o f  t rying to map , first on a large scale , later 
in more detail , the t emporal and geographical distribution o f  ostracode and 
molluscan b io facies along the coas t .  In this way , we are essentially tracing 
the posit ion of ancient shorelines based on faunal and li thological evidence 
for such environments . A map showing lo cat ion and elevation of ancient shore­
lines is in preparat ion . This  map will be used t o  interpret S . E . U . S .  Coas tal 
Plain Quaternary tectonism . 

2 .  Laboratory preparat ion and faunal and f loral analyses were performed on 
over 200 samples from these sections . In addit ion many auger hole samples 
provided by the Eas tern Environmental Branch were examined . Os tracodes , 
mollusks , pollen , spores and foramini fers were s tudied for their biostrati­
graphic and paleoenvironmental value . Quan t i tat ive mul t ivariate techniques 
are being used to analyze the ostracode and mollusk data . 

3 .  Detailed examinat ion of modern dis tribut ion and ecology o f  marine and 
marginal marine o s t racodes o f  the At lantic coast from USGS collect ions and 
the published literature permi ts  delineat ion of modern ostracode b iofacies 
which can be recognized in the fossil record and used as paleoenvironmental 
indicators . 

4 .  At tended short course given by James D .  Howard ( Skidaway Ins t i tute , 
Savannah , Georgia)  on coastal sedimentat ion in Georgia . Sedimentological 
and trace fossil evidence for recognizing shoreline environments  in coas tal 
plain deposits  was emphasi zed , provid ing addit ional cri teria for estilnat ing 
sea level . 

5 .  Produced compu ter-drawn topographic maps for t he following 1 : 250 , 000 map 
areas : Savannah , Beaufort , Georgetown , Florence , Nor folk and Rocky Mount . 
These are being used to trace geomorphic evidence for shorelines , and plot 
Posi t ion of measured se ct ions . 

6 .  Purchased equipment t o  perform autoflorescent microscopy o f  pol len . All 
equipment has been delivered except the photometer . 
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7 .  At tempted to integrate biostrat igraphic , rad iometric and amino acid 
racemizat ion data for the Pliocene and Pleis tocene o f  the ACP in order to 
assess the consistency of the three t echniques in dating coas tal plain 
deposits . 

Results 

1 .  Previous studies of Pliocene and Pleistocene depos i t s  o f  the At lant ic 
Coas tal P lain (ACP ) have s tressed geomorphology as a means o f  correlat ion 
of marginal marine deposits . We have found , however , that os tra code and 
molluscan assemblages can be used to correlate ACP deposits  in the Caro linas 
and Virginia . Ostracodes are abundant and diverse as fossils in the ACP and 
evolved rapidly during the Pliocene and �leis tocene . Moreover , because they 
are common in brackish , as well as normal marine depos its , they are particu­
larly useful in this region in the s tudy of cont inental margin history . 
Results indicate that a refined level of bios trat igraphy i s  poss ible wi th 
detailed samp ling and faunal anlays is . Early , middle and late Pleistocene 
ostracode assemblage- zones can be recognized , and these correspond to three 
dis t inct molluscan assemblage-zone s . Further ref inement may be pos s ible wi th 
addit ional field work and samp ling . 

2 .  Environmentally d i s t inct biofacies for both o s t racodes and mollusks can 
also be delineated in the Pliocene and Pleis tocene of the ACP which are 
ind icat ive o f  various marginal marine environments . These environments 
include inner shelf ,  shallow sub t idal , lagoon , salt marsh/ es tuary , and t idal 
flat . Environmen tal recons truct ion from fauna l assemblages is augmen ted by 
sedimentological and t race fossil evidence ( including Ophiomorpha burrows ) . 
These addit ional data are especially critical in recognizing and interpreting 
unfossiliferous beach and backbarrier deposits . Using faunal and l i tho logical 
data we have developed a model which depicts  the typ ical d eposit ional sequence 
encountered in the ACP Pliocene and Pleistocene (F igure 1 ) . The age o f  the 
sequence can be det ermined f rom the fauna in the fossiliferous uni t s , while 
both fossil and sed imentological data p ermi t s  paleoenvironmental recons t ruc­
t ion . A corollary of determining the environment o f  depos i t ion is  ob taining 
a paleodepth es t imation , and hence an estimat ion of ancient sea level for each 
measured sect ion . In many sect i ons it is  possible to recogni ze the posi t ion 
of Pleistocene mean low or mean high wat er , thus p roviding more exact sea­
level informat ion than that obtained using geomorphology . We are presen t ly 
app lying this mode l along the ACP in an at temp t t o  map the distribut ion o f  
bio facies of various ages , recons truc t ancient shorelines , and thus correlate 
shoreline deposit s .  

3 .  P reliminary results of f loral studies show that unweat.hered , f ine-grained 
sediment s  from the ACP often contain abundant , we ll-preserved pol len and spores . 
Freshwater , brackish and mar ine deposits have all yielded these fos sils . 
Terrestrial environments that were contemporaneous wi th marine t ransgress ions 
can therefore be determined . 

4 .  Comparison of pollen as semblages from in terglacial uni t s  of early , middle 
and late Pleistocene deposits  sugges t  that coas tal p lain deciduous forest has 
been dominated by pine , oak and hickory during each int erglacial inve s t igated . 
This d iscovery has significant implicat ions for understanding the s tab il i ty 
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of the ACP ecosys tems . Although it is  known that the deciduous forest in the 
southeast was rad ic al ly disrupted during the Wi sconsinan when a boreal forest 
migrated as far south as Georgia , it  reconst itut ed itself during in terglac ials 
when it duplicated the Ho locene fores t s . 

5 . Preliminary results indicat e that pol len has biostrat igraphic potentia l  in 
recogni zing the Pliocene-Pleis tocene boundary in the ACP . It has also provided 
evidence for climatic change wi thin the Sangamon Interglacial in Virginia . 

6 .  Comparison of bios trat igraphic data wi th those from rad iome try and amino 
acid racemizat ion reveal s  varying results . In some cases all three techniques 
seem to be cons istent wi th one ano ther . However , some deposits  that can be 
shown to be t ime-equivalents of one ano ther based on several independent line s 
of  faunal evidence , yield widely disparate amino acid absolute ages . Detailed 
inves t igat ion into possible chemical alterat ion of mol luscs on the ACP is  
advised in order t o  assess the  reliabil ity o f  amino acid racemizat ion on the 
Eas t Coas t . Als o , di fferent genera yield different amino-acid ages for the 
same deposit , and addit ional research is required to be t ter  unders tand thes e  
generic effect s .  

Report s 

Cronin , T .  M .  and Hazel , J .  E . , ( in press ) , Ostracode biostrat igraphy of 
Pliocene and Pleistocene depos i t s  of the Cape Fear Arch Region , North 
and South Carolina : U. S .  Geo logical Survey Journal of Research . 
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Figure 1 

Gene ral i ze d  progradat i onal d ep o s i t ional sequence encoun t e red in P l i oc ene and 
P l e i s tocene sedimen t s  of the cen t r a l  and sou thern At lan t i c  Coa s t a l  P l a in . I n  
the mar sh s equence o s t racode a s s emb lage s f r om t h e  int e r t i dal Cras s o s t rea 
facies are used t o  date the s e c t i on . In the b e a ch sequence bios trati graphi­
c a l ly d i agno s t i c  o s t r a c o d e s  and mo l lu sks p e rmi t age d e t e rmina t ion of the 

sec t ion . Anc i en t  sea leve l s  are e s t imat e d  u s ing the vari ous types of sedi­

men to logi c a l , t race fo s s i l and p a leonto log i c a l  c r i t e r i a  shown in the f igure . 
In many ins t an c e s  the lo c a t i o n  o f mean low w a t e r /mean h i gh water can be 
re cogn i z e d .  
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PROGRADING SEQUENCE 
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EX ECUT I VE SUMMARY 

F I NAL  TECHN I CAL REPORT 

The obj ec t i ve of  t h i s  s t udy wa s to e s t i mate  t he na t u re and d i s t r i bu t i on of 
d amage to s t ruc t u re s i n  t he sou t he rn Ca l i forn i a  a rea caused by a hypothet i ­
ca l ea r t hquake wh i ch i s  l ocated on t he San And rea s fau l t ,  ha s a rupt u re 
l ength  of 300 km , and  span s t he a rea between C ho l ame to t he north and Caj on 
Junct i on to t he sou t h .  I t s R i chter  mag n i t ude  was g i ven a s  8 . 1 .  The Eng i ­
nee r i ng I n tens i ty Sca l e  ( E I S ) techn i que wa s u sed to make t he d amage e s t i ma ­
t i on . Two un i q ue fea t u res  of t he E I S  techn i que , wh i ch e s ta b l i sh t he natu re 
and cha rac t e r  of t he p red i ct i ons  made , a re :  ( 1 ) damage i s  e s t ab l i s hed f rom 
res ponse s pec t rum va l ues of g rou nd mot i on ,  and  ( 2 )  d amage e s t i ma tes cons i s t 
of a de f i n i t i on of  t he a rea s i n  wh i ch s t ruct u res m i ght  be d amaged and a gen-
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1000.0 
lAND : I I  I I I  IV V V I  V I I  V I I I  I X  e ra 1 eva 1 ua t i on of 

t he i nc i dence and 
�� deg ree of damage ��:-o t ha t  such  s t ruc t u res  

� __ � ________ � __ -+� __ ���� __ +-__ � __ ��. ���� m i ght s usta i n . De -. I # ta i l ed s t ruc t u re i n -
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PERIOD - S EC . 

--' ,� . @ C) ven to r i es a re beyond 

0 . 7  10.0 

t he scope of t h i s  
eva l ua t i on ,  but ex­
pos u re i n  t he a f ­
fected  a rea i s  gen -

C'''> +�.r e ra l l y  i dent i f i ed . 0" 

Bas i c  ea rthquake 
i n fo rma t i on wa s p ro­
v i ded by t he u . S .  
Geo l og i ca l  Su rvey 
and  i nc l uded t he 
l eng t h  of rupt u re ,  
t he magn i tude of t he 
hypothet i ca l  ea rth­
quake , and  the geo­
l og i ca l  cond i t i on s  

Note : E I  lev�l s (!) (0. 01 to 0. 1 em/sec) and (Q) (0. 001 to 0 . 01 em/sec ) not shown. 

of  the a f fec ted a rea . 
Ros s  i - Fo re 1 i ntens  i ty  
maps  we re a l so p ro­
v i ded ; t hese we re 
used to make a p re ­
l i m i na ry es t i mate o f  
t he s t udy a rea fo r 
s t ruct u ra l data-ga t h ­
e r i ng purposes . The 
p roced u re used fo r 
gene ra t i ng t he E I S  
va l ues wa s a s  fo l l ows . 
F i rst , peak g round 

ENGI NEERING INTENSITY SCALE MATRIX 
SUPERIMPOSED ON EXAMPLE SPECTRUM 
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acce l e ra t i on a t  a pa rt i cu l a r  s i te of i n te res t wa s de t e rm i ned . The pa rameters  
requ i red to dete rm i ne acce l e rat i on a re d i s t a nce f rom t he causat i ve fau l t ,  
magn i tude of t he ea rthquake , and  s pec i f i c  dens i ty and  shea r wave ve l oc i t y of 
t he g round at a s i te .  Next , res pon se spect ra we re gene ra ted . Fou r  ba s i c  
spect rum shape s  we re e s t a b l  i shed t o  rep resen t t he i n f l uences o f  s i te geo l ogy 
on res pon se spec t ra .  F i na l l y ,  E I S  va l ues fo r t h ree pe r i od band s ( l e s s  than  
0 . 4  sec , 0 . 4  to 2 . 0  sec , g rea te r than  2 . 0  sec)  we re dete rm i ned f rom t he re­
s ponse s pect rum curves for each  s i te .  

The E I S  va l ues rep resen t 5%-damped response s pect rum amp l i t udes . The range 
of spec t ra l  ve l oc i ty (Sv) a nd pe r i od (T) app l i ca b l e  to c i v i l eng i nee r i ng 
s t ruct u res i s  re p resen t ed a s  a 1 0  x 9 ma t r i x  ( see accompa ny i ng f i gu re ) . The 
range of Sv va l ues , from 0 . 00 1  to 1 000 . 0  cm/sec , i s  d i v i ded i n to ten l eve l s 
t ha t  a re a s s i g ned E I  n umbe r s  f rom 0 to 9 .  The T range , f rom 0 . 0 1 to 1 0  sec , 
i s  d i v i ded i n to n i ne pe r i od band s f rom I to I X .  

B y  refe r r i ng to t he pe r i od co l umns , t he E I  sca l e  can b e  repo rted a s  n i ne-d i g ­
i t ,  t h ree-d i g i t ,  o r  one -d i g i t  n umbe r s , o r  by a l l t h ree , i n  a s tand a rd forma t . 
T�e mo re d i g i t s repo rted , t he g rea t e r  the  amoun t  of i nfo rma t i on for t he pe­
r i od band s .  Fo r t h i s  s tudy , t h ree-d i g i t  and one-d i g i t  represen t a t i on s  we re 
u sed to s how t he E I S  va l ues . The va l ues we re ave raged w i t h i n  t he pe r i od 
range of  i n tere s t  to obta i n  t he t h ree-d i g i t  rep resent a t i on .  

Fo r the  examp l e  s pect r um shown he re , a n i ne -d i g i t  rep resen ta t i on wou l d  be 
456 , 777 , 765 . A t h ree-d i g i t  represen ta t i on reduces to 5 , 7 , 6 :  an a ve rage E I  
of 5 i n  pe r i od band s I ,  I I , I I I  ( l es s  t han 0 . 4  sec) ; 7 i n  pe r i od ban d s  IV , 
V ,  VI ( 0 . 4  to 2 . 0  sec) , and  6 i n  pe r i od bands  VI I ,  VI I I , I X  ( g rea t e r  t han  
2 . 0  sec) . A one-d i g i t  E I  i s  obta i ned by ave rag i ng t he va l ues of t he t h ree­
d i g i t E I . The t h ree-d i g i t  E I  of  5 , 7 , 6  i s  t hus  reduced to a one-d i g i t  E I  of 
6 .  

S t ruc t u res con s i de red i n  t h i s  s t udy i nc l ude bu i l d i ng s  and  othe r s t ruc t u res 
found i n  commun i t i es a s  we l l  a s  maj o r  a reaw i de hyd ra u l i c ,  t ra n sportat i on , 
and ut i l i ty systems and  fac i l i t i e s  found i n  t he s t udy a rea . The s t ruc t u re 
i n fo rma t i on wa s obta i ned f rom va r i ou s  sou rces for t he 1 4  count i es ,  i n  sou t h ­
ern  Ca l i fo rn i a  ( F resno , Ke rn , K i ng s , Los Ange l es ,  Monte rey , O ra nge , R i ve r­
s i de ,  San Ben i to ,  San Be rna rd i no ,  San D i ego , San Lu i s  Ob i s po ,  San t a  Ba rba ra ,  
Tu l a re , and Ven t u ra )  t ha t  a re a f fected by t he pos t u l a ted ea r t hqua ke . Because 
an E I S  p red i ct i on i s  conce i ved as  on l y  a gen e ra l i zed damage a s sessmen t , s t ruc­
tu res we re ca tego r i zed acco rd i ng to func t i on ,  type of  con s t ruct i on ,  he i g h t , 
etc . Mos t of t he s t ruc t u res  i n  a pa rt i cu l a r commun i t y a re common to a l l com­
mun i t i es of t he s tudy  a rea . Fu rthermo re , the numbe r of s t ruct u res  i n  a com­
mun i t y i s  gene ra l l y  p ropo r t i ona l to the popu l a t i on of t he commun i ty ;  t h i s  
prem i se wa s u sed exten s i ve l y  fo r ma k i n g t h i s  pre l i m i n a ry damage e s t i ma te . 

I n  the s t ud y a rea , wh i c h cove rs approx i ma t e l y 1 54 , 000 km2 , t he h i g hest  t h ree ­
d i g i t E I  i s  7 , 8 , 8 .  Th i s  t h ree-d i g i t  E I  co r re s pond s to a one-d i g i t  E I  of 8 - . 
The h i ghest  E I  for a c i t y ,  6 , 8 , 8  (one d i g i t  E I : 7 - ) , i s  fo r a commun i ty w i t h  
a popu l a t i on of a pp rox i mat e l y 1 0 , 000 . A l though t he re a re a n umbe r of l a rge  
c i t i es i n  t he 5 , 7 , 7 ;  5 , 7 , 6 ;  and  5 , 6 , 6  zones (one -d i g i t  E I : 6+ , 6 ,  and 6- , 
res pec t i ve l y ) , mos t of  t he maj o r  me t ropo l i t an a reas ( i nc l ud i ng Los Ange l e s )  
a re i n  t h e  4 , 6 , 5  a n d  4 , 5 , 5  zones (one -d i g i t  E l s :  5 a nd 5 - ) . The numbe r of 
c i t i es repo rted i n  cen s u s  d a ta fo r each one -d i g i t  E I  zone i s  tabu l ated be l ow .  
The comb i ned popu l a t i on of these c i t i e s fo r e a c h  E J  zone i s  a l so s hown i n  
the ta b l e .  

The E I -damage re l a t i on s h i p s deve l oped from t he San  Fe rnando e a r t hquake of 
1 971  i nd i ca t ed t ha t  an  E I  of 6 i n  the s ho rt - pe r i od range ( l es s  t ha n  0 . 4  sec) 
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wou l d  p roduce a damage cos t  of  a pp rox i ma te l y 
9% of t he rep l acemen t va l ue fo r typ i ca l  l ow­
r i se bu i l d i ng s . S i m i l a r l y ,  an E I  of 7 i n  
t he i n te rmed i a te-per i od range (0 . 4  to 2 . 0  
sec) wou l d  p rod uce a damage cos t o f  a bout  
6 . 5% of t he rep l acemen t va l ue for h i g h-
r i se bu i l d i ng s . Fo r s t ruct u re s  fo r wh i ch 
no E I -damage s t a t i s t i c s we re ava i l a b l e ,  
damage cos t wa s e s t i ma ted from a compa r i son 
of t he se i sm i c des i g n coe ff i c i en t s  of t he 
s t ructu res w i t h  t hose of typ i ca l  bu i l d i ng s . 
The damage cos t  fo r s t ruc t u res w i t h  s pec i a l  
des i gn con s i de ra t i on s  wa s est i ma ted to be 
l owe r t han  t ha t  fo r typ i ca l  b u i l d i ng s . On 
the othe r  hand , some poo r l y  con s t ructed 
s t ruc t u res  such a s  precode u n re i n forced 
ma son ry bu i l d i ng s , wh i ch have a l es s e r  se i s ­
m i c- res i s t a nce capab i l i ty ,  we re expected 
to have a h i g he r  damag e  cos t . Fo r a typ i ca l  
commun i t y ,  the t h ree-d i g i t  E I  o f  6 , 7 , 7 (one­
d i g i t E I : 7-)  i s  est i ma ted to p roduce a 
damage cos t  of 9% of t he rep l acemen t va l ue 
of  t he s t ruct u res . Fo r E l s  of 5 , 6 , 6  (one-

d i g i t E I : 6-)  and  4 , 5 , 5 (one-d i g i t  E I : 5 - ) , t he va l ues a re 2% and 0 . 3% ,  
res pect i ve l y . A l t houg h damage pred i c t i on fo r s pec i f i c  c i t i es i s  not p ro­
v i ded , a damage est i ma t i on for  seve ra l  E I  l eve l s i s  desc r i bed for a hypo­
t het i ca l  commun i ty . The p roced u re fo r a pp l y i ng t hese damag e  ca l cu l a t i on s  to 
a s pec i f i c  commun i ty i s  a l so desc r i bed . 

Because res i dent i a l bu i l d i ngs  ma ke up  t he ma j or po rt i on of t he bu i l d i ng s  i n  
a commun i t y ,  l os ses from t he se bu i l d i ng s  f i gu re heav i l y  i n  t he tota l do l l a r 
l os s  to t he commun i ty from a n  ea rt hquake . The tota l damage to p r i va te bu i l d ­
i ng s  f rom t he hypothet i ca l  ea rthqua ke i s  e s t i ma ted to be a bou t $600 m i l l i on ; 
an  equa l amoun t  i s  est i ma t ed for d amage to pu b l i c  bu i l d i ng s  and othe r pub l i c  
s t ructu res . Th i s  f i gu re i s  an  est i ma t e  of the mean o r  expected d amage for 
the  e n t i re a rea . The actua l damage cos t may va ry , depen d i ng  on t he d i s t r i ­
but i on of  damage for t he many commun i t i es i nvo l ved . Obse rved s ta t i s t i ca l  
va r i a t i on s  from p rev i ou s  ea rt hquake s tud i es ,  fo r both  t he s pect ra l  va l ues 
and t he mot i on-damage re l a t i onsh i ps ,  w i l l  no doub t  be repea ted fo r any  fu t u re 
ea rthqua ke . A r i gorous est i ma te of  the s t a t i s t i ca l  va r i a t i on of damage fo r 
t he hypothet i ca l  ea rt hquake i s  beyond t he scope of t h i s  s t udy , but  a one­
s i gma geome t r i c  va r i a t i on cou l d  be seve ra l  t i mes the mean  va l ue .  E r ro r  i n  
the mea n  p red i c ted va l ue i s  not expected to be a s  l a rge . Howeve r ,  t he a bove 
e s t i ma te doe s no t take i n to con s i de ra t i on t he damage re su l t i ng f rom t he pos ­
s i b l e  ca t a s t roph i c  fa i l u re o f  maj o r  fac i l i t i es (e . g . , dam)  and t he seconda ry 
damage t ha t may resu l t .  

Dea ths  and  i nj u r i es (w i t h  the except i on of i mmed i a te phys i o l og i ca l  effec t s  
s u c h  a s  hea r t  a t t acks ) a re t he seconda ry effec t s  o f  earthquakes , occu rr i ng 
a s  a con sequence of s t ruc t u re d amage and fa i l u re . They may res u l t  from ob­
j ect s fa l l i ng from bu i l d i ng s , co l l apse of bu i l d i ng s , fa i l u re of dams , and  
other  p r i ma ry ea rt hquake effect s .  Thu s a h i g he r  i nc i dence of dea t h s  and i n ­
j u r i es i s  a s soc i a ted w i t h  s t ructures t ha t  have h i g h damage poten t i a l t han  w i t h  
t hose hav i ng l owe r damage potent i a l  (e . g . , p recode u n re i n fo rced ma son ry bu i l d ­
i ng s  ve rsus  modern  bu i l d i ngs  w i t h  ea rt hquake- res i s t i ve s t ruc t u ra l  deta i l s ) .  
On t he ba s i s  of  pa s t  expe r i ence , dea t hs a re not expec ted i n  a rea s w i t h  a one-
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d i g i t  E I  l e s s  t han 6 - , but  i nj u r i es cou l d extend to a rea s w i t h  a one-d i g i t  
E I  of 5 .  

A l l of t he maj or a reaw i de systems and fac i l i t i es of t he s t udy a rea wou l d  be 
seve re l y  affected by t he hypothet i ca l  ea r t hquake . Some of t he fac i l i t i es 
a re ve ry c l ose to t he fau l t ,  and po rt i on s  of t he �ystems c l ose l y  pa ra l l e l 
the ent i re fa u l t  break , ac t ua l l y  c ros s i ng t he fau l t  a t  severa l l oca t i on s . 
Th e fo l l ow i ng tab l e  s umma r i ze s  t he n umbe r of maj or  fac i l i t i es i n  t he h i g h ­
E I  zones . 

Type of Fac i l i ty 

Concrete DIM S  

El rth I nd/or Roc k Fi l l  Dam s 

Hydrl u l i C  Fi l l  Dams 

Ca l i forni a  AQued uct 
Fa c 'i l i t, es 

H i g hway Overcross , ng s  
) 500 f t  i n  length 

Publ i c  Ai rports 

Mi l i ta ry A, rports 

Na tural GI S Tra ns�i s s i on 

Sll"f'IA�Y TABULAT ION OF NU�8ER OF WlJOR 

FAC I L IT I ES· I N  THE H I GH-E I ZONES 

SO 

219  
1 1  

1 5  

148 
108 

16 

5 5+ 

2 

Number of Fac i l i t i es 

One-Di g i t  EI Zone 

6- 6 6+ 

5 3 2 

3 3 

2 

Fac i l i ti es 16  
El ectr i c  POI-Ier Generat ion 
a nd D i s tr i bu t i on Fac i l i t i es 

Pe trol eum Pumpi ng .  Termi na l . 
a nd Refi nery Fa c i l i ties 

343 

93 

3 5 5 

4 
·Re' a ted conveyance systems are not i ncl uded in the tabu l a tion .  

12 

7- 7 7+ 

3 

2 

2 

2 5 2 

An E I S  eva l ua t i on i s  on l y  a pre l i m i na ry s tep i n  t he eva l ua t i on of ea rt hquake 
effec t s  on s t r uc t u re s . E I S  data  and resu l t s a re i ntended t o  prov i de on l y  an  
ove ra l l  i de n t i f i ca t i on and s umma ry of  t he exten t of the  effect s from a p re ­
d i cted ea r t hquake . S hou l d  mo re def i n i t i ve i nd i ca t i ons of an i mm i nent ea r t h ­
quake appea r ,  t he d a t a  prov i ded can be used to sys tema t i ca l l y  perfo rm more 
det a i l ed eva l ua t i on s . 

Fo r t hose a reas w i t h  a one -d i g i t  E I  equa l to o r  g rea ter  than 6 - , mo re de­
ta i l ed i nven to r i e s  a nd eva l ua t i ons  than t hose t ha t  we re emp l oyed fo r t h i s  
s tud y  shou l d  be made . Fo r s t ruc t u res  i n  a one-d i g i t  E I  zone equa l to o r  
g rea ter  t han 7 - , a deta i l ed eng i nee r i n g rev i ew s hou l d  b e  ca r r i ed o u t  to 
eva l uate  t he pos s i b l e  haza rd to l i fe and to determ i ne remed i a l  mea s u res t ha t  
m i ght  be i mp l emen ted . 
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Goals 

Seismotec tonics o f  Nor theas tern United S tates 

8- 9950-02093 

w .  H. Diment 
Branch of Earthquake Tec tonics and Risk 

U . S .  Geological Survey 
34 5 Middlef ield Road , MS 7 7  

Menlo Park , Cal if . 94025 
(415)  323-8111 , ext . 2 7 31 

H . A . l . c .  

To examine g eological and geophysical informat ion relevant to the 
orig in and dis tribution of ear thquakes in nor theas tern Unit ed S tates 
with the obj ec tive of provid ing a be tter bas is for seismic zoning . To 
ident ify gaps in the required informa t ion and to arrange that the gaps 
be f illed . 

Inves t igat ions 

New proj ect . Commenced comp ilat ion of r eg ional geophys ical inf orma t ion 
at a scale of 1 / 1 , 000 , 000 
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Inve s t igat ions 

Tec tonic History of Eas tern Ozark Up l i f t  

8-9 5 3 0-01930  

Ernest E .  Gl ick 
Branch o f  Central Environmental Geology 

U . S .  Geo logical Survey 
Denver Federal Center , MS 9 1 3  

Denver , C O  802 2 5 
( 303 ) 2 34 - 3 3 5 3  

H . A . l . c .  

1 .  Field che �ked and revised 4 rema ining reconnaissance geologic maps 
( scale 1 : 24 , 000) of the Newpor t , Arkansas , area (Phase 1 ) . 

2 .  Examined and logged cut t ings from 11 , 000 meters o f  ho le dril led in 
or near the Newport and Pocahont as , Arkansas , areas (Phases 1 and 2 ) . 

3 .  Comp iled and plotted surface and subsurface data from the Newport and 
Pocahont as areas o f  Arkansas . 

Resul ts 

1 .  Depos its  o f  cher t gravel and glauconitic  sand o f  probab le Cretaceous 
age were mapped to  out l ine ancestral embaymen ts  of the Little  Red River 
and the Wh ite  River wes t  and nor thwes t  o f  the common boundary o f  the 
O zark region and the Miss issippi embayment .  The sand , der ived from a 
dis tant source area to the north , was depos i ted in broad embayments 
along the wes tern edge o f  a sea that t ransgres sed wes tward at l east  
4 0  kilometers beyond the  p resent Ozark fron t . A loca l ly derived cher t  
gravel underlies the sand layer and a much thicker reg ional ly der ived 
chert gravel over l ies it . Both grave l s  are much bet ter rounded than 
is  present-day s tream gravel der ived from the same source beds . The 
roundnes s  and the pat terns of d is t r ibut ion of the gravel s  ind icate that 
they were depo s i ted in and along the edge o f  the sea and , in par t , were 
depos i ted as lenses in the sand . 

The sur face upon wh ich the sand and gravel was depos i ted is  the original ly 
con t inuous but now h ighly d issec ted p re-Late Cre taceous peneplain tha t 
e�tends beneath the Cretaceous sediments o f  the Miss iss ipp i embayment .  
One purpose  o f  mapp ing that eros ional sur face is t o  determine how much it  
has  been t il ted or faul ted s ince Late Cretaceous t ime and whether it  has 
been upwarped locally by the deeply bur ied Newport p luton . Reg ional 
t il t ing of the surface in the area of outcrop was found to be on the order 
of 7 meters per kilome ter toward the edge of the Miss i s s ipp i embaymen t ,  
con t inuous wi th and o f  about the same magni tud e as tha t  o f  the sur face 
where i t  is  bur i ed in the embayment area . Local t i l t ing of the sur face 
over and around the Newport pluton is more compl ex . Evidence d iscovered 
this year ind icates tha t one area of  abou t 5 0  square ki lome ters along the 
west ern edge of t he p luton has been domed , s ince Paleocene t ime , on the 
order of  150  meters above the reg ional trend . The inves t igat ion o f  
s tructural  and d epo s i t ional anomal ies o f  that immed iat e area s t i l l i s  in 
progress . 
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2 .  A d e tai l e d anal y s i s  o f  t he evo l u t ion o f  s t r u c t ur a l  t r en d s  in t h e  

N ewp o r t , Ar kan sas , ar ea i s  b e in g  mad e . Mo s t  o f  t he s u r fac e and 

s ub s u r fac e data ar e in hand now. Mo r e  t han 45 Camb r ian and y o un g e r  

f o rmat ions and memb e r s  ar e i d en t i f i ab l e  in t h e  ar ea , o f f e r in g  a 

weal th o f  c on t ro l  p o in t s  at t h e ir c on tac t s . Bas inwar d d epo s i t ional 

t h i c ke n ing o f  the un i t s t i l t e d  t h e  b e d s  eas tward and s o u t h eas tward 

o r i g inal l y ;  up l i f t  o f  the M i s s i s s ipp i embayme n t  area d u r ing L a t e  P a l e o z o i c  

t ime t i l t e d t h e  b e d s  w e s tward ; s ub s i d en c e  o f  the embaymen t area dur ing 

La t e  Cr e tae cou s  and Ear l y  T e r t iary t ime t i l t ed the beds e a s twar d ; and 

p r obab l e  p o s t - E o c ene r eb ound o f  t h e  embaymen t  may be t i l t in g  t h em 

w e s twar d again .  Th e p re s en t  r e g ional at t i tu d e  o f  each o f  s everal 

hor i z ons i s  b e in g  d e t erm ined d i r e c t ly f rom s u r fac e and sub s ur fac e 
data ; t h e  chan g e  o f  a t t i t ude t h ro ugh t im e  o f  each o f  s everal ho r i z on s  

i s  b e ing cal c u lat e d .  
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Tec t onic Framework of  th e N ew Mad r i d  S e i sm i c  Zon e from Geophys ical S tud ies 

8- 9 7 30-01035 

Thomas G .  H i l d enbrand 
Branch of Reg ional Ge ophys ics 

u . s .  Ge o l ogical Survey 
Denver Federal Center , Ma il Stop 9 6 4  

Denve r ,  Co lorado 8 0 2 25 
( 3 0 3 ) 2 34- 5 4 64 

Inves t igat io ns 

1 .  Extend aeromagn etic and gravi ty c overage in the northern 
tii ssissippi embayment and s ur rounding regions . 

2.  Anal yze the po t ent ial f iel d da ta to de lineate maj o r  ge olog ical 
s truc tur es .  

3 .  De sc rib e  the inf ra-sed imentary plutonism and s truc tur e  and 
inves t igate the ir rel a t ionsh ip to the se ismic i ty .  

Resul t s  

Th e  aeromagnetic and gr av i  ty surveys encompass  areas of 
ap pr oximatel y 1 0 5, 000 and 14 5, 0 00 s qua r e  kil ome ters , 
r es pe ct ive l y .  The r es ul t ing Bougue r gr av i ty map and 
aeromagne tic map r eve al several p r ominent anomal ies tha t may 
r ef l e ct the pr es ence of maj 0 r tectonic or  ge o l ogical 
s truc tur es .  

2 .  A b road zone of sub dued magn etic and grav i ty expr es s io n  div id es 
a r eg io n typ if  ied by h igher gr ad ient s and intens i ties . Th e 
g r ab en-like expr es sio n  is ap pr oxima tel y 7 5  km wide and t r end s 
N4 50E fo r ab out 3 00 km. Dep th es tima tes of magne t ic ba sement 
ind icate tha t the sub dued zone is due to 1 . 2-2 . 4 km of r el i ef 
b e tween ba sement out s ide the zone and ba sement ins id e the z o ne .  
We propose tha t the graben i s  the expr es s ion o f  a rif t that has 
b een act iv e  through much of geo l ogic t ime s ince the 
Pr ecamb rian . The pr oposed ri f t  must  be int imatel y r el a t ed to 
t he fo rma tio n  of the Mi ss isSippi embayment . 

3. The marg ins of the pr opo sed rif t are ch aracterized by a se ries 
of magne t ic and gr av i ty h ighs ( rangi ng up to 1 2 00 gamma s and 3 7  
mgal , r es pect ively ) pr esumab ly caused by igneous fe a tur es lying 
out side o r  al ong the bounda ries of the rif t .  Spe ct ral analyses 
indicate tha t these int rus io ns a re de ns e and h ighly magnetic , 
p o s se s s  a compl ex shape , and ex tend la te ral ly fo r ap pr eciab le 
d i st ances . Th e as so cia ted sour ces are pr obab ly l a rge shal l ow 
p l uto ns c ons i sting of maf ic o r  ul t ramaf ic rocks . The ag es of 
these pl uto ns have been de termined u t il i z i ng the corres po nding 
magn etic anomal ies . Thr ee of the pl utons l oca ted south of the 
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Pasc ola arch have been da t ed a s  Meso z o i c  in t r us ions . Age 
de term inat ions of two p l ut o ns no rt h  of t he Pa sc ola a r ch s u g ge s t  
tha t  igneous ac t iv i ty o c cur r ed  i n  t he Pa l e o z o i c  er a .  Th e 
Pa sc ola ar ch ap pe ars to ac t as a s t ruc t ur al b ound a ry wi th 
Me so zoic ign eous ac t iv i ty h av ing o c cur r ed  s o ut h of t he a r ch and 
Pa l e ozoic ig neous ev ent s h av ing t aken pl a c e  n o r t h  of t he a r ch . 

4 .  A l inear tr end of c oncen t r a t ed s e i smic i ty s t r ike s al ong t he 
ax i s  of the pr op o s ed r i f t . The ax i al s e i smic i ty pa t t e r n  
s ugge s t s  t ha t  the r i f t i s  pr es e nt l y a c t iv e  o r  tha t t h e  r i f t ' s  
ax i s  r ep r esent s a z o ne of c ru s t al we akn es s al o ng  wh i ch s t r a in 
pr oduc ed by pr es ent-day t ec t o nic fo r c e s , i s  b e ing r el i ev ed . 
The ep ic en t r al line of t he New Mad r id e a r t hquake se r ies of 1 81 1  
and 1 8 1 2 al so l i es wi th t he ma rg i ns of t he pr op o s ed r i f t . 

Repo rt s 

In ad di tio n ,  e arthq uake s a r e  n o t ic e ab ly c oncen t r a t ed al ong t he 
so u t he as t  ed ge of t he we l l-kn own B l oomf i e l d i n t ru s io n  po s s ib ly 
i nd i c a t ing t ha t  the pl ut o n  inf l ue nc e s  t he di s tr ib u t io n  of 
s t r es s  in this r eg io n .  

H i l denb rand , T .  G . , Ka n e , M .  F . , a nd S t aud e r , W . , 1 9 7 7, Ma g n e t ic and 
gr av i ty anomal i es in the no rthe r n  Mi s s i s s ip p i  emb ay me n t  and t he ir 
s pa t ial r el a t io n  to s e ismic i ty ,  U . S .  Ge o l . Survey Mi sc . Fi el d 
S t ud i es Map MF- 9l 4 .  
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Eng i neer i ng Geol ogy of Metropo l i ta n  Boston , Ma s sac husetts 

I nvest i ga t i ons  

8- 955 0- 00637 

C l i fford A. Kaye 
Bra nc h of E ng i neer i ng Geol ogy 

U . S .  Geol og i ca l  Su rvey 
1 50 Ca useway Street , Room 1 304 

Boston , MA 02 1 1 4  
( 61 7 ) 223-7 200 

1 .  I nforma t i on from over 2 5 , 000 fou nda t i on bor i ng s  from a 1 4- square mi l e  
area , i nc l ud i ng centra l Boston and parts of  Cambr idge a nd Broo kl i ne , ha s 
been co l l ec ted a nd ana l yzed . From these da ta a ser i es o f  s u bsurface maps , 
on a sca l e of 1 : 6000 , are be i ng prepared wh i c h ,  when used together , prov i de 
a three-d imen s i ona l p i c ture of the geol ogy .  There wi l l  be seven ma ps : one 
for eac h of the f i ve mo st  important  strati gra p h i c  ma ter i a l s un i ts ( Ho l ocene 
estuar i ne a nd fres hwa ter depos i ts ,  outwa sh  sand s a nd gra vel s ,  g l ac i a l  c l ays 
wi th i nter bedded s i l t  and f i ne sa nd , t i l l  a nd ol der outwa s h , and bedroc k ) , 
and two add i t i onal ma ps , one s howi ng the topogra phy of the bedroc k s urface 
and another s howi ng the l ocati on of a l l bor i ngs . W i th  eac h  map wi l l  be a 
text , a ta bl e of p hys i ca l - properti es  da ta , a nd c ro s s  sec t i on s . 

2 .  Surfi c i a l  geol ogy of e i g ht 7 1 / 2-mi nute quadra ng l es ( Lex i ng ton , Newton , 
Boston Nor th , Boston South , Lynn , Hu l l , Mar bl e head South , Nanta s ket ) ha s 
been ma pped . These maps  i nc l ude s u bma r i ne geol ogy i n  the s u bmerged port i ons . 

3 .  Bedroc k geol ogy o f  the a bove e i g ht q uadrang l es has been mapped . 

4 .  F i el d  i nvest i ga ti o ns are essenti a l l y  comp l eted . The proj ect i s  i n  
report-wr i t i ng pha se .  

Res u l ts  

1 .  Ma p s howi ng  s urface of bedroc k beneath the centra l Bo ston a rea , sca l e 
1 : 6000 , ha s been comp l eted a l ong wi th  text . The c l ose  corre l a t i on o f  the 
deepl y bur i ed bedroc k  s urface a nd the 1 8th century l and s urface i s  apparent 
from th i s ma p .  Al so a corre l a t i on between softroc k-a l terat i on of bedroc k 
a nd maj or l ows on the bedroc k s u rface  i s  c l ea r .  The " bur i ed val l ey"  of the 
Char l es and Merr imac k Ri vers i n  the map area , s uggested by earl i er geol og i sts , 
now seems dou btfu l  i n  l i g ht of the bedroc k s urface  a s  i t  i s  now seen . 

2 .  Geo l og i c  ma p of bedroc k beneath the centra l Boston area i s  8 5  percent 
compl eted . Th i s  i nvo l ved studyi ng over 350 roc k cores . Severa l s i za bl e 
fa u l t s  ha ve been i nferred from the data . Some corre l a t i on o f  softroc k 
a l tera t i on a nd fa u l ts ,  and fa u l ts and l arge d i a ba s i c  d i kes i s  i nd i ca ted . 
More fo l d i ng of Boston Ba s i n  roc ks than  h i therto supposed i s  i nd i cated , 
i nc l ud i ng s i za bl e  overturned i soc l i na l  fol ds  i n  the arg i l l i tes . 
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3 .  Ma p of Ho l ocene estua r i ne a nd fres hwa ter depo s i t s  o f  centra l Bos ton a nd 
v i c i n i ty i s  7 5  perc ent compl eted . 

Repor ts 

Kaye , C .  A . , 1 978 , Surf i c i a l geol og i c  ma p of t he Bos ton a rea , Ma s sa c hu setts : 
u . S .  Geol og ica l Su rvey Open- F i l e  Report  78- 1 1 1  ( sca l e 1 : 1 00 , 000 ) . 
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I nvest i gati ons  

Mi ss i s s i pp i  Va l l ey Se i smotecton i cs 

8- 9950-0 1 504 

D. P .  Rus s 
Branch of Tectoni cs  and Ri s k  

U .  S .  Geo l og i ca l  Survey 
Denver Federa l  Center ,  MS 966 

Denver ,  CO 80225 
( 303 ) 234- 5086 

H . A . l . c . 

1 .  Us i ng trench  maps a nd photos ana l yzed and determi ned s i gn i fi cance of 
structu ra l , s trat i graph i c ,  and l i quefacti on features of s ed i ments  exposed 
i n  exp l o ratory trench across  Ree l foot  s carp i n  northwestern Tennes see . 

2 .  Con ti nued geomo rph i c  i nvest i gati on of Ree l foot Lake v i ci n i ty ,  northwest­
ern Tennes see u s i ng a i r photo and ma p ana l ys i s .  

3 .  Began morphometr i c  ana l ys i s  of fl uvi at i l e  terraces  i n  the upper Mi s s i s ­
s i ppi embayment . 

4 .  Began comp i l a ti on o f  pu b l i s hed and unpub l i s hed C- 14 age da te da ta for 
the Mi ss i s s i pp i  embayment . 

5 .  Wi th M .  Zoback  i nterpreted geol ogi c s tructure from s e i smi c refl ect i on 
profi l es run i n  the vi c i n i ty of Ree l foot La ke and nea r R i dg l ey i n  north­
wes tern Tennes s ee .  

6 .  Wi th S .  Obe rmei er  conti nued fi e l d i nves t i ga t i on s  o f  l i q uefact i on 
features  and  fl uv i a t i l e  terraces i n  the u ppe r Mi s s i s s i pp i  embayment . 

Res u l ts 

1 .  Study of the sed i mentary un i ts and l i quefacti on featu res mapped i n  a 
trench acro s s  Reel foot La ke scarp i nd i ca tes tha t not more than 0 . 5 meter 
of the 3 meter offset  exposed at the base  of the scarp cou l d  have re­
cu rred duri ng  the 18 1 1 - 1 2  sequence of  earthqua kes . 

2 . I nterpre tati on o f  channel  and natura l l evee profi l es wa s prev i ous l y  
reported t o  i nd i cate that the Ti ptonvi l l e Dome a n d  Reel foot  s carp are of 
tecton i c  or i g i n .  Addi t i on a l  evi dence to s upport th i s  i nterpretat i on i s  
the para l l e l i sm of the convex topograph i c  profi l e  o f  Ree l foot scarp wi th 
the convex profi l e  of bedd i ng  p l anes of sed i men ts exposed i n  trench  wa l l s  
cu t  across  the scarp . These obs ervati on s  s how that  the g reater part of  the 
scarp i s  the resu l t of s tructura l fl exi n g  wh i ch took p l ace d uri ng  up l i ft 
of the adj a cent Ti ptonv i l l e dome . Brea k s - i n - s l ope acro s s  the s ca rp 
profi l e  genera l l y  coi nc i de wi th zones of concen trated soft sed i ment  
d�format i on ( fo l d s , fau l ts , and l i quefact i on fea tu res ) .  The geometry and 
� l s tri buti on of  the fol d i ng s uggest  that the fol d s  formed by s ubs i dence 
l nto graben- l i ke depres s i on s  when tens i ona l  s tra i n fl exed the s urfi ci a l  
a l l uv i um . 
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3 .  The Mi ss i s s i ppi  Ri ver a l l uv i um formi n g  Reel foot Sca rp and the adj acent 
Ti ptonvi l l e Dome conta i ns fresh  water pe l ecypod and gastropod s he l l s  da ted 
by the C- 14 method by Meyer Rubi n as 1 060- 2000±250 yea rs B . P .  I t  i s  
therefore con c l uded that 1 )  the tecton i c up l i ft ( 3- 6  m )  of the dome has  
occurred wi th i n th i s  ti me i nterva l  and  2 )  the age dates a nd fau l t i ng  
re l a ti onsh i ps deri ved from the  trench defi ne  a t  l ea s t  three ep i sodes of 
earthquakes s t rong enough to l i q u i fy and offset  s u rfi c i a l  sedi ments i n  
t h i s a rea duri ng  the pas t  2000 yea rs . Thus  a rough recu rrence i nte rva l of 
a l i tt l e  l es s  than 700 yea rs can  be pos tu l a ted . 

4 .  I n te rpreta t i on o f  v i brose i s  refl ecti on data ( accomp l i s hed jo i n t l y  wi th  
M .  Zobac k )  from e i ght  l i nes  s hot i n  the vi c i n i ty of Reel foot Lake i n  
northwes tern Tennessee revea l s  the presence of severa l north-northeasterly  
a nd northeas terly  tren d i ng  fau l ts .  The fau l ts cut  hori zons i nte rpreted 
to be upper Pa l eozoi c ,  Cretaceous , and at severa l p l aces , l ower Eocene . 
Though  a major  fau l t trace para l l e l s part of the overly i ng  Ree l foot 
scarp , the overa l l s tructu ra l  fabri c determi ned from the refl ect i o n  
profi l es i s  more comp l ex t h a n  i nterpretati ons  made  from s urfi c i a l  morphol ogy 
and dri l l  hol e data mi ght  l ead one to bel i eve . 

Reports 

Zoback , M . , Hea l y ,  J .  H . , Rol l er ,  J .  C . , McKeown , F. A. and Rus s , D .  P . , 
197 7 , Geophysi ca l  a ssessment of s u spected fau l ts i n  the New Madri d 
se i smi c zone ( a bs . ) : 3rd Ann . AGU Mi dwest  Mtg . , Program a nd Abs . , 
1977 , Purdue Un i v . , Wes t  Lafayette , I nd .  

Russ , D .  P . , Stearns , R .  G . , and Herd D .  G . , 1978 , Map of exp l oratory 
trenc h across  Reel foot s ca rp ,  northwes tern Tenness ee :  U . S .  Geo l . 
S urvey Mi s c . Fi e l d Stud i e s  Map MF- 985 ( i n  TRU ) . 
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Invest igat ion s  

Nor t heas t  Tec tonics and G eophy s ic s  

8-97 3 0-003 64 

Robert S impson 
Branch o f  Reg ional G eophy s ic s  

U . S .  Geo l o g ic a l  Survey 
Denver F ed eral C en t er , MS 9 64 

Denver , CO 8 0 2 2 5  

H . A . I . c .  

1 .  Comp ilat ion o f  a l l  ava ilab l e  grav i t y  d a t a  f o r  the No rthea s t  and 
r educ t ion to a c on s i s t ent datum .  Pub l icat ion of c ontour ed grav i t y  map s  
a t  var iou s  scales suitable f o r  r eg iona l and local s tu d i e s . 

2 .  Comp ilat ion and d ig it izat io n  o f  ava ilab l e  a eromagnet ic d a t a  f rom t he 
Nor theas t ,  and c o l l ec t ion o f  add it ional d a t a  f r om ar eas o f  in t er e s t . 
Pub l ic a t ion o f  contou r ed map s  and d igit i z ed d a t a  s et s .  

3 .  Co l l e c t ion o f  grav ity , magnet ic , e l e c t r oma gnet ic and o t h er g eophy s ic a l  
data i n  ar eas o f  t ec t on ic o r  s ei smic s ignif icanc e . 

4 .  Mod el l ing and int er p r e t at ion o f  reg iona l anoma l ies t o  in f er t ec t on ic 
pat t erns and a id in c ons t ruc t ing a p la t e  t ec t onic h i s t or y . 

5 . Model l ing and in t erpretat ion of local g eophy s ic a l  anoma l ie s  to t es t  
spec i f ic hypo theses f o r  the o r i g in o f  s e ismic ity . 

Result s 

1 .  Wal l a c e  B o thner has comp i l ed a l l  ava ilab l e  grav i t y  d a t a  f rom New England , 
the Gul f  o f  Ma ine , and adj aceD t  a r eas inc lud in g Canada and Moro c co . Bou guer 
anomaly map s  o f  t h e  B o s t on and Port land 10 by 20 sheet s wil l s oon be r eady , 
as well as a new map o f  the New Engl and reg ion a t  a scale o f  1 : 1 , 000 , 000 . 

2 .  Ava i l ab l e  aer omagn e t ic d a t a  for New Hampsh ire and f o r  t h � a rea c over ed 
by the Bos ton 10 by 20 sheet has b e en d ig it i z ed , and t h i s  data wi l l  soon b e  
mad e ava ilab l e . 

3 . Electromagne t ic s ound in g s  mad e in N . Y . , Vt . ,  and N . H .  l a s t  summer are 
b e ing analyzed by J im Towl e and V ic t or Labson . The sound in gs wer e d e s i gn ed 
to examine the d eep s t ruc t u r e  und er the Bos t on -O t t awa s e ismic t r end ( ? ) , 
but wer e s er io u s ly h ind ered by prob l ems w i t h  c u l t u r a l  no is e . 

4 .  An aeromagne t ic survey is b e ing planned f or a r e a s  in t he Gu l f  of Ma ine 
t o  examine the o f f sho r e  ext ens ions o f  c er t a in f au l t  z on e s  i nc lud ing the 
C l inton-Newbury and B loody Blu f f , and to g iv e  mor e  in f o rmat ion on the 
t ec tonic f ramework o f  the Gulf o f  Ma ine . 
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5 .  We have a l s o  been try ing t o  compare t ec t onic elemen t s  in Nor th 
Af r ica with tho s e  in the Nor thea s t ern U . S . by c los ing the Nor th Atlant ic 
and r o t a t ing Af r ic a  t o  i t s  pre-dr if t pos i t ion . I t  appears that the 
s t ra ight e s t  ext rapolat ion o f  the S ou t h  At las f au l t  z on e  o f  Nor t h  Af r ica 
t r end s a t  an az imu th o f  2 740 int o  the Gul f  of Ma ine t owar d  Cape Ann 
when t he At lant ic is c l o s ed . The ava ilab l e  aeromagnet ic , s e ismic and 
s t ructural data f r om the Gul f sugges t a fundamental d i f f erenc e in 
b a s ement to the nor t h  and s outh of this ext rapol a t ion . 

We are planning add it ional f ieldwo rk t o  t e s t  t he hypo thes is t ha t  an 
ext ens ion o f  the South Atlas f aul t , o r  a sp lay thereo f , cont inues 
ac r o s s  the Gul f of Ma ine and c onnec t s  with the Cl inton-Newbury and 
Bloody Blu f f  sy s t ems where they run o f f shore . 

Repor t s  

S imps on , R .  W . , and Bo thner , W . A . , 1 9 7 7 , P o s s ib l e  ext ens ion o f  the 
S outh Atlas fau l t  o f  Nor th AFr ica in to the Gul f  o f  Ma ine ( a b s . ) :  
( D ir ec t or ' s  approva l ) . 
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Inve s t igat ions 

Neo tec toni c Synthe s is of u . S . 

8- 9540-02 1 9 1  

Car l  M .  Wentwo rth 
Branch o f  We s t ern Environmental Geology 

u . S .  Geo logical Survey 
345 Mid d lef ie l d  Road 
Menlo Park , CA 94025 

( 4 1 5 )  3 2 3-8 1 1 1  

H . A . l . d .  

None . Extens ion o f  previous admin i s t r a t ive a s s ignment through the who le 
of the p r e s ent repo r t ing per iod required de f erral o f  any work on this 
proj e c t  unt il a f t e r  March 3 1 , 1 9 7 8 . 

The obj e c t ive o f  the proj ec t i s  t o  des ign and comp i l e  a neo t ec t onic map 
o f the con t e rminous Uni t e d  S ta t e s  a t  na t ional s c a l e  s o l e ly f rom exis t ing 
geo l o g i c  data . Or i g inal ma t er ials and regional comp il a t i ons a t  1 : 1 , 000 , 000 

will b e  sough t  and gathered from local and r e g ional exper t s  and from the 
l i terature and these wil l  be recomp iled at 1 : 5 , 000 , 000 . The de f o rma t ion 
his tory ind i ca ted by the geo l ogic record f o r  P l io cene and Quat ernary t ime 
will be summa r i z e d  in t e rms of rela t ive movement s  and their amoun t s  and 
rates , as permi t ted by the evidence . Inc luded will be faul t s , f o lds and 
b roader ver t i cal and any resolvable ho r i zon t a l  movemen t s , as wel l  as 
ind icat i on o f  the available geologic con t r o l . 
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RECENT FAULT SCARPS ALONG TRE EASTERN ESCARPMENT OF THE 

SIERRA SAN PEDRO MARTIR , BAJA CALIFORNIA, MEXICO 

GRANT NO . 87177 
Gordon Gastil 

Lawrence G. Brown 

Carl Strand 

Susan L .  Faulkner 

San Diego State University , San Diego , California 92182 
( 714) 286-6211 

INVESTIGATIONS 

1 .  Made map of fault scarps at the southwest corner of Valle Chico on a 

scale of 1/7 , 000 , measuring , angle of scarp slope , height of scarp , 

noting exposures of slip surface where exposed . 

2 .  Made reconnaissance of young fault scarps along the entire western 

edge of Valle Chico , and at selected points further north , noting 

scarp height , slope angles , number of individual fault steps , and 

their relation to stream terraces . 

3 .  Used a bulldozer t o  excavate three trenches across the trace of the 

fault to search for buried soil horizons and charcoal . 

4 .  Determined uplift-related knick points on drainages crossing the fault 

scarps , and delineated stream terrace levels abandoned by fault related 

entrenchment . 

S .  Collected the oldest wood from iron wood trees, Olneya tesot� living 

on each of five such terraces for radio-carbon dating . 

6 .  Collected carbon from paleosoils buried by subsequent fault motion 

for radio-carbon dating . 

7 .  Carried out one magnetic and one gravity survey: the former in the 

vicinity of the detail scarp mapping , and the latter across the medial 

lineament of Valle Chico 
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8 .  Carried out a micro-seismic inves tigation in the detail map area . 

9 .  Interrogated local res idents for memory of  recent seismic event s  in 

the immediate area . 

10 . Searched seismograph records for evidence of recent epicenters along 

the fault zone . 

11 . Carried out a literature search ( s till in progres s )  to f ind all p r inted 

and unp rinted accounts of maj or earthquakes in northern Baj a Cali fornia 

in an at temp t to learn more about the ep icenters o f  maj or earthquakes 

p rior to 1900 . 

RESULTS 

The foot of the eastern es carpment of the Sierra San Pedro Martir has 

broken repeatedly during the past  thousand ( ? )  years over a dis tance o f  

least 100 kilometers . Aggregate offset of  re cent alluvium i s  approximately 

20 meters over much of the distance . At s ome points the ent ire 20  meters 

is confined to a s ingle s l ip surface in others the s l ip is divided into 

a few or many individual planes , and in some localit ies it is dis t ributed 

across a zone up to a kilometer in width . Observat ion o f  the faul t plane 

where i t  cuts bas ement rock , and magnetic t ravers es across the trace where 

it is within the alluvial fan , demons trate that these recently act ive planes 

have a much longer history of disp lacement . 

Excavation o f  the alluvium in front o f  a fault scarp has revealed two 

buried soi l  horizons : one related to the mos t  recent movement ,  and a 

second about one meter deeper . Chips of carbon , pos s ibly l imiting the age 

of the earlier of these two events , have b een sent for C-14 dat ing . 

All obs erved fault planes dip at angles between 56 and 89 degrees to 

the eas t . Movement is dip slip , down t o  the east . The amount of  vert ical 

displacement having occurred at a given event p robab ly ranges up to several 

met ers , and possib ly more . Sets of s tream terraces produced where drain­

ages c ross a fault trace are believed to relate to succes s ive uplift along 

the fault . S ince the maximum age of a t ree which could be root ed on a 

terrace would be the age o f  creat ion (by downcutting) o f  that surface , we 

s elected the oldes t  wood from iron wood , Olneya t esota , trees on a succes­

s ion of terraces . If the C-14 ages yield a succession of older ages on the 
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older t erraces , it may provide a clue t o  the recurrence interval o f  fault 

motion . 

Examinat ion o f  the slope mo rphology of the escarpments , and the s ize 

of i ron wood trees which have grown on the floors o f  the mos t  recen t  ero­

sional incis ions convinces us that there has no t been an o f fset o f  mo re 

than one meter in the pas t  several hundred years . On the o ther hand , i t  

seems equally evident that 20 met ers o f  mot ion has occurred during an inter­

val of around one thousand years , involving at leas t four dis t inct up lifts  

of several meters each . 

The fault is microseismically inact ive . S eismic records indicate that 

an event of magnitude , 5 . 5 ,  may have b een c entered near the s t udy area on 

November 2 2 , 1974 . Terrified local res idents ,  reporting swaying t rees an d 

bushes , fled t o  S an Felipe for ten days . His tori cal research , while turn­

ing up many accounts no t ment ioned in s eismological literature , has not yet 

helped to locat e epicenters for the s trong his tori c  earthquakes , such as 

the one o f  Feb ruary 2 3 , 189 2 . 

REPORTS 

Brown , Lawrence G . , 19 7 8 , Rec ent fault scarps along the eas tern es carpment 
of the S ierra San Pedro Mart ir , Baj a , Cali fornia : Mas ters thes is , 
S an Diego S tate Univers i ty ( in p reparat ion) . 

Faulkner ,  Susan L . , 19 7 8, Reconnaissance magnet ic survey o f  the S an Pedro 
Mart ir fault and medial suture in Valle Chico , Baj a , Cal ifornia : 
Senior Report , San Diego S tate Univers ity . 

Keller ,  B ruce T . , 19 7 7 , Results o f  a gravity and magnet ic s urvey San Felipe 
Valley , Baj a ,  California : San Diego State Univers i ty , unp ub lished . 
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C o l l a bora t i v e D a t i ng 

8-9740-00374 
8-9740-00377 
8-9740-00379 
8-9740-01 568 

H . A . 2 .  

B .  R .  Doe , M .  R u b i n ,  M .  A .  L a n ph ere , C .  W .  Na e s er , a nd S .  R o b i n s o n  
B ra nc h  o f  I s otope Geo l ogy 

U . S .  Geol og i ca l  S ur v ey 
D e n ver Fed era l C e n ter , MS 963 

D enver , C O . 8022 5  
( 303 ) 2 34 -4003 

I n ves t i g a t i o n s  

T he a g e  o f  fa u l t i ng a n d  fa u l t rec u r rence a re recog n i z ed t o  b e  i mporta n t  to 
a s s e s s i ng fu t ure earthq ua k e  ha za rd s . T h e  B ra n c h  o f  I s otope Geo l ogy i s  par­
t i c i pa t i n g  wi th va r i o u s  fi e l d  g eo l ogi s t s  i n  d e termi n i ng the a g e  o f  fa u l t i ng 
by va r i o u s  s ta n d a rd tec hn i q u es . T h e  d a t i ng tec h n i q ue s  a re ra d i oca rbon , 
pota s s i um-argon , a n d  fi s s i on trac k . I n  a d d i t i o n , we wi l l  b e  wor k i ng o n  d ev el op­
me n t  o f  n ew da t i ng methods . 

Res u l t s  

T he ages  determi n ed b y  s ta n da rd tec h n i q ues a re reported i n  the i nd i v i d u a l  
re ports o f  t h e  f i e l d g eo l og i s t s  wor k i ng on neo tec to n i c s a n d  t h ey wi l l  n o t  be  
re pea ted here . 
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Goals 

Paleomagnetic Studies of  Holocene Fault Displacement 

8-9930-02158 

Gary S .  Fuis 
Branch of Seismology 

and 
E. M .  Shoemaker 

Branch of Petrophysics and Remote Sensing 
U . S .  Geological Survey 

% California Institute of Technology 
Seismological Laboratory 252-21 

Pasadena , CA 91125 
( 213 ) 795-6811 , exts . 2957 and 2455 

H . A . 2 .  

1 .  To further develop a paleomagnetic technique for dating Holocene 
sediments based on the secular variation of the geomagnetic field . 

2 .  To apply this technique to a study o f  the displacement history of 
faults in southern California showing Holocene offset . 

Sufficient work on the Holocene history of secular variation of the 
geomagnetic field in western United States has now been completed to 
attempt to use our knowledge of this history in dating Holocene 
sedimentary depos its . Useful control exists for a period extending back 
from the present to about  1000 B . P .  ( radiocarbon years ) . At present 
there are s ignificant gaps in this record , but even at this early stage 
it appears worthwhile to test the application of this concept to the 
problem of the displacement history of ac tive faults and the recurrence 
in tervals between earthquakes . 

Investigations 

1 .  Approximately 400 oriented samples have been collected from 1 clay , 
silt , and peat units exposed in trenches and creek banks at Pal lett 
Creek , 6 km south of Pearblossom , Cali fornia . At this location , a 
sedimentary sequence containing these un its is offset by the San 
Andreas fault . Evidence of pa leoearthquakes is preserved in these 
sediments in the form of buried fault scarps , sandblows , and 
liquifaction features ( K .  Sieh , EnS ( Am .  Geophys . Union Trans . ) , 
v .  57 , p .  899 ) . Radiocarbon dates on peat beds which occur at many 
horizons throughout this section provide excellent brackets on the 
ages of these paleoearthquakes . Our samples were collected from a 
variety of units in the section . Mos t were co llected from unit s 
which were well bracketed in age by peat beds which had been dated 
and which ,  because of their fine grain size , promised to yield 
reliable primary paleomagnetic field directions . However ,  we also 
collected from dated peat beds . Most of our samples were collected 
from units which showed the least evidence of  deformation or 
liquifaction , but some samples were collected from liquified units  
and some even from sandblows . Most samples were collected from 
locations as far from fault traces as feasible in the trench ; th is 
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dis tance ranged from less than one mete r to more than 15 meters . On 
the other hand , some samples were delibe rately co llecte d  near the 
fault traces to inves tigate the possibil ity that they had been 
rotated by right-l ateral shear near the traces . At most sample 
s ites , a group of  25 samples was taken from a single thin 
deposit ional unit . Several s ites were sampled in some un its . 

2 . All sampl es were analyzed in laboratories in Flags taff , Arizona or 
Pasadena , Ca l i fornia . Progress ive demagnetization was performed on 
one or two sampl es from each group of samples to determine the 
stab i l ity of remnant magnetic d irections , and then a l l  samples were 
demagnetized to the leve ls of the ir magne tic s tabi l ity in an at tempt 
to remove viscous magnetic components . Structural corrections for 
bed att itude were applied , and virtual geomagne tic pole ( VGP ) 
po sitions were calculated and p lotted for samples of  each grou p ;  
average VGP ' s  and assoc iated error e l l i pses were also calculated for 
each group . 

Results 

1 .  Some groups o f  samples have relat ive ly poor magnetic stability ; their 
d irections o f  magnetizat ion wander randomly upon demagnetization 
above 50  Oe . Other groups of  samples have relat ive ly high magnetic 
s tabi l ity ; they show tight ly c lustered VGP ' s  to 100 Oe demagnetiz­
ation and occas ionally even to 4 00 Oe . 

2 .  Samp le groups wi th re latively h igh magne tic s tabi l ity have VGP ' s  that  
c luster in  areas as  smal l  as  150 on a side . The a9 5 s for the 
d irections of magnetization of wel l  clustered groups are in the range 
of 20 to 30 . 

3 .  Sample groups with relative ly high magnetic s tabi lity have VGP ' s  
that , in general , dev iate from the present VGP by 100 to 2 50 
a fter demagnetization . 

4 .  Groups o f  samp les from the same un it at di ffe rent sites commonl y 
behave quite d iffe rently magnetically . Some groups a re magne tically 
uns table ; some a re stab le . Some show a change in average VGP on 
demagne tization and some do not move . Some have similar VGP ' s  and 
others , di fferent . A study of these groups of samples from d ifferent 
s ites in the same un it is frequently enl ightening in that it permits 
one to distinguish certa in groups of  samples as magnetically 
uns tab le , and it pe rmits one to piece together the magnetic history 
of the unit from other groups of samples wh ich exhibit a stab le 
magnetic component . 

5 .  In the case o f  one unit , for wh ich various groups o f  samples give 
interpretable results and for which VGP clustering is tight and 
stable on demagnetization , we find agreement , within statistical 
error , between the VGP of the un it and the VGP predicted for a un it 
of its age by the archeomagnetic curves of Dubois ( unpub l ished data ) . 
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6 .  Contrary to our impress 1.on from preliminary results , in the case of 
the un it describe d  above , there appears to be no ev idence for 
rotation (greater than 50 ) due to right-lateral shear . Samples 
near the fault and at some dis tance from the fault give cons istent 
directions wh ich agree with the predicted direction . 

7 Samples from a sand blow indicate magnetic complexity . More work 
wi ll be neces sa ry before the pa leomagnetic obse rvations at the sand 
blow are interpretable . 

8 .  The majo rity of the un it s sampled yield an interpretable 
characte ris tic direction at magnetization , and we believe that they 
may prove to be datable by the secular variat ion method . 
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Co rre l a t i n g  a nd Da t i ng Q ua terna ry S ed i ments by Am i no Ac i d s 

I n ves t i g a t i o n s 

8-9460- 01 996  

Ke i th A .  Kven vo l den 
Pac i fi c - Arc t i c  B ranc h o f  Ma r i n e  Geo l o gy 

U . S .  Geo l og i ca l  S urvey 
345 M i dd l efi el d Roa d  
Menl o Pa r k , C A  940 2 5  

( 4 1 5 )  323-81 1 1 ,  ext . 281 7 

1 .  Co l l e c ted s pec i me n s  o f  Sa x i domus g i ga n te u s  a nd O s trea l ur i da a t  s ev e n te e n  
l oca l i t i es a t  W i l l a pa Bay , Wa s h i n gton , a nd co n t i n ue d  d e ta i l ed i n ve s t i ga t i on s  
o f  ami no a c i d  rac emi z a t i on i n  these s he l l s  from t h e  e s t ua r i ne depo s i ts t here . 
The o bj ec t i ve i s  to e s ta bl i s h t h e  tempora l rel a t i o n s h i p s  o f  the s h e l l depos i ts .  

2 .  I n i t i a ted a s t udy o f  t h e  a g e  re l a t i o n s h i ps i n  a n  a rc heo l o g i c a l  e xca va t i o n  
o n  Ama kna k I s l a n d , A l a s ka .  T h e  wor k  wa s u n derta ken to a ttemp t t o  u s e  ami no 
a c i ds i n  s he l l s  fo r da t i n g  events , in  t h i s  case c u l t u ra l h a b i ta t i on s , d ur i n g  
t h e  l a s t  1 0 , 000 yea rs . 

3 .  Determ i ned t h e  deg ree o f  ra c em i za t i on i n  " z ero - a ge "  ma r i ne s ed i ments  i n  order 
to e s ta b l i s h i n i t i a l  c on d i t i o n s  fo r ami no a c i d  da t i ng of o l der ma r i n e  s ed i ments . 

4 .  Mea s ured degree o f  ra c emi z a t i o n  o f  ami no ac i ds i n  bones  from t h e  Y uha  b u r i a l , 
an ea rl y-ma n  s i te i n  s o u t h e rn Ca l i forn i a , to determ i ne rel a t i o n s h i p s  between 
ami no ac i d  da tes a nd ra d i ome tr i c  d a tes . 

5 . Pa rt i c i pa t ed i n  i n terl a bora tory c ompa r i s o n  o f  a na l y ses o f  ami no a c i d  rac em­
i za t i on i n  fos s i l b o n e s  w i th S c r i p p s  I n s t i t ut i o n  o f  Ocean ogra phy . 

6 .  I n i t i a te d  fea s i b i l i ty s t ud i e s  o n  b u l k s ed i me n t  from Sea rl es L a ke a n d  Mon o  L a k e  
t o  es ta b l i s h i f  t h e s e  k i n d s  o f  samp l e s  c a n  b e  u s e d  for ami no a c i d  da t i n g . 

7 .  P urc has e d , i n s ta l l e d ,  a nd ca l i b rate d  a n  a utoma ted , i on ex c ha ng e ,  ami no a c i d 
a na l yzer to p ro v i d e  q ua n t i ta t i on o f  co nce n tra t i on s  o f  i nd i v i d ua l  a m i no a c i ds 
i n c l ud i n g i s o l euc i n e - a l l o i s o l e uc i n e wh i c h  i s  a us eful  pa i r  i n  a m i no a c i d  da t i ng . 

Re s ul t s  

1 .  Am i n o a c i d  d a t i n g  tec h n i q ue s  h a v e  b e e n  a pp l i ed to e s t ua r i n e  a s s embl a ges o f  
fo s s i l s h el l s  ex po s ed i n  terra c e s  a l o n g  the ea s t  s i de o f  W i l l a pa Bay , Wa s h i n g to n . 
The s hel l de po s i ts a re c ompo s ed ma i n l y  o f  O s t rea l ur i da a l o n g  w i t h  a t  l ea s t  n i n e  
?t her s pec i es of pel ecypods i nc l ud i n g Sa x i domus g i ga nt e u s . The exten t o f  ra cem­
l za ti on of ami no a c i d s  i n  Sa x i domus a nd O s t rea ha s bee n  mea s u red fo r s ampl es from 
twenty l o ca l i t i e s . T h e  re s u l t s  s how th a t  t h e  extent o f  ra c em i za t i on o f  ami n o  
ac i d s i n  S a x i d omus , a l t ho u gh va r i a bl e ,  i s  s u ffi c i entl y c o n s i s tent to permi t 
correl a t i on o f  i so l a te d  s he l l depo s i ts i n  t h e  a rea . T h e  extent o f  rac em i za t i o n 
of ami no ac i d s i n  O s trea i s  q u i te va r i a b l e ,  t h us l i mi t i n g  t h e  u s e fu l nes s of t h i s 
fo s s i l i n  am i no a c i d da t i n g .  At twel v e  l oca l i t i e s the exte n t  o f  racemi za t i on 
of ami no a c i ds i n  Sa x i dom us co n f i rm t h a t  th e s he l l s  a re from a c o rrel a t i ve s tra t i ­
g ra p h i c  u n i t .  At two i s o l a ted l oca l i t i es t h e  exte n t  o f  racemi z a t i o n o f  ami no 
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ac i ds i n  Sa x i domus  i s  s i gn i fi cant ly  greater ; these mea s urements pro v i de  e v i dence 
fo r a second , o l der estuar i ne  she l l depos i t  fo r wh i c h the pres en t s tra t i gra ph i c  
record i s  very l i mi ted . Ami no a c i d  rac emi zat ion  c l ea rl y  esta bl i s hes  the re l a t i ve 
ages o f  the  s he l l depos i ts .  The abso l ute a ges can  o n l y  be a s s i g ned ten ta t i ve l y  
beca use of  t h e  l ac k  of  a good ca l i bra t i on s i te and  t h e  uncerta i n ty o f  t h e  tempera ­
ture h i s tory . By us i ng cal i bra t i on s  from dated terrace depo s i ts  el s ewhere and  
a s s umi ng l i nea r ,  fi rs t order k i net i cs a nd an  effect i ve d i agenet i c  temperature 
of  8° C ,  the yo unger s he l l beds  at W i l l a pa Bay a re i nterpreted to be a bout  1 00± 30 
x 1 0 3 yea rs o l d �sa ngamon I ntergl ac i a l  S ta g e ) . The other s hel l depos i ts a re 
a bout  90±20 x 1 0  yea rs o l der . 

2 .  A l a rge a nd s i gn i fi cant  a rc heo l og i ca l  s i te wa s uncovered by s ta ff from the 
Un i ve rs i ty of Al a s ka r�useum i n  1 977  on  Ama kna k I s l and  at  the  l ocat i on o f  a pro­
po sed bri dge to spa n  the na rrow c hanne l  between Ama kna k and  Una l a s ka I s l a n ds of the  
Al euti an  c ha i n .  At two occupa t i on a l  l evel s wi th i n  a mi dden a t  the s i te we  co l l ected 
samp l es o f  Sa x i domus g i ga n teus  i n  order to obta i n  a n  age  a s s es sment  by ami no ac i d  
racemi zat i on techn i q ues . To es t i mate ages several a s s umpti ons  were made : ( 1 )  The  
racemi za t i on react i on  fo l l ows l i nea r f i rs t  order k i net i c s . ( 2 )  The  Arrhen i us eq ua ­
t i on wi th  a n  a s s umed a c t i vat ion  e nergy o f  29 . 4  kca l /mo l e adequate l y  rel a tes rate 
constants a n d  temperatures . ( 3 )  Ba i nbr i dge I s l and , P uget Sound , s erved a s  a 
proper ca l i bra t i on s i te ( Saxi domus wi th  T 4C age of  3 , 260  ± 80  yea rs ; effec t i ve 
annua l  tempera ture of 1 2 . 50C ) and ( 4 )  the effec t i ve tempera ture ( 5 . 4° C )  for Ama kna k 
I s l a nd  ca n be ca l c u l a ted from th e c l i mato l og i c a l  reco rds o f  the So uthwestern 
I s l a nds  D i v i s i on , Al a ska . The ages  of  th e occ upa t i ona l l evel s were determi ned 
from these a s s umpti ons a nd th e degree of  rac em i zat i on o f  a s part i c ac i d  to be 3800 
and  5600 yea rs . Ba sed on th e recovered s tone too l s ,  the a rc heol og i s ts es t i mate 
that the mi n i mum age a t  th e s i te i s  a bo u t  3000 yea rs and  tha t port i ons of  the  
s i te may be a s  o l d a s  6000 to  7000 years . The  ag reemen t  between these i ndepend­
ent ly  obta i ned ages i s  encoura g i ng . Ra d i oc arbon ages  a re be i ng obta i ned from wood 
and s hel l s  from th i s  s i te .  These an t i c i pa ted res u l ts w i l l  prov i de a means  of  eva l ­
uati ng the  va l i d i ty o f  the ages a l ready obta i ned . 

3 .  S tud i es by others of  ami no a c i ds i n  s o i l s  and  modern l a ke s ed i ments i nd i cate 
that some o f  these ami no a c i ds may ha ve bacter i a l  sources beca us e of  the h i g h  
concentrat i ons  o f  certa i n D-ami no ac i d s  tha t are found . Fo r ami no ac i d  dat i ng the 
exten t of racemi za t i on i s  determi ned by meas uri n g  the  rat i o  of  D- to L -ami no a c i ds . 
The presence of  D-ami no a c i ds from bac ter i a l  sources w i l l  caus e errors i n  a ge 
ca l c ul a t i ons i f  i t  i s  a s s umed that the D-ami no  a c i ds  represent  on l y  the  res u l ts 
of the racemi za t i on react i on .  We have found , ba s ed on  two samp l es from o ffs hore 
Ca l i forn i a , that  modern ma r i ne s ed i ments a l so may con ta i n  s i gn i fi cant  concentra ­
ti ons o f  D- a l an i ne ,  a nd  D-aspart i c ac i d a n d  t o  a l es s e r  exten t D- g l utami c a c i d .  
Thes e compo unds  proba b l y  a re deri ved ma i n l y from the ce l l wa l l s  o f  bac ter i a . The  
res ul ts s ugges t tha t i n  future dat i ng of  ma r i ne sed iments by ami no ac i d  ra cemi za t i on , 
correct i ons may have to be a ppl i ed to accou nt  for the pos s i b l e i n i t i a l i nput  o f  
D-ami no ac i d s from ba cteri a l  source s .  

4 .  S kel eta l  rema i ns from the Yuha buri a l  i n  Impe ri a l Co un ty ,  C a l i forn i a ,  may 
repres en t a s i te whe re man wa s pres ent i n  the  New Worl d pr i or to 1 2 , 000 yea rs 
ago . 1 4C a nd 230Th  dat i ng of  ca l i c he a t  the bur i a l  y i e l ded concordant abso l ute 
da tes of 22 , 1 25 ± 400 a nd 1 9 , 000 ± 3000 yea rs re spec t i ve l y .  The  degree o f  racem­
i za t i on of ami no a c i ds i n  bones from the Yuha s ke l eton wa s meY4 ured i n  order to 
de termi ne i f  t he ami no ac i d  age wo u l d be cons i s ten t wi th  the C a nd 230Th a ges . 
Becaus e  of  the a bsence of  deta i l ed tempe ra ture i n forma t i on  and  rel i a b l e l oca l  c a l ­
i bra t i on t he unc erta i n t i es a s soc i ated wi th an age determi na t i on by ami no ac i d 
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racemi zat i o n  a re qu i te l arge here . Neverthe l ess , the res u l ts of  our a n a l ys i s  
s how tha t  t he mi n i mum conservat i ve age i s  a bout  BOOO yea rs and the probabl e  age  
is  20 , 000 yea rs as  a l so i nd i ca ted by the  rad i ometri c res u l ts on ca l i che . An  
addi t i ona l observa t i on that  has i mpl i cat i ons for future wo rk wi th ami no ac i ds 
from bones i n  genera l  i s  that  for eac h  bone from the Y uha s ke l eton the extent o f  
racemi za t ion  wa s d i fferent . For examp l e ,  the OIL ra t i o  o f  as pa rti c a c i d ranged 
as  fol l ows : c l a v i c l e ,  . 44 ;  meta ta rsa l ,  . 4 1 ; femur , . 52 .  The fact  tha t a l l parts 
of a g i ven s kel eton do not s how the same extent of ami no a c i d racemi za t i on may 
l i mi t ,  to some degree , the  us eful nes s of future a ppl i ca t i ons  of ami no ac i ds  i n  
bones to prob l ems o f  corre l a t ions  and  c h rono l ogy .  

5 .  I n  the devel opment o f  a new l aboratory techn i q ue s uch  a s  ami no ac i d  da t i ng 
i t  i s  e ssent i a l  to e stab l i sh i nterl a boratory compar i sons  to a s s ure tha t  the  ba s i c  
numbers genera ted a re reproduc i b l e by more than one g roup  of  i n ves t i gators . To 
thi s  end we have compa red ana lys es of racemi zat i on  of ami no ac i ds i n  foss i l  bones 
and i n  extracts  of fos s i l  bones from the col l ect i on a t  Sc r i pps I n s t i tuti on of  
Oceanogra phy . OI L ra t i o s  o f  a s parti c ac i d ,  g l utam i c  ac i d , a nd a l a n i ne were deter­
mi ned for s i x  bones and  fo ur bone extracts . The res u l ts s how good agreement 
between our U . S . G . S .  l a bo ratory a nd Scr i pps . For examp l e :  

OIL Aspa rti c Ac i d  OI L G l utam i c  Ac i d  OIL Al an i ne 
Scr i pps USGS Scr i pps USGS Scr� OSGS 

Ta rkhan , Egypt 
( extract )  

Buhen Horse , S uda n 
( extra c t ) 

Ta rkha n , Egypt 
( bone ) 

Vertessozo l l os ,  
H unga ry ( bone )  

0 . 48 0 . 48 0 . 1 8  0 . 1 6  0 . 2 2  0 . 1 3  

. 4 7  

. 4 5 

. 5  

. 48 

. 44 

. 4B 

. 1 6  

. 31 

. 2  

. 1 6  

. 1 4  

. 24 

. 1 4  

. 1 B  

. 5  

. 09 

. 24 

. 45 

I nterl a bora tory compa ri son  wi th  other  l a bora to r i es  i s  now i n  p rogress .  

6 .  Bu l k s ed imen t sampl es offer one o f  the  l eas t sa t i s factory ma tr i ces for th e 
s tudy of  the deg ree o f  racemi za t i on of  ami no ac i ds .  The col l ect i o n  of ami no ac i ds 
i n  sed iments may represent  produc ts from many so urces , and the mi nera l  content may 
yi el d h i g h  s a l t concen tra ti ons dur i ng samp l e proc es s i ng .  Desa l t i ng pri or to ana l ­
y ses ca n become a major  probl em .  To determi ne i f  bu l k s ed i ments can  be used i n  
am i no ac i d  da t i ng  two s ets of sampl es  have been stud i ed .  F i ve c l ay s amp l es from 
a deep core at Sea rl es  L a ke ,  Ca l i forn i a , were exami ned . ( Sampl es prov i ded by 
J .  L i dd i coa t ,  Lamont- Do herty Geol og i ca l  Obs ervatory ) . Thes e s amp l es  from depths 
of 1 397 to 2 1 88 feet s pan  a n  age from 2 to 3 x 1 06 yea rs . I n  thes e samp l es ami no 
ac i ds co ul d not be i den t i fi ed unequ i voca l l y . I t  i s  p robab l e that thes e sampl es are 
too o l d and  ha ve experi enced too h i gh  a temperature ( pres en t a verage borehol e 
tempera t u re i n  the  i nter va l s amp l ed i s  39°C ) to be of  use  for ami no ac i d  dat i ng . 

Th ree sed i men t sampl es con ta i n i ng os tracodes from l oca l i t i es a t  Mono Lake , 
Ca l i forn i a ,  were pro v i ded by Ken Laj o i e ,  U . S . G . S . These three s amp l es a l l conta i il 
�eas urea b l e q ua n t i t i es o f  ami no a c i ds . The extent of  racem i za t i on genera l l y  
l ncrea s es w i th i nc rea s i ng  depth a n d  t ime .  OI L ra t i o s  for t hree ami no ac i ds are : 

�l e  
679- 5 3 
679- 2 5 
679- 1 

Age 
1 3 , 300 1 4C 
23 , 300 1 4C 

- 32 , 000 est . 

OIL Leuc i ne  
0 . 05 

. 05 

. 07 

99  

OI L Aspa rt i c Ac i d  
0 . 2 3 

. 33 

. 4  

OIL G l u tami c Ac i d  
0 . 1 2  

. 1 7  

. 2 6 
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The res ul ts s ugge st tha t these k i nds  of  sampl es  may be usefu l  i n  ami no ac i d 
geoc hrono l ogy .  

7 .  An a u toma ted , i on exc hange , am i no ac i d  a na l yzer wa s acq ui red to en ha nce  the 
ca pa b i l i t i es of our U . S . G . S .  l abora to ry . The i ns trument  i s  eq u i pped wi th a uto­
ma t i c sampl i ng capa b i l i t i es so t ha t  as many as th i rty samp l es can be run i n  
seq uence w i thout  operator  i ntervent i on to prov i de q uant i ta t i on of i nd i v i d ua l  ami no 
a c i ds . O f  parti c u l a r  i nte rest  for ami no ac i d  da t i ng i s  the  qua nt i ta t i on of the 
rat i o  o f  i so l euc i ne to a l l o i sol e uc i ne . I so l e uc i ne u ndergoes ra cemi za t i on ( more 
correct l y  ca l l ed epi mer i zat i on ) to m i xture s of  va ry i ng proporti ons of i so l e uc i ne 
and  a l l o i s o l euc i ne .  Pre l i m i nary wor k  w i th the  new i ns trument  has  s hown tha t for 
Saxi domus at W i l l apa Bay , Wa s h i ngton , the a verage ra t i o  of  a l l o i so l e uc i ne/ i so l eu­
c i n e  i s  5% greater tha n  the a verage rat i o  of  D- l euc i ne/L- l euc i ne .  Th i s i n forma ­
t i on i f  o f  i nteres t for currentl y used mode l s where extrapo l a t ions  a re made to 
correc t for the d i fferenc e  i n  the extent of  ra cemi za t i on  of thes e ami no a c i d s  (Wehmi l l er et a l . ,  U . S . G . S .  Open F i l e  Repo rt 77-680 ) . 

Reports 

Kvenvol den , K . A . , B l unt , D . J . , a nd C l i fton , H . E . , 1 9 77 , App l i ca t i on of ami no 
a c i d  s tereoc hem i s try to the  corre l a t i o n  of  Late P l e i s tocene depos i ts 
at  Wi l l a pa Bay , Was h i ngton : Abs tracts w i th P rograms , Geo l og i ca l  Soc i ety 
o f  Ameri ca , v .  9 ,  p .  1 062- 1 06 3 .  

B i s c ho f f ,  J . L . , C h i l ders , W . M . , Kvenvo l den , K . A . , a nd B l unt , D . J . , s ubm i tted , 
Rac emi za ti on  of ami no ac i ds i n  the  Y uha s ke l eton : i mp l i ca t i ons  for age 
and temperature h i s tory :  Earth and  Pl aneta ry S c i ence Letters . 

Pol l oc k ,  G . E . , a nd Kvenvol den , K . A . , s ubmi tted , Stereoc hemi s try of ami no a c i ds 
i n  s urface s amp l es o f  a ma r i ne sed i men t : Geoc h i mi ca et Cosmoch i mi ca 
Ac ta . 

Approved for d i s tr i b ut i on  ����.������������� __ ������ 
Da v i d W .  Scho l l ,  C h i e f ,  
Pac i fi c -Arc t i c Bra nch  o f  Mar i n e  Geol ogy 
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H . A . 2 .  

1 .  Merced River chrono seq uenc e ( arko s ic ) (no r thea s t ern San Joaq uin V a l ley , 
Cal ifornia ) : c omplet ed exc ept for cat ion , par t ic l e  s i z e , t rac e e l emen t , 
and pho sphorou s data on exis t ing samp le s . Two ad d i tonal s i t e s w i l l  be add e d . 

2 .  Dry Creek chr onos e quence (vo lcani c )  (northeas t ern San Joaquin Val l ey , 
Cal i f o rn ia ) : f i e ld reconn a i ssanc e comp l e t ed ; s amp l ing areas selec t ed . 

3 .  S t an i s laus River chronosequen ce (mixed arko s i c  and vo l c anic ) (nort heas t ern 
San Joaquin Valley , Cali fornia ) : f ield re c onna i s sance und erway . .  

4 .  Salinas Vall ey-Cen t ral Cal i fornia Coast chr onosequen c e s  ( arkos i c , mixed ) : 
f ie l d  reconna i s sance underway . 

5 .  Cowl i t z  chronosequence (vo lcanic )  (we s t ern Wa shing t on Ca scad es ) : f ield 
reconnais sance underway . 

6 .  We s t ern S ie rra Nevada Foothills chronos equence (mixed , bas i c  rocks ) : a l l  
sampl ing and analyses comp leted ; int erpretation i n  progress . 

7 . Many soil d e s cr ip t ion s and analyt i cal data for seve ral g ood time s equenc es 
have been provided t o  us by L .  H. Gi1e f or sou thern New Mexi co (d esert soils , 
arko s i c , mixed ) and by E .  J .  Cio lkosz for c en t ral Penn sylvania ( sed imen tary , 
mixed ) . 

Re su l t s 

1 .  In the Mer c ed River chronos equenc e , a clear p rogres s ion o f  change s wi th 
time in so il morpho logy and ana ly t ical proper t ie s  is evident . Some proper t ies 
such a s  bulk d en s i ty, B hor i z on thickne s s , maximum c olor ina ex ,  t ot al pro f i le 
hyd r.o gen ion con t en t , rat io o f  B horizon f r ee iron oxide s  con t ent to that in 
A hor i z on , and percen tage kao l inite p lo t  on smooth curves vs . ab so lute t ime 
with mod erat e to minimal scat t er . Some soil p rope r t i e s  are use ful as ag e 
ind ices only in young soils , o ther s only in o ld s o i l s , and some propert ies 
are u s e ful ove r a broad age span . 

2 .  So i l s  in the we st ern f oothills of the S ierra Nevada app ear to form much 
more r ap id ly than tho s e  o f  s imilar age on comparable parent mat er ials in the 
northea st ern S an Joaqu in Val ley and along the east s id e  o f  the S �er.ra Nevada . 
This c on t rast is probably due at least in par t to higher precipita t ion in the 
foothi lls than in the adj ac en t  areas . 
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1 .  A g roup of 2 7  Survey s c ient i s t s  was as s emb led in Denver to d i s c u s s  
c urrent and future exp e r imen tal Qua te r nary dat ing s tud i e s . F o l l owing 
thi s  mee t in g  info rma t ion was gathered for a us e r s  guide to the d i f f erent 
dat ing t e chniques and for a table showing the p o t en t ia l  of var ious 
Qua ternary s equenc e s  for exper imen tal d a t ing s t ud ie s . 

2 .  As par t o f  a gene ral s t udy o f  s o i l  deve l opment wi th t ime , chang es in 
B-h o r izon charac t e r i s t ic s  of s o ils we r e  analy z e d  f o r  7 chrono s eque n c e s  
o f  P l e i s t o c ene g lac i a l  depo s i t s  in t h e  Ro cky Moun t a ins . 

3 .  Con t i nued c omp i lat ion of a u . S . Envi r onmental Ov erview S e r i e s map 
for the N a t ional Atlas , en t i tled "Qua t e rnary d epos i t s and the i r da t in g  
p o t ent ial , "  at a s c ale o f  1 : 7 , 5 00 , 000 . 

4 .  Cont inued inves t igat ion o f  the age o f  Hayden C reek and S a l mon 
S p r ings glacial depo s i t s  in we s t ern Wash ing ton . 

5 .  D e s c r ibed and s ubmi t ted a s u i t e  o f  2 0  a sh s amp l e s  f r om I d aho , 
Wyoming , O r egon and Wash ing ton f o r  teph r ach rono l og i c  analy s e s . 

6 .  Paleomagne t i c  analy s e s  with R .  L .  Reyno lds o f  mid-Quaternary 
s e c t ions in Wyoming , Idaho , and Or egon . 

7 . Cont inued s t ud i e s  of s t ratigraphy and age s  of loess she e t s  in I d ah o  
and Wyoming , a n d  arr anged f o r  comb ined wo rk wi th Prof . Maynar d Fos sb e r g , 
Univ . I d aho . 

8 .  Inve s t igat ion o f  the progr e s s ion o f  sur f ac e  weather ing of basa l t  
f l ows o n  Mauna Loa , Hawa i i . The s t udy inc ludes f ie l d  a n d  laboratory 
examina t ion of a widespr ead s e r ie s  of surface f l ows , mos t ly in the 
0 -1 0 , 000 y e ar o l d  r ange as controlled by numb er ou s  C-l4 date s , f rom the 
southwe s t  r i f t  of Mauna Lo a .  

9 .  Inve s t igat ion o f  landf orm modif ic a t ion w i th t ime o f  s tr ea� terra�es 
in the e a s t e r n  U . S .  In i t ia l  wo rk i s  c oncen trated on the Rappahannoc �  
River , Va . ,  whe r e  s uch charac ter i s t ics a s  terrace s c arp morph o logy , 
drainage dens i ty , and degree of d i s s e c t ion a r e  b e ing measur ed f o r  a 
sequenc e of s t ream terraces . 
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1 0 . Prepara t ion o f  a repo r t  en t i t led "We a ther ing r inds on and e s i t e  and 
basa l t  as a Qua t e r nary d a t ing t e chn ique , we s t e r n  United S t a t e s . "  The 
repo r t  d ocumen t s  wea ther ing r inds as an exce l l en t  relat ive-age 
ind ica t o r , and the i r  po tent ial , wi th c a l ib r a t ion , as an approxima t e  
nume r ic a l  a g e  me thod . 

Resul t s  

1 .  T h e  c on f erenc e  on exp e r imen tal Qua ternary d a t ing t echn iques resul t ed 
in wider und e r s t and ing o f  the me thods be ing inve s t igated , and in a p l an 
to t r y  t o  des ign f u t u r e  s t ud i e s  upon sys t ema t ic considerat ion of the 
d a t ing oppo r tun i t ie s  and d a t ing con t r o l  o f  all the maj o r  Qua ternary 
sequences in the Un i t ed S t a te s . A 2 3-page use r s  gu ide wa s p r epared and 
c i r c u l a t e d  tha t des c r ib e s  the sal ient po int s in the app l ic a t i on of 14 

exp e r imen t a l  d a t ing me thods . A t a b l e  in ma t r ix f o rm l i s t ing the 
imp o r t an t  charac t e r i s t ics of about 5 0  a r eas wi th Qua ternary s equenc es 
has b een o u t l ined and i s  now b e ing f i l l ed out by var ious Qua ternary 
s t r a t ig r aph e r s . Th i s  t ab l e l i s t s  30 d i f f e ren t  a t t r ib u t e s  of each a r e a  
tha t  are imp o r t ant t o  exper imen t a l  d a t ing s t ud i e s , inc lud ing t h e  typ e s  
o f  s t r a t i g r aph i c  sequences p r e s en t , t h e  e s tab l i shed nume r ical age s , and 
app l ic ab i l i ty of d i f f er ent exper imen t a l  me thods . I t  w i l l  p rov ide a 
synop t ic ove rv iew o f  areas b e ing cons idered f o r  f ut u r e  d a t ing s t ud ie s , 
e spec i a l ly wh e r e  s eve r al exp er imen t a l  me thods can b e  eva lua ted and 
compared . 

2 .  F i e ld desc r ip t ions and g r ain-s ize analyses ind i c a t e  that the deg r ee 
of B ho r i z on dev e l opment inc reases wi th the age o f  the parent ma t e r ial . 
Oxi d i z e d  C h o r izons ( Cox) , c amb i c  B h o r i zons ( Bs ) , o r  we ak textural 
B h o r i z ons ( B t ) have f o rmed in the upper half me ter o f  Pinedale t il l  
( ab ou t  1 5 , 000-3 0 , 000 years o ld ) . I n  p o s t-Pinedale so i l s , B t , Bs , o r  Cox 
h o r i zons in the B h o r izon pos i t io n  show an ave rage inc rease in c lay o f  
2 . 5 p e r c ent , r e la t ive t o  f r e sh to s l i gh t ly oxi d i z e d  t i l l  a t  depth , and 
aver age 15 cm in thickne s s . So i l s  f ormed in Bul l  Lake t i l l  ( - 1 0

5 
y ea r s  

o l d )  have moder at e ly deve l oped Bt ho r izons wi th an ave r age inc rease in 
clay of 9 p e r cent ( re la t ive to s l igh t ly oxi d i ze d  t i l l  at depth ) and 
ave r age 50 cm in th ickness . A s o i l  f o rmed in pre-Bu l l  L ake t i l l  ( ab out 
hal f  a mi l l io n  y e ar s old)  has a we l l  deve loped 9 0-cm-th i ck Bt h o r izon 
char ac t e r ized by a 1 7  percent increase in c l ay ( r e l a t ive to s t r ong ly 
o x i d i z e d  t i l l  at depth ) . 

The equiv alen t th i ckne s s  of c l ay was determined f o r  the above so i l s  by 
mul t iply ing r e l at iv e  inc rease in percent c l ay t imes the B-ho r izon 
thicknes s  t ime s the pe rcen t  less than 2 mm-s i z e  ma t e r ial . Values r anged 
f rom l e s s  than 0 . 5 cm f o r  mos t  p o s t -Pinedale s o i l s  to about 1- 3 cm f o r  
mos t po s t -B u l l  Lake s o i l s , t o  ab out 7 cm f o r  t h e  pr e-Bul l Lake s o i l . 

3 .  Th e map ent i t l ed "Qu a t e r nary depo s i t s  and the ir d a t ing p o t en t ia l "  
and t h e  repo r t  en t i t l ed "We a ther ing r inds o n  ande s i te and b a s a l t  a s  a 
Qua t e r nary d a t ing t e chnique , we s t ern Un i t ed S t a t e s "  have b een sub mi t t ed 
f o r  t e chn i c a l  rev i ew . 
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4. F i e l d  ob s e rv a t ions ind i c at e  tha t the b a s a l t f l ows O �  t h e  sou thwe s t  

r i f t o f  Mauna Lo a , Hawa i i , e xh ib i t s y s t e ma t i c  chang e s  wi th t ime d u e  t o  
s ur f a ce we a th e r ing . Th e s e  chang e s  inc lude s ur f a c e  c o l o r  chang e s  f r o m  
b l ac k t o  red- o r ange and a th i ckening o f  t h e  s u r f ace we a ther ing c r us t . 
p r e s umab ly due to ox ida t i on and hyd r a t ion , and d e s t r uc t i o n o f  f l ne 
surf a c e  t e x t u r e s  and s t ruc t ur e s . The s e  p r o c e s s e s  appe a r  to be s t rong ly 
a f f e c ted by l o c a l  c l ima t e  and rock t e x t ur e .  Samp l e s  c o l lec t ed f r om 
f l ows o f  d i f f e r en t  age s  w i l l  be analy z e d  t o  documen t chemi c a l  and 
min e r a l o g i c  change s  wi th t ime . N ume rou s C - l 4 da t e s  wi l l  p r ov i d e  
cal ib ra t ion f o r  d e t e rmin ing the t ime- f un c t ions o f  t h e  we ath e r ing 
pro c es s e s . 

5 .  Th e c o l l ec t i o n  o f  mo r ph o l og i c  d a t a  f o r  the t e r races a l ong the 
Rappahanno ck River , Va . ,  has j us t  b egun , b u t  p r el iminary ob s e rvat ions 
sugg e s t  tha t the r e  are s y s t ema t ic mod i f i c a t ions o f  t he s e  land f o rms . 
Cont inu ing d a t a  c o l l e c t i on and analy s i s w i l l  a t t emp t to documen t chang e s  
i n  s c ar p  mo r ph o l ogy , d r a inage dens i ty , degree o f  d i s s e c t ion , a n d  oth e r  
parame t e r s  wi th age . 

6 .  In s outh e a s t e r n  Idaho near Po c a t e l lo , a change f r om no rma l p ol a r i t y 
d ownwar d in t o  reve r s e d  p o lar i t y  wa s d e t e rmin ed (wi th R .  L . Reyno l d s ) i n  
al l uv ium und e r l y ing 4 l o e s s  sh ee t s . Th i s  r ev e r s a l  i s  probab ly the 
Brunhe s -Ma tuyama r eve r s a l  d a t e d  at 7 3 0 , 0 0 0  y e a r s  o l d , and t o  our 
knowl edge is the f i r s t  d e t e rminat i o n  o f  t h i s  p o l a r i t y  change in 
s ur f i c ia l  ma t e r i a l s  in t h i s  r e g i o n . At nearby s e c t ions two v o l can i c  
a shes a l so hav e b e en iden t i f ied n e a r  t h e  b a s e  o f  the l o e s s  un i t s ; they 
h ave b een p r ov i s iona l ly iden t i f i e d  a s  Bi shop ( 7 00 , 000 y e ar s  old) and 
Type 0 Pear l e t t e  ( 6 0 0 , 000 y e a r s  o l d ) . 

Repo r t s  

C o lman , S .  M . , and P i e r c e , K. L . , 1 9 7 7 ,  S ummary t ab l e  o f  Qua te rnary 
dat i ng me thods : u . s .  Geo l o g i c a l  Su rvey Mi s c .  F i e ld S t ud i es MF-904 . 

Sh r oba , R .  R . , 1 9 7 8 ,  So il deve l opmen t in Ho l o c ene c ir que depos i t s , 
S awa t ch Range and Front Range , Co l o r ad o , and Sang r e  de C r i s t o  
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A new concept  i n  uran i um-seri es da ti ng ca l l ed ura n i um-trend dati ng h a s  been 
tes ted exten s i ve l y  over the  pa st  year  to determi ne the rel i a b i 1 i �  of th i s  
tec h n i q ue i n  est imat i ng the t i me of  d epos i ti on  of  a l l uv i um depos i ts over the  
t i me ra nge of 3 , 000 years to  a bout  800 , 000 yea rs ago . The  dat i ng tec h n i q ue 
cons i s ts of  determi n i ng a n  i soc hron  from a na l yses  of  severa l samp l es cover i ng  
the  va ri ous  so i l hori zons i n  a g i ven a l l uv i um u n i t ;  approx i ma tel y 4 to  9 
samp l es  of  eac h  a l l uv i um un i t are a n a l yzed . I n  eac h  samp l e an a c cura te 
determi nat i on of the abundances of U-238 , U - 2 34 , Th-2 30 , a nd Th-232 i s  re­
q u i red . The res u l ts of these a na l yses  are p l o tted where ( 2 3 8 U _ 2 3 0 Th ) / 2 3 8 U 
vs . ( 2 3 4 U _ 2 3 8 U ) / 2 3 8 U i dea l l y  yi el d a l i nea r re l a ti ons h i p where the res u l t i ng 
s l ope , A ( 2 3 4 U _2 3 8 U ) /A ( 2 3 8 U _2 3 0 T h ) , i nc reases  w i th  i nc rea s i ng age  of  a l l u v i um 
for a g i ven ha l f peri od of the fl ux contro l l i ng the mi gra t i on of ura n i um i n  
the a l l u v i um envi ronment . An empi ri ca l  model  compensates fo r d i fferent 
c l i ma ti c  a nd env i ronmenta l reg imes  and  the  model ha s pr i ma ry t i me ca l i bra ti ons  
a t  1 1 , 000 yea rs , 1 40 , 000 years ( B u l l L a ke ) , and  600 , 000 years  ( Pear l ette A s h ) . 
C a l i bra t i ons  have been made ba s ed on  corre l a ti ons  wi th  s i mi l a r mater i a l  that  
ha s been dated by radi ocarbon a nd K-Ar . 

B .  Rad i oac t i ve  d i seq u i l i bri um i n  ferrug i no u s  fa u l t gouge mater i a l  a nd i n  ferru­
g i nous  coa t i ngs  on cong l omerates i s  bei ng  i nvest i g a ted to determi ne  the 
app l i cabi l i ty of  th i s  type of  materi a l  for est i ma t i ng the  age  of  fau l t i ng or 
fa u l t recu rrence . Samp l es of fa u l t g o uge  ma ter i a l  be l ow a l l uv i um tha t ha s 
bee n  dated were co l l ected from the Gol den Fau l t ,  1 . 2 km nort hwes t  of  Gol den , 
Co l orado . C o l l ect i on  was made from � n  exp l ora tory trench prov i ded by the  
C o l orado Geol og i ca l  S urvey .  Samp l es of  ferrug i nous  coati ngs  on  cong l omerates  
a re expec ted to be prov i ded by Dave R us s . 

Res u l ts  

A .  Ura n i um- trend da t i ng . Anal yses of  a l l uv i um sect i ons  over ly i ng the Go l den  
Fa u l t i nd i cate tha t there were two per i ods  of  a l l uv i a l  depos i ti on on  top  of  
outwa s h  g ra ve l  tha t was depos i ted ea rl i er a nd s u bsequent l y  fa u l ted . The  
depo s i ti on of  the un i t tha t has  a s urface  so i l  deve l oped Wd S dated at  
260 , 000 yea rs ago  a nd the depos i t i on of  the u nderl y i ng s i l t  was dated at  
350 , 000 yea rs ago . 

B .  P rel i mi n a ry res u l ts  ha ve been obta i ned on the 2 3 8U _2 3 4 U _2 3 0T h _2 2 6 Ra sys tem i n  
fa u l t gouge  ma teri a l  i n  the  Gol den Fau l t .  I nterpretat i on  of  these res u l ts  
s uggest  an  i mporta n t  mec han i sm of  rad i o i so to pe fract i o na t i o n  that  may be  
u sefu l  i n  cha racteri z i ng the deg ree a nd l ength  of ti me over  wh i c h  ura n i um 
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mobi l i ty has  o ccurred i n  porous zone of hard roc ks o r  sedi ments . As 2 3 8U 
and 2 3 4 U  a toms d i s so l ved i n  wa t er decay by a l pha d i s i ntegrati on ,  recoi l i ng 
nuc l i de s  of  2 3 0Th , 2 34Th ,  2 3 4 Pa , and 2 3 4 U  produced by beta recoi l are ad­
sorbed on adja cent pa rt i c l es or dri ven i nto parti cl e s  at thei r i nterface 
wi t h  ura ni um- beari ng water . After s uffi c i ent t i me ,  th i s mec hani sm ( urani um 
empl a cemen t )  resul ts i n  rock  ma ter i a l  adj acent to fractures t hti t  have 
2 3 � Uj 2 3 8 U  a nd 2 3 0 Thj2 3 8 U rati os s i g n i fi ca nt l y  h i gher t ha n s ed i ments that are 
not exposed to the grea ter vol ume of water t ha t  fl owed al ong the fa u l ts . 
Soi l samp l es col l ected a bove the fa u l t zone a l l have a urani um conte n t  of  
2 ppm , nea r  equi l i bri um 2 34 U/ 2 3 8U rati os , a nd 2 3 0 Th/ 2 3 8 U  pl u s  2 2 6 Ra/2 3 8 U  
rati os near 1 . 3 .  Four samp l es of fa u l t  gouge ma ter i a l  have very h i g h  
2 3 0 T hj 2 3 8 U  a nd 2 2 6 Ra/2 3 8 U rati os  as s hown i n  the ta bl e bel ow . 

2 3 8 U 
2 34 U 2 3 0 Th 2 2 6 Ra 2 26 Ra 

Sam�l e iPJ?l!1l 2 3 8U 2 3 8U 2 3 8U 2 3 0Th 

R- 1 0  6 . 26 1 . 23  8 . 30 7 . 3  . 89 
R - 1 l 1 7 . 5  1 . 32 4 . 01 2 . 4 . 6 1  
R - 1 2 1 1 . 7  1 . 3 1 5 . 53 2 . 6 . 4 7  
R- 1 6  1 6 . 5  1 . 26 3 . 29 2 . 3  . 70 
R - 1 7  1 2 . 9  1 . 32 2 . 06 3 . 1  1 . 50 
R- 1 8  8 . 50 1 . 2 7 2 . 5 1 2 . 4  . 94 

107 



Inves t igat ions 

Tephronochrono10gy of the Wes tern Region 

8-954 0-01 94 7  

Andrei M .  Sarna-Woj c icki 
U . S .  Geological Survey 

Menlo Park Center , MS 7 5  
Menlo Park , CA 94025 
(41 5 )  323-8111 x2 745  

H .  A .  2 .  

Tephra samples (ashes and tuf f s )  were collected from local ities in Cal ifornia , 
Nevada , Oregon , and Washington . Samples were processed for analysis and 
f iss ion-track dat ing . Tephra was analysed petrographically while volcanic 
glass separated from the t ephra was analysed by neutron act ivat ion and 
electron microprobe methods .  Fis sion-track analysis on z ircon cryst al s  
extrac t ed from t ephra samples was begun . Maj or proj ect items include the 
following : 

1 .  A suite o f  well-dated (14C )  samples o f  Wisconsinan and Holocene age tephra 
was collec t ed from Mount S t . Helens ( in cooperat ion with D .  Mullineaux , 
Branch o f  Engineering Geology) to test  resolut ion o f  chemical fingerpr int ing 
technique on t ephra erupt ed within a short t ime interval , and to provide 
chemical and age reference standards for down-wind tephra sampled in eastern 
Washington , Oregon , and Nevada ( it ems 2 ,  3 ) . 

2 .  A suite of  Quaternary tephra samples was collect ed from central Washington 
( in cooperat ion with R .  Waitt ) ,  to determine age of Quaternary depo si t s  and 
geologic even t s  by correlat ion with ref erence sect ion at Mt . St . Helens and 
other Cascade Range sources .  

3 .  Samples o f  Quaternary ashes and tuf fs were obtained from Lake Lahontan 
bas in of northwes tern Nevada ( in cooperat ion with Jonathan Davis , Nevada 
Archeological Survey , Univ . of  Nevada , Reno ) to correlate with Cascadian 
sources of Quaternary age . 

4 .  Samples of  Pleistocene tephra were collected f rom lake bed s  of pluvial 
Lake Tecopa , in the Armagosa Valley of  southeastern California ( in coordina­
t ion with paleomagnetic work by J .  Hillhouse ,  Branch o f  Petrophysics and 
Remote S ensing) . Prel iminary data and previous work indicate that this 
sect ion is  a "Rosetta stone" reference sect ion for early and middle 
Pleistocene tephra for southern Cal ifornia ( items 5 ,  6 ) . 

5 .  Correlat ion o f  early and middle Pleistocene tephra in the Ventura bas in 
of southern Cal ifornia was cont inued ( in cooperat ion with R .  Yerkes , Branch 
of Western Environmental Geology , and K .  Laj oie , Branch of  Ground Mot ion and 
Faul t ing , and J .  Wehmiller , Univ . of Delaware .  
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Result s  

1 . A widespread Pleis tocene ash erup ted i n  the vic inity o f  Mount Lassen , 
California , has been identif i ed and correlated for a number of  local i t ie s  
i n  nor thern Cal ifornia and Wes tern Nevada b y  means of inst rumental neut ron 
act ivat ion analysis of separated volcanic glass and petrography . Near-­
source expo sures of this uni t ,  mapped by previous workers as the infornmlly­
named Rockland pumice tuf f , cons ist  of a pumice-ash flow and associate� a ir­
fall and water-laid fac ie s . Two members o f  this unit , previously mapped as 
the Lassen Lodge and Manton members , were believed to be o f  different age on 
the basis o f  earlier K-Ar analyses . However , they are probably a s ingle 
erupt ive unit s ince they have essent ially ident ical t race- and minor-element 
glass composit ions , s imilar fiss ion-track ages ( C . Naeser ,  Branch of I so tope 
Geology , Denver ) , ident ical petrography , and are not superposed . 

Near-source exposures of this unit , interbedded with volcanic and 
pyroclastic rocks near Mount Lass en , are correlated with air-fall and wat er­
laid ash facies interbedded wi th marine , e stuarine , and f luvial depo s i t s  at 
San Francisco , Woodside , and Hollister , and with glacial and glaciofluvial 
depo sits  near Bridgeport , Cali fornia , and Washoe , Nevada . 

Resul t s  o f  recent paleomagnet ic work ( in cooperat ion with J .  Hillhouse) , 
as  well as earlier K-Ar and fission-track ages on z ircons , ind icate the ash 
is 0 . 6±0 . 1  million years old . 

2 .  S ix ashes in a s trati graphic sequence have now been ident i f ied for the 
Ventura Avenue ant icl ine and the South Mountain area . S imilar it ies in 
chemical characterist ics of  f ive of these ashes indicate they were erup t ed 
from an area east o f  the central S ierra Nevada , while the source o f  the 
s ixth (oldes t )  ash is unknown . Despite the s imilarity of the five ashes , 
they can be ident i f ied and dist inguished from each o ther on the basis o f  
the trace element chemistry o f  their volcanic glasses . Two o f  the ashes , 
exposed north o f  the town of  Ventura , the second and t hird from the top of  
the sec t ion , are correlated with near-source exposures nor th o f  Bishop . 
Radiometric ages o f  three o f  these ashes , as established by chemical 
correlations with previously dated exposures , are 1 . 2 ,  0 . 9 ( 7 ) , and 0 . 6  m . y .  
The a ge s  are in good s tratigraphic agreement with recent amino-acid 
racemization ages (determined by J. Wehmiller , in cooperat ion with K. Laj oie 
and R.  Yerke s )  on three fossil beds s trat igraphically abo'Te these ashes 
(AAR ages of  0. 37, 0 . 27, and 0 . 19 ) . The age of a deformed marine terrace 
incised into the south d ipping sect ion i s  80-120 thousand year s , cons istent 
with the o ther age s . The ages indicat e rap id uplift and deformation o f  the 
Pleistocene sect ion in this area of recent crustal compres s ion . 
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3 .  Result s  o f  electron microprobe analyses o f  volcanic glass shards for 
a number o f  previously-analys ed t ephra sampl es (C . Meyer , thi s proj ect ) , 
for Ca , Fe , K ,  Mg , Mn ,  Na , Ba , and C1 ind icate that it is  possible t o  
identify source areas o f  tephra unit s b y  this method o f  analysis , but that 
it is d i f f icul t or impos s ible to uniquely dist inguish individ ual , chemically 
similar tephra units  erupted from a s ingle volcanic province ( for inst ance , 
several closely related volcanic ashes erupted from the Long Valley-Mono 
Basin area , such as the " Bailey" ash and the Friant Pumice ) . Thes e  resul t s  
d i ffer somewhat from those o f  several o ther workers who u s e  electron 
microprobe analyses to f ingerpr in t  volcanic ashes . The appl icat ion o f  the 
electron microprobe method to  tephra f ingerprint ing may b e  l imited to  certain 
volcanic province s  within which t ephra from succ e s s ive erup t ions is  
suf f i ciently dif ferent iated to  result in detectable d i f f erences in concentra­
t ions for the maj or and minor elements . 

Report s 

Wehmi11er , J .  F . , Sarna-Woj c icki , A .  M . , Yerkes , R .  F . , and Laj oie , K .  R . , 
1 9 7 7 ,  Anomalously high upl ift  rates along the Ventura-Santa Barbara 
coas t , Ca1 ifornia--tectonic implicat ions ( ab s . ) : 1 9 7 7  Internat ional 
Symp . on Recent Crustal Movement s  S tanford Univers ity , July 2 5-30 , 1 9 7 7 . 

Sarna-Woj c icki , A .  }1 . ,  Hall , N .  T . , Bowman , H .  W . , Naeser , C .  W . , and Rus sell , 
P .  C . , 1 9 7 7 , Correla tion and age o f  a widespread Pleistocene ash bed in 
northern California and wes tern Nevada ( ab s . ) : Geological Society o f  
America Annual Mee t ing , Program with Ab strac t s , S eat tle , 1 9 7 7 . 
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Ea rthq uake- I nduced Structu res i n  Sed i men ts 

8-99 50-0 1 294 

John D.  S i ms 
Branch  of Earthq u a ke Tec ton i c s a nd R i s k  

U .  S .  Geol og i ca l  Survey 
345 Mi dd l efi e l d  Road , MS 7 7  

Men l o  Park , CA 94025  
( 4 1 5 )  323-8 1 1 1  

H . A . 2 . 

1 .  Labora tory stud i es a nd a na l ys i s  of cores a nd s ed i men ts col l ec ted i r  
Al a s ka , San  Ferna ndo , CA , and Koehn L a ke , CA . 

2 .  Comp l e ti on 9f annota ted b i b l i og raphy of p enecontemporaneous  defo rma t i o n a : 
structure s  i n  sed i men ts . 

3 .  I nve st i ga t i ons of  f i e l d l oca l i ti es i n  anc i en t  Lak e  Bon nev i l l e  and Lake  
L a h o n t o n  s ed i men ts  to  determi ne presence of pro ba b l e  ea r thq u a k e - i n d u c e d  
deforma t i ona l s tructures . 

4 .  Cont i n ua t i on of deve l opmen t of new l a ke sed i men t cori ng apparatus  s a p a � l �  
of cori ng to 1 5  m depth  i n  wa ter up  t o  3 0  m deep . 

5 .  I n s t i tu ted  s tud i es o n  l aboratory product i on o f  d e fo rma t i o n a l s truc tures 
i n  s ed i ments by s i mu l a ted ear thqua ke s ha k i ng .  

6 .  Prel i mi nary fi el d i n ves ti gati ons o f  s a g  pond s on  the San  Andreas between 
C ho l ame a nd Cajon Pas s  by Mi ke Rymer . 

Re su l ts 

1 .  Deforma t i ona l s truc tu res  occu r i n  Upper Van  Norma n res ervo i r  near the 
s i te of  o r i g i na l  d i scovery o f  ea rthquake- i nduced d e fo rma t i o n a l s tructures i n  
sed imen ts . These s truc tu res  may be  correl a ted wi th the or i g i n a l  ones  de­
scri bed by S i ms ( 1 97 3 ) .  Deformat i ona l s truc tures  were a l so fou nd i n  Koeh n 
La ke , CA , wh i c h  i s  c ut  by the Ga rl ock  fau l t .  The s tructures  cons i s t  of 
sma l l sca l e  ( 5 -20 em ) d i ap i r- l i ke s tructu res , l oa d  cas ts , ru ptured and  d e ­
formed l ami nat i on  a nd c l a s ti c  d i kes . The s tructu res  occu r  i n  a domi nant ly  
c l ayey a nd s i l ty s eq ue nce exposed i n  two trenches dug  for Ma l c o l m  C l a rk , 
Denn i s Burke a nd Chuck  Hede l . 

2 .  The a na lys i s of core s  from Al as ka s hows tha t  a n umber of deforma ti ona l 
s truc tures are present i n  these s ed i men ts from severa l l a kes . The cores 
po i nt up  the d i ffi cu l ty of  corre l at i ng s tructure zones wi thout  adequa te 
s tra t i graph i c  mar kers . From th i s  s u i te of  samp l es I a l so  d i sc overed a 
de fi c i ency i n  my sampl i ng tec hn i que . Cores d o  no t a l ways i ntersect  recog ­
n i zabl e pa rts of zones of s truc tu res . I h a ve fou nd tha t g roups of c l os e l y  
spaced core s a re more l i ke l y  t o  y i e l d the needed i nforma ti on  ra ther tha n 
even l y  s paced i nd i v i du a l  cores . 

3 .  A n  exten s i ve rev i ew o f  t he l i terature o n  penecontempora n eo u s  deforma ti ona l 
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s tru ctu res  wa s req u i red to comp i l e  the annota ted  b i b l i ography .  The compl e ted 
b i b l i ograp hy conta i n s approx i ma tel y 400 entri es . I n  bec omi ng fami l i ar  wi th 
the body of l i tera tu re , severa l heretofo re u n known key re ferences to earthq ua ke ­
i nd u ced deforma t i ona l s tructu res  were found . I wa s a b l e t o  corre l a te d i fferen t 
approaches  to a s pec ts of  the p rob l em of l i q uefacti on and  re sed i men tati on of  
l i quefi e d  sed i men ts  wh i ch res u l ted i n  an en hanced i ns i g ht to  my proj ect goa l s 
( S i ms , i n  p re s s ) .  

4 .  S i tes for deta i l ed i nves t i ga t i ons i n  anc i en t  l a kes Lahonto n  and  Bo nnevi l l e 
have been i dent i fi ed . V i s i ts to the s i tes  for deta i l ed i ns pecti on s and  
samp l i ng wi l l  be  made th i s  s ummer . 

5 . Two l i ne s  o f  i n ves t i gati on i nto experi men ta l ly produ ced deforma t i on a l  s truc­
tures  by s i mu l a ted earthquake  s ha k i n g  are be i ng pursued . On e i s  ba s ed on  the 
mec ha n i c a l  s h a k i ng  of  l ami nated  sand a nd s i l t  in  the l abora tory .  The second 
i s  p l ac i n g  con ta i ners of s i mi l a rl y  l ami na ted ma teri a l s at the Nevada Te s t  Si te 
fo r s h a k i n g  by s hoc ks from u nderground  n u c l ear tes ts . I n  th i s  l a tter a pp roac h ,  
sampl es wi l l  be  p l a ced a t  varyi ng d i s tances from the l I e p i cen ter"  to dete rmi ne  
the  e ffects  of  d i s tance  wi th  t he  type of s tr uc ture prod uced as  we l l a s  t he  
effe cts of  g ra i n  s i ze and  l ami na  th i ckne s s .  

6 .  M .  Rymer i s  i n i t i a ti ng  a s tudy of sag  p ond s a l ong the San  Andreas fa u l t  
zone between Cajon  Pas s , San Be rna rd i no Cou n ty and  Cho l ame , San L u i s Ob i s po 
Cou nty .  The s tudy i s  a i med a t  determ i n i ng recurrence  i n terva l s o f  fau l t move­
ment  by exami n i ng ca rbon - r i c h  and da teab l e sed i men ts i n  s e l ec ted sag  pond s . 
To date , fo u r  s a g  ponds have ten tat i ve ly  been s e l ected for cori ng and  deta i l ed 
exami nati on : Sti l l  and  Twi s s el ma n  Lakes ( n ear Cho l ame ) , an u n named sag  pond 
( near Camp Di x ) , a nd Los t Lake  ( near Cajon  Pas s ) . The cori ng apparatus  to be  
u s ed i n  the s tu dy i s  u nder  con s tru c t i on and  s hou l d be compl eted soon . 

Reports 

S i ms , J . D .  and Wh i te , D . E . , 1 978 , �1erc u ry i n  the sed i men ts  of C l ear Lake : 
Geo l og i ca l  and  e n v i ronmen ta l  i mp l i ca ti on s : Geo l . Soc . Ameri ca  Abs tra c ts 
wi th  Program , v .  1 0 ,  p .  1 47 .  

S i ms , J . D . , 1 978 , Mercury a na l yses  of  sed i men ts from core s i n  C l ear  L a ke , La ke  
County ,  C a l i forn i a : U . S .  Geo l . S urvey Admi n .  Report , 7 p .  

Si ms , J . D . , 1 978 , Merc u ry a na l yses  of sed i men ts from cores i n  C l ear  Lake , L a ke 
Coun ty ,  Ca l i forn i a :  U . S .  Geo l . Su rvey Open- fi l e  Repor t  78- 1 1 6 , 7 p .  

Si ms , J . D . , i n  pre s s ,  E nv i ro nmen ts of  forma ti on  of  ea rthq ua ke- i nduced de forma ­
ti o n a l  s tr u c tu res  i n  s ed i men ts : Ten th  I n te rn a t i ona l Cong res s on  Sed i ­
mentol ogy-Jerusa l em ,  Abs trac ts . 

Si ms , J . D . , i n  pre s s , An notated b i b l i ography of penecon temporaneo u s  deforma t i ona l 
s tru ctures  i n  sed i men ts , 1 81 9  - Apri l ,  1 978 : U . S .  Geo l . Su rvey Open - fi l e  
Report 78-

Ca l z i a ,  J . P . , and  S i ms , J . D . , i n  p res s ,  Deformat i on a l  s truc tu re s  i n  the P l i o­
P l e i s tocene Baos Fo rma ti on nea r V i d a l , s ou thea s tern Ca l i forn i a :  
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H . A . 2 .  

1 .  Cont inued pho to geologic analys is o f  young faul t s  in nor th-central Nevada ,  
espec ially in the Cortez Mountain s ,  Sulphur Spr ings Range , F ish C reek Mountains , 
Car ico Lake Valley , and S impson Park Mountains . 

2 .  Calcula ted se ismic moment s and local magnitud es from d imensions o f  s el ec ted 
sets of scarp s .  

3 .  Compared seismic flux d er ived from density of fault scarps to flux der ived 
from his tor ic seismicity in the Grea t  Basin . 

Resul ts 

1. Completed fir s t  draft of map of young faul t s  in the Winnemucca 2° sheet and 
eastern par t  of Lovelock 2 0  sheet (4 0° -41° N . , 116 ° -118 ° 30 '  '� . ) .  

2 .  The seismic flux in the Grea t Bas in provinc e ,  as determined from the d is­

tribut ion o f  Holocene faul ts , appears to be at least an ord er of ma gnitud e lower 
than the flux in his tor ic time . The par t  of the province in eastern Nevada and 
western Utah appears devoid o f  fault scarps tha t  could have accompanied lar ge 
ear thquakes (M � 7 ) . 

3 . In the area of the nor thern Shoshone Range , Crescent Valley , alld Cortez 
Mountains , a set of o lder fault lineaments trending N .  15 ° -2 0 °  W. makes a rec ti­
linear pa t tern with scarps which tr end N. 2 0 ° -50 ° E. Bo th sets of faul ts have 
young scarps along cer ta in segment s ,  but many segments may have been inactive 
for as long as several hundred thousand years .  

4 . Young fault scarps appear to be absent along the Beowawe scarp where the 
Beowawe geysers oc cur . 

Repor t s  

Wallace ,  R .  E . , 197 8 ,  S i z e  of larger earthquakes , nor th-central Nevada (abs . ) : 

Seismolog ical Soc iety o f  America , Abstracts o f  Paper s ,  7 3rd AImual Meeting , 
April 6-8 , 197 8 ,  Sparks , Nevada ; Earthquake Notes , v .  49 , no . 1 ,  p .  23 . 

Wallac e ,  R. E .  (in press ) , Geometry and rates o f  change o f  fault-generated 

range fronts ,  nor th-central Nevada : U. S .  Geological Survey Journal o f  
Research . 
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Rev i s i on and Stud i es of Mod i f i ed Merca l l i  I ntens i ty Sca l e  

I nves ti gati ons 

8- 9950-02 1 45 

S .  T .  Al germi s sen 
Branch of Earthquake Tecton i cs and Ri s k  

U .  S .  Geo l og i cal  Su rvey 
Denver Federa l Center , MS 966 

Denver , CO 80225  
( 303 ) 234- 40 1 4 

The enti re U . S . earthquake cata l ogue for l arger events ( I o�V ) ; s  be i ng rev i ewed . 
The obj ecti ve i s  to i mprove esti mates of maxi mum Modi f ied Merca l l i  i ntens i ty ,  
earthquake l ocati on , and re l ated parameters . 

A commi ttee has been formed to s tudy and recommend pos s i b l e  rev i s i on of the 
Mod i fi ed Me rcal l i  i ntens i ty s ca l e .  

Res u l ts 

Progres s on the U . S . catal ogue has  been s ati sfactory .  The ana lys i s  of the 
eastern Un i ted States i s  nearl y comp l ete .  

The commi ttee rev i ewi ng the cri teri a current ly  used i n  the Mod i fi ed Mercal l i  
s ca l e has  s e l ected about 30 we l l - i nves ti gated ea rthquakes as s ource materi a l  
a n d  as the bas i s  o f  pos s i b l e  recommendat i ons for rev i s i on o f  the s ca l e .  
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Reg i ona l and Nati onal Se i smi c Hazard and Ri s k  Ana lys i s  

I nvesti gati ons 

8-9950-0 1 207 

S .  T. A1 germi s sen 
Branch of Earthquake Tectoni cs and Ri s k  

U .  S .  Geo l og i ca l Survey 
Denver Federal Center , MS 966 

Denver , CO 80225 
( 303 ) 234-40 1 4 

The effects of parameter u ncertai nty on mapped val ues of accel erati on i n  rock 
as presen ted i n  the probab i l i s ti c 50-year exposu re time , gO-percen t extreme 
probabi l i ty accel erati on map for the conti g uou s  Un i ted States  have �een 
exami ned . Length of fau l t i ng ( as i t  a ffects g round acce l erati on ) was ta ken 
i n to account i n the ori g i na l  map only i n  Ca l i forn i a .  A poi ot s ource mode l of  
earthqua ke occurrence was used for the rema i nder of the country .  A l te rnate 
source zone mode l i ng for the Puget Sound , Was h i ngton , a rea were a l so con­
s i dered . 

Earthquake l osses  by c l ass  of cons tructi on i n  the San Franc i sco Bay area we re 
i nves ti ga ted . 

Res u l ts 

a .  As s umed l ength of  fau l t i ng rather than fau l t  ori entati on i s  the more 
i mportant  paramete r  i n  mappi ng ground moti on . Ass umpti on o f  fau l t l engths of 
about 1 50 km for magn i tude-7 . 3  earthquakes i n  the M i s s i s s i p;l i  Va l l ey i ncY'eased 
the 50-year 90-percent probab i l i ty l evel  acce l erati on by about 75  percent. over 
the va l ues c omputed u s i ng a poi nt source . An assumpti on of a s horter fau l t 
l ength ( 50 km ) for a magni tude-7 . 3  event  res u l ted i n  an  i ncrease of ground 
moti on of on l y  about 40 percent over the poi nt-source es t i mates . S imi l ar 
res u l ts were obta i ned for the Cha rl eston , S . C . , area . 

b .  Attenuat i on of a ccel erati on i n  the Puget Sound area for l a rge ShOCKS at 
depths of about 60 km was rev i ewed . I t  was conc l uded tha t  the attenuati on 
previ ous ly  used for the Un i ted Sta te s  accel erati on map are sati sfactory wi th 
mi nor changes . 

c . Source zones were changed to refl ect the poss i bi l i ty of l arger magni tude 
earthquakes  i n  centra l Was h i ngton than prev i ous ly  mode l ed .  The resu l t i s  a 
broaden i ng of the 1 5-percent g contour i n  Wash i ngton State i f  the l arge 
earthquakes a re a ssumed to have a depth of 60 km . I f  the l arge shocks (magn i ­
tudes as g reat as  7 . 3 ) a re a l l owed to occur at shal l ow depths , the acce l erat i ons 
i ncrease to 50-60- percent g .  

d .  Open- fi l e  reports conta i n i ng the estima tes  of l osses to bu i l di ngs i n  the 
San Franc i sco Bay a re a  h ave been compl eted and a rap i d method for the esti -
mati on of  l os ses  presented .  
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Reports 

A l germi s sen , S .  T . , Ste i nbrugge , K. V., and Lagori o ,  H .  J . , 1 978 , Est imati on 
of l os ses to bu i l di ng s  other than s i ng l e  fami ly dwe l l i ngs : U . S . Geo l . 
Su rvey Open- Fi l e  Rept . 78-441 . 

A1 germi s sen , S .  T . , McGrath , M . , and Hanson , S . , 1 978 , A Techni que for the 
rapi d est imati on of earthquake l osses : U . S . Geo l . Su rvey Open -Fi l e  Rept . 
78-440 . 
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1 .  Determ i n i st i c  mode l i ng of a ground mot i on pu l se rad i ated by a patch of 
h i gh stress drop . 

2 .  Stat i st i ca l  mode l i ng  of irreg u l ar stre s s  on a fau l t .  

3 . I n vest i gat i on of numer i ca l  Green ' s  f unc t i on methods .  

Resu l ts 

1 .  I t  now appear s that no u sefu l constra i nt s  on peak acc e l er at i on ca� be 
found from determi n i st i c mode l i ng .  The mot i vat i on of th i s  i nvesti gat i on h as 
been the hypothes i s  that none l ast i c  y i e l d i ng at the source , h av i ng th� effe:t 
of smooth i ng out s i ngu l ar i t i es t h at ex i st ; n  ana lyti c so l ut i on s ,  wi l l  h ave a 
s i m i l ar effect on the far f i e l d  wave form . Then a peak amp l i tude mi ght be 
re l ated to s hear strength . The random n ature of the source at short 
wave l ength s was to be mode l ed by s uperpos i t i on of pu l ses  r ad i ated from p atches 
of d i fferen t stres s drop s ,  rang i ng up to the shear strength of the y·oc.k . 

F i n i t e  strength does not impos e any constra i nt on peak acce l er at i on i n  the 
pu l se r ad i ated from a p atch ruptur i ng coherent ly .  From some s imp l e  ana lyt i c  
cons i derat i on s  i t  c an b e  seen that se l f- s im i l ar coherent grO\�th o f  rupture , 
even w i th the r upture front smeared out , wi l l  produce a f ar-f i e l d  acc€ l erat i on 
th at c an be  arb i tr ar i l y l arge as  the rupture ve l oc ity approaches the �hear 
wave ve l oc ity and the az imuth approaches the d i rect i on of r upture 
propagat i on . I f  any u sefu l phys i cs constr a i nt i n  peak acce l er at i on i s  to be 
found , it wi l l  come from attenu at i on a l ong the propagat i on p at.h or f rom 
none l ast i c  yi e l d i ng near the s urfac e ,  where shear strength may approac h zero . 

I t  may be  more reasonab l e  to seek constra i nt s  on  peak part i c l e  ve l oc ity 
from determ i n i st i c mode l i ng . Abrupt stopp i ng of rupture c an produce a de l ta 
funct i on i n  acce l er at i on and a step in part i c l e  ve l oc i ty in the far f i e l d  at 
some az imuths .  Three d imen s i on a l  f i n i t e  d i fference c a l cu l at i on s  have s hown 
th at f i n i te strength beyond the edge of a ruptured p atch wi l l  a l l ow a rupture 
to stop gradua l ly ,  and wi l l  l im i t  the magn i t ude  of the rad i ated step i n  
ve l  oc ity . 

In  th i s  determ i n i st i c  approach the prob l em rema i ns of determ i n i ng the 
stat i st i ca l  sunmat i on of r ad i ated p u l ses . The h i gh frequency ground mot i on 
spectrum i s  not determ i ned by th i s  approach . 
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2 .  Wor k  i s  i n  progress  to re l ate  the  ground  mot i on spectrum to the  s pace-t ime  
s pectrum of  the  stress  drop f unct i on on the  f au lt .  I n  the  l i m it of very h i gh 
freq uency ,  wh ere s tress  drop i s  not corre l at ed between d i fferent pO i nt s  on the 
f au lt ,  root-mean - sq u are parti c l e  ve l oc ity in  the  r ad i ated f i e l d  i s  
proport i on a l  to root -mean - sq u are stre s s  drop on the  fau lt. At l ower 
frequenc i es ,  where there may be s ome  corre l at i on of stress  drop b etween 
d i fferent p o i nt s ,  an a ly s i s i s  much more d i ff i cu lt .  An important q ue st i on for 
wh i ch there may be no  s imp l e  answer concerns the l i nk between the d i rect i v ity 
effect of coherent mode l s  an d the i ncoherent rad i at i on from r andom h i gh 
frequency mode l s .  

3 .  Some pre l im i n ary i nvest i gat i on s  have been made of the feas i b i l ity of 
numer i ca l  Green ' s  functi on methods  for s ource ca l cu l at i on s . Such methods  m ay 
be more  accurate than f i n ite  d i fference method s . 

4 .  Adv i ce h as been g i ven to Pau l De l any on f i n i te d i fference ca l cu l at i on s  of 
pore pre s s ure  i ncrease i n  country rock due  to heat i ng from d i k e i ntru s i on . 

5 .  R ev i ew ta l k s  an d paper s were prepared for the Conference on  F au l t  
Mec han i c s s pon sored by USGS i n  December 197 7 and for the Sympos i um o n  Fracture  
Mech an i c s  s ponsored by the Amer i c an Mathemat i ca l  Soc i ety i n  March 1978 . 

Report s 

Andrews , D .  J . , ( i n pres s ) , App l i c at i on of rupt ure  propagat i on theor i es to 
earthq uak es :  Proceed i ng s of Conference I I I -- F au lt mechan i cs and i ts 
re l at i on s h i p  to  earthq uak e  pred i cti on , U .  S .  Geo l . Survey Open -F i l e  Report . 

Andrews , D .  J . , ( i n  prepar at i on ) , Capab i l it i es  and l i m itat i on s  of n umer i ca l  
mode l i ng o f  rupture : Proceed i ng s ,  Am er i can Mathem at i ca l  Soc i ety . 
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I n vest i g at i on s  

I n ter ac t i ve Dat a Proces s i n g  Cen ter 

8-9940-02085 

Roger D .  Borcherdt 
Br anch of Gro u n d  Mot i on and Fau l t i n g 

U .  S .  Geo l og i c a l  Survey 
345 M i d d l ef i e l d  R d . ,  MS 7 7  

Men l o  Par k , C A  94025  
( 4 1 5 )  323-8 1 1 1 ,  ext . 2755  

H . B . I .  

Deve l op i n t er act i ve d at a  proc es s i ng cen ter to an a l yz e  an d arc h i ve se i sm i c  
d ata recorded on  portab l e arr ays des i gned t o  s t u dy ear thq u ak e  source 
mec h an i sms , wave prop ag at i on ,  strong mot i on d at a , an d c r u s t a l  struct ure . The 
center i s  b e i n g  d e s i gned i n  conj u nc t i on w i th the des i gn and deve l opment of 
portab l e  arr ay s  of l ow p ower , m i croproces sor b ased , d i g i t a l  c as sette 
record i ng syste�s ( see Warr i ck ,  I n strumen t  Deve l o pment an d Geotech n i ca l  
St u d i es ,  8-9940-02089 ) .  The Se i sm i c  Eng i neer i ng Branch  i s  p ar t i c i p at i ng i n  
deve l opment of the c enter . 

Resu l t s 

Cen ter d es i gn ,  per sonne l s uppor t ,  a n d  h ar dware p ur c h ases h ave been 
comp l eted . De l i very of equ i pmen t i s  ex pected i n  Ju l y , 1 9 78 .  Software 
convers i on and d eve l opme n t  ; s  p l an ned to start i n  Jun e .  

Repor t s  

None 
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I nves t i ga t i on s  

Dynam ic  So i l  Beha v i or 

8- 9550- 01 630 

A l bert T .  F.  C hen  
Branc h of  Eng i n eer i ng Geol ogy 

u . S .  Geo l o g i c a l  Survey 
345 M i dd l efi e l d Road 
Men l o  Pa rk , CA 94025 

( 4 1 5 )  323- 2605 

H . B . I .  

1 .  Con t i nued a parametr i c  s tudy on the  u s e  of  a va i l a b l e s tres s - s tra i n  re l a ­
t i ons  i n  nonl i nea r a n d  equ i va l ent- l i near ground-mo t i o n  compu ta t i on s .  

2 .  Cont i nued l a boratory test i ng and  data i nterpreta t i on o f  the one­
d i me n s i onal  dynami c  behav i or of  San Franc i sco  Bay mud . 

3 .  Cont i nued l a bora tory tes t i ng  of  the three-d i men s i ona l  dynam i c  beha v i or 
of Sa n Fra nc i sco  Bay mud . 

Resu l ts 

1 .  Computa t i ons  ba sed on  equ i va l ent- l i nea r  anal yses  s ugges ted that  the u s e  
o f  Hard i n- Drnev i c h  rel a t i on ( H&D ) cons i s ten t l y l eads  t o  l ower response  
va l ues t han  those obta i ned by app l y i ng  Seed- I dr i s s rel a t i on s  ( 5&1 ) .  The 
most  s i gn i fi ca n t  d i fferenc e  i s  i n  the  fundamenta l  per i od .  For a 25-meter 
norma l l y  consol i da ted c l ay depos i t ,  the fu ndamenta l  per i od ba sed on  H&D i s  
0 . 6 sec for the l ow- stra i n  case  ( wi th  a ma x i mum i nput  acce l era t i on o f  0 . 07 g )  
a nd 1 . 4 sec for the h i g h- stra i n ca s e  ( O . 7 g )  ver s u s  respec t i vel y 1 . 1 sec and  
2 . 1 sec ba sed on  5& I . 

2 .  The Ramberg-Osgood representa t i on of s tres s - s tra i n  re l a t i on s  for so i l s  
i s on l y  adeq ua te to modera te s tra i n  l eve l s « 0 . 5 perc ent ) rega rd l ess  of  the 
type of a na l ys i s  i ntended . 

3 .  A t hres hol d d egradat i on s tra i n  of 0 . 01 percent  for Sa n Franc i sco  Bay mud 
was  esta bl i s hed . Bel ow th i s  s tra i n  l evel , l oad cyc l i ng ha s no  effec t o n  the  
s hear mod u l u s  a nd the damp i ng ra t i o .  

4 .  An i nc rease i n  s hear mod u l u s  wi t h  t i me a t  a co nsta n t  confi n i ng pres s ure 
wa s  o bserved i n  the  l a bora tory for s tra i n  l evel s up to 0 . 1 percent .  Suc h a n  
i nc rea se  i nd i ca tes that  f i el d mod u l i  ba sed o n  l a bora tory va l ues s hou l d be 
correc ted accord i ng l y .  Procedures for t h i s type  of correc t i o n  were propo sed  
and exami ned .  

Reports 

Sto koe , K.  H . , a nd Lodde , P .  F . , Dynami c response of San  Franc i sc o  bay mud : 
Amer i can  Soc i ety o f  C i v i l  Eng i neers , Geo tec h n ica l Eng i neer i ng D i v i s i on 
Spec i a l ty Conference on  Earthq ua ke Engi neer i ng a nd So i l  Dynam i c s , 
J u ne 1 978 Proc . ( i n press ) .  
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Sei smi c Wave Attenua ti on i n  Con termi nous Un i ted States 

Investi gati ons 

8- 9950-0 1 205 

A .  F .  Esp i nosa 

Bra nch of  Earthqua ke Tecto n i c s  a nd Ri s k  
U . S .  Geo l og i ca l  Survey 

Denver Federa l Center , MS 966 
Denve r ,  CO 8022 5  

( 303 ) 234-5077 

H . B . I .  

1 .  Con ti nuat i on  of reg i onal  comp i l at i on of s e i smograms for sel ected 
events i n  the U . S .  to be used in the se i s mi c  wave a ttenuat i on s tudy i n  
progres s .  

2 .  Cont i nuati on  of  data reduct i on and  a na lys i s  o f  twen ty- fi ve earth­
quakes recorded by the Long Range Sei smi c Mea s u rement Stati ons i n  
d i fferen t geo l og i ca l  env i ronments i n  the U . S  . .  

3 .  Conti nuati on  on  the a tten uati on s tudy o f  s hort-per i od waves from 
twen ty- n i ne earthqua kes recorded on  s trong moti on i ns truments i n  the 
U . S . .  

4 .  Cont i nua ti on  o n  the a ttenuati on s tudy for n i ne h i s tor i ca l  earthqua kes  
i n  contermi nous U . S  . .  

5 .  Comp l eti on of a deta i l ed revi sed i ntens i ty d i s tri buti on map for 
Guatema l a C i ty a nd v i ci n i ty .  

6 .  Comp l eti on o f  a map for the Repub l i c  o f  Guatema l a  show i n g  the 
i ntens i ty d i s tr i but i on  and a rea that s u s ta i ned g ro und deformati on effects 
a fter the February 4 ,  1976 earthquake . 

7 .  I nves ti gat i on of  the pos s i bl e conceptu a l  extens i on ,  u s i n g  computer 
appl i ca t i ons , of  eva l uati ng  Mo ( earthquake moment ) from s trong  moti on 
record i ngs . ( Brune , Espi nosa , Ol i ver , 1963 , and Wys s  and  B rune , 1968 ) 

8 .  Devel oped a mathema t i ca l  procedure , a nd p rogrammed i t  on  the �u l ti cs 
sys tem , to compute the ti me durati on and the i ns trumenta l  i ntens i ty 
eva l uati o n  of the d i g i ti zed accel erograms of Wes tern U . S .  earthquakes . 

9 .  Compl eted a pre l i mi nary a tten uati on  c urve for Guatema l a .  

10 . We a re i n  the p roces s of i nvesti gati ng the methodol ogy to fol l ow on 
data handl i ng and  retri eva l a nd procedures for ana l yz i ng and  d i s pl ayi n g  
these res u l ts .  

1 1 .  I n ves t i gat i on  of  the decay o f  s ho rt- peri od  s e i smi c s i gn a l s wi th 
d i s tance i s  bei n g  purs ued us i ng a theoret i ca l  model ( fi ni te d i ffe rence ) . 
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Al so , a pa rame tri c s tudy i s  bei ng  conducted wi th th i s  mode l to a s cer­
ta i n  va r i a t i o n s  i n  the wa ve amp l i tudes d ue to hypocen tra l  d i s tance 
and s o u rce- t i me fu ncti on  dura t i on . 

Res u l ts 

1 .  Stud i es of  the  atten uat i on of  short- peri od waves due to the San  
Ferna ndo ea rthquake  of  February 9 ,  1 97 1 ,  have a l l owed us  to determi ne a 
n umber of  fi rs t  order approx i mat i on  eq uati ons  wh i ch co rre l ate parti c l e 
hori zonta l ve l oc i ty wi th epi centra l d i s tance and wi th modi fi ed Merca l l i  
ra t i n gs . A l s o ,  a n umber of  re l a t i ons  have been determi ned , co rre l ati n g  
t h e  l eve l of  ground  mot i on for a gi ven spectra l  component to ep i cen tra l 
d i s ta n ce a nd MMI ra t i ngs . 

2 .  Atte n ua t i o n  c urves have been cons tructed for n i ne h i s tori ca l U . S .  
ea rthqua kes wh i ch occu rred i n  d i ffe rent pa rts of t he Un i on .  These 
curves , pa rti c l e  ve l o c i ty a s  a funct i on  of  d i stance wi th MMI a s  a 
pa rameter , a re he l pfu l  i n  s pec i fyi ng the g round mot i on l eve l i n  d i fferen t 
reg i o ns . Furt�er wo rk  wi l l  fo l l ow to u pda te th i s set of attenua t i on  
curves . 

3 .  A new p roced ure ha s been deve l oped to c a l c u l a te the t i me durat i on 
of  ground  s h a k i ng from the d i g i t i zed record i n gs of the accel erograms of  
the Long  Bea ch  ea rthq ua ke , March  1 0 , 1 93 3 , th rough  the  San  Ferna ndo 
earthq u a ke , Februa ry 9 ,  197 1 data ba s e .  Some of  the res u l ts from th i s  
s tudy a re i n  a fo rm of n umeri c a l  eq ua t i ons  wh i ch corre l ate parti c l e 
vel oc i ty ,  ep i centra l  d i s tance , MMI ra ti ngs  w i th t i me durati on  of s trong  
s ha k i ng . 

4 .  A pre l i mi nary a tten u a t i on curve for Gua tema l a has been deri ved 
from the i n tens i ty d i s tri but i on  of the Fe brua ry 4 ,  1 97 6 , dama g i ng  
earthq ua k e .  Th i s  c urve wi l l  be  of  as s i s ta n ce t o  the l oca l  eng i neers , and  
can  be u s ed i n  co nj unct i on w i th ea rthq ua ke se i smi c hazard mapp i ng  of  
Gua tema l a .  

5 .  A fu l l documen ta t i on  has  been done of the  i ncons i s tenc i es found  
i n  t he  Mod i fi ed Merca l l i  i nten s i ty sca l e i n  Guatema l a . A comp l eti on  
of  a map for Gua tema l a  s h owi ng the i ntens i ty d i s tr i but i on i n  that  
nat i on  a nd the areas  that  were a ffec ted by l i quefacti on , s urface breakage , 
l ands l i d i ng ,  a nd a l so a rea s where br i dges  co l l apsed , ra i l s  ben t  appre­
c i a b l y  etc . , a re d i s p l ayed v i s u a l ly  i n  a 1 : 500 , 000 sca l e map . 

6 .  Study o f  the attenuat i on of a newl y proposed i ns trumenta l i n tens i ty 
h a s  been extended to obta i n the i nten s i ty i n  the ve l oc i ty- and d i s pl ace­
ment- t i me doma i n .  I t  has  been eva l ua ted us i ng record i ngs  from d i fferent 
ma gn i tude ea rthquakes  a nd i t  has  been corre l a ted wi th  other ground mot i on  
pa rameters , and  wi th  other  i ns trumenta l i n tens i t i es .  One  of the  ma i n  
res u l ts i n  th i s  s tudy i s  that  our  proposed i ns trumenta l i ntens i ty has 
l es s  sca tter  than a ny prev i ous  proposed i ns trumenta l i nten s i t i es . Al so , 
tha t  the procedure i n  eva l ua ti ng  th i s  i ns trumenta l i ntens i ty i s  ra ther 
s i mp l e and  ca n be dup l i cated wi th a 1 0  percen t  va r i a ti on i n  the f i na l  
res u l ts .  
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7 . Res u l ts  from the a tten uati on of  the pa rt i c l e ve l oc i ty o f  s ho rt­
per i od waves a s  recorded at  near- a nd i ntermed i a te-ep i centra l d i s tan�es 
have shown that the l evel o f  moti on for a s pectra l componen t of  0 . 1 s ec . 
changes rather fa s t  from d i stance of 10  km to 100 km . Al so , we have been 
ab l e to a tta ch a vi brati ona l  dependence to the MMI rati n gs by obta i � i ng  
a corre l a t i on among hori zonta l part i c l e vel oc i ty for a g i ven s pectra l 
component as  a funct ion of Mod i f i ed Me rca l l i  i ntens i ty ra t i ngs  and 
ep i central d i s tance ( s ee fi gure 1 . ) .  Ano ther res u l t in  our  attenuat i on 
study ( Esp i nosa , 1977 ) i s  that the hori zontal  parti c l e vel oc i ty ( cm/ sec . ) 
from the San  Fernando earthqua ke  as  a functi on of ep i centra l d i s ta nce 
( km ) and of MMI rati ngs yi e l ds res u l ts s i mi l a r  to those o bta i ned us i ng 
al l the wes tern U . S .  s trong mot i on data ( Kri n i tzs ky a nd Chan g , 1977 ) . 
These resu l ts are s hown i n  fi gure 2 of th i s  bri ef  report . 

Reports 

Esp i nos a , A. F . , 1977 , Part i c l e vel oc i ty attenua ti on rel at i on s : San 
Fernando earthqua ke of February 9, 1 97 1 : Sei smol . Soc . Ameri ca 
Bu l l . ,  v .  67 , p.  1 1 95- 1 2 14 . 

Espi nosa , A .  F . , Hus i d ,  R . , Al germi ssen S .  T . , and de l as Casas , J . , 
1977 , The L i ma ea rthquake of October 3 ,  1974 : I n tens i ty d i stri bu­
t i o n : Se i smo l . Soc . Ameri ca Bu l l . ,  v .  67 , p .  1429- 1440 . 

Hus i d ,  R . , E sp i nos a , A .  F . , and de l a s Casas , J . , 1977 , The L i ma earth ­
qua ke of  October 3 ,  1974 : Damage d i s tri but ion : Sei smol . Soc . 
Ame r i ca Bu l l . ,  v .  67 , p .  1441 - 1472 . 

Lopez-Arroyo , A . , and Espi nosa , A .  F . , 1977 , Determ i n i s t i c  and  probab i ­
l i s t i c approaches to se i smi c  ri s k  determi nat i on ( abs . ) : Sympos i um 
of the ana l ys i s  of se i smi ci ty and se i smi c ri s k ,  Czecho s l ovak 
Academy of Sci ences , L i bl i ce ,  Czechos l ova k i a , Octobe r . 

Berroca l , J . , and Esp i nosa , A .  F . , 1978 , Sei smo l og i ca l and  geo l og i ca l  
as pects o f  the Mantaro l ands l i de i n  Peru : Nat u re ( i n  pub l i cat i on ) . 

E sp i nosa , A .  F . , Asturi as , Jose , and Quesada , A . , 1978 , Apply i ng the 
l es s on s  l ea rned in the 1976 Guatema l a ea rthquake to e a rthquake 
hazard zon i ng probl ems i n  Guatema l a :  ( i nv i ted  pape r ) I nte rnat i ona l 
Sympos i um on the Februa ry 4 ,  197 6 , Guatema l a n  earthqua ke and the 
proces s of  reconstructi on , Guatema l a .  
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Figure 2 .  Compar i son o f  the ob s e rved data 
ob tained in the time-domain from the San 
Fernando ear thquake (Espinosa , 1 9 7 7 )  wi th the 
resul t s  ob tained by Krini t zsky and Chang ( 19 7 7 )  
us ing all the Wes t e rn U . S .  s t rong mo t ion da ta 
b ase . Par t i c le ve l o c i  ty as a func t i on o f  tH1I . 
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I nvest i gati ons  

Reg i ona l  Shear Wa ve Stud i es 

8- 9940-02087 

J .  F .  Gi bbs 
Branch  of Ground Mot i o n  and Fau l t i ng 

U .  S .  Geol o g i ca l  Survey 
345 M i dd l efi el d Rd . ,  MS 77 

Men l o  Park , CA 94025 
( 41 5 )  323-81 1 1 , ext . 2030 

H . B . I .  

1 .  I nvest i gate dependenc i es of  measured s i te ampl i fi cati cn , observed 1 906 
earthquake i nten s i t i es , and l ogged phys i ca l  pro pert i es of near  s u rface 
geo l og i c  un i ts on  down ho l e se i smi c  s hea r wave vel oc i ty l ogs to devel op  
genera l i zed g u i de l i nes for pred i cti n g  earthquake ground  mot i ons on  a 
reg i ona l scal e .  These stud i es a re des i gned to deve l op i mproved methodo l o ­
g i e s  for se i smi c zonati o n  o f  the San Franc i sco Bay reg i on . 

2 .  Co l l ect se i smi c vel oc i ty data , phys i ca l  property data , a nd geol og i c  
data i n  2 0  dr i l l  ho l es t o  deve l op  a n  i mproved data ba se for se i smi c zonat i o n  
of the metropo l i tan  Lo s  Angel es Ba s i n .  

Resu l ts 

l a o  Shear-wave ve l oc i ti es ( SVEL ) are found to correl ate wi th  mea s u red s i te 
ampl i fi cati on  ( AMP ) determi ned from se i smograms of nucl ea r exp l os i on s  
accord i ng to 

AMP = - 1 1 . 4 l og ( SV EL ( m/sec ) )  + 33 . 6  

b .  I ntens i ty i ncrements ( 5 1 ) as  determ i ned from the  1 906 San Fra nc i sco 
earthqua ke are found to correl a te w i th s hea r-wave vel oc i ty accord l ng to 

5 1  = 0 . 0027 ( SV EL ( m/sec ) )  + 2 . 25 

The i nvest i gat i on i s  cont i n u i ng i nto us i ng the above type of  rel at i onsh i ps 
for se i smi c zonat i on s tud i es and a l so  a s  a p l i ab l e  method o f  extrapo l ati ng  
i ntens i ty data from one reg i on to  another . 

c .  Sei smi c wave  vel oc i t i es measured at 59 s i tes i n  the Sa n Franc i sco Bay 
regi on have  been compared wi th s evera l read i l y determi n ed p hys i ca l  proper­
t ies  of  the materi a l s .  Shear wave vel oc i ty was found to correl ate wi th 
these propert i es more s tro ng ly  than P-wave vel oc i ty .  Correl at i ons  obta i ned 
s uggest a c l as s i fi cati on s cheme u seful i n  defi n i ng sei smi ca l l y  cl i �ti nct 
geotec hn i ca l  un i ts . 

125 



H . B . l .  

For unconso l i dated to sem i conso l i dated sed i ments , textu re has  the mos t  s i g­
n i f i cant  effec t on  s hear wave ve l oc i ty .  Severa l of the  textura l groups  
wh i c h  s how rel at i vel y w ide  vel oc i ty ranges can be  s ubd i v i ded us i ng  s tanda rd 
penetrat i on res i stance as  a mea sure of co n s i stency ( c l ays - s i l ty c l ays ) or  
rel at i ve dens i ty ( sa nds ) . Several of  the groups s how d i s t i nc t l y  l ower 
vel oc i t i es i n  the near-su rface « 1 2m )  than at  depth ( 1 2 - 30m ) . 

For t he bedroc k mater i a l s ,  fracture s pac i ng has  the most  s i gn i fi cant  effec t 
on  s hear wave ve l oc i ty .  Ha rdness  a l so  affects S-wa ve vel oc i ty dnd l i tho l ogy 
i s  i mportant  i n  d i fferent i a ti ng s t rong sed i menta ry from strong i gneous  
roc ks . 

The c l a s s i f i cati on  schemes based on phys i cal  propert i e s  can  be u sed to re­
group the  ma p un i ts defi ned for the San Franc i sco Bay reg i on i nto se i smi ca l l y  
d i s t i nct  groups . The range of se i sm i c vel oc i t i es fo r a q i ven md p un i t  i s  
dependen t on  the var i ety of materi a l s wh i ch have been i nc l uded i n  t he l ln i t ,  
wh i c h  i s  l arge l y  a funct ion  of age of the depos i t .  Eac h of the Ho l ocene 
map u n i t s  s how a d i st i nct and  rel at i ve ly  nar row ra nge of s h ear  wa ve  v e ! o c i ty .  
Ol der sed imenta ry depos i ts and bedroc k mater i a l s ,  wh i c h have been s trong l y  
affected by d i agenet i c  c hanges and tec ton i sm ,  show re l at i vel y wi de and o v e r ­
l a ppi ng ve l oc i ty ranges . 

Fo r t he unconsol i dated to semi consol i da ted sed i menta ry depos i t s ,  e i gh t 
se i smi ca l l y  d i st i nct  geotech n i ca l  u n i ts have been defi ned wh i l e  the �e(l roc k 
ma ter i a l s ha ve been d i fferent i ated i nto f i v e broad gro ups . 

d .  Con s i derat i on of the correl at i ons d i scus sed above sugges ts tha t a 
genera l i z ed s i te amp l i f i ca t i o n and  ea rthq ua ke i ntens i ty can  be pred i c ted fo r 
se i sm i c  zonat i on  pu rposes on the ba s i s of the i dent i f i ed se i smi ca l l y  d i s t i nct  
geotec h n i ca l  u n i ts . 

2 .  Sei smi c  and  geol og i c  l ogs have been co l l ected for 5 30 m hol es i n  the 
Long Beach  area . Permi tt i ng has been compl eted for an  add i t i ona l 1 4  ho l es , 
and 1 0  ho l es a re i n  proces s of be i ng dr i l l ed . 
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I nvest i ga t i on s  

Numeri cal  Model i ng of Ground Mo t i on 

8- 9940-01 896 

Samue l  T .  Ha rd i ng 
Branch  of Ground Mot ion and Fau l t i ng 

U . S . Geol og i ca l  Survey 
Denver Federa l Center MS 966 

Denver , CO . 80225  
( 303 ) 234- 5090 

H . B . 1 .  

Compl ete the deve l opment of a hybri d fi n i te e l ement-fi n i te d i fference computer 
program to model se i sm i c wave propagati on probl ems . The program is  be i ng 
extended to i ncorpora te heterogeneou s bou nda ry cond i t i on s . 

Objecti ves of  t h i s work i nc l ude stud i es of sou rce model s ,  l ayeri ng effects , a nd 
responses of a l l uv i a l  ba s i ns .  These stu d i e s  are des i gned to improve tec hn i ques  
for pred i ct i ng s trong earthquake ground moti on s . 

Resu l ts 

A hybri d  computer program has been u sed to model a po i nt source i n  a hal f- space 
overl a i n  by a l ayer wi th a paral l el i nterface , a l ayer wi th  a s tep d i scont i nu i ty ,  
a l ayer wi th a l i nea r ramp segment ,  and a l ayer wi th a semi -c i rcu l ar  ba s i n .  
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Inve s t i g at i on s  

Ground Re spons e ,  Sa l t  Lake Reg i on 

8 - 9940- 0 1 9 1 9  

W .  W .  Hays 
Branch of Ground Mot i on and F au l t ing 

U . S .  Geo l og i c a l  Survey 
D enver Feder a l  Cent er , MS 966 

Denver , CO . 8 0 2 2 5  
( 3 0 3 )  2 3 4 - 4 029 

H . B . I .  

1 .  Cont inuat ion of data proc e s s ing and ana l ys i s  o f  nuc l e ar exp l o s i on ground 
mo t i on d a t a  acqu i r ed at 3 1  recording s i t e s  underl ain by rock D ! .d a l l"v :,um 
in the S a l t  Lake C i ty are a . 

2 .  AC�li s it i on o f  nuc l ear exp l os i on ground mot ion data at 1 1  s i t es in the 
Provo are a . 

3 .  Se l ec t i on o f  1 8  s i t e s  in the Ogden area to l o c at e  i n s t rumen t s  for f f-.l:r r  
nuc l ear exp l o s i on groun d mot i on measurement s .  

4 .  Eva luat ion o f  an inventory o f  s ing l e - fami l y  dwe l l ings comp l e t ed in 
S ept ember , 1 97 7 , fo r the Sa l t  Lake C i ty area . 

5 .  I n i t i a t ion o f  e ffort to cons t ruct ground respon s e  and s e i smi c r i s k  map s 
for the S a l t  Lake C i t y  are a . 

Res u l t s  

Pre l im in ary ana l ys i s  o f  the b ro adband ground mot i on d a t a  acqu i red a t  the 
31 s i t e s  in the S a l t Lake C i ty area shows that : ( 1 ) the re l at ive ground 
respon s e  b etween p a i r s  of s t at ions i s  h i gh l y  r epea t ab l e  froQ event to event , 
(2 )  the ground respon s e  at roc k s i t e s  i s  es s ent ia l l y iden t i c a l  over the 

pe r iod range 0 . 1 - 6 s ec onds , and (3) the ground respon s e  at s i t e s  und er l a in 
by a thick , wat er - s aturat ed c l ay and s and s ec t ion i s  s i gn i fi c ant l y  gr eat er 
( factor of 8 to 1 0 )  than at s i t e s  l o cat ed e i t her on rock or under l ain by 
a t hin wat er- s aturat ed grave l and s and s ec t i on .  The phys i c a l  exp l anat ion 
for the ground re spon s e  i s  s t i l l  b e ing dev e l op ed . 

Report s  

Hays . W .  W . , 1 9 78 , Ground respon s e maps for Tonopah , Nevada : S e i smo l . Soc . 
Amer i c a  Bul l . ,  v 6 8 , P 4 5 1 -469 . 

Hays , W .  W . , 1 9 78 , A gener a l  pro c edure for e s t imat ing e ar thquake ground mot ions : 
Pro c eed ings o f  Conferen c e  on Eng ineer ing D e s i gn fOT Earthquake Env i ron ­
men t s , London , Eng l and (in pres s ) . 

Hays , W .  W . , King , K .  W . , and Park , R .  B. , 1 9 78 , Dura t i on o f  nuc l ear exp l o s ion 
ground mot ion : S e i smo l . S o c . Amer i c a , v 68 ( in pre s s ) . 

Hays , W .  W . , 1 97 8 ,  The earthquake prob l em in the Uni t ed S t at e s ; a r ev i ew : 
The Va l uer L iner , New s l et t er o f  t he As s o c i a t i on of Fed era l Appr a i s ers 
( in pre s s ) . 
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H . B . I .  

Hays , W .  W ' I S .  T .  Al germi s s en ,  and King l W .  W ' I 1 978 , Ground re spof( s e  maps 
for the S a l t  Lak e  City , Utah , are a  ( ab s , ) : 2nd Intern at ion & l  Conf . on 
Micro zonat ion , S an Franc i s co , Cal i f .  ( in pre s s ) . 

K ing , K .  W . , and Hays , W .  W . , 1 97 8 ,  Examp l es of the e ffec t  o f  local g e o l o gy 
on the durat ion o f  ground mo t i on : E arthquake Not e s , v 49 , P 1 1 . 
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I nves t i gat i on s  

Ground Mot i on Model i ng and Pred i c t i on 

8- 9940-01 1 68 

W .  B .  Joyner 
Branch  of Ground Mot i on and Fau l t i ng 

U .  S .  Geo l og i ca l  Survey 
34 5 M i dd l ef i el d Rd . ,  MS 77  

Men l o Park , CA  94025 
( 41 5 )  323-81 1 1 , ext . 2754 

H . B . I .  

1 .  Sha l l ow refract i on  profi l es and downhol e P and S vel oc i ty s u rveys i n  the 
Cho l ame a rea to prov i de add i t i ona l data for mode l i ng the s trong moti on  
record s  from the Pa rkfi el d-Chol ame earthqua ke ( R .  E .  Warri c k , R .  M .  Haz l ewood , 
and W .  B .  Joyne r ) . 

2 .  Ana l ys i s  of data from down ho l e P and  S ve l oc i ty s urveys i n  young sed i ments 
i n  the San Franc i sco Bay a rea ( R .  E. Wa rr i c k  and W .  W .  Joyner ) .  

Res u l ts 

1 .  Deve l opment  of an  a pproxi mate theory for comput i ng syntheti c down-ho l e 
records from an  art i fi c i a l s hear-wave source at  the s urface . The theo �y takes  
account  of geometri c s pread i ng , mu l t i p l e refl ect i ons , and anel a st i c a ttenua ­
t i on . I t  i s  hoped tha t acc urate e st imates  of Q i n  the sed i ments can  be made 
by matc h i ng  synthet i c  and rea l records ( R .  E .  Warri c k  and  W .  B .  Joyner ) * 

2 .  Re l ea se of  open- fi l e  documenta t i on of a computer  prog ram for computi ng  
non l i nea r s e i smi c ground res ponse i n  two d i mens i ons ( W .  B .  Joyner ) .  

3 .  Re l ease  through  NT I S  o f  a d i g i ta l  tape conta i n i ng data  from the Ravenswood 
downho l e  array for a l l the wel l - recorded ea rthqua kes ( A .  A .  Ol i ver , I I I ,  
W .  B .  J oyner , and R .  E .  Wa rri c k ) . 

Reports  

Joyner , W .  B . , 1 978 , Fortran programs for ca l c ul at i ng nonl i nea r se i smi c g round 
res ponse  in  two d i men s i ons : U . S . Geo l . Survey ,  open -fi l e  report 
78- 287 , 69 p .  

Joyner , W .  B . , Wa rri c k ,  R .  E . , and Ol i ver , A .  A . , I I I ,  1 977 , Sei smi c data for 
1 5  ea rthqua kes recorded on  a downho l e  array i n  s ed i ments near Sa n 
Fra nc i sco Bay : Ma gneti c ta pe , PB-275  360 , Nat i ona l Tec hn i ca l  I nforma ­
t i on Serv i ce , U . S .  Dept . Commerce ,  Spri ngfi e l d ,  V i rg i n i a � 2 2 1 6 1 . 
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Dat a Acqu i s i t i on i n  Support of Groun d Mot i on Proj ect s 

In \'est i gat i on s  

8-9940-0209 1 

K .  W .  K i ng 
Branch of Ground Mot i on and Fau l t i ng 

U . S .  Geo l og i ca l  Sur vey 
3060 South  H i gh l and Dr i ve 

Las  Vegas , Nevada 89 109 
( 702 ) 598 - 3416 

H .  B . ] • 

1 .  Lo s Ange l es ,  Ca l i fcrn i a  - Se i sm i c back groun d and ground mot i on s  from 
nuc l ear event s  were recorded at 37 d i fferent s i tes dur i ng the l ast 6 months  to 
i nvest i gate geograph i ca l  var i at i on s  i n  ground respon se . Sever a l  s i tes were 
reoccup i ed to  estab l i sh repeatab i l ity . 

2 .  Sa l t  Lake-Provo , Ut ah - Sever a l  quarry b l as t s  and nuc l ear events  were 
rec orded at 20 s i t es i n  the  Sa l t  Lake-Provo area to  ex ami ne var i at i ons i n  
gr oun d respon se . E l even add i t i ona l  s i tes  were occ up i ed j u st prev i ou s  to 
Oct ober 1 .  A f i ve- stat i on arr ay was dep l oyed for 3 week s to determi ne 
attenuat i on u s i ng the  se i sm i c act i v i ty at Sal ta i r  as a source . 

3 Southern Nev ada - Th i rty- s i x  s i tes at d i stances r ang i ng from 1 . 7 km to 
about 1 00 km from nuc l ear even t s  were occup i ed to study dur at i on of ground 
mot i on .  D ata from 1 2  prev i ou s  events were a l so rean a l yzed . 

4 .  South Caro l i n a  - Two earthq u akes  were recorded on a f i ve stat i cn l i near 
arr ay i n s ta l l ed to  meas ure s pectral  atten u at i on . 

Re $ u l t s 

1 . The data from Los Ange l es and Sa l t  L ake  are be i ng an a lysed i n  
coo perati on w i th A .  Rogers and W .  Hays . 

!3.eP2,!t s  

Hay s )  W .  W . , K i ng ,  K .  W . , and Park , R .  B . , 1 978 , Dur at i on of nuc l ear exp l os i on 
ground mot i on : Se i smo l . Soc . Ameri c a  Bu l l .  ( i n  pres s ) . 

K i ng � K .  W . , Hay s , W .  W . , 1 978 , Ex amp l es of the effect of l oc a l  geo l ogy of the 
durati on of ground mot i on ( ab s . ) :  Earthq uak e  Notes , v .  49 , p .  1 1 .  

Hay s ,  W .  W . , Al germ i s sen , S .  T . , K i ng ,  K .  W . , 1 978 , Groun d response  map s for 
the Sa l t Lak e C i ty , Utah area ( abs . ) : Second I ntern at i ona l  
M i crozon at i on Conf . ,  San Fr anc i sco , Ca l i f . ( i n pres s ) . 

Rogers ,  A .  M . , Ti n s l ey ,  J .  C . , Hays , W .  W . , and K i ng , K .  W . , 1 978 ,  Eva l uat i on 
of the re l at i on s h i p  between near s urface geo l og i ca l  un i t s  and groun d 
respon se i n  the v i c i n i ty of Long Beach , Ca l i forn i a : Se i smo l . Soc . 
Amer i ca Bu l l .  ( i n pres s ) . 
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I n ves t i ga t i ons 

Top i ca l  Stud i es i n  Se i smi c R i s k  

8-9950- 01733  

R .  K .  McGu i re 
Branch of Earthquake Tecton i cs and Ri s k  

U .  S .  Geo l og i ca l  Su rvey 
Den ver  Fede ra l Cente r ,  MS 966 

Denve r ,  CO . 8022 5  
( 303 ) 2 34- 2874 

H . B . I .  

1 .  De s i gn ,  i mp l ementat i on , and  tes t i ng of FORTRAN computer program for 
se i smi c r i s k  ana l ys i s  wh i ch accounts fo r l ength of  the ruptu re zone and 
for uncerta i n t i es i n  ma x i mum earthquake  s i ze ,  l oca ti on , rupture l ength 
for a g i ven ma gn i tude , and ground mot i on amp l i tudes at  the s i te as  a 
funct i on of so urce l ocati on , s i ze ,  or i enta t i on , etc . 

2 .  Compa r i s on of seve ra l  method s of assess i ng haza rd of s e i smi ca l l y­
i n duced l i q uefact i on in  satura ted sand depos i ts .  Me thods i nc l ude r i s k  
ana lys i s  bas ed on  emp i ri ca l obs e rvati ons , a n d  p robab i l i s t i ca l l y  compa r­
i n g es t i ma ted dynami c  s hear  strengths of the so i l s  w i th s hea r stres ses 
es ti mated from s urface accel erati ons . 

3 .  Exami na t i on o f  publ i s hed defi n i t i ons of strong mot i on durat i on ,  and  
ca l cu l at i on  of val ues of durat i on accord i ng  to thes e defi n i t i on s  for a 
set  of  s trong mo t i on accel ero grams . Ca l cu l at i on of  dama ge potent i a l  
o f  the same accel erograms us i ng ca l cu l a ted res ponses  o f  i ne l a st i c 
structura l  mode l s .  Corre l at i on  of  damage wi th durat i on a nd pea k amp l i ­
tudes to determi ne wh i ch defi n i t i on of durat i on i s  mos t usefu l , '  i f  any , 
and what p rocedu re fo r se i smi c r i s k  mapp i nq  i s  mos t  a ppropr i ate . 

Res u l ts 

1 .  A compute r  proqram wh i ch accounts fo r a l l va ri ab l es ( a nd the uncer­
ta i nty i n  th ose  va ri ab l es ) wh i ch a re thoug ht  to be i mpo rtan t i n  pr�babi l ­
i s ti c se i smi c hazard ca l cu l at i ons i s  a va i l ab l e .  I t  i s  current ly  be i n q 
documented for pub l i c  re l ea se . 

2 .  App roxi mate methods  of ca l cu l a t i ng se i smi c l i q uefact i on r i s k  a re 
avai l ab l e .  Fu y'ther  work i s  neces sary to extract  i nfo rmati on from 
emp i r i ca l  observat i on s  ( fo r  i ns tance on  the effect of the durat i on of  
s hak i ng ) to  accoun t fo r i mportant effects not represented by a va i l a b l e 
ana l yti ca l  tech n i ques . 

Reports 

McGu i re ,  R.  K . , Ta tsuoka , T . , I uvsa k i , T . , and Tok i da ,  K . , 1 978 , 
Probab i l i s t i c p roced ures for asses s i ng so i l  l i q uefa c t i on 
poten ti a l : Bu l l .  of  the Pub l i c  Wo rks Res ea rch  I nst i tute , Tokyo , 
( i n pres s ) .  
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I nvest i g at i on s  

Earthquak e  I n t en s i ty an d Rec urrence 

8-9940-01784 

Robert Nason 
Branc h of Ground Mot i on an d Fau l t i ng 

U .  S .  Geo l og i ca l  Sur vey 
345 M i dd l ef i e l d Road 
Men l o  Par k , CA 94025 

( 4 15 ) 323-81 1 1 , ext . 2760 

H . B . l .  

1 .  Gathered d at a  f or an ev a l u at i on and i mprovement of the Mod i f i ed Merca l l i  
s ca l e of se i smi c i n ten s i ty ,  w i th par t i c u l ar atten t i on to the proper 
i n terpretat i on of groun d  f a i l ur e s . 

2 .  Gathered an d comp i l ed d at a  on the se i sm i c d amag e s  i n  the 1906 San Andreas 
e arth q u ak e from the off i c i a l  report by Lawson and others ( 1908 ) an d from b oo� s 
and news pap er s of 1906 ( wh ere much add i t i on a l  data occ ur s ) . 

3 .  Prepared an d e va l u ated a more prec i se formu l at i on of the se i sm i c  i n tens i ty 
sca l e  for bet ter an a l ys i s an d un der stan d i ng of the 1906 damage pattern s . 

4 .  Exami ned i n  d e t a i l the 1906 dam age data to determ i ne i f  the se i sm i c  
damages were wor se at the f au l t  zon e ,  as  i s  as s umed i n  t h e  map s  o f  1 906 an d i n  
most earth q u ak e  r i sk map s . 

5 .  Beg an comp i l at i on of the exper i ences of peop l e  i n  t h e  1 906 earthq u ak e ,  as  
wr i tten i n  l etter s , n ews p aper s ,  an d book s .  Pub l i c at i on of these exper i ences 
( i n cooper at i on w i t h  the C a l i forn i a H i s tor i c a l  Soc i ety) w i l l  prov i de 
se i smo l og i sts  an d the gen e r a l  p ub l i c  w i th b as i c i nformat i on for e arthq uake 
safety an d h az ar d reduct i on .  

6 .  Con t i n ued p reparat i on of a map of expected earthq uak e i ntens i t l es i n  the 
Los An ge l es r eg i on .  

7 .  Gat h ered add i t i on a l  i n format i on on the ear t h q u ak e h i story of C a l i for n i a , 
p art i cu l ar ly w i th r eg ard to earth q u ak e  rec urren c e . 

8 .  Comp l eted t h e  researc h and i nt erpretat i on of " Ver t i ca l  Movemen t s  at Los 
An ge l es Har bor before the 1 933 Long Beach Earthq u a k e . "  

Resu l t s 

1 .  The prec i s i on of the se i sm i c  i ntens i ty sca l e  i s  i mproved great l y  by 
down r at i n g  the occ urrences of ground f a i l ures s uc h  as l an d s l i des  or 
l i quefact i on and mak i ng o t h er c h anges . 

2 .  The se i smi c d amages at the f au l t  zone of the 1 906 earth q uake were 
approx i mat e l y  the s ame as e l sewh ere w i t h i n  10 k i l omet er s  of the f au l t ,  wh i ch 
i nd i c at e s  th at the ass ump t i on of u n u s u a l  i n ten s i t i es a l ong f au l t  zones i s  
m i stak en . Th i s  f i n d i ng agrees w i t h  n ew t h eoret i ca l  s uggest i on s  t h at the 
i n tens i t i es s h ou l d  be eq ua l , b a sed on the f oca l depth of the earth q u ak e  and 
the pos s i b l e  propagat i on pat t ern s of se i sm i c  waves . 
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H . B . l .  

3 .  The se i smi c ac t i v i ty i n  northern Ca l i forn i a  was much greater before the 
1906 earthq uak e  than at  any t i me s i nc e . Th i s  s uggests  that the northern San 
An dreas f au l t  i s  probab ly  s t i l l  i n  a dormant cand i t i on after the  1 906 
earthquak e  an d a s i gn i f i cant i ncrease of act i v i ty can be expected i n  the 
future . 

4 .  T i de gauge meas ur ements  at Los Ange l es h arbor s how e l evat i on c h anges of 6 
cm i n  the ye ars before the  1933 Long Beach earthq uake . The f i r st  movement was 
6 em downward i n  1924 , fo l l owed by a 6 cm movement upward i n  1928 , an d t hen a 
s im i l ar downward movement i n  1 93 1 . The fores hock s of the earthquak e  began i n  
1931 . The 1924 e l ev at i on c h ange i s  conf i rmed by l eve l i ng meas urement s , wh i ch 
a l so s how that the movemen t i n vo l ved vert i c a l  d i s p l acement at t he Pa l os Ver des  
fau l t .  I t  i s  i nterpreted that the  movement s  resu l ted from c h anges  of e l ast i c  
stra i n  before the 1 933 earthquak e , wh i c h  was on the nearby I n g l ewood f au l t . 
The e l evat i on changes  cannot be exp l a i ned by pre-earthq uak e d i l at ancy 
proces ses . 

Report s 

Nason , Robert , 1978 , Se i sm i c i nten s i t i es i n  the 1906 earthq u ake  fau l t  zone 
( ab s . ) ,  E arthquak e  Notes , v .  49 , no . 1 .  
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I nves t i ga t i o n s  

Expa n s i o n  o f  PDP - 1 1 f o r  D i g i ta l  I n put 

8-9940-02088 

R .  B . Pa r k  
Bra n c h  o f  Gro u nd Mot i o n  a nd Fa u l t i ng 

U .  S .  Geo l og i c a l  S u rvey 
Den v er Federa l Cen ter , MS 978 

Denver , CO 80225 
( 303 ) 234-5070 , ext . 5070 

H . B . I .  

1 .  Expa nd PDP 1 1 /40 sys tem to i nc l u d e  i n put of d i g i ta l  c a s se tte rec o rd i ngs  a nd 
i n terac t i ve gra ph i c  data proces s i ng . 

2 .  Dev e l o p  and mod i fy softwa re for d i g i ta 1 ( a s  op po s ed to hybr i d ) data pro c e s s i ng 
ut i l i z i ng i nterac t i ve graph i c s . 

Re s u l ts 

1 .  D i s c u s s i on s  wi t h  vendo rs a nd l i tera t u re searc h  s ug ges ts mi c ro p roc e s s o r  ba s ed 
co ntro l l e r o ffers g rea te s t  fl ex i b i l i ty i n  the proc es s i n g of va r i o us d a ta fo rmat s  
on d i g i ta l  c a s s ette tape s . Hardwa r e  fo r i nt eract i ve gra p h i c s  i s  o n  o rder . 

2 .  The n ew o pera t i ng syst em ( RSX - l l ) for d i g i ta l proces s i ng has  been genera ted 
a nd present prog rams rewr i tten fo r t he n ew sy stem . Devel opme n t  o f  add i t i o na l 
so ftwa re i s  u nderway . 

Reports 

None 
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I nves t i gat i ons  

Sei smi c Zonat i on Stud i es i n  Lo s Ange l e s  Bas i n  

8-9940-01 7 30 

A .  M .  Rogers 
Bra nc h  of Ground Mot i on  and Faul t i ng 

U .  S. Geo l ogi cal  Survey 
Denver Federa l Center , MS 966 

Denver , CO 80225  
( 303 ) 234-2869 , ext . 5604 

H . B . I .  

Reg i onal  mea su rement and ana l ys i s  o f  ground response  i n  L . A .  Bas i n  u s i ng ground 
mot i ons  genera ted by nuc l ear expl os i ons  and the 1 97 1  San Fernando ea rthqua ke . 
Th i s s tudy has severa l  obj ect i ves : compari son of ground res ponse  determi ned 
from strong mot i on record i ngs  of the 1 97 1  Sa n Fernando ea rthqua ke wi th tho s e  
from nucl ear expl os i ons , determi nat ion  o f  a vera ge ground response for vari ous  
geol og i c  un i ts ,  der i vati on of i mportant phys i ca l  parameters for c haracteri z i ng 
ground response a t  spec i fi c  s i tes , devel opment  of  a reg i ona l data base for 
purposes  of se i smi c zo nat i on .  

Resu l ts 

1 .  Four add i t i ona l Nevada Test S i te nucl ear expl o s i ons have been recorded i n  
Los Ange l es  and v i c i n i ty dur i ng the l a st  8 months  a t  45  l ocat i on s  u s i ng a th ree­
component wi de-ba nd s e i smograph . Th i s br i ngs  the total number of  s i tes  
occ up i ed to about 1 1 0 ,  not i nc l udi ng  s i tes that were reoccup i ed .  Approxi matel y 
20 s i tes  were occ up i ed more than once . These data are c urrentl y be i ng proces sed 
to produce ps uedo- rel at i ve vel oc i ty response s pectra , Fouri er' s pectra , a l l uv i um­
to - rock  s pec tra l  ra ti os , and t i me h i s tory pl ayouts  of ground vel oc "i ty .  

2 .  Short- peri od ( 0 . 2-0 . 6  seconds ) s pectra l  rat i os s how a s trong dependence on 
vo i d  ra t i o  and thi c kness  of Quaternary s ed i ments , be i ng d i rect ly  pl�oport i ona l to 
the former a nd i nversel y proport i ona l to the l atter for th i c knes ses  between 200 
and 400 meters . 

3 .  Short-per i od spectral rat i os a l so  i nd i cate some dependence on  age of depos i ­
t i on ( the mean  s ho rt-per iod response on s i tes  u nderl a i n by Hol ocene i s  h i gher  
tha n s i tes  underl a i n  by Pl e i s tocene ) . 

4 .  Compar i son  of the s hort- peri od response i n  Long  Beac h , La s Vegas , and  Sa l t  
La ke C i ty i nd i cates t hat h i gh-percent water content i n  a l l uv i um i s  corre l a ted 
wi th h i g h  ground respo ns e . 

5 .  The s hort-pe ri od ground response  at s i tes  underl a i n by grave l s may be one­
fi fth that on  fi ne-gra i ned sed i ments . 

6 .  The s hort-per i od res ponse on  a l l uv i um and ma ri ne sed i ments i s  a l ways grea ter 
than 1 . 0 and somet i mes as h i gh as 20 . 
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H . 3 . l .  

7 .  Compari son o f  the l ong- peri od ( 0 . 6- 3 . 0  seconds ) respon 5e i n  Long Beach , 
Las Vegas , and Sa l t  Lake C i ty i nd icates that i t  is strong l y  affected by the 
th i c knes s of a l l u v i um .  A s  the th i cknes s o f  a l l uv i um i ncreases from abo ut 300 
meters to 1 - 1 . 5 km , the l ong- peri od spec tra l  rat i os i ncrea se from 2 to 1 0 . 
Depth- to-basement may p l ay a s i mi l ar rol e ,  i ncrea s i ng the l ong-peri od r�s ponse 
by factors of 2-5 as depth-to-basement i ncreases from 1 -6 Km . 

Reports 

Rogers , A. M . , Ti ns l ey ,  J .  C . , Hays , W. W . , and Ki ng K. W. ( i n  press ) , 
Eva l uati on  of the rel at i onsh i p  between near- surface geo l og i c  un i ts and 
g round response in the v i c i n i ty of  Long  Beach ,  Ca l i f . : Submi tted to 
Sei smo l . Soc . Amer ica Bul l . 

Rogers , A .  M .  and Hays , w .  W . , 1 978 , Ground response stud i es i n  three western 
Un i ted States  c i t i e s : S i xth Sympos i um on Earthquake Eng . , Un i vers i ty of 
Roorkee , Roorkee , I nd i a . 

Rogers , A .  M .  and Hays , W .  W . , 1 978 , Ground response  i n  Sa n Fernando Val l ey ,  
Cal i forni a :  Second I nt .  Conf . o n  Mi crozonat ion , San Franc i sco , Ca l i f .  
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I ns trument Devel opment and Geotechn i ca l  Stud i e s  

I nves t i gat i ons  

8- 9940-02089 

R .  E .  Wa rr i c k  
Branch  o f  Ground Mot i on and Fa u l t i ng 

U .  S .  Geo l og i ca l  Survey 
345 Mi ddl efi e l d  Rd . , MS 77  

Menl o Park , CA 94025 
(4 1 5 )  323-81 1 1 ,  ext . 2757  

H . B . I .  

1 .  I ns trumentat i o n  Devel opment--A h i g h l y  portab l e ,  l ow- power , mi c ro -proces sor  
bas ed , d i g i ta l  s e i smi c record i ng system i s  bei ng deve l o ped to  meet a broad 
range of s e i smi c recordi ng needs i nc l ud i ng s tud i e s  of mi croearthqua kes , 
cru s ta l  refrac t i on , strong moti on , and nea r- surface 5ei sml c exp l o ra t i on . 
Centra l contro l  by a mi c ro-proces sor , l 6- bi t  resol ut i on , modu l a r des i gn and  a 
un i versa l bus  system yi el d max i mum adapta b i l i ty of sys tem to add i t i ona l 
appl i cati ons  and perm i t  rel at i vel y  ea sy mod i fi cat i on of the sys tem for s tate­
of-the-a rt i mprovements . Sys tem i s  bei ng  deve l oped wi th  the  adv i ce of 
Wi l l i am Prot hero , UC Sa nta Ba rbara ; Robert N i c kerson , Ca l Tec h ; Robert Moo re , 
Scri pps ; Thoma s Mc Ev i l l y ,  UC Berkel ey and des i gned fo r compat i bi l i ty wi th  
UC Santa Ba rbara ocean bottom sys tem and Ca l Tec h TIM system . 

2 .  Geotec hn i ca l  Stud i es - -

a .  To  deve l op i mproved methods  i n  i n  s i tu geophys i ca l  measu rements  
espec i a l l y  those  ut i l i z i ng se i sm i c s hear waves . 

b .  To ma ke control l ed source  sei smi c stud i es at cri t i ca l  s i tes . 

Res u l ts  

1 .  I ns trumentati on Devel opment-- Spec i f i cati ons  for the  sys tem have been drawn 
up  by R.  Borc herdt , J .  Fl etc her , and R .  Wa rri c k ,  rev i ewed at a pre l i mi nary 
s tage both i n- house  a nd by outs i de con s u l tants , mod i fi ed ,  and s u bmi tted to 
potenti a l  bi dders . Current schedu l e ca l l s  for fi na l tes t i ng of prototype to 
be compl eted nea r end of current ca l endar yea r .  

2 .  Geotechn i ca l  Stud i es--

a .  A s i gna l  enhancement sei smogra ph was tes ted a nd peri phera l  equ i pment  
i s  bei ng des i gned for i ts u se  i n  s hea r wave s tud i es . 

b .  F i e l d work ha s been del ayed by the unusua l , but wel come , heavy ra i ns . 
F i el d  i nvest i gati ons  w i l l  proceed once the so i l s ta bi l i zes s uffi ­
c i ent l y  to  a l l ow acces s  to t he s i tes  ( C ho l ame Val l ey and Hami l ton  
F i e l d ) . 
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Reports 

Wi l son , R .  C . , Wa rri c k ,  R. E .  and Bennett , M .  J .  ( i n  press ) , Sei smi c 
vel oc i ti es of the San Franc i sco Bayshore sed i ments : Proceed i �gs of 
the ASCE s pec i al i ty conference on ea rthquake eng i neeri ng and so i l 
dynami cs , Pa sadena , CA , 1 9-2 1  J une 1 978 . 

Borc herdt , R .  D . , Fl etche r ,  J . , Wa rri c k ,  R .  and others , 1 978 , Mi cropro ­
ces sor based record i ng sys tem : u .  S .  Geol . Survey RFP 491 W .  
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I nvest i ga t i ons  

Earthqua ke- I nd uc ed La nd s l i des 

8- 9550- 01 452 

Edwi n L .  Harp 
Branc h of Eng i neer i ng Geol ogy 

U . S .  Geol og ica l  Survey 
345 M i dd l ef i el d Road 
Men l o  Par k ,  CA 94025 

( 4 1 5 )  323- 2 557 

H . B . 2 . 

1 .  Cont i nued anal ys i s  of l and s l i de data from the 1 97 6  Gua tema l a ea rthqua ke . 

2 .  Cont i nued d evel opment o f  el ec tron i c  pi ezometer-record i ng sys tem for 
mea suremen t  of sei smi ca l l y  generated pore-wa ter pressures i n  l and s l i de 
ma ter i a l s .  

3 .  Comp l eted study and ana l ys i s  of f i el dwor k ,  l a boratory test  da ta , a i rphoto­
i nterpreta t i on , and i ns trumental  mea s urements from l a nds l i de depos i ts nea r  
La Honda i n  San r4a teo Cou nty ,  Ca l i forn i a . 

4 .  Cont i nued mon i tor i ng of  sel ec ted San Franc i sco  Bay a rea l and s l i des  i n  
co he s i v e  so i l s .  Mea sured d i spl acements a nd d i sp l acement rates a t  l ands l i de 
s i te near Sa n Andreas fau l t sou th of Ho l l i s ter , Ca l i f .  

Res ul ts 

1 .  Land s l i d e  i nventory and l a nd s l ide  concentra ti on ma ps a t  1 : 1 2 , 500 scal e 
were prepared fo r the Guatema l a C i ty area .  I f  the l a nd s l i d e  d i str i buti on from 
the 1 97 6  earthqua ke refl ec ts the phys i ca l  s i te cond i t i ons , then the l a nds l i de 
concentra t i on map can  be u sed to ma ke a hazard ma p .  

2 .  Ti ps  for the el ec tron i c  p i ezometer have been deve1 0ped for emp� acement i n  
c l ays a s  we l l a s  i n  sandy ma ter i al s .  F i el d tes t i ng ha s s ho�m i t  to be wel l 
s u i ted for mea s ur i ng trans i ent  pore-wa ter pressures  i n  c l ays . The pi ezometer 
i s  c u rrent ly  depl oya bl e wi th  a porta bl e  str i p-c hart recorder to mea sure pore­
wa ter pressure response  in l a nd s l i d e  ma ter i a l s dur i ng se i smi c s ha k i ng .  The 
p i ezometer i s  des i g ned to be ada pted eventua l l y  to a d i g i ta l  record i ng sys tem 
c urrentl y und er devel opmen t .  

3 .  A sta t i s t i ca l  a nal ys i s  o f  l and s l i d e  s l opes  has revea l ed that c r i t i ca l  
s l ope a ng l es  ex i s t for eac h  o f  the geol og i c  forma t i ons i n  the La Honda a rea 
of Sa n Ma teo County .  These are mi n imum s l ope a ng l e va l ues bel ow wh i c h  l a nd­
s l i des  do not occ u r . The c r i t i ca l  s l ope a ngl es  for eac h un i t  are cons i s tent 
wi th the i r  respec t i ve res i d ual  s trengths  a s  mea sured in the l a bora tory . 
Geol ogy , s l ope , and cr i t i ca l s l ope ang l es  were u sed to prod uce a l a ndsl i de 
suscept i bi l i ty ma p for s ta t i c  ( non- se i smi c ) cond i t i ons .  Cr i ter ia  devel oped 
from l a nds l i de  occ urrence i n  prev i ou s  post-earthqua ke i nvest i gat i ons  were  
u sed to  devel op a n  exper imenta l  se i smi c - i nduc ed l a nd s l i d e  suscepti bi l i ty 
ma p for th i s a rea . The c r i ter i a  used to prepa re these ma ps  a re genera l enough  
to be  understood by urban p l anners a s  wel l a s  geol og i s ts . 
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4 . Actua l d i sp l acement record i ngs a nd p i ezometr ic  da ta o f  a l and s l i de 
l ocated a t  Bear Va l l ey i n  San Ben i to County ,  Ca l i forn i a ,  have s hown t hat 
movement occ urs a s  a resu l t of saturat i on a nd su bsequent r i ses  in  pore­
water pressures . Movements occur a s  s urges wi th  l i ttl e or no pre- surge 
creep . Di sp l acement rates of as  muc h as 2 . 25 cm/ hr have been mea s ured , 
whi c h  decrea se l ogar i thmica l l y wi th t ime .  

Reports 

Wi eczorek , G. F . , 1 978 , Sta t i c  and se i smi c l a nds l i de  s u scept i b i l i ty :  
Geo l og i cal  Soc i ety of Amer i ca Abstracts wi t h  Program , v .  1 0 , no . 3 ,  
p .  1 53 .  
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I nv es t i ga t i ons  

Grou nd Fa i l ures Caused by H i stor i c  Earthqua kes 

8- 9550- 02 1 61  

Da v i d  K.  Keefer 
Branc h of Eng i neer i n g  Geo l ogy 

U . S .  Geol og i ca l  Survey 
34 5 M idd l efi el d Road 
Men l o Par k ,  CA 9402 5 

( 41 5 )  323- 25 57 

H . B . 2 .  

1 .  I nforma t i on on ground fa i l ures ca used by ear thqua kes wh i c h  ha ve occurred 
dur i ng t he h i stor i c per i od i s  be i ng rev i ewed and ana l yzed . The ma i n  obj ec t i ves  
of th i s wor k  are to  determi ne wh i c h types of ground fa i l ure are  mo st  common i n  
ear thqua kes and whi c h  geol ogi c and se i sm i c  env i ronments are mcs t  l i ke l y  to 
prod uce ground fa i l ures . I t  i s  ant i c i pated tha t data from at l ea st  24 maj or 
earthqua kes a nd many mi nor earthqua ke s  w i l l  be ana l yzed dur i ng the course of 
th i s  proj ec t .  A comprehens i ve rev i ew of publ i s hed i nfo rmat i on  ha s begun , a nd 
data on ground fa i l ures a re be i ng extrac ted and put i nto a form s u i ta bl e for 
ana l ys i s .  Thi s i s  a new proj ec t wh i c h  wa s i n i t i a ted i n  Oc tober 1 977 . 

2 .  F i el d  i nves t i ga t i ons were carr i ed ou t on l a nd s l i des  and l i quefact i on­
i nduced fa i l ures  caused by the M 7 . 4  earthqua ke wh i c h  occurred on November 2 3 , 
1 977 , near San Jua n , Argenti na . Thi s wor k  i nc l uded deta i l ed s tud i es of l i qu e­
fac t ion  dama ge a t  f i ve se l ec ted s i te s  i n  the San J uan  area . 

Res u l ts 

1 .  A method for cata l ogu i ng data on ea rthqua ke- i nduc ed ground fa i l u res ha s 
been devel oped . 

2 .  Cata l ogues o f  ground fa i l ures have been prepa red for f i v e  maj or rec en t  
earthqua kes (West  Nel son , New Zea l and , 1 92 9 ;  Hawkes Bay , New Zea l a nd , 1 93 1 ; 
Hebgen La ke , Monta na , 1 95 9 ;  C h i l e ,  1 960 ; I nanga hua , New Zea l a nd , 1 968 ) .  

3 .  Severa l types of l i quefac t i on- i nduced fa i l ures were stud i ed i n  the Sa n 
Jua n , Argent i na ,  a rea . These i nc l ud ed bl oc ks of g round w i th  very l ow surface  
sl o pes  (a bout  0 . 1 percent ) wh i c h  o sc i l l ated bac k a nd forth  on l i qu ef i ed 
l ayers , bear i ng capac i ty fa i l ures , l arge sand bo i l s  wh i c h  wer e  l ocal i zed by 
wa ter p i pes , a nd d i fferent i a l  settl ement of bu i l d i ng s  d ue to compac t i on .  
Us i ng porta bl e  hand a uger i ng equ i pment , s u bsu rfac e  cond i t i ons  were expl ored 
a t  fou r s i tes  of l i quefac t i on dama ge . Severa l o bserva t i on s  a nd mea s urements 
of pa rt i c u l a r  i n terest  were  made  d ur i ng th i s  s tudy ; these  i nc l ude the 
fo l l owi ng :  The vol umes of sand and water i n  a sand bo i l  wh i c h  erupted i ns i de 
a house  were mea sured . Mea surement of the surface s l ope of one of the 
osc i l l a t i ng fa i l u re bl oc ks  i nd i cated that i ts fi na l mot i on wa s actua l l y  i n  
t he ups l ope d i rect i on .  One sma l l bu i l d i n g  wa s  tota l l y  undermi ned by a l arge 
sand bo i l .  The effec t of  a M 6 . 0 a fter s hoc k on  the wa ter ta bl e i n  a l i que­
f i a b l e  sa nd was mea sured d i rec tl y .  Sampl e s  for determi na t i on of i n  s i tu 
den s i ty of l i quef i ed ma ter i a l s  were obta i ned from bel ow the water ta bl e a t  
two s i tes . 
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4 .  Exami na t i on of l and sl i des i n  mounta i nous  area s around Sa n Juan  revea l ed 
that s ha l l ow roc kfa l l s  and roc ks l ides  were the most common types of  s l ope 
fa i l ures . Most  of these occurred on  s l opes grea ter than  45°  i n  dry ma ter i o ; s .  
The roc kfa l l s  depo s i ted bou l ders on ta l u s s l opes wh i c h  had been bu i � t  up  over 
l ong per i ods  of t i me .  Ma ny ta l us s l opes were res t i ng at  thei r ang l es of 
repose , a nd renewed movement  cou l d ea s i l y  be tr i ggered by future earthqua kes . 
The reg i on of grea test  l and s l i de  concentra t i on wa s some d i sta nce  awcty from 
the epi center even thoug h the ep i center wa s i n  a mounta i nous  a rea . 

Reports 

Keefer , D. K . , 1 977 , Earthfl ows at  Dav i l l a H i l l , Al ameda County ,  Ca -j i forn i a : 
As soc i a t i o n  of Eng i neer i ng Geo l ogi sts Abstrac ts wi th  Programs , 20th 
Annual  Meeti ng , p .  2 9 .  

1 977 , A mode l  for earthfl ow : Geo l o g i ca l  Soc i ety of  Ameri ca  Abstrac ts -----:-
wi th Programs , v .  9 ,  no . 7 ,  p .  1 045- 1 046 .  

Keefer , D .  K . , a nd Youd , T .  L . , 1 978 , Damage due  to l i quefac t i on i n  the 
November 23 , 1 97 7 , earthqua ke i n  Sa n Juan , Argen ti na [a bs . ] : Sei smo­
l og i ca l  Soc i ety of Amer ica Program , 7 3rd Annua l Meet i ng .  
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I n terac t i on s Between Ground Mo t ion  and Ground Fa i l ure 

I nvest i ga t i ons  

8- 9550- 01 628 

Raymond C .  W i l son 
Bra nc h of E ng i neer i ng Geol ogy 

U . S .  Geol og i ca l  Survey 
345 Mi dd l -fi el d Road  
Men l o  Par k ,  CA  94025 

(4 1 5 )  323-2 967 

1 .  Stud i ed correl a t i on between sei smi c " s ha k i ng i nten s i ty" a nd the onset  
of  yround fa i l ure . 

2 .  Devel oped c omputer software for numer i ca l  s imul a t i on o f  the dynami c 
behav i or of earthq ua ke- i nduc ed l andsl ides . 

3 .  Cont i nued i nvest i ga t i on of the phys i ca l  ba s i s  for se i sm i c  i ntens i ty a nd de­
vel oped a nonl i near i ns trumental  i ntens i ty sca l e .  

Resu l ts  

1 .  F i el d  i nves t i ga t i on s  after the 1 97 6  Gua tema l a  ea rthqua ke (M 7 . 5 ) i nd i ­
cate that the onset o f  earthqua ke- i nduc ed ground fa i l ures , e i ther l i quefac­
t i on or l and s l i d i ng ,  occ urs a t  a muc h l ower s ha k i ng i ntens i ty t ha n  desc ri bed 
i n  the Mod i f i ed Merca l l i  I ntens i ty (MMI ) sca l e .  Accord i ng to both the 1 931  
and 1 956  ver s i ons  of the MM I scal e ,  s i g n i f i ca nt ground fa i l ures do no t occur  
unl e s s  t he s ha k i ng i ntens i ty equa l s or exceed s MMI I X .  E st ima tes  of s ha k i ng 
i n tens i ty from the 1 97 6  Gua tema l a  earthqua ke were ba sed pr i mar i l y  on o bser­
va t i on s  of structural damage ,  espec i a l l y  to adobe dwel l i ng s . An a ttempt 
was a l so made  to separate sha k i ng damage from damage resul t i ng from ground 
fa i l ures i n  the founda t i on .  Accord i ng to the 1 956  vers i on of the MMI sca l e ,  
damage to adobe s truc tures beg i ns a t  MMI V I , ser i ou s  damage occurs a t  MMI 
V I I ,  and col l a pse  beg i ns a t  MMI V I I I .  Wh i l e  adobe s tructures were destroyed 
or ser i ou s l y  damaged over a w ide  area duri ng th i s earthqua ke ( Esp i noza , 
1 97 6 ) , there were a number of l oca l i t i es wi th s evere ground fa i l u res , 
e i ther l i quefac t i on- i nduced l atera l spread s or s l ope fa i l u res on s teep pum ice  
s l opes , yet rel a t i ve l y  l i ttl e s ha k i ng damage to  nearby adobe struc tures . 
I t  appears , therefore , tha t  se i sm i c - i nd uced ground fa i l ures may occ ur a t  
s ha k i ng i nten s i t i es  o f  MMI V I , a nd perhaps  a s  l ow a s  MMI V .  

2 .  The devel opmen t  of c ompu ter software for numer ica l  s i mu l a t i on of the 
dynam i c s  of s e i sm i c - i nd uced l a nd s l i d es conti nued wi th  the tran sfer a nd 
adapta t i on of a number of programs from the HP 98 l 5A programma bl e ca l c u l a ­
tor to the USGS Mu l t i c s  compu ter . The fol l owi ng programs have been 
wr i tten and tested : ( a ) se i smi c  response  ( accel erat i on ,  vel oc i ty ,  a nd/or 
d i sp l a cement ) of a v i sco-e l a s t i c  o sc i l l a tor ( se i smo scope ) to an accel era t i on 
t ime ser i es  i nput ( strong mot i on  record ) ; ( b ) cal c u l a t i on of the Ar i a s 
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intens i ty ( an  i ntegra t ion  of the square of the acce l era t i on s  i n  a s trong­
mot i on record ) ; (c ) adapta t i ons  of ex i st i ng s l ope s tab i l i ty a na l ys i s  pro­
grams ;  and (d ) a new a l gori thm for the d i sp l acement of l ands l i d e  b l oc ks by 
strong se i sm i c s ha ki ng by the method of Newmar k  ( 1 956 ) . A " reperto i re "  of 
strong mot i on se i sm i c  records i s  a l so be i ng comp i l ed ,  pr imar i l y from the 
recent Ca l i forn i a  ear thqua kes . The obj ec t i v e  for d evel opi n g  t h i s softwa re 
'i s to be a bl e ,  g i ven the appropr i d te s l ope sta b i l i ty i nfo rmat ion  and a 
des i gn earthqua ke , to ca l cu l ate the expec ted down s l ope d i sp l acement ( i f  
any ) of a n  ex i st i ng l and s l i de ma s s  or potent i a l l y  unsta bl e s l ope . 

3 . A number of sc hemes for i nstrumenta l measurement  of se i smi c  i ntens i ty 
wa s ana l yzed us i ng numer ica l  s i mul at i on tec hn i ques . One type of i n stru­
menta l i ntens i ty mea surement i s  based on the pea k response of a se i smoscope 
(a v i scous-damped pendul um ) to s trong se i smi c  ground moti on . Numer i ca l  
stud i es o f  the response  o f  damped pendu l ums  wi th  var i ou s  res pon se per i ods 
us i ng accel era t i on record s  from several  Ca l i forn i a  ear thqua kes i nd i ca te 
that  the pea k d i s p l acement of  s hort- per i od se i smoscopes appears to correl a te 
wi th pea k acc el era t i on ,  wh i l e  l onger per i od s e i smoscopes are more sens i -
ti ve to pea k part i c l e  vel oc i ty .  However , i t  wa s a l so found tha t s e i smo scope 
res ponse i s  not a rel i a b l e pred i c tor of e i ther ground fa i l ure or damage to 
struc tures . One rea son  for th i s d i screpa ncy may be that  l i near i n s tr uments  
suc h a s  s e i smoscopes or acce l erogra ph s do not refl ec t the  nonl i near  effec ts 
of mec ha n i ca l  damage . Thus , a s tudy wa s begu n  to deve l op an i n tens i ty 
sca l e  ba sed on " damage"  ( i rrevers i bl e  wor k ) to s impl e nonl i near mec ha n i ca l  
systems . A numer i ca l  mode l  wh i c h  ca l c u l ates the d i sp l acement o f  a fr i c t i on 
bl oc k by acce l era ti ons  appl i ed to the ba se may form the ba s i s  for a non l i near 
i ns trumenta l  i ntens i ty scal e .  Thi s new i nten s i ty sca l e may s how a h i g her 
correl a t i on wi th se i sm i c - i nduced ground fa i l ure tha n  e i ther Mod i fi ed 
Merca l l i I ntens i ty or exi s t i n g  l i near i n s trumenta l  i ntens i ty sca l e s . 

Reports 

Wi l son , R. C . , 1 977 , The effec t of  sca l e on se i sm i c - i nd uced l a nd s l i des : 
Assoc ia ti on of E ng i neer i ng Geol og i sts  Abstrac ts  wi th Programs � 20th 
Annua l Meet i ng .  

Wi l son , R .  C . , Warr ic k ,  R .  E . , a nd Bennett , M .  J . , Sei smi c  vel oc i t i es of 
the San Franc i sc o  Bays hore sed i ments : Amer i ca n  Soc i ety of C i v i l 
Eng i neers , Geotec hn i ca l  Eng i neer i ng Di v i s i on Spec i a l ty Conferente 
on Earthqua ke Eng i neer i ng a nd So i l  Dynami c s , June 1 978 , Proc . ( i n  
pres s ) . 
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Exper i menta l  Ma pp i ng of L i quefact ion Potent ia l  

8- 9550-01 629 

T .  Les l i e  Youd 
Branc h of  Eng i neer i ng  Geo l ogy 

u . s .  Geol og i ca l  Survey 
345 M idd l efi e l d Road 
Menl o Pa rk , CA 94025 

( 41 5 ) 854- 7 1 1 7  

H . B . 2 .  

1 .  Cont i nued researc h on tec hn i q ues  for ma ppi ng  se i smi ca l l y  i nduc ed l i que­
fac t i on potent i a l . 

2 .  Began work  on  two p i l ot proj ects to comp i l e  l i quefac t i on potent ia l  ma ps . 
One proj ec t i s  i n  the Sa n Fernando Va l l ey ,  Ca l i forn i a , and i s  be i ng conducted 
i n  cooperat i on wi th  John Ti n s l ey ,  Bra nc h of Wes tern Envi ronmenta l Geo l ogy .  
The other proj ect i s  i n  the Sa n J ua n , Puerto Ri co , metropol i tan  area and i s  
be i ng conduc ted i n  cooperat i on wi th  Watson Monroe , Branc h  o f  Ea s tern Envi ron­
menta l  Geol ogy . 

3 .  Conduc ted a f i e l d i nves t i gat i on of l i quefac t i on effec ts i n  the San J ua n , 
Argent i na ,  area fol l ow i ng  the November 23 , 1 97 7 , ma gn i tude  7 . 3  earthqua ke that 
struc k tha t area . 

Res ul ts ----

I n  coopera t i on wi th  D .  K .  Keefer , Eng i neer i ng Geo l ogy Branc h ,  i nvest i ga­
t i ons  were made fo l l ow i ng  the  November 23 , 1 97 7 , San  J ua n , Argent i na , earth­
qua ke . These i nvest i gat i ons revea l ed that l i quefac t ion  occurred ra ther 
extens i ve ly  over an a rea of a bout 6000 km2 a nd wa s a major  cause  of property 
damage dur i ng tha t  earthqua ke . F i ve s pec i f i c  s i tes  of l i quefac ti on- i nd uced 
damage were i nvesti gated i n  some deta i l  i nc l ud i ng a uger i n g  expl o ratory ho l es 
to sampl e so i l s  beneath  these s i tes . The i nvesti ga ti ons  revea l ed that a t  two 
s i tes  bl ocks  of  re l at i vel y st i ff s urface mater i a l s ,  a s  wi de as  200 m a nd th i c ker 
than 6 m, detac hed from the s urround i ng soi l a nd r i d i ng on a l i quefi ed l ayer , 
osc i l l ated bac k and  forth i n  a hor i zontal d i rec t i on rel ati ve to the underlyi ng  
and surround i n g  so i l . Th i s act i on caused cons i dera bl e damage and effec ts such  
a s  sand bo i l s  to  be  concentra ted at  the marg i n s  of the  bl oc ks .  At  the  other 
three s i tes l i quefact i on l ed to l os s  of s trength a nd bear i ng capac i ty i n  so i l s 
supporti ng bu i l d i ngs  a nd tan ks . Severa l of  these bu i l d i ng s  a nd ta n ks settl ed 
and ti pped , wh i l e  others s uffered severe d i fferenti a l  settl ements . At one 
s i te ,  water vent i n g  to the s urface , to rel i eve s ubsurface  pore-wa ter pressures 
a ssoc i ated wi th  the l i quefac t i on ,  found pa ths  a l ong  wel l cas i ngs  a t  two l oca­
t i ons . The fl owi ng  wa ter eroded l arge cav i t i es beneath a pump a nd a pump 
house struc ture , res pecti vel y ,  at the tops of the cas i ngs . Those two structures 
then t i l ted a nd fe l l i nto the open ca v i t i es . 
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Reports 

Keefer , D. K . , a nd Youd , T. L . , 1 978 , Damage due to l i quefac ti on  i n  the 
November 23 , 1 977 , earthqua ke in Sa n Juan , Argent i na [a bs . ] : Se i smol og i ­
cal  Soc i ety of  Amer i ca Program , 7 3rd Annual  Meet i ng .  

Youd , T .  L . , 1 978 , Maj or cause of earthqua ke damage i s  ground fa i l u�e : C i v i l  
Eng i neer i ng , v .  48 , no . 4 ,  p .  47- 51 . 

Youd , T .  L . , and Hoose , S .  N . , 1 978 , H i stor i c  ground fa i l u res i n  northern 
Cal i forn i a  a ssoc i ated wi th earthqua kes : u . S .  Geol og i ca l  Survey 
Profess i ona l Pa per 993 , 1 74 p .  

Youd , T .  L . , and Per k i ns ,  D .  M . , 1 978 , Ma ppi ng of l i quefac t i on- i nduced ground 
fa i l ure potenti a l : Journal of  the Geotec hn i ca l  D i v i s i on ,  Amer i can  
Soc i ety of C i v i l  Eng i neers , v .  1 04 ,  no . GT4 ( i n  pres s ) . 

1 978 , A new techn i que for proba bi l i st i c  ma pp i ng of earthqua ke l i que-----� 
fact i on potent i a l  [a bs . ] : Earthqua ke Notes , v .  4 9 ,  no . 1 ,  p .  47-48 . 

Youd , T .  L . , Yer kes , R .  F . , a nd C l ar k ,  M .  M . , 1 978 , San Fernando fa u l t i ng 
damage , and i ts effect on l a nd use : Amer ican  Soc i ety of C i v i l Eng i neers , 
Geotec hn i ca l  Eng i neer i ng D i v i s i on Spec ia l ty Conference on Earthqua ke 
Engi neer i ng and So i l  Dynam ics , June 1 978 , Proc . ( i n  pres s ) . 
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Sta t i st i ca l Ana lys i s  and Geometry of Surface Fau l ti ng 

I nves t i ga t i o ns 

8-9940-02086 

t� . G .  Bo n i 1 1  a 
Branch  of Ground Mot i on a nd Fau l ti ng 

U .  S. Geo l og i ca l  Survey 
345 Mi ddl ef i e l d Road  
Men l o Par k , CA  94025 

( 41 5 ) 323-8 1 1 1  

H . B . 3 .  

1 .  Compi l a t i on a nd eva l uati on of data re l a t i ng to h i s tori c surface fau l ti ng 
( �1 . G . Bon i 1 1  a ) . 

2 .  Sta t i s ti ca l  ana lys is  of the rel a t i ons  among surface fau l t l eng th , d i s p l ace­
ment , ea rthquake  " s i zell and other parameters ( R .  K . Mark ) . 

3 .  Charac ter i za t i on of the s ta ti s t i ca l  vari ati on i n  d i sp l acement and s u rface 
wi d th a l ong ma i n  fau l ts ( R .  K .  Mark , E . B .  Newman , M .  G .  Bon i l l a ) . 

4 .  S ta ti s t i c a l  c harac teri zati on of the pos i ti on and s i ze of s u bs i d i ary fa u l ts 
wi th res pec t to the ma i n fa u l ts ( R .  K .  Mark , E .  B . Newman ,  M .  G .  Bon i l l a ) . 

Resu l ts 

1 .  Compa red map s , measurements ,  and descr i pti ons  from two repor ts on the 1 957 
Gob i -Al ta i earthquake a nd sel ec ted data j udged to be most rel i ab l e .  

2 . Rev i ewed da ta on h i stor i c  fau l ti ng a nd a s s i gned q u a l i ty es t i ma tes to l eng th 
and d i s pl acement f i gures .  U se of med i um- to h i g h- qu a l i ty data ra ther than a l l 
data res u l ted i n  subs tanti a l l y h i g her corre l ati on coeffi c i en ts i n  reg ress i ons  
of  magn i tude o n  l en g th and di sp l acemen t .  

3 .  Began  e s t i m� t i �g pos s i bl e range  i n  l eng th s  of h i s tor i c fa u l ts u s i ng �ar i ous  
publ i s hed descr l ptl ons , aftershoc k pattern s � a nd geodet i c da ta where ava, l abl e .  

4 .  Began  compa r i son of ma gn i tude de termi na t i o n s  mad e  by vari ou s observa tor i es  
i n  order to  e s t i ma te vari ance i n  repo rted ma gn i tudes . 

5 .  Des i gned p l a n  to d i g i ti ze data on A ) d i sp l acemen t , wi d th , and a z i mu th of 
ma i n  fa u l t as re l a ted to pos i t i on a l ong fau l t ,  a nd B ) d i s p l acemen t a nd ang l e 
of s ubs i d i ary fa u l ts wi th respec t  to pos i ti on and ori entati on  of the ma i n  fa u l t .  

6 .  Deve l oped compu ter programs to enter and chec k th i s  da ta , a nd to a na l yze 
a nd d i s p l ay comp i l a t i ons . 

7 .  Work  i s  a l mos t compl ete on d i g i ti zi ng the 1 97 5  Gobi -Al ta i and 1 968 Coyote 
Creek fau l ts . 

8 .  Bega n rev i ew of t h e  sta t i s ti ca l  prob l ems a s soc i a ted wi th  reg re s s i on ana l y s i s 
of data tha t has  both measurement error a nd s toc ha s t i c var i a ti on . 
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9 .  Deve l o ped compu ter program to en ter earthquake magn i tude , fau l t l ength and 
d i sp l acement da ta , and to perform regres s i on anal yses of i t .  

1 0 .  Began pre l im i nary reg res s i on anal yses o f  prel im i nary data . 

Reports 

Ma rk , R. K . , i n  press , I ncompl ete formu l a t i ons of the regress i on of earthq�a ke 
magni tude  wi th surface fau l t rupture l ength- -Comment : Geo l ogy , i n  press . 
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I n ves t i g a t i ons 

Se i smo l og i c a l  F i e l d  I nv e s t i g a ti on s 

8- 9950 - 0 1 5 3 9  

C .  J .  L a n g e r  
B r a n c h  of Earth q u a k e Te cton i c s a n d  R i s k  

U .  S .  Ge o l og i c a l  Su rvey 
De n v e r  Fed e r a l  Cen te r , MS 966 

De nve r , CO 80225 
( 303 ) 2 34- 509 1 

H . B . 4 .  

1 .  G u a tema l a  afte rs h o c k  s tu dy - - comp l e ted ana l ys i s  of afte rs h o c k s  d u r i n g  the 
t i me i n te rva l Fe b r u a ry 9- 1 7 ,  1 9 7 7 , a t  the we s te rn end of the Mo ta g u a  fa u l t 
sys tem . 

2 .  G u a tema l a  afte rs h o c k  s tu dy ,  fo l l owu p- - c o n t i n ued l oc a t i on a n d  a n a l ys i s o f  
hypocente rs du ri n g  the t i me i n te rv a l  Apri l 20-May 2 0 , 1 9 7 7 , s o u th of t h e  
Mota g u a  fau l t b e tween the eas te rn b o u n d a ry of the G u a tema l a  C i ty g ra ben and 
Ch i ma l te n a n g o . 

3 .  Pe ru a f te rs h o c k  s tu dy- - co n t i nued a n a l y s i s  o f  d a ta w i th emph a s i s  on fo ca l 
me c h a n i s m s o l u t i o n s , s pace- t i me v a r i a t i o n s , a n d  re l oc a t i on of te l e s e i smi c a l l y  
l oc a ted afte rs h o c k s  wh i c h h a d n o  reg i o n a l  control . 

4 .  U i n t a  Ba s i n ,  U ta h , a fte rs hoc k s tu dy- - de ta i l e d i n ve s ti g a ti on of the a f te r ­
s h ocks  of t h e  ma g n i tude - 5 . 1 ( M L ) e a rth q u a k e of September 30 , 1 9 7 7 , a p prox i ­
ma te l y  3 5  km n o r th - no rthwe s t  of Du c h e s ne , U t a h . 

5 .  Argen t i na a f te rs h oc k s tu dy- - re g i o na l i n ve s t i g a t i on of the a fte rs h oc ks of 
the ma gn i t u d e - 7 . 1 ( MS ) we s te rn Arg en t i n a  e a r th q u a ke of Novem be r 2 3 , 1 9 7 7 , 
a pproxi mate l y  90 km n orthe a s t  of San J u a n . 

Re s u l ts 

1 .  Compos i te foca l mec ha n i sm s o l u ti on s  for the Te cpan a n d  C h i ma l ten a n g o 
l i neaments  a n d  the M i x c o  fa u l t sys tem i n  G u a tema l a we re re compu ted u s i n g 
a d d i t i ona l d a t a . There we re v i rtu a l l y  n o  ch anges from the e a r l i e r s o l u t i on s , 
i . e . , N E - SW n o rma l f au l t i n g .  Therefore , the p re v i o u s  conc l u s i on s  rema i n 
u n c h a n g ed , t h a t  i s ,  the  o b s e rved s p l ay i n g  p a ttern of afte rs h o c k  e p i cen ters 
away from the wes te rn e n d  of the Mota g u a  fa u l t  and the n o rma l fa u l ti ng mode of 
these s p l ay e a rt hq u a ke s  may be e x p l a "i ne d  by a th eore t i c a l  pa ttern of ten s i l e  
f ra c t u ri n g  a t  the te rm i n u s  of a s t ri ke - s l i p  fa u l t . 

2 .  A d e ta i l ed i nv es ti g a t i o n  of t h e  s e i s m i c i ty a l on g  the Ch i ma l ten a n g o  l i n e a ­
men t a n d  t h e  M i x c o  fa u l t sys tem wa s cond u c ted d u r i n g  Ap ri l a n d  May 1 9 7 7 , 
a p prox i ma te l y  1 5  mon th s fo l l ow i n g  the ma i n  s h o c k  of Fe b r u a ry 4 ,  1 9 76 . The 
g e ne ra l p a ttern o f  s e i s m i c a c t i v i ty i n fe rred by more th a n  1 00 e p i c e n t ra l 
l oc a t i ons i s  c o n s i s te n t  wi th the re s u l ts obta i ne d  from the a fters h o c k  s t u dy .  

3 .  Afte rs h o c k s  o f  M�d� 3 . 6 res u l t i n g  from the October 3 ,  1 97 4 , Peru earthq u a ke 
( MS = 7 . 8 ) d e f i ne a I T  - s h a ped zone of a p p rox i ma te l y 1 0 , 000 km2 ( 1 0 1 4 cm2 ) ,  
i mp l y i n g  a n  e q u i va l e n t  m a i n s h oc k ma g n i t u de of M S= 7 . 7  ( U ts u re l a t i on s h i p : 
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1 0g 1 0 A=MS+6 . 3 ) . A recompu ted compos i te foca l mechan i sm sol ut i on for aftershocks 
i n  tne v i ci n i ty of Ch i l ca and oceanward to the southwest  i nd i cates a s trong 
component of r i ght- l atera l  stri ke- s l i p  moti on a l ong a northeas t- trend i ng noda l 
p l ane . Th i s  i mp l i es that a more compl ex ruptu re process was operat i ve than 
what was prev i ous ly  reported ( pr i mari l y  underthrust  moti on ) . 

4 .  The magn i tude- 5 . 1 ( ML , NE l S ) U i nta Bas i n ,  Utah , earthquake of September' 
30 , 1 977 , occu rred near  the boundary between the southern fl ank of the U i nta 
Mounta i ns and the U i nta Bas i n .  Aftershock data were recorded by a 1 2 ·- sta ti on 
sei smograph network wh i ch s urrounded the sou rce area . The fi na l  network 
confi gurati on was approx i mate ly  rectangu l ar wi th s tat i ons spaced at abou t 5 - km 
i nterva l s .  Spati a l  d i s tri buti on of the aftershock epi centers i nd i cdte a very 
sma l l bu t dense  zone of acti v i ty about 5 km i n  l ength ( NE-SW ) and 4 km wi de . 
Hypocenters are genera l ly  conf i ned between 4 and 8 km i n  depth and have an 
apparent d i p to the northeas t .  The ma i n  s hock foca l  mechani sm sol ut i on i nd i ­
cates norma l fau l t i ng a l ong  north-northwes t stri ki ng noda l p l anes and i s  
s upported by a compos i te foca l mechan i sm so l uti on of the 1 0  l arges t afte r­
shocks . 

5 .  Aftershocks of the magn i tude-7 . 1  ( MS ) western Argent i na earthqua ke of 
November 2 3 , 1 977 , occurred over a broad reg i on extend i ng between about 
l a t .  29 . 5 ° - 3 1 . 3 ° S .  and l ong . 67 . 5 ° -68 . 0 ° W .  Prel i mi nary l ocati ons deter­
mi ned by a n i ne-s tat i on reg i ona l  a fters hock network , i nd i cate that the 
maj ori ty of se i smi c acti v i ty was pri mari ly  conf i ned to the eas tern ha 'i f of 
the Si erra P i e de Pa l o .  Depths range from about 1 5  to 40 km . 

Reports 

Langer , C .  J . , and  Bol l i nger , G .  A . , 1 978 , Aftershocks and secondary fau l ti ng 
associ ated wi th the 4 February 1 976 Gua tema l a n earthquake ( abs .. ) � Earth ­
quake Notes , v .  49 , no . 1 ,  p .  39 . 

Langer , C .  J . , and Spence , W . , 1 978 , A s tudy of aftershocks of the October 3 ,  
1 974 , Peru ea rthquake ( abs . ) : Earthquake Notes , v .  49 , no . 1 ,  p .  54 . 

Carver , D . , Lange r ,  D .  J . , R i ch i ns , W .  D . , and  Henri sey , R . , 1 978 , Afters hocks 
of the U i nta Bas i n ,  U tah , earthquakes ( abs . ) : Earthqua ke Notes , v .  49 , 
no . 1 ,  p .  4 1 . 

Spence , W . , and  Langer , C .  J . , 1 978 , A noteab l e space-ti me d i stri buti on for 
the 1 974 Peru aftershocks ( abs . ) : Earthquake Notes , v .  49 , no . 1 ,  p .  53 . 

Al germi ssen , S .  T . , Cas tano , J .  C . , Langer , C .  J . , Hard i ng ,  S .  T . ,  and Bucknam , 
R .  C . , 1 9 78 , A prel i mi nary report on the Wes tern Argenti na earthquake of 
November 2 3 , 1 97 7  ( abs . ) : Earthquake Notes , v .  49 , no . � ,  p .  40 . 

Langer , C .  J . , and Bol l i nger , G .  A .  ( i n  press ) , Secondary fa u l ti ng at  the 
termi nus of a se i smogen i c s tri ke- s l i p  fau l t :  AFtershocks of the 1 976 
Guatema l a  earthquake : Se i smo 1 . Soc . Ameri ca  Bu l l .  

Langer , C .  J . , Bo l l i nger , G .  A . , and  Henri sey , R .  F . , 1 978 , Rep l i ca s  y fa 1 l ami ento 
secundari o asoc i ado con e l  terremoto Guatema l teco de 4 de Febrero de 1 976 , 
i n  the Proceed i ngs  of the I nternat i ona l  Sympos i um on the February 4th , 1 976 , 
Guatema l an Earthquake and the Reconstruct i on Pl�ocess ,  Gua tema l a  Ci ty ,  
Gua tema l a .  
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Re l a ti ons between G ro u n d  Mo t i on , Lo s s es , a n d  Dama ge 
i n  Stru c tu res Su bj e cted to Earthq u a kes 

8- 9950- 0 1 7 40 

R .  Hus i d  
Branc h of Ea r th q u a ke Te cton i cs and R i s k  

U .  S .  Ge o l og i c a l  Su rvey 
De nver Fe dera l Cen te r , M S  966 

Denv e r , CO 802 2 5  
( 30 3 ) 2 3 4 - 2833 

1 .  A d amage r a t i o s tu dy of ea rthq u a ke re l a ted damage i n  G u a tema l a  C i ty a n d  
v i c i n i ty was  pe rformed . Dama ge ra t i o i s  def i n ed a s  th e cos t o f  re pa i r d i v i ded 
by the re p l a ceme n t  cos t .  

2 .  Th e ma thema t i c a l  formu l a t i o n , s e l e c t i o n  of p r i n c i p a l  d i mens i on l es s  
p a rame ters a nd c omputer p ro g rams for the s tudy o f  the col l a p s e  o f  n o n - l i ne a r  
s t r u c t u re s  s u bj e cted t o  e a rthq u a ke e x c i t a t i o n  h a ve bee n p re pa red . P l o t t i n g  
r o u t i nes  h a ve to be deve l o ped . Al l t h e  p ro g rams a re be i ng mod i f i ed i n  order 
to use the P DPl l comp u te r .  

3 .  A d e t a i l ed a n a l ys i s o f  the e a rthq u a kes cons i dered a s  i n p u t  w i l l  b e  made , 
c o n s i de r i ng not on l y  t h e  tota l d u ra t i on of the acce l erog ram , bu t a l s o  the 
d i ffe r e n t  p h a s es of g round mot i on , f req u e n cy c on te n t  of th e rec o rd i n g s , a n d  
h ow the l ev e l  o f  g round mo t i o n v a r i es a s  a f u n c t i o n  of ti me .  T h e  corre s pond i ng 
compu te r  p rog rams h a ve a l ready been comp l e te d . 

4 .  Us i n g dyn am i c c h a r a c te r i s ti c s  ( T )  t h a t  were expe r i men t a l l y dete rm i ned , an  
a n a l ys i s  of c o r re l ati ons  and reg res s i on s  wa s pe rformed . 

5 . Pa rt i c i p a te d  i n  the U SG S  c omm i t tee w h i c h  s tu d i es pos s i b i l i ti es of c h a nges 
o f  the MM I w h o s e  c h a i rma n i s  Ted A l g e rmi s s e n . 

Res u l ts 

1 .  The types o f  cons truct i o n fou nd i n  G u a tema l a C i ty a n d  v i c i n i ty a re adobe , 
b a j a req ue ( i t  c o n s i s ts o f  a wood frame covered wi th l a th ,  the  wal l s pace be i n g 
f i l l ed w i th mud , a n d  p l a s te red ) , wood , u n re i n fo rc ed a n d  re i n forced ma s o n ry , 
re i n fo rced c o n c rete , a n d  s tee l . The re was s ev e re d amage to adobe and u n re i n ­
f o rced m a s o n ry h ou s e s  a n d  s ome rei n f orced conc rete a n d  s te e l  s tr u c t u re s  com­
p l e te l y  c o l l a p s ed . 

2 .  F o r  e a c h  m u n i c i pa l zone of G u a tema l a C i ty ,  i n forma t i on a bou t the n umbe r 
o f  dwe l l i n g s  t h a t  s u s t a i ned d ama ge was o b ta i ned fo r t h ree c l a s s e s  of bu i l d i ng 
o n  the b a s i s  o f  c on s tru c t i on materi a l . Mo s t  of th e s e v e re l os s e s  t h a t  o c c u r red 
i n  G u a tema l a  C i ty we re d u e  to h e a vy dama g e  to adobe bu i l d i ng s . 

3 .  I n forma t i on to c a l cu l a te damage ra ti os was o b t a i ned from l oc a l  en g i neee rs 
w h o  p rov i ded the cos t of re p a i r  a s  a perce n t  o f  to ta l re p l aceme n t  cos t for 
b u i l d i ng s  of v a r i o u s  c l a s s e s  i n  G u a tema l a  C i ty .  
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4 .  S i gn i f i cant di fferences between the damage rati os and t.he  mapped i ntens i ­
t i es were found . The i ntens i ty map appears to be rather genera l i zed i n  i ts 
representati on of damage and i s ,  i n  s ome cases , i n  conf l i ct. wi th the damage­
rati o map . As an exampl e ,  zone 1 was as s i gned predomi nantl y i ntens i ty V I I ,  and 
zone 2 ,  predomi nant ly  i n tens i ty V I I I .  The damage- rati o dat.a y i e l d a l arger 
number of adobe bu i l d i ng s  wi th damage rati os g reater than 0 . 80 i n  2 0ne 1 than 
i n  zone 2 .  One reas on for the observed d i fferences i n  the e sti mated damage 
u s i ng the i ntens i ty ma p and the map based on damage rati os may be t he manner 
i n  wh i ch the two maps were prepared . The i ntens i ty map i s  based or. data 
from ques ti onnai res compi l ed from i nterv i ews wi th a l arge n umber of peop l e  
a nd thus represents s ome wei ghted average of the res u l ts  of these ques ti on­
nai res . Mos t  of the ques ti onnai res were the resul t of i ntervi ews wi th peopl e 
who wou l d not ord i nari ly be cons i dered to be s k i l l ed observers of earthquake 
damage . The deta i l ed damage s u rvey and the res u l t i ng damage rati os are based 
on  the author ' s  s tudy of the damage and , therefore , i f  b i ased , probab ly  are 
b i ased i n  a systemati c way . 

5 .  The res u l ts of th i s i nves ti gati on c l ear ly  s how that i n  urban areas 
parti cu l ar ly ,  where s i gn i f i cant bu i l d i ng damage occurs , i ntens i ti es s hou l d be 
carefu l ly  as s i gned on the bas i s  of the bes t  damage- survey i nformati on avai l ab l e .  
Es t i mati on of damage rati os for i ndi v i dua l  bu i l d i ng s  i s  recommended when t ime 
a nd personne l for the tas k are ava i l ab l e ,  because i nformati on of th i s  type 
greatly  i mproves the data base for the determi nati on of damage versus  i n tens i ty­
of-ground-shak i ng re l ati ons used i n  earthquake- l os s  s tud i es . 

Reports 

Hus i d , R . , Es p i nosa , A .  F . , and de l as Casas , J . , 1 977 , The Li ma earthquake 
of October 3 ,  1 974 : Damage d i s tri buti on :  Se i smo l . Soc . Ameri ca Bu l l . , 
v .  67 , no . 5 ,  p .  1 441 - 1 472 . 

Es p i nosa , A .  F . , Hus i d , R . , Al germi s sen , S .  T . , and de l as Casas , J . , 1 977 , 
The L i ma earthquake of October 3 ,  1 974 : I ntens i ty di s tri buti on : 
Se i smol . Soc .  Ameri ca Bu l l . ,  v .  6 7 , no . 5 , p .  1 429- 1 439 . 

Hus i d ,  R . , Es p i nosa , A .  F . , and As turi as , J . , 1 977 , Probl ems of the Modi fi ed 
Merca l l i  i ntens i ty s ca l e from the eng i neeri ng poi nt  of v i ew :  Sei smo l . 
Soc . Ameri ca , Eas tern Sec . , Ann . Mtg . , 49th , October 1 977 , Abs tracts 
Pub . , p .  1 5 .  

Es p i nosa , A .  F . , Hus i d , R . , Quesada , A . , As turi as , J . , and Bon i s ,  � . , 1 977 , 
Some i ncons i s tenc i es of the Mod i f i ed Merca l l i  i ntens i ty s ca l e :  A case 
s tudy :  Se i smo l . Soc . Ameri ca , Eas tern Sec . , Ann . Mtg . , 49th , October 
1 97 7 , Abs tracts Pub . , p .  1 1 .  

Hus i d , R . , and Ari as , J . , Damage i n  Guatema l a  Ci ty and v i c i ni ty due to the 
February 4 ,  1 97 6 , earthquake : to be pu b l i s hed i n  the Proc . of the I nt l . 
Sympos i um on the February 4 ,  1 976 , Guatema l an earthquake , May 1 978 ( i n  
pres s ) . 
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P . A . l . 

To invest igate relat ions among heat flow at the earth ' s  surface , 
the thermal regime of the l ithosphere , and the energet ics of 
t ectonic processes including thos e  that generate earthquakes . 
Our field and l aboratory activit ies are directed primari ly 
toward determing heat flow in tectonica l ly act ive portions of 
the Uni ted States . 

Investigations 

Danvi l l e , Ca l i fornia - A heat - flo\.; hole was dri l l ed near Danvi lle 
In the center of the reg ion where earthquake swarms were stud i ed 
by Weaver and Hi l l . 

San Andreas Faul t ,  Palmdale , Cal i fornia - Thermal measurement s  
were made In a l Ine of holes drIlled for s tres s measurements 
by ��rk Zoback ' s  group near the San Andreas faul t east of 
Palmdal e .  

Hoj ave Block - Fo l low-up measurements of temperature were made 
in the 30+ holes dri l led for heat flow in grani t ic rocks of the 
Moj ave b lock . Measurement s of thermal conduct ivity and radio ­
active heat production on samples from the ho les are cont inuing . 

Ari zona - Permits were obtained for 45+  dri l l ing s i tes in gra ­
nitic rocks in the hal f  of Ar i zona that l i es wi thin and adj acent 
to the Bas in and Range phys iographic province . Dri l l ing and 
the ini t ial temperature measurements have been comp l eted at 1 5  
s i  tes . The results are to be compared \�'i th those from the Great 
Bas in and Hoj ave Block , parts of the Bas in and Range Province wi th 
di fferent tectonic hi stories . 

Interpret ive Studies - A theoret ical s tudy was completed on 
convective heat transport in the l i thosphere in regions o f  
nonnal faul t ing and extens ional tectonics . The resul ts were 
app l i ed to heat - flow obs ervations in the Great Bas in of 
the western Uni ted States and to southeastern Aus tral ia . 
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Resul ts 

Danvi l le - Although a confident interpretation of these data 
IS not yet pos s ible , prel iminary results show no evidence for 
a magmat ic heat source . Such a source would be a cons equence 
of one mechanical model of the earthquake swanlL'; obse-rved at 
the s i te . 

San Andreas Faul t ,  Palmdale - Pre l iminary result s  show no s i gni ­
fIcant varIat Ion In heat flow along this l ine of holes which 
crosses the main trace at the San Andreas Fault and extends 30 km 
into the Moj ave Block . Negat ive resul ts of thi s  kind have imp l ica­
t ions for the dynamics of the San Andreas Fault system . 

�bj ave Block and Ari zona - These data are being reduced and 
Interpreted and we have nothing new to add to our las t -report . 

Interpretive Studies - In regions of nonna l  faul t ing and tectonic 
extens Ion , vert Ical convect ive transport of heat in the l i thosphere 
is inevitable . The resulting departure of l ithosphere temperature 
and thickness from conduction-model estimates depends upon the 
mechanical mode of extens ion and upon how rapidly extens ion is 
(and has been) taking place . The high and variable regional 

heat flow and the intense local heat discharge at volcanic 
centers in the Bas in and Range province could be accounted for 
by regional and local variat ions in extens ional strail1 rate 
without invoking anomalous conduct ive heat flow from the asthenos ­
phere . Anomalous surface heat flow typical of the province 
could be generated by distributed extens ional strain at average 
rates of about 1 / 2  to 1 %/m .  y .  (0 . 005 - 0 . 01 micTC)strain per year) . 
This is s imi lar to average strain rates that have been est imated by 
summing disp lacements on normal faults throughout the Great Bas in 
during its 1 7  m .  y. history . To account for the highe!" heat flO\,­
observed in subregions l ike the Battle Mountain High , these rates 
should be increased by a factor of about 3 ,  and for local heat los s 
at act ive b imodal volcanic centers , by an order of magnitude more . 
These thermo -mechanical cons iderat ions are cons istent wi th recent 
resul ts of Weaver and Hi l l  who deduced rapid crus tal spreading at 
the Coso Volcanic Center from studies of local seismicity . 
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Earthquake Risk Analy s i s  U s ing Numerical and S t ocha s t ic 
Mode ls o f  T ime - Dependent S tra in F i elds 
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Univers ity o f  C al if orni a , S anta C ruz 

Ap ril 24 , 19 78 

There are e s s ent ially two approaches t o  earthq uake predic t i on .  
The first i s  a s earch for precursory phenomena , whi le the s econd i s  
derived from an understanding o f  eart hquake mec han isms and their 
caus e s . The s e  two approac he s  comp lement one another : U s ing approache s  
to p redict ion s uch as mi grat ion and s ei s mi c it y  gap s , a r ough e s t imat e 
o f  the oc currence can b e  e s t ablished in order t o  direct cont inuous 
monit oring of p o s s ible precurs ors at t hat locat ion . 

S ince large earthquake s migrate along certain p la t e  bo undaries 
( De 1 s emme and Smith , 19 7 7) , it bec ome s p o s s ible to extract this 
regularity and extrapo late it int o  t he f ut ure . What i s  f orecast 
is not t he earthquake , but the regular underlying proce s s  caus ing 
the eart hquake . It is only when both t ime and space are cons idered 
that earthquake s are s een to migrate ; thus , fore cas t ing mus t be 
done in at leas t two- dimens ions , space and t ime .  T he forecas ting 
lit erature is almo s t  exc lus ive ly app l ied t o  one- dimens i ona l t emp oral 
p rob lems ( Gi lchri s t , 19 7 6 ) . T o  forecast in two- or more dimen s i ons , 
Wo ld ' s dec omp o s i t i on or the Box-J enkins ' met hod ( 1 9 7 6 )  i s  being 
modif ied to inc orporat e addi t ional spatial dep endence . 

T o  unders tand the underlying p roces s ,  three - di.mens i ona1 finit e 
element mode ls will be comp leted . S ubstructuring and out o f  core 
s olut ion me thods wi l l realize s avings in comp uter t ime and allow 
large prob lems . 
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The intent of th is project is  to examine the s tate of crustal materials in and 
near active fault zon es . We seek to de termine the magnitude and orienta tion 
of the tectonic s tres s field and to de termine the mechan ical and fluid flow 
prope rti es o f  the materials at dep th . 

Palmdal e  Upl i ft S tudies 

In- s itu s tres s has been measured in three of six wel l s  dri l le d  in the wes tern 
Mojave desert . The wel ls are all about 250 m deep and are arranged roughly 
along a N-S profile extending from a site 2 km from the San Andreas faul t  near 
Valye rmo to a s ite near Rogers Lake , 52 km from the faul t .  Analys i s  o f  the 
results so far obta ined indicates that the least horizontal compres sive 
princ ip le stress excee ds the l i thos tati c ( vertical ) s tres s , the direc tion o f  
maximum horizontal compress ion i s  approximately N150E ,  and horizontal shear 
stress increases wi th dis tance from the San Andreas . Imp l ications of these 
measurements are quit e in teres ting . The direction o f  hor izontal comp ress ion 
and large magnitude of the horizontal compress ive s tres ses suggests that 
Palmdale budge results  from horizontal compress ive s tresses . The increase in 
shear stress wi th dis tance from the fault is cons istent with predict ions o f  
thermo-me chanical models of the San Andreas faul t  zone i n  which the average 
shear s treng th o f  the faul t  is on the o rder of several hundred bars . 

Charleston Studies 

Interpreta tion o f  s tres s measurements made to depths o f  344 m in Atlantic 
Coas tal Plain Sediment s  near Charleston , South Carol ina ind icate that the 
magnitude of the leas t princ ipa l  compressive s tress is sufficiently below 
l i thostatic as to result in norma l-type fault mo tion on favorably o riented 
fault s . Because s t rat igraphic evidence suggests the ex istence of normal 
faults in the area , we interpret our results to sugges t  that normal faults in 
Coastal Pla in se diments near Char les ton are current ly active . However ,  we do 
not know i f  this process is re lated to e i ther the 1886 Char les ton earthquake 
or the current se i smic ity . 

New Madrid Studies 

Interpreta tion o f  32  km o f  24- fold se ismic reflection profiles from the 
vic i n ity of Reel foot Lake , Tennes see , is  underway . Se ismic l�e frac ti0n 
profiling indicated that the Paleozoic rocks underlay ing embayment se diment s  
are faulte d a t  the wes tern edge o f  Reelfoot Lake . The purpose of the 
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2 
reflection work was to dete rmine the detai led nature of the faul t ( s )  and 
whether or not the younger embayment sediments were also offset . Clear 
refle ctions are apparent from the Tertiary-Cretaceous and Cretaceous-Paleozoic 
contracts and vertical offsets greater than about 5 mil liseconds 
( approximately 5 m) are eas ily visible in these reflectors . The quality of 
reflections corresponding to younger sediments is  sign i ficantly po()rer . The 
results indicate the presence of a ma jor north-trending fault coincident with 
the scarp at the edge of the late plus a se t of northeast-trending faults some 
of which splay off of the ma jor faul t .  In add ition , three north-trending 
fault s  occur 3 . 5  kIn west of the scarp . All of the faults indicate that both 
Cretaceous and Paleozoic rocks are offset . On several profiles , Tertiary 
rocks are also seen to be offset .  There is approximately 55 m of relief ( east 
s ide down ) across the faults coincident with the scarp . A reflectton profile 
located 10 km to the south of the lake indicates that the major fault may 
extend at leas t that far . An interes ting aspect of the faults is that at some 
places the offset of the Cretaceous and Paleozoic re flectors is nearly the 
same , while at o ther p lac es the offset progress ively decreases with age . 
Thus , wh ile some of the faulting is clearly post-Cretaceous , some is 
apparent ly associated with pre-Cretace ous structures .  Although the dips of 
the faults cannot be clearly determined ,  the down-dropped graben-type blocks 
and the overal l pattern of faul ting seems to indicate that extensional 
tectonics was respons ible for their occurrence . 
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SUMMARY 

P . B . I .  

The work o f  monitoring seismic ity wi thin the region covered by Adak 

local network continues . Al l loca table events through 1 9 7 7  have been 

proc e s s ed , as we l l  as much of January-March , 1 97 8 . The dama ge to the ne twork 

caused by a s evere s torm in October 197 7 has reduc ed our d e tec t ion and 

location capabi l i t ies to event s  lar ger than about �2 . 5 . An at temp t  to 

res tore as much of the network as pos s ible withou t ac c e s s  to the remo t e  

s t a t ions is described i n  this r epor t . "b"-values and curren t seismicity 

by subregion are being monitored . 

Much o f  the e ffort in the per iod cover ed by th is r epo r t  wa s d evoted 

to a d e ta il ed inves t i ga tion of s e ismological precursors o f  the magnitud e 

6 . 5  event of November 4 ,  1 9 7 7 , which b roke along a segment abo u t  40 km 

l ong , the larges t even t to occur within the network sinc e  operations b e gan 

and the only even t th i s  l arge to occur wi thin any U . S .  ne twork se t up f or 

pred ic t ion res ear ch . Events large enough to be loca t e d  with teleseismic 

data , as wel l  as t eleseismica lly record ed events before ne twork opera t ion 

began , and microear thquake s located by the local ne two!k have been inve s t iga ted . 

The resul ts are not c onclus ive , but pa t terns in the t ime-space variat ion o f  

seismic i ty do s ugges t precursory changes .  The te leseismic pa t te rn is no t 

c l ear , but a gap for events lar ger than �4 is sugge s t ed from the t ime 

opera t ions began to Augus t ,  1976 . Even ts in the magni t ude 5 range occurred 

a t  the end o f  the fu ture rup ture zone two to three mon ths before the main 

s ho ck . A pronounced gap b eneath Adak Canyon pers i s t s . 
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The microearthquake studies show a strong surge of ac tivity from 

mid-November 197 6 to mid-January 1977 , tightly clus tered at the future 

epicenter . This locat ion , which had been fairly quite for the preceding 

two year s remained somewhat more ac t ive until the main shock , with a 

secondary surge in Augus t  - September , 1977 . At tempts to find diagnostic 

characterist ics of the event s  in this surge have not yet been successful . 

A detailed sutdy of the deeper event s ,  occurring mostly in the eastern 

half of the region , has conf irmed the existence of the double seismic zone 

and c larif ied some of its features . 

Analyses of S-to-P amplitude ratios have shown further the potential 

value of these data in the prediction problem . A set of events that occurred 

in Bear Valley , Californ ia were selected for study because of the better 

knowledge of focal mechanisms and velocity struc ture there than at Adak . 

The factors influenc ing the amplitude ratios and ways to use these data 

are demonstrated by the results . One conclusion is that the focal mechanism 

and velocity structures must be known very well if the propagation in an 

elastic earth is to be calculated , and the use of these data for studying 

Q variations for P and S is no t likely to be successful , except for controlled 

sources .  
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1 .  Inves t ig a t i ons and Result s :  

t o  Mar ch 3 1 .  19��8� ________ _ 

This p roj ect monitors and evalua t es ear thquake p red i c t ions f r om any 
s ourc e . The in tent is to p rov ide s t a t i s t i c al eval uat ions of any au tho r  
making such p r e d i c t ions whi ch can b e  us ed i n  answe r ing que s t ions from 
the pub l i c  abo u t  s uch autho r s . App roxima t ely 2000 ear thquake pred i c t ions 
from over 200 d i f f erent autho r s  were co llec t e d  and evalua t ed . Of thes e , 
s t a t i s t ical t e s t s  s how that only a f ew ar e above the 1 %  leve l ; more are 
below due to a mod i f i c a t ion in the eva luat ion methods . 

S inc e the maj o r i �y o f  individuals are s o  f ar below chance exp e c t a t ion , 
p r e d i c ti o ns f rom non- s c ien t i s ts will no longer be evalua ted . Such 
p r ed i c t io ns will be a ccep ted and f iled for future ref e rence if needed . 
All p r ed i c t ions through 1 9 7 7 will b e  evaluated and a f inal repo rt will 
b e  prepared . In the future the program will concentrate on s c ient i f ic 
p redic t ions as t hey become avai lable . 

2 .  Rep o r t s : 

"The Predict ion Moni t o r ing and Evaluat ion Program :  A Progress Rep o r t , "  
by Rog er N .  Hunter and John s .  Der r , Earthquake Info . Bul l . ( in pr ess ) .  

3 . Goals : 

To p r ovide s t at i s t i cal evaluat ions on anyone making pub l i c  ear thquake 
p red i c t ions to any individual or agency who needs such informa t ion . 
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U .  S .  G .  S .  Con t r ac t  No . 1 4 - 0 8 - 0 0 0 1 - 1 6 7 4 5  

DEE P - WE L L  MON I TOR I NG O F  STRA I N - SENS I T I VE PARAMETE RS OVE R THE 
GREATER SOUTHERN CAL I FORN I A  U P L I FT 

1 Oc t ob e r  1 9 7 7  t o  I May 1 9 7 8  

Thomas L .  Henyey , Ta - l i ang Ten g , Dou g l a s  E .  Hammond ,  
Cha r l e s  G .  S ammi s ,  P r i n c ip a l - Inve s t i g a t o r s  

Res u l t s  from fou r  face t s  o f  o u r  re s e arch e f fort un de r th i s  
p rogram are rep o r t e d  he re . 

A .  Deep We l l s  

During the fi rs t l �  ye ars o f  i t s  de ep h o l e  re cove ry p ro g r am , 
the twenty- one h o l e s  l i s te d  in Tab l e  3 have been s e cure d b y  USC 
for use in deep - we l l  re se arch . Prev i ous USC Te chn i c a l  Rep o r t s  
d e s c r i b e d  t he me th ods u s e d  i n  s e curing and p re p a r ing the se s i te s . 
Working dep th s  a s  o f  5 / 1 / 7 8  are g i ven i n  c o l umn 3 v  Se l e c t e d  h o l e s  
a re b e ing made ava i l ab le t o  othe r s c ient i s t s  for down - ho le 
expe r i � n t s . The Ske l t on ,  De l Sur , Vi r g in i a  Lee , H andle y ,  Albe r t a , 
Wri ght - Kova l e s k i , H C L , Fai rmon t and B rady we l l s are in ope r a t i on 
or are b e ing p rep are d a s  p r imary re s e arch f ac i l i t i e s . 

B .  Wat e r  S amp l i ng 

Wat e r  s amp le s  fr om we l l s  a re b e ing an a l y z e d  fo r radon an d 
maj o r  e leme n t  chem i s t ry .  The r adon re s u l t s  are rep o r t e d  in s e p a r a t e  
U S G S  t e chn i c a l  re p o rt s . We h ave b e gun mon i t o ring w at e r  che mi s t ry a t  
four s i te s  ( Tab l e  2 ) . I t  i s  t o o  e ar l y  t o  i nt e rp re t  mos t o f  th i s  
dat a .  Howe ve r , one anomaly i s  wo rth n o t ing (Haske l l  1 - 1 8 - 7 8 ) . 
CI - and Ca+ 2 s h owe d l arge d e crea s e s , s ugge s t ing t h a t  the s amp l e  
may re f l e c t  d i l u t i on during the he avy r a in s  p r i o r  t o  s amp l i n g . 
K + and Na+ we re un changed , s ugg e s t ing t h a t  the i on exch an g e  
c ap a c i ty o f  the s o i l  fo r t he s e  two e lemen t s  may b e  s o  l arge t h a t  i t  
mas k s  l arge i npu t s  o f  r a i n  wate r .  

C .  B o re h o l e  Tempe rature s 

An in t e re s t ing an d imp o r t an t  finding invo l ve s me a s ureme n t s  made 
a t  the LH- 2  we l l .  Te mp e r ature s ob t a ine d by the USGS (Tab l e  1 )  a t  
thi s s i t e , when c omp are d wi th d a t a  g a thered in 1 9 6 7 , shows n o  
app re c i ab le ch an ge a t  t h e  0 . 0 1  ° C l eve l ('" i  t h i n t h e  l im i  t s  o f  
rep roduc ib i l i ty and p re c i s i on o f  c a l ib rat i on o f  the ins t rumen t s ) . 
Thi s  t en ye a r  g ap repre s e n t s  an app rec i ab l e pe r i o d  o f  the t i me 
dur ing whi ch the s outhe rn C a l i forn i a  up l i ft h a s  deve l ope d .  LH - 2  
i s  w i thin 5 km o f  the S an An dre as ne ar Lake Hughe s an d the ho l e  i s  
en t i re ly wi t h in c rys t a l l ine r oc k .  Two con c l us i on s  w i t h re s p e c t  t o  
s t r a i n  a l on g  t h e  S an An dre as a r e  sugge s t e d by th i s  da t a : 1 )  an o ­
ma l ie s  a t  the O . O l o e leve l  o r  g re a t e r  p rob ab l y  d o  n o t  occur a t  th i s  
s i t e ( th i s  wou l d  inc lude temperature chan ge s  due t o g roundwat e r  
moveme nt ) ,  and 2 )  the l ack o f  app arent an oma l i e s at the O . O l o C l eve l 
enh an ce s the fe as i b i l i ty o f  re s o lv i n g  s t r a i n - re l a t e d  t empe rat ure 
change s at the 0 . 0 0 1  to O . O O O l o e  l e ve l  in th i s  we l l  and at  othe r s i t e s . 
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D .  F i e l d  Cryogen i c  Magne t ome t e r  

Supp l e me n ta ry funding o f  the p r oj e c t  b y  the USGS h a s  made i t  
p os s i b l e  f o r  u s  t o  c omp are the l on g  te rm s t ab i l i t y characte ri s t i c s  
o f  a f1uxg ate and c ryogen i c  magne t ome t e r .  A t h re e mon t h  f i e l d  t e s t 
wi l l  b e  c a r r i e d  out in c o op e rat i on wi th UCLA be twe e n  Septembe r 1 ,  
and De cemb e r  1 ,  1 9 7 8 .  App r op r i at e s i te s  are s t i l l un de r c on s i de rat ion 
An e x t e rnal 3 - ax i s  t e s t  c o i l  as s emb l y  (qu art z s ub s t ra t e  wi th g o l d  
win ding s ) ,  t o ge the r w i th t e l e s c op i c  s i gh t in g  and a b i ax i a l  t i 1 t ­
me t e r , wi l l  b e  us e d  t o  mon i t o r  movemen t s  o f  th e ins t rumen t s . 

TABLE 1 

Compari s on o f  Temp e r a ture Me a s urements  a t  LH - 2  

Henyey ( 5 - 1 1 - 6 7 ) 
° c  

1 7 . 1 6  
1 7 . 35  
1 7 . 5 6 
1 7 . 76 
1 7 . 9 7  
1 8 . 1 9 
1 8 . 4 0  
1 8 . 6 2 
1 8 . 8 4  
1 9 . 0 6 
1 9 . 2 8 
19 . 5 0 
1 9 . 7 2 
1 9 . 9 5 
2 0 . 1 7 
2 0 . 4 0 
2 0 . 6 2  
2 0 . 8 5  
2 1 . 0 9 
2 1 . 3 2 
2 1 . 5 6  
2 1 . 7 9  
2 2 . 0 3 
2 2 . 2 8 
2 2 . 5 2 

Dep th (m) 

1 2 0 
1 3 0  
1 4 0  
1 5 0 
1 6 0  
1 7 0  
1 8 0  
1 9 0  
2 0 0  
2 1 0 
2 2 0  
2 3 0 
2 4 0  
2 5 0  
2 6 0  
2 7 0  
2 8 0  
2 9 0 
3 0 0  
3 1 0  
32 0 
3 3 0  
3 4 0  
35 0 
36 0 

164 

USGS ( 4 - 8 - 7 7 ) 
° c  

1 7 . 1 8  
1 7 . 3 7  
1 7 . 5 8 
1 7 . 7 9 
1 7 . 9 8  
1 8 . 2 0 
1 8 . 4 2 
1 8 . 6 3 
1 8 . 8 4 
1 9 . 0 4 
1 9 . 2 7  
1 9 . 5 0 
1 9 . 7 2 
1 9 . 9 5 
2 0 . 1 7  
2 0 . 4 0  
2 0 . 6 3 
2 0 . 8 4 
2 1 . 0 7 
2 1 . 3 2 
2 1 . 5 7 
2 1 . 8 0  
2 2 . 0 5 
2 2 . 3 0 
2 2 . 5 2 
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Tab l e  2 .  Maj o r  E le me n t  Chemi st ry i n  Groun dw at e r  f rom 
Radon Mon i t o r i n g  S i t es . * 

Sit e Date K
+ 

N a
+ 

Mg
++ 

C a
++ 

Cl Rn
2 2 2  

Rai n f a l l  

P almdale 7 / 2 7 / 7 7  1 . 6 7  23 . 4 1 4 . 85 26 . 19 5 . 24 626 ±7 0 . 00 
8/ 10 / 7 7  1 . 69 2 1 . 7 7 4 . 80 26 . 86 3 . 47 7 10±80 0 . 00 
8/3 1 / 7 7  1 . 7 1 22 . 5 1  4 . 80 26 . 1 2 2 . 37 6 35±10  1 . 25 
9 / 15 / 7 7  1 . 66  20 . 46 4 . 74 26 . 52 2 . 99  6 2 3±5 0 . 00 
9/29 / 77  1 . 6 3  2 1 . 7 1 4 . 70 25 . 9 5  3 . 84 609± 1 0 .00  
1 1 /2/ 7 7  1 . 62 24 . 00 4 . 60 24 . 9 8 2 . 1 1 602±24 0 .00 

1 1 / 16 / 7 7  1 . 60 24 . 06 4 . 55 25 . 80 2 . 24 59 2±2 0 . 03 
1 1 / 30 / 7 7  1 . 6 1  2 3 . 28 4 . 55 25 . 70 2 . 0 8  6 39 ± 1 6  0 . 00 
1 2/ 14/ 7 7  1 . 58 22 . 5 1  4 . 5 8  25 . 80 3 . 19 6 39 ± 1 6  0 . 00 

1 /24/78 1 . 6 1  23 . 9 3  4 . 37 29 . 06 2 . 54 5 89 ±20 5 . 50 

Paradise I 1 1/ 7/ 7 7  2 . 72 808 . 7  36 . 15 25 . 3 7 33 . 60 390 ±6 0 . 26 
12/6/ 7 7  5 . 76 832 . 9  42 . 62 2 2 . 59 35 . 80 0 . 00 

Paradise II 1 1 / 7 / 7 7  1 . 89 745 . 7  0 . 56 1  0 . 7 7 1  78 . 80 3 1 8±6 0 . 26 
12/6 / 7 7  2 . 08 735 . 6  0 . 25 3  0 . 382 145 . 6  0 . 00 

Haskell 1 1/ 3 / 7 7  0 . 375 64 . 88 0 . 04 7  4 . 2 7 1 4 . 5  59 6±5 7 0 . 00 
1 1 / 1 1/ 7 7  0 . 1 86 60 . 46 0 . 047  0 . 381 13 . 1  5 5 6 t20 0 . 0 7  
1 1 / 19 / 7 7  0 . 234 62 . 49 0 . 106 0 . 385 1 3 . 6  5 3 1 ± 14 0 . 00 
1 1 /26/ 7 7  0 . 143 6 1 . 48 0 . 0 38 0 . 0 75 1 3 . 0 4 79 ±8 0 . 00 

1 2 / 7 / 7 7  0 . 156 62 . 1 2 0 0 . 482 1 3 .0 4 8 7± 1 9  0 . 00 
12/ 1 3/ 7 7  0 . 1 7 1  62 . 23 0 0 . 146 1 3 . 1  56 8±5 0 . 38 

1 / 1 8 / 7 8  0 . 1 75 6 1 . 0 1  0 0 . 024 6 . 9 4  339±4 10 . 82 

* Dat a are in ppm excep t for radon wh i ch i s  i n  dpm / l .  

* *  Rai n f a l l  dat a are f rom NOAA s i t e s  at P a lmdal e , S an db e rg 
We ath e r  S t at i on ( fo r  P aradi se We l l s )  an d L . A .  A i rpo r t  
( fo r  H aske l l  We l l ) .  Dat a i s  t he n umb e r  o f  i n ch es f a l l i n g  
b etween s amp l in g  dates or f o r  t he mon th p r i or t o  s amp l i n g . 

1 6 5  

* *  



P . B . I .  

TABLE 3 

N ame Lo cat ion DeEth D i ame t e r  Cas i n g  Li t h o l o g y  

Ske l t o n  34 0 4 3 ' N 1 14 0 ' 9- 7/ 8" 200 ' Gr an i t e  
1 1 S o 3 1 ' W  

Munz 34 0 42 ' N  1 2 4 0 ' 8- 3/4 "  2 0 0 ' Gran i t e  be l ow 6 00 ' 
1 1 S o 2 2 ' W  

De l Sur 34 0 39 ' N  2 300 ' 6-5/ 8" 2 300 ' Se d i me n t s  
1 1 S o 14 ' W  

Vi rgini a  Lee 34 0 30 ' N  1280 ' 1 3" 4 4 0 ' Se d i men t s  
1 1 7 0 49 ' W  

Ch i e f  Paduke 34 0 30 ' N  1 300 ' 4" 1298 ' Faul t gouge 
1 1 7 ° 59 ' \'1  

Prat ty 34 0 3 1 ' N  100 S+ ' 6 - 1 /2 "  ? Gran i t e 
1 1 S o 1 7 ' W  

Guy ton 34 0 3 1 ' N  500+ ' 10-3/ 4 " 1 0 0 ' S e d i men t s  
1 1 S 0 39 ' W  

HCL 34 0 2 5 ' N  560 ' 1 1 - 3/ 4 " 2 00 ' S e d i me n t s  
1 1 S 0 2 5 ' W 

H an dley 34 ° 2 5 ' N  6 30 0 ' 
1 1 7 ° 35 ' W  

5 - 1 /2 t r  6 30 0 ' S e d i men t s , g r an i t e 

Albe rt a 3 3 0 5 7 ' N  3 1 S0 ' 1 0 "  1 1 0 0 ' S e d i me n t s 
1 1 7 ° 0 3 ' \1  

Brady 34 0 1 0 ' N  1 350 ' 4 "  1 1 2 5 ' Sed imen t s  
1 15 0 56 ' W  

Fai rmon t 34 0 46 ' N  650 ' 1 4 "  6 50 ' S e d i men t s  
1 1 8 0 2 7 ' W 

Roy C h r i s t enson 34 ° 32 ' N  1 100 '  ? 1 1 0 0 ' S e d imen t s  
( P almdale # 1 ) 1 1 S o 0 2 ' W  

Wri ght- 34 0 3 1 ' N  0 '  6 - 5 / 8" 2 6 0 0 ' Gran i t e  
Kovaleski 1 1 S 0 2 1 ' W 

P arad i s e  # 1  34 0 3 4 ' N  
1 1 S 0 4 1 ' W  

1 1 5 0 ' 8- 1 /2 "  1 1 50 '  S e d imen t s  

Paradi se #2 34 0 34 ' N  875 · 8- 1 / 2 "  875 ' S e d i men t s  
1 1 S o 4 1 ' W  

S8-2 34 0 1 5 ' N  15 10 ' 1 - 1 / 4 "  1 5 1 0 ' Gran i t e 
1 1 7 0 19 ' W  

UI- l 
34 0 4 4 ' N  7 1 0 ' 2 - 3/ 8" Non e Gran i t e 

1 1 S o 2 3 ' W  
UI-2 

34 0 4 1 ' N  1 2 0 0 ' 1- 1 / 4 "  1 2 00 ' G ran i t e  
1 1 8 ° 2 0 ' W  LH- 3 34 0 39 ' � 1 2 0 0 ' 1- 1 / 4 "  1 2 0 0 ' Gran i t e 

LV- l 1 1 8 0 29 ' \'1  
3 4 0 37 ' N 2 30 0 ' 1 - 1 / 4 "  2 30 0 ' Gran i t e  

1 1 6 0 4 3 ' \'1  
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The objertive s  of this proje ct are to develop , by se i smological 
techniques , an unders tanding of earthquake mechanics and the 
phys ical properties of fault. zones leading to the predicJtion of 
potential ly damaging earthquakes .  Sub-damaging earthquakes will 
be predicted in the testing of mechanistic models . Such 
predictions are use ful in designing experiments to deteot 
precursors and in the interpretation of precursors . Other 
project goals are foreshock recognition and an understanding of 
why some earthquakes have fo reshocks and/or aftershocks and 
o thers don ' t .  

Investigations 

Project e ffort has been directed toward research on recognition 
of foreshocks and induced seismic ity , determination of 
earthquake recurrence intervals , inves tiga t ion of l ocal and 
regional stress o rientations , and examination of spatial 
variations in foreshock and aftershock characteristics . Project 
personnel have partic ipated in the Wi l l its aftershock s tudy , the 
Ree l foot Lake microearthquake study , the Saudi Arabian refrac·· 
tion profi le , and the Auburn Dam earthquake safety review. 

Results 

Temporal variations in stress orientation 

Fault p lane solutions were obtained by Warren ( 1 978 ) for 8 0  
microearthquakes i n  a 9 0 0  square km area centered o n  the Busch 
fault  during a one year period preceding the Thanksgiving Day , 
1 974  Holli ster earthquake . Mechanisms for these events are 
shown in F igure 1 .  Sixty-five of the events were strike-slip , 
most occurring at active spots along the Sargent , Castro , Busch , 
and Calaveras faults . Eleven thrus t and four normal mechanisms 
were also obse rve d .  Azimuths of the compressional axis are 
p lotted as a func tion of time and source fault  in F igure 2 .  
Fault orientations in the wedge between the San Andreas and 
Calaveras faults are such as to pe rmit focal mechani sms with a 
range in azimuth of compressional axes of about 900 ; no 
discernab 1e ro tation of compress ional axes was observed to 
precede the Thanksgiving Day earthquake . 

1 6 7  
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Ano the r s tu dy o f  temporal vari ation in stres s ori entat ion i s  
underway a t  Tl1e Gey se rs ge othermal development north of San 
Franc i s co . The Geyse rs is a h ig�ly fractured region of intense 
microearthquake activity on the southwes t flank o f  the Cl ear 
Lake grav ity low . The seismogenic zone in this r egion is 
anomalously shal low . The abse nce of micr oearthquakes be low 5 km 
may be due to e l evated temperatures assoc iated wi th a magma body 
at depth . Thus The Geyse rs l ies in a z one of crus ta l weakness 
which may be very sens i tive to changes in regional stres s . 
Bufe , et a l e ( 1 9 7 8 ) examined focal mechani sms of earthquakes 
between June 1 975 and September 1 977  at The Geysers and in the 
surround ing region . They found a s tress orientation rotated 
c lockwi se 3 00 from that producing maximum right late ral shear 
on faults subparallel to the San And reas . Prel iminary focal 
me chan i sm result s for earthquakes in late November and early 
December 1 977 indicate that the stress pat tern may have changed 
to favo r moveme nt on the San And reas and Maacama systems , wh ich 
have been unusual ly active s ince September 1977 . 

Publ ications 

Bu fe , C .  B . , Harsh , P .  W . , and Bur ford , R .  0 . , 1 9 7 8 , Pre dict ion 
without precursors : sei smic s l ip along the Calaveras faul t ,  
northern Ca l i fo rnia : Earthquake Inf . Bul l . ,  V .  1 0 ,  no . 1 . ,  p .  
1 2- 1 5 . 

Bufe , C . , Marks , S . , Les ter , F . , Lou ie , K . , and Bri scoe , S . , 1 9 7 8 , 
Se ismic ity o f  The Geysers-Clear Lake geothermal area , 
Cal i fo rnia ( abs . ) , Eartbquake Notes , v .  49 , no . 1 ,  p .  32 . 

Marks , S .  M . , and Bufe , C .  G . , 1 97 8 , Prel iminary hypocenters o f  
earthquakes in the Ukiah and Santa Rosa ( 1 : 25 0 , 0 0 0 )  
quadra ngles , Napa t o  Trinity County , Cal i fornia - Janua ry 1 0 69  
- June 1 9 77 :  U .  S .  Geo l . Survey O pen-file Map 7 8- 1 26 .  

Pep pin , W .  A . , and Bufe , C .  G . , 1 978 , Induced ( ? )  versus nat u�al 
earthquakes - se arch for a se i smic d i scr iminant C abs . ) : 
Earthquake Notes , v .  49 , no . 1 ,  p .  6 5 . 

Warren , D .  H . , 1 9 78 ,  A s tudy of fault plane mechanics proceding the 
Thanksgiving D ay ,  1 97 4  earthquake at Ho l l ister , Cal i fornia : U .  
S .  Geol . Survey Open- fi le Rept . 7 8-255 , 27 pp . 
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T y p e  of faulting 

Stri ke - slip 
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Figur e 1 .  

S c ole 

Faul t me chani sm map from November 1 97 3  through Nove��e� 

1 97 4 . Faul ting i s  from the Geol ogic Map of Cal i foY'n i a , Sa '-J 
F ranci sco and San Jose sheets . Compres s i onal quadrants are 
shown as bla ck areas and di latational quadrants a re s hown as 
open areas wi thin the circl es , se para ted by the noda� 
plan es . The large circle on the Cas tro faul t encloses a 
compo s i t e  soluti on of 22 strike-sl i p  events . Wi thin thi s 
c ircle there we�e also four thrus t events and one no�ma ] 
even t. . 
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SE�U -ANNUAL SUNHARY 

Bran ch of G l obal S e i smo l ogy 

Dat e : 

Proj ect No . 99 20-02 142 Tit l e  Teleseismic · Search for Earthquake 

Precursors 

P ro j ect Chi ef Jame s W. Dewey ----------------�----------------------------------------------

Mai l ing Addres s  and Phone No . u . s .  Geological Survey , Branch o f  Global 

Seismology , Stop 9 6 7 , Box 2 5046 DFC , Denver , CO 802 2 5  

Report P eri od ___ O_c_t_o_b_e_r __ l_, __ 1_9_7_7 ________ _ t o  March 3 1 , 1 9 78 

1 .  Inves tiga t ions and Results  

Glen Reagor has  created a computer f ile o f  P-wave arrival t imes 
repo rted to the International S eismol ogical Centre ( I S C )  for 1 96 4- 1 9 74 .  
This  f ile greatly increases the speed with which we can locate the 
earthquakes o f  a particular region unde r  study , even though it is 
s t ill neces sary for us to ente r  by hand arr ival- t imes for phases 
( such as S o r  pP ) o ther than the f ir s t  arriving P-pha s e . 

Jim Dewey and Bill Spence are in the mids t o f  the revis ion of  hypocenters 
of ear thquakes occurring o f fshore  o f  Peru in the reg io ns o f  the maj or sho cks 
of Oc t .  1 7 , 1 9 66 , May 3 1 , 1 9 70 , and Oc t .  3 , 1 9 74 . The purpose o f  this  
r eloeation is to  obta in hypocenters o f  maximum precision for  small and 
mod erate s ho cks p receding and following the large ear thquakes to see : 
( 1 )  I f  there are identif iable pat terns o f  p recursory s eismic ity prior to 
the large earthquakes and (2) wha t the effec t  is on the seismicity of an 
incip ient source region of a maj o r  earthquake occurring nearby . 

At this s tage we mus t  res tr ict enumerat ion o f  "resul t s "  to methodology 
used in redetermining hypocenters - focal dep th in particular : 

( 1 )  There is  a tendency for focal dep ths o f  shocks o f f shore o f  Peru 
to be sys t emat ically overes timated by rout ine location me thods . This 
overes t imat ion is a consequence p r incipally of the unbalanced distribu­
t ion o f  seismographic stat ions with respect to the earthquakes being 
located . (Many o f  the P eruvian ear thquakes are no t recorded by a single 
stat ion located at  an az imuth away from the coas tline . )  In addition , 
P-wave da ta collec ted with a t emporary network by C .  Langer and W .  Sp ence 
for aftershocks of the 1 9 74 earthquake sugges t that P-wave arrival-times 
to many o f  the regularly repor ting permanent s tat ions of Peru and Bo l ivia 
are systema t i cally delayed by anomalous ly low velo ci t ies  above the sub­
duc tion zone . Becaus e the regional s ta t ions are cruc ial in determining 
focal dep ths in the abs ence o f  repor ted dep th-phases , the sys temat ic 
d elays to the regional stations produce a t endency for overes t imat ion 
of  f oc al dep th . 
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( 2 )  The s tandard error o f  pP - t imes rep o r ted for Peruvian ear thquakes 
is ± 3 s e c . , correspond ing to a var iat ion of ± 10 km in the focal dep t h .  

( 3 ) Having p o int ed ou t that rout inely-de termined dep ths are frequen t ly 
over es t ima ted , we mus t  empha s i z e that our results to date are s t ill cons is­
tent wi th a tec tonic model p ropo s e d  by Ab e (Phys . Earth Planet . In t eriors , 
5 ,  p .  36 7 )  for the ear thquakes o f  1 9 6 6  and 1 9 70 - namely , the 1 9 70 ear th­quake o c curred at dep th wi thin the underthrus t Nazca plate whereas the 
1966 ear thquake o c curred at the thrus t cont act b e tween the Nazca p late 
and the South Amer ican p lat e . 

Repor t s : None comp le t ed 

Goals : To tes t whether the p res en t  global seismograph network is 
capable o f  det e c t ing unusual patt erns o f  seismicity p recurso ry 
to maj or ear thquakes . 

To t e s t  whe ther moderate and large subduc t ion zone earthquakes 
t end to nuc leate in the s ame small regions of a subduc t ion zone . 

To de termine the e f fe c t , o n  the seismic i ty o f  an inc ipient 
source region , o f  a maj o r  ear thquake o ccurr ing nearby , and to 
interp r e t  the p res ence or abs ence of such seismic i t y  in terms 
of models of the p r epara t ion o f  source regions for maj o r  ear thquakes . 
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Several ques tions of current interest to Soviet and U . S .  
invest igators involved in joint  s tudies for earthquake prediction 
involve properties related to the source me chani sms of local eart.h­
quakes . This project wi l l  collect sufficient data and perform the 
analysi s  necessary to answer the fol lowing ques tions : 1 )  How vari­
able i s  the seismic source spectrum from station to s tation? 
2 )  What are the important propagation effe cts  and how can they be 
corre cted for in analyz ing the s ource spectrum? 3 )  After cor­
rections are made for the effects of propagation and near-stat ion 
effe cts , do the es timates of the source spect rum show a dependence 
on az imuth and take-off angle relative to the focal mechanlsm? 
4 )  What is the l imit of resolution in estimating seismic moment a nd 
s tres s  drop us ing local earthquake data ? 5 )  Do the parame ters of 
the seismic s ource vary systematical ly in space and time wlthin a 
relative ly sma l l  region? 

Investigations 

Preparation of the equipment and programs to be use d in the 
summer of 197� ins ide the Soviet Union are underway . DeSigns for 10 
new 3-component ,  2-1evel s tations including calibrators for the S5S 
Russ ian seisms ometers were completed . These seismometers have 
adjustable free periods , se t to ij se conds for the experiments to be 
perfo rmed bo th in the Soviet Union and Cal i fornia . 

A d igiti z ing multiplexer was des igned to interface the analog 
records col lected in the USSR and a new microcomputer to be 
del ivered in early June . BASIC programs are being writ ten for this 
system to perfo rm  data analys is and spectra l  plotting whi le in Garm , 
Tadj ikistan . 

A s tu dy i s  in progress of recording site effects , wave 
propagation characteri stics and microearthquake radiation patterns 
in the Garm region for data recorded in 1977 and should be comp leted 
by July 197 8 . 

1 7 3  



Sill1MARY 

Semi-Annual Techni cal Repo r t  

1 Oc tober 1 9 7 7  t o  3 1  Narch 1 9 7 8  

Hi roo Kanamo r i  and Kar en McNa l ly 

S e ismo l o g i ca l  Labo ratory 
Cal i forn ia Ins t i t u t e  of Techno l o gy 

Pasadena , Cal i f o rnia 9 1 1 2 5  

P . B . 2 .  

The U . S .  Geo l o g i ca l  Survey Cont rac t  No . 1 4- 0 8-0001- 1 6 7 1 1  was awarded 

in respo n s e to th e proposal by the Cal i f ornia Ins t i t u t e  o f  Te chno l o gy 

whi ch was d ivi d ed i n t o  f o ur s epara t e  e f f o r t s . Th e r e s ul t s  are s ummari z ed 

b el ow . 

1 .  P-velo c i ty Ch ange ( quarry b las t s )  

No changes i n  P-ve1 0 c i t y  exc eed i n g  2 %  have b een ob s e rved along any 

p a ths in s o uthern Cal i fo rni a exc e p t  f o r  the p a th f ro m  Hoj ave t o  PYR e  

Hmolever , there was n o  ear thquake t.\. > 5 . 0  i n  s o uthern Cal i f o rn ia d uring the 

period Oc t ober 1 ,  1 9 7 7  to March 31 , 1 9 7 8 ; the ques t ion of wh ether a d e t ec t ab le 

premo n i t ory change o c curs o r  no t r ema ins unres o lved . Hmvever , sma l l  but 

sys t ema t i c  changes f o und f o r  Vic torvi l l e , lfuj ave and Gorman b las t s  s e em 

s igni fican t . The path from Noj ave t o  PYR shmv e d  a lar ge delay in recent 

mon ths . How eve r ,  it is no t c lear at p res en t  wh eth er th is change i s  due to 

a comp l ex b l as t ing p a t t ern at the q uarry o r  a change in the c r u s t al velo c i ty . 

The s e  changes a r e  no t c o r r e 1 a t ab l e  t o  any ind ivi dual s e ismi c event , but may 

be rela t ed to a mor e  r e gi onal s t r ess a c c umul a t i o n  al ong the S an Andreas 

faul t , e s p e c ial ly a l ong the great b end . F i gure 1 shows th e r e s u l t s  for the 

}fuj ave , V i c t o r v i l l e  and Gyp s um Canyon b la s t s . 
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2 .  Crus t a l  S t ruc ture 

Ext ensive ana lys is o f  t eleseismic P d elays and s ur face waves have 

been mad e .  The P-d elay s t udy revealed ( 1 )  h i gh man t l e  veloc i t i es b eneath 

the S i erra Nevada and mos t  o f  the Transverse Ranges ( 2) low-ve lo c i ty regions 

in the man t l e  b enea th the Imper ial Val l ey , and ( 3) a low vel o c i ty r egion a t  

depth t r ending nor thwards from the S al ton S ea into the Mnj ave Des er t . 

Tel es e i smi c Rayl eigh wave pha s e  veloc i ty data for b o th the southern 

Moj ave-central Transvers e Ranges and the Peninsular Ranges are inve r t ed to 

ob tain regional S-wave vel o c i ty model s .  Po is son ' s  ra t io as a f unc t i on o f  

dep th i s  calculated f o r  thes e two r egions . The compar ison with laboratory 

ul t rasonic s tu d i es requires a qua r t z - r ich c r us t  wi thin the southern Moj ave­

central Transverse Ranges and a ma f i c  crus t w i th in the Peninsular Ranges .  

3 .  Mic ro earthquake Survey and Rela t ed Prob l ems 

The Cal t ech s eismogra phi c  trailers have been ins talled near Juniper Hills 

for mor e  than a year , beginning in Novemb er 19 7 6 , and have reco rded ab out 

700 eve n t s  (M > 0) in 12 months . 

An impor t ant featur e  o f  the Junipe r  H i l l s  a c t ivi ty is its swarm-l ike 

chara c t er . Figure 2 summari z es the r esul t . �1o s t  ear thquakes in th e 19 7 6-

1977 swarm , including the three larges t even ts , are c lust ered in a small 

area app roxima t e ly 3 km in maximum d imens ion ( s ee Figur e 2) and a t  a depth 

of about 8 km . The c lus t er is s l igh t ly elongat ed in a directi on p erpendicular 

to the S an Andreas and is c entered 2 km S� of the mapped surface t race . 

Faul t ing may b e  along the main S an Andreas or along one o f  s evera l  s ubpara l l e l  

faul ts a n d  l ineamen ts which splay sou thward f rom t h e  ma in faul t t ra c e  near 

th e c lus t er loc a t ion . Ep i c enters of the recent ( 19 7 6-19 7 7 )  ear thquakes 
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near Lake Hughes s c a t ter be tween the traces o f  the S an And reas and Cleanva ter 

faults . 

Al though the dominan t displac emen t on the San And reas faul t has been 

right-lateral s trike- s l ip ,  thrus t mechanisms were ob s erved for the thr ee 

larges t swarm events at Juniper Hills and for the larges t e vent at Lake 

Hughes ( see Figure 2) . The focal mechanism for the f i r s t  larger (M � 2 )  

event in the Juniper Hills clus ter , however , shows s trike-s lip mo t ion on W,ffi\ 

or NNE trending fault planes ( s ee Fi gure 2) , s ugges t ing tha t  the swarm was 

init iated by a s lip event on the S an Andreas or a NNE trend ing conj ugate 

fault . The strike of the f ault planes for the three lar ge thrus t events 

a t  Juniper Hills ro t a t e  c lo ck-wise wi th t ime f rom N 3 6 0  E ± 10 ° on 1 Ja�uary 

19 7 7  to N 8 5 0  E ± 1 1 °  on 7 March 19 7 7  t o  N 1040  E i 12 °  on 5 S ept emb er 1 9 7 7 , 

giving a total ro tat ion o f  6 8  ± 22° . 

4 .  Se ismici ty S tudy in Southern Cali fornia 

A sys t ema t ic s tudy on s eismic ity in the S an Fernando region in the 

wes t-cen tral Transverse Ran ges , Cal i fo rnia , h as been mad e . Mos t  o f  the 

recent ac tivity with in the S an Fernando zone has been thrus t  f aul t ing a t  

depths sha llower than and south o f  the mainshock . One event loca t ed 

slightly deeper than and s everal km nor th o f  the main event sugge s t s shear 

a long a flat  plane . Transport of the upper b lo ck is south . Thi s  event is 

v ery s imilar to ano ther deep , � = 4 . 5 ,  ear thquake 30 km wes t  of  San Fernando . 

I f  these events are typical o f  mid crus tal deformat ion , th e wes t-c entral 

Transverse Ranges may be a form o f  decol l ement . A rapid in�reas e in 

s eismic ity (l� � 3 . 0 ) in the region south o f  S an Fernando s ugges t s  an 

increas e in regional s t rain that either was cont emporaneous wi th o r  

immed iately f o l lowed the S an Fernando ear thquake . 
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The primary focus of th is proje ct is the development of s tate-of-the-art 
computation methods for analys is of data from microearthquake networks . 
Our ultimate goal i s  the appli cation of these methods to earthquake data 
to 1 )  detect seismic precursory phenomena useful  for earthquake 
prediction,  and 2 )  relate se ismic ity , and earth structure to geologic 
processes . 

Our principal  effort during the past  year has been to address the problem 
of determining earth structure from surface array observations of body 
wave travel times . To this  end , several famil ies of computer programs 
have been developed to trace rays in three-dimensional velocity 
structures , and to solve a l inearized system of equations relating travel 
time observations to unknown parameters that characterize the vel ocity 
structure and source coordinates . 

To date , three bas ic programs have emerged : 
( 1 )  A generalized invers ion package that wi ll  solve the over-determined 

system of equations Ax = b by s ingular value decompos ition for very 
large systems of equations wi thout resort to normal equations 
( AtAx = At b ) . 

(2 )  A three-dimensional ray tracing package that wil l  trace a minimum 
time path between two points , and compute the traveltime and its 
derivative s . 

( 3 ) An iterative three-dimensional modeling program employing ray 
t raci ng in heterogeneous media that determines lateral veloc ity 
heterogeneities beneath a receive r  array from teleseismic body wave 
t ravel times . 

Work is now in progress on a fourth bas ic program to iterative ly 
dete rmine bo th three-dimens ional velocity s t ructure and earthquake focal 
parameters when the se ismic sources l ie within the volume for wh ich 
info rmation on veloc ity heterogene ity is sought .  Unlike the problem of 
model ing s tructure from teleseismic travel time data , th is problem 
requires the appl ication of ray tracing in heterogeneous media and 
iterative improvement of trial solut ions to provide meaningful result s .  

A new approach for evalutaing the accuracy and l imitations of these three­
dimensional modeling programs is be ing developed .  Both iterative and non­
itera tive model ing programs that use only teleseismic sources have been 
veri fied us ing s imple arti fic ial ve loc ity s tructures such as a cylinder 
embedded in a hal fspace . Because veloc ity inhomogenaities in the crust 
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and upper mant le have a s tatistical dtstribution which behaves as a 
random medium , it is appropriate to examine the imp lications of an 
arttfical velocity structure so characterized for the inversion method s .  
To accomplish this , we begin with a veloc ity model defined in terms of 
fourrier wave numbers 

V (x , y , z ) L i (kx + ly + mz)  
k 1 

Vklm e , ,m 

where the coefficients Vklm are sel ected by a random number generator . 
Rays are then trace d through this  speci fic veloc i ty structure to give a 
suite of arrival times that are then inverted in the usual manner .  
Comparisons formed between the model solution and the " unknown" medium 
give a quantitative measure of the success with which the method recovers 
the broad scale features of the veloc ity distribution . 

Microearthquake data in the wes tern Transverse Ranges , Cal i fornia during 
the pe riod f�om 1970 to 1975 were sys tematical ly analyzed .  We found that 
the distribution of earthquake hypocenters del ineates active faults  and 
that most fault-plane solutions indicate reverse faul ting . These seismic 
results are in ful l  agreement wi th geologic data . 

Reports 

El lsworth , W .  L . , 1 9 77 , Three-dimensional s tructure of the crust and 
man t le beneath the Island of Hawaii : Ph . D .  thes i s , Massachusett s  
Ins titute o f  Technology , Cambridge , Massachusetts , 327 p .  

El lsworth , W .  L . , and Koyanagi , R .  Y . , 1 977 , Three-dimens ional crust and 
upper mantle structure of Kilauea Volcano , Hawaii : J. Geophys . Res . , 
v .  82 , p . 5 379-5 394 , 1 977 .  

Ell swor th , W .  L . , 1 978 , Mant le s tructure beneath the Island o f  Hawaii :  
Evidence for a mant le hot spot ( abs . ) :  Earthquake Notes ,  v .  49 , 
p .  68 .  

Ell sworth , W .  L . , 1 9 78 , Mantle Structure beneath the Island o f  Hawaii : I .  
Observation of teleseismic P-waves :  Submitted to J .  Geophys . Res .  

Ell sworth , W .  L . , 1 9 78 , Exact relat ionship between model spect resolution 
and covariance for damped least squares inversion ( abs . ) :  Proc . 
Twel fth IUGG Symp . Math . Geophys . 

El lswor th , W .  L . , 1 978 ,  Interative determination of three-dimensional 
veloc ity structure us ing distant sources ( abs . ) :  Proc . Twel fth IUGG 
Symp . Math . Geophys . 

Keller , H .  M . , Lee , W .  H .  K . , and Pereyra , V . , 1978 , Computational 
methods for inver se problems in geophysics : Invers ion of travel 
t ime observation ( abs . ) :  Proc . Twel fth IUGG Symp . Mat h .  Geophys . 

Lee , W .  H .  K . , and Luk , F . , 1978 , A general computer program for 
generalized inve rsion of over-determined data using singular value 
decompos i tion , in preparation . 

Lee , W .  H .  K . , Yerkes , R .  F . , and Simi renko , M . , 1978 , Recent earthquake 
activity and focal mechanisms in the western Transver se Ranges ,  
Cal i fornia , in preparation . 
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Lee , W .  H .  K . , and Pereyra , V . , 1978 , Solving two-point se ismic ray­
trac ing prob lems in a heterogeneous me dium--Part 2 .  Nume rical 
solut ions of two- and three-dimens ional velocity mode ls , in 
preparation . 

Pereyra , V . , Lee , W .  H .  K . , and Ke ller , H .  B . , 197 8 , So lving two-po�nt 
se ismic ray-tracing problems in a heterogene ous medium-,-Pa!'t 1 ., A 
general nume rical me thod base d on adaptive finite d i ffe rence ,  in 
prepara tion . 

Yeats , R .  S . , Lee , W .  H .  K . , and Yerkes , R .  F . , 1978 , Geology and 
seismicity of the Red Moun tain fault , Ventura Coun ty ,  Cal i fornia 
( abs . ) : EOS ( Am .  Geophys . Union Trans . ) ,  v. 5 9 , p .  38 5 .  

Yerkes , R .  F . , and Lee , W .  H .  K . , 1978 , Crus tal defo rmation in the 
wes tern Transve rse Ranges ,  Ca l i fo rnia , in preparat ion . 
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World-Wide Earthquake Research Databases 
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The main goal of this project is to provide up-to-date information 
which will facil itate research on earthquakes . Three major topics 
are now under inves tigation : 

1 . Feas ibility study of the es tablishment of a seismogram l ibrary 
of significant earthquakes ( especially those before 1963 ) , 

2 .  Organize and maintain a bibliographic database and retrieval 
system on current earthquake l iterature , and 

3 .  Compile an accurate catalog of worldwide earthquakes . 
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Seismogram Library . Dennis W .  Ciul prepared a report on "portable 
photocopying systems for reproducing se ismograms" .  Ciu1 investigated 
three portable systems which could be used to photocopy historical 
seismograms ; and samples of acceptable quality were obtained . The 
cost  per seismogram was es timated to be about one dol lar per 
record . Gordon S .  Stewart prepared a report on "pas t ,  present , and 
future usage of seismograms recorded before the establishment of the 
WWSSN in 19 63" . In this report , Stewart reviewed the various 
seismological research works based on historical seismograms and 
examined the strategy in selecting earthquakes and stations . 

Under contract from this project , the National Geophys ical and 
SOlar-Terres trial Data Center , NOAA , wi ll undertake the construction 
of a portable photocopying system and do preliminary work on 
gathering station information . A scientific advisory group is now 
being organized under the auspices of the International Association 
of Seismology and Phys ics of the Earth . 

Bibliographic Database and Retrieval System . A database ar.d 
retrieval system for earthquake literature has been complet ed using 
the SPIRES system at the Staznford Linear Accelerator Center ' s  
Computer Center . Since January 1978 , current earthquake literature 
( CEL ) has been systematically entered into the CEL database and a 
monthly index has been distributed shortly after the end of each 
mon th . This  mon thly index will keep readers aware of pre-prints ,  
reports , and reprints of articles of interest to se ismologists . A 
copy of al l the articles indexed is kept on file a t  the OES library 
so that it is  very simple to read or make a copy of any current 
article . 
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Earthquake Catalog . We have collected over 50 earthquake catalogs 
total ing about 500 , 000  entries . Because of unavoidable errors in 
transcribing data in to a form readable by computers , we are now in 
the proc ess of data ve rification . Each catalog must be prepared 
independently twice . A comparision is then made by computers and 
any discrepancies wil l  be resolve d  by consulting the source 
materials . We have deve loped most  of the computer programs needed 
to t ranslate data of various formats into a standard one , to compare 
two se ts of data , and to merge the data into a mas ter file . 
Al though thi s  mass ive data-gathering , data-verification and 
selecting bes t es timates wi l l  take several years , we are making a 
steady progres s .  This sub-project is being carried out jointly with 
Wilbur R inehart of  NGSDC , NOAA . 

Reports 

Addis , L . , M. Gun n ,  W. Lee , W. Sanders , and J . Tracy , 197 8 ,  Index to 
current earthquake l iterature , monthly issues ( Jan . , Feb . , and 
Mar . are availab le ) . 

Ciu l , D .  W . , 1978 , Portable photocopying systems for reproducing 
seismograms , report comp leted under contract , 15 p .  

Lee ,  W .  H .  K . , F .  T .  Wu , and S .  C .  Wang , 197 8 , A catalog of 
inst rumen tally dete rmined earthquakes in China compiled from 
various sources : Bul l . Sei sm . Soc . Am . , in press .  

Stewart , G .  S . , 1978 , Past , present , and future usage o f  seismograms 
recorded before the es tabl ishment of the WWSSN in 1963 , report 
comp leted under contract , 43 pp . 
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EStabl i sh uti l ity of systemat ic changes in P and S amp litudes from smal l  
( M  < 2 )  ear thquakes recorded a t  local stations i n  the identi fication o f  
foreshock sequences . 

Investigations 
1 .  Detai led s tudy of the amplitude characteristics of the fore- and 
a ftershocks of the magnitude 5 . 7  Orovil le earthquake of August 1 ,  1975 . 
Principa l  result of thi s  work is the es tablishment of a systematic change 
in the P/SV ratio of wavefo rms recorded at two local stations at the time 
of the ma in event . This was observed by comparing the foreshock 
ampl itudes to those from aftershocks near the same location and is due to 
changes in focal mechan ism orientation . The afte rshocks in the vicinity 
o f the foreshocks have focal plane solutions that strike 100 to 200 
eas t  of north and dip 6 00 to the west .  This agrees very wel l  with the 
local orientation of the fault p lane as determined from a ftershock 
locations .  Whi le predominantly of dip-slip character , they usual ly have 
a small le ft-lateral component of s lip . The foreshocks , on the other 
hand , strike 100 to 5 00 west of north and sometimes conta in a right­
lateral component of sliP:--Thi s  di fference is speculative ly attributed 
to the foreshocks having occurred on an offset on the main fault  plane at 
which stress had accumulated due to aseismic defo rmation elsewhe re . A 
short report on this work has been accepte d for publication by Science 
( Lindh et al . , 1978a )  and a longer vers ion to be submitted to BSSA is in 
interna�review . 

----

2 .  A major by-product of the O rovil le work has been the compi lat ion o f  
a n  earthquake catalog for the Orovil le sequence . It covers the period 
June 28 , 1975 to July 31 ,  1 97 6  and is as complete as we can make it ( 95 
to 9 9 %? ) down to the fol lowing thresho lds : 

Time Period � 
June 28 to Aug . 1 , 1975 20 : 20 GMT 0 . 6  Foreshocks 

Aug . 1 to Aug . 31 , 1 975 1 . 2
A}' 

Sep t . 1 to Oc t .  3 1 , 1 975 1 . 1  Aftershocks 

Nov . 1 . , 1975 to July 31 , 1976 1 . 0  
This catalog is a cooperative effort of several groups and incorporates 
phase arrival times from the Cal i fornia Department of Water Resources , 
Woodward- Clyde ConSUl tants and various USGS personnel . These were 
col lated , checked for comp leteness , and kicked into final shape by Connie 
Mantis of the USGS . A wel l-located set of the a ftershocks is shown in 
Figure 1 and a histogram suromar1z 1ng the time history of the activity is 
shown in F igure 2 .  Some prel iminary observations are as fol lows : 
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a .  The for eshocks located near the center of the a ftershock zone at a 
depth of 7-8 km within a smal l  volume no more than 2 km in diameter . 
There is a suggest ion o f  a southward migration of epicenters within 
this volume prior to the main event . 
b .  The a ftershocks occurred in at least three dis tinct zones : 

i .  The main fault plane , wh ich inc luded the foreshocks and main 
event . It is a single planar feature no wider than 1 km ,  s triking N 
10 E and dipping 6 00 to the west .  It is wel l  de fined by 
aftershocks around its outer perimeter but is almost totally devo id 
of loc ated earthquakes wi thin its  central region throughout the 12 
mon ths of the aftershock s tudy .  
i i . A northern fault plane , wh ich strikes due north and dips 
8 00- 900 • It first appeared a week after the main event , and was 

the s ite of several larger aftershocks , including a magn itude 4 . 7  
event on September 25 , 1975 wh ich extended it 1- 2 km to the north . 
It also ap pears to be a single planar feature of no more than 1-2 km 
width . The point at which it intersects the ma in faul t  plane at a 
depth o f  8-9 km was also the site of many larger aftershocks . 
iii . A southern zone , which is composed either of a large number o f  
subparal lel fault p lanes , o r  includes events distributed throughout a 
2-d imensional vo lume , or both . This was the s ite of the mos t  
numerous and pers istent aftershock activity . The main event appears 
to have init iated on the main faul t  plane just north of its 
interse c t ion with this southern zone . An open- file report detai ling 
this work is in internal review and plans are to distill  it into 
(anothe r )  Orovi l le aftershock paper for BSSA . 

3 . Minor by-p roducts of the Oroville work are : 
a .  A s tu dy by Connie Mantis in which ze ro cross ing times ( �t = time 
from first break to 2nd zero crossing ) vs . l og coda length ( pseudo 
stress drop plots , a la O ' Ne i l l  and Healy)  have been plotted for two 
Orovi lle foreshocks and a large number of aftershocks . To our 
astoni shment above magn itude 3 the aftershocks are reasonably wel l  
behaved and most fal l  along a s ingle line ; the foreshocks l ie off this 
l ine to the longer zero-cross ing time ( low stress drop)  s ide ( Fig . 3 ) . 
( Below magnitude 3 ( T  � 130 se c )  the �t ' s  all scatter abou t 0 . 25 sec ; 
thi s  r epresents the peak system response . )  The two larger foreshocks 
have �t ' s  approximately 30  percent greater than aftershocks with the 
same coda leng th . If we assume that zero cross ing time scales l ike 
sourc e dimension , and log coda l ike Mo , then Brune ' s  model implies 
that the foreshocks have stress drops roughly one-hal f those of the 
aftershocks . The data are insu fficient , of course , to es tablish this 
with much confidence ; they are difficult to reconc i le , however , with 
fo reshocks having higher s tress  drops than the aftershocks . 

b .  A brief s tu dy o f  several small  (M  � 1 )  aftershocks which occ urred 
on a small  ( but wel l-de fined )  conjugate fault that branches off the 
main fault near its intersection with the northern fault p lane . The 
few events that occurred on this p lane correlate temporarily with 
larger a ftershocks (M � 3 . 5 ) on the main fault p lane ( in 4 of 6 cases 
occurring within 10 days be fore the large aftershocks ) and also 
correlate very wel l  in 2 cases with two sma l l  earthquakes that located 
at a depth of 40 km down-d ip from the Oroville a ftershock zone (Marks 

and Lindh , 1978 ) . The data suggest ,  albeit weakly , that the larger 
aftershocks were preceded by accelerated strain accumulation ( due , for 
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ins tance , to deformation on the aseismic central portion of  the main 
fault  plane ) , wh ich trigge red the activity on the small conjugate 
p lane . Even more speculative is the inference that in 2 cases this 
acce lerated strain might have been preceded by deformation propagat ing 
up d ip from 40 km depth w i th a veloc ity of about 10 km/day . A care ful 
search i s  underway of the Develocorder films for three months prior to 
the main event to see i f  it too , might have been preceded by 
anomal ou sly deep se i smicity . 

4 .  A pilot s tudy to detect seismic precursors to the next Parkfield 
earthquake . The Parkfield area has been the s i te of  four magnitude 6 
earthquakes in th is century ( 1901? , 1922 , 193 4 , and 1966 ) . The las t 
three have had identical M ' s  and have involved ground breakage along 
the same section of the Sag Andreas , along the northeast edge of the 
Cholame val ley . At leas t the las t two have had foreshock activity , 
including one magnitude 5 foreshock in the final minutes before each main 

event . Surface creep and geodetic measurements make it clear that strain 
is accumu latir� along thi s  stretch , and we are now past the minimum 
interval between magnitude 6 ' s  in th is century . As the zone that broke 
in 1966 has been the s ite of continuing microseismic ity up to the 
present , including a cluster of activity near the 1966 ep icenter , th is 
region seems to us eminent ly suitable for a de tailed prediction 
experiment . We plan to use the techniques described above , and others , 
to chara cte rize the ongoing microseismicity , in hopes of identifying the 

foreshocks to the next magnitude 6 .  In cooperation with Bill Bakun 
( 8-9 930-02101 ) we are in the process of instal l ing two new 3-componen t , 

dual-ga in se ismic s tations in the Parkfield area , both about 5 km off the 
San Andreas on the Gabi lan s i de ; one near Parkfield , and the o ther near 
Cholame . 1n addit ion , the existing station at Gold Hil l  has been 
upgraded to 3-component ( high-ga in ) .  During this fiscal year we p lan to 

a .  Make a deta iled study of P and S arriva l  times from a wel l-recorded 
set of Parkfie ld earthquakes . We wil l  use these travel times to adopt 
Eaton and Stewart ' s  1966 a ft ershock model to the pre sent station 
configurat ion and assess its appl icabil ity farther north along the San 
Andreas . 
b .  Use the model and s tation corrections developed to relocate the 
earthquakes in the Parkfie ld area s ince 1969 . These relocations wil l  
be compared t o  Eaton ' s  1 9 66 a ftershock distribution and used for a 
space-time-magnitude s tudy . 

c .  Begin tabulation of amplitude/ focal plane and zero-crossings vs . 
l og code data for selected zones of  activity in the Parkfie ld area . 
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TECHNICAL REPORT SUMMARY 

( 01 Oct 7 7  - 31 Mar 7 8 )  

In-situ S eismic Wave Velocity Monitoring 

Principal Inves t igator : T . V . McEvilly 
Seismographic S ta tion 
Dep t . o f  Geology and Geophysics 
University of California 
Berkeley , California 9 4 7 2 0  

Continued monitoring through the p a s t  winter (when weather permi t ted)  

has confirmed that spurious travel-t ime variations , bo th long-term and short-

term, are severely l imit ing the preci s ion of our measurements , and are perhap s 

masking events of real intere s t , namely velocity variations due to s tress 

change s  at dep th .  

Long- term s easonal variat ions , which have been dis cus sed i n  previous 

technical reports for the deep B ickmore Canyon monitoring and in the Event 

Summary , vol .  1 for all s i tes , occurred throughout the winter . Changes 

amounted to a slowing of about 0 . 2% of the travel-t ime or l8msec for the 

8-sec arrival at B ickmore Canyon , and about 1% for the firs t arrivals along 

both shallow paths at the winery s i te ( 9  msec on the N-S path and 5 msec on 

the E-W path) . Variations are clearly rainfall rela ted , sub s tantiating our 

belief tha t  they are caused by changes in water- table dep th . However , the 

sense of the veloc ity change is opposite to what we would have expec ted , i . e . , 

as the water table rose with increased rainfall , the travel-times increased 

at all s ites , and are now decreasing again as the water-table drops . 

We are experiment ing with the use of  down-hole geophones c elow our 

Vibrator s i tes to comp ensate for very-near-surface changes ,  both by s imply 

monitorin g  down-hole t imes , and by using the down-hole signal as the reference 

s ignal in cros s-correlation . 
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The shor t- term variations ob s erved s ince midsummer o f  las t  year are a 

scat ter o f  about 5 x 1 0-4 o f  the travel-times measured a t  all s ites during 

repea ted runs made over a number of hours . This is an order o f  magni tude 

greater than tha t observed in the spring of  1 9 7 7 . 

During the fall and winter , two sources of nois e , transient elec trical 

sp ike s  on the geophone s ignal and 60 H z  noise on the correlated s e ismograms , 

increased markedly . The basic causes o f  each were discovered , and b o th were 

e f fectively eliminated . This improved da ta appearance ,  but did n o t  reduce 

s ignificantly the travel-time data scat ter . 

As part o f  these noi s e  inves tigations , many parts o f  the vibrator and 

recording systems have been tes ted for s tability and found to be f unc t ioning 

prop erly . The remaining candidates for the ins tability evidenc ed by the 

s ca tter are : 

1 .  Vibrator react ion-mass ins tab ility due to improper 

feedback contro l . 

2 .  Source spectrum variations � causing travel- t ime variations 

e i ther due to geophone amp l i f ier group delay variations 

with frequence , or to changing the inter ference pat tern 

in the source pulse generated in the near-surface . 

3 .  Telemetry transmit ter radio and/or antenna problems , 

e i ther dire c t  variations , or possib ly a complex intera c t ion 

affec t ing the vibrator control sys tem . 
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SUMMARY RE PORT 
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U .  S .  G .  S .  Con t r a c t  No . 1 4 - 0 8 - 0 0 0 1 - 1 6 7 0 4  
Re s e a r ch on E a r thquake Pre d i c t i on an d C on t r o l  in the L o s  An ge l e s  

B a s i n  an d Adj ace n t  Are a 
1 Oc t ob e r 1 9 7 7  t o  3 1  M a r c h  1 9 7 8  
Ta - l i ang Teng , P r i n c i p a l  Inve s t i g at o r 

A c omp l e t e c at a l o g o f  m i c r o e a r thquak e  ac t i v i ty ,  o c cu r r in g  
du r i ng 1 9 7 3 - 1 9 7 6 , h as b e en c omp i l e d  fo r t h e  San t a  Mon i c a  Moun t a i n s , 
San t a Mon i c a  B ay and n o rthe rn L o s  An ge l e s  b a s in . E ar thqu a k e  
re l o c a t i on s  w e r e  a c c omp l i s h e d  by app ly i ng an i mp r ov e d  c ru s t a l 
ve l o c i t y s t ru c ture and i nd i v i du a l  s e i s mi c s t a t i on c o r re c t i on 
c on s t ant s t o  the r e v i s e d  HYPO 7 1  c omp u t e r  p r o g r am � The d a t a  b a s e 
i s  g e ne r a t e d  f r om a l l s e i s mi c n e two rk s  ope r a t i n g  in s ou t h e rn 
C a l i f o rn i a . 

The San t a  Mon i c a  Moun t a i n s , S an t a  Mon i c a  b a s i n an d no r the rn 
Los An ge l e s b as in a re p hy s i o g r ap h i c  fe ature s l oc a t e d  a t  t h e  
j unc t ure o f  d i f fe r i n g  s t ruc tur a l  t e r r an e s  wh i ch b e c ame j ux t ap o s e d 
d u r in g - Me s o z o i c  an d Ce n o z o i c  t e c t on i c e p i s o de s .  F r om t h e 4 2 3 
e a r t hqu ak e s  re l o c a t e d  i n  t h i s s t udy , i n d i vi dua l and comp o s i t e  
f au l t - p l ane s o l ut i on s  ( F i gure s l an d 2 )  an d d i re c t i on s  o f  l o c a l  
c omp re s s i ve s t r e s s  ( F i gure s 3 and 4 )  h ave b e en de r i ve d  wh i c h 
s up p o r t  h yp o t he s e s  p r op o s e d t o  e xp l a i n  the p re s en t  s e i s mo -
t e c t on i c  p a t t e rn e vo l v i n g  in c o a s t a l  s outhe rn C a l i f o rn i a . 
P re fe rre d  fau l t - p l ane s o lu t i on s  c omp r i s e  a s umma ry o f  t h e  c o r re l a ­
t i on b e twe e n  s e i s mi c i  t y  and kn olffi fau l t s  w i  t h  kn own s en s e  o f  
d i s p l a ce me n t s . The s tu dy are a i s  p r e s en t ly re s p ond in g t o  a l o c a l  
n o rthe as t - s ou t hwe s t  c omp re s s i ve s t re s s  f i e l d  w i t h t h e  t e n s i on a l  
s t r e s s  ax i s  a l i gn i n g a l on g  t h e  t r a c e  o f  t he S a n t a Mon i c a fau l t  
s y s t em , wh i ch in c l ude s t he S an t a  Mon i c a  f au l t , the Ma l ib u  C o a s t  
fau l t , t h e  Dume fau l t , an d t h e  Raymon d H i l l  fa u l t . South o f  t he 
S a n t a  Mon i c a  f au l t  s y s t em , r e s p on s e  t o  t h i s c omp re s s i on i s  
m an i fe s t e d  by t he c on ce n t r a t i on s  o f  s e i s m i c i t y  a l i gn e d  a l on g  the 
New p o r t - I n g l ew o o d  f au l t z one and a l o ng t h e  P a l o s Ve rde s f au l t  an d 
i t s  n o rt hwe s t e x ten s i on i n  t h e  San t a  Mon i c a  B ay . I n  t h e  H o l l Y1V' o o d 
a r e a , c u r r e n t  s e i s m i c  ene r gy re l e a s e  o c curs a r oun d t he i n t e r ­
s e c t i o n o f  the n o r thwe s t  t re n d i n g  Wh i t t i e r  f au l t  an d t h e  S an t a  
�Ion i c a  fau l t .  The s e  s e i s m i c i  t y t re n d s  d o  n o t  p r oj e c t  t o  t h e n o r t h , 
a c r o s s t h e  S an t a  M on i c a  f au l t s y s t em , s u g g e s t i n g  t h a t  the n or thwe s t ­
t re n d i n g  s t ru c t ure s a r e  p r ob ab l y t e rmin a t e d  b y  t h i s f au l t s ys t e m  
an d t h a t  t he S an t a  Mon i c a Moun t a i n s  are a c t in g  a s  a p a s s i ve and 
c oh e r e n t  s t ru c t ura l b l oc k . 
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Individual f ault-p l ane s o lutions , 1 9 7 3 -1 9 7 6 , numb�red in s equen t i a l  
order . Stippled quadrants . equa l  comp res s ion , blank equ a l s  
dil itatiorr. --- -- Only maj or fau l t s  outl ined . 

Compo s i te fault-plane solutions , 1 9 7 3 -1 9 7 6 . 
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D i rec tion s of compre s ·sion a l  s tre s s  de rived from individual 
fau l t -p l ane so lution s . On ly th e  pro j e c ted hori z on t a l  
componen t i s  shown ( arrows not to s c al e ) . 

D i re c t ion s o f  comore s s io n a l  stre s s  de rived from �cmpo s i te 
faul t -plane s O l u tio n s . 

193 



SEMI-ANNUAL TECHNICAL REPORT SU��RY 

1 October 1 9 7 7  - 3 1  March 1 9 7 8  
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Clarence R. Allen 

Seismologi c al Laboratory 

California Institute of Technology 

P asadena, Californ ia 9 1 1 2 5  

Neil R. Goulty 
School of Physics 

The Uni versity 

Newcastle upon Tyne, England 
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In the Imperial Valley, Caltech has installations of four 

b i ax ial t iltmeters, six creep meters and several alignment arrays. 

No further creep has been observed on the Imperial fault s ince 

Apr il 1 9 7 7 , but one creep event w ith 1 . 5rnm of r ight lateral sl ip 

occurred at the southern end of the Brawley fault on 3 0  October 

1 9 7 7 . No anomalous s ignals have yet been recorded on the t ilt-

meters. 

In Cholame Valley, unt i l  the recent flooding following heavy 

rains, Caltech has had six b iax ial tiltmeters, four strainmenters, 

three creep meters and three al ignment arrays. Three of the tilt-

meters and all four strainmeters have had to be removed because 

of an unexpected change in farming plans on the Jack Ranch, but 

the strainmeters are shortly to be reinstalled in a new array to 

the southwest. 

A total of e ighteen months of data was obtained from the 

stra inmeters, and much of the noise correlates well w i th the 
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t emp e rature record . On 9 Novemb er 1 9 7 7  a fourth s e t. o f  s ignals 

was ob tained by the s t rainme t e r  array due to the repeat ing d i s ­

l o cat ion previous ly ob served o n  t h e  San Andreas faul t . A week 

later creep b egan on the Carr Ranch creepmeter , t ot a l l ing 3mm , 

wh ich f o l lows the previous �at t ern . 

The firs t few months of data f rom the t i l tme t ers app ear 

to be sub s tant ially no i s i e r  than the s t rainme ter data . 
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T ILT MEAS UREMENTS IN THE N 11V HEBRI DES ISLAND ARC : 

SEARCH FOR ASEISMI C DEFORMATION RELATED TO EARTHQUAKE GENERAT ION 

IN A MAJOR ZONE OF LITHOSPHERE SUBDUCTION 

Repo r t  p re p a red by B ryan L .  I s acks , P r i n c i p a l  Inves t igato r 
Dep a r t men t o f  Geo lo g i c al S c iences 

Co rne l l  Un ive r s it y 

I tha c a , N ew Yo rk 14 85 3 

TECHN ICAL REPORT S UMMARY 

During th e p e rio d co ve re d b y  t h i s  repo rt no l arge earthq uake ( M
s >5 . 5 ) 

o c c ur re d  c lo s e to t h e  t i l tme te r  n etwo rk. Th e mode rate act ivi ty characte ris t i c  

o f  th e pa s t  twe n t y  mon ths o f  t il tmet e r  o p e r a t i on h as continued,  b ut has pro duced 

no cl e a rl y  de t e c tab l e  p re curso ry s i gnal . Th e l arge s t  and clo sest even ts so far 

reco rde d i n cl ude f i ve even t s  w i th magn i t ude s ( � )  be tween 5 . 0  and 5 . 4 ,  reco rded 

at s tr a i gh t- l i ne di s t an ces b e tween 37 and 60 km f rom the n ea re s t  t i l t met er s tat ion . 

Fo ur o f  th ese were s hown i n  Repo r t  #2 , and the fi fth i s  reported here . Further 

e xamin at ion has also b een made o f  t h e  l a r ge S e p t emb e r  4 ,  19 7 7  even t (Ms = 6 . 5 ) 

lo cat ed 1 5 5  km f rom t h e  n ea re s t t i l t me t e r  s t at ion . No clear pre curs o ry s i gnal s  

ar e  s ee n  fo r t hes e e ven t s  a t  a re so l u t ion o f  ab o u t  10- 7 f o r  periods u p  to 

s eve r al ho urs , as de t e rmi ned on t he o ri gi nal Rus t rak reco rd s .  Digi t i za t ion and 

rep lo t t i ng o f  the data at co mp re ss ed t i me s cal es indica tes 1.n crease noise at 

l o n ge r  pe ri ods , and the re s o l  ut i on wo rsens to abo ut seve ral nti cro radi ans . Ra i n-

fal l is clearly t h e  domin ant s o ur c:e o f  t rans i en t  no i s e  in the ra nge o f  p e rio ds 

b e tween s eve ral ho urs and s e ve ral weeks . The cont i nuous re co rding o f  rainfal l 

ac cumul at ion that h as b e en s uc ce ss ful l y  i ni t i a t e d  a t  s everal s t a t ions w i ll s i gn i-

f i can t ly in c re a s e  t he s i gnal de t e c t ion capab i l i ty .  
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This re po rt cove rs a six-month pe riod afte r  the f ield season o f  Augus t--

Sep temb e r , 19 7 7 .  The new til tmeter s ta t ion (Tukutuk) on V�te isl and worke d 

reasonab ly well , as did five o f  the remaining s even stations . Two o f  the 

i ni tially rainfal l s ens itive s tations have shown increas ing problems with 

rainfal l in s pite of a t t empts to improve the s tab il ity of the s i t e . I t  appears 

that t he lo cal gro und condit ions are s imply not adeq uate fo r tiltmeter s tab ility , 

and thes e s tati ons wil l have to b e  mo ved during the forthcoming field se ason.  

E xpe riments were perfo rmed at th'e Devil ' s Po in t  t il tme ter statio n  to de ter-

mine the caus e o f  the long term dri ft cha racteri s ti c  o f  one o f  the components 

o f  tha t  s tation .  As des cribed i n  Report #1 , th e level ing resul ts d i d  no t ve ri fy 

the drift indica t ed by the t i l trneter.  Expe riments included a sub s titution b ri dge 

to replace t he t iltmete r  bubbl e- level and a p ro to type electronic s  o f  th e improved 

des i gn lo aned to us by Kineme t ri cs . Th e expe riments show that the dri ft i s  no t 

tied to the el ectronics , no r is i t  imp rove d  by the newer ele c troni cs , b ut appe ars 

to be either in the bubble l evel i ts el f o r  in the immediate s i ting of the ins t ru-

ment e I f  the l a t te r  cas e is right , then it  mus t be cons ide re d  a somewhat remark-

able co incidence that the direct ion o f  dri f t  is s o  clo sely al i gned to one 

o f  the til tme t e r  components . 

record ing 
Th e new t il tme terAs ys terns , including an addi tional slow- speed Rus trak whi ch 

re co rds bo th t il t  and rainfal l ,  has proven to b e  very e f fe ct ive .  Imp rove d 

ve rs ions o f  the sys tem have b ee n  cons t ructe d and tested and will soon be  ins t al l e d  

at a l l  stat ions . Develo pment o f  the mi cro p ro cessor control led di gi t al  reco rde r 

has co nt inued and p roduc tion o f  thes e uni ts w ill be gin after the furth er tes t ing 

o f the second pro to type . In  addit ion to the advantages o f  di git al  recording , the 

mic ro p ro cesso r uni t wil l be a key component in linking the t il tmete r  dat a  to a 

cen t ral base s ta t ion vi a the n ew VHF teleme t ry system that will b e  instal l ed for 

th e s eismo graph ne two rk . 
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A st udy o f  the t idal s i gnals re co rded by the t iltme ters has b een compl ete d  

and t h e  manus cript i s  be ing p repared fo r publicat ion . The s tudy shows that the 

l arge t idal s i gn al s  are caus ed by lo ading o f  the o cean tide s  in an are a c lo se to 

the t il tmeter .  Thi s  e ffe ct can b e  e xpl ained by a two l ayer mo del with a low­

rigidity near-surface l aye r .  The anomalous l y  large amplitudes a t  o n e  s tation 

appear to be an e ffe ct o f  the l arge amo un t of porosity o f  t he co ral ro ck at the 

s i t e , an e f fe ct whi ch e ither reduces the ri gidity o f  t he ro ck or allows the 

load to b e  appl i ed clos er to th e t il tme ter than the nearby co as tline . 

A Lamont- type sea level reco rde r  was i ns tal led at Southwes t Bay in S eptember 

19 7 7 .  Three month s  o f  reco rd are ava ilable fo r this ins t rwnent . I t  i s  opera t ing 

i n  a sand beach and ut il i zes  the s and as a tidal fil ter .  Thl fortunately the 

fil ter is too e ffec t ive , and the t i des  are j us t  b ar ely percept ib le at a ful l­

s cale s ens itivity  o f  10 cm in wate r level . This implies an exces sively long 

time co nstant , and the instrument will b e  moved to a lo cation c lo s er to the water 

in an a tt empt to decreas e the t ime cons tan t .  Comparison o f  t he s ea l evel reco rd 

with the nearby t i l tme t er shows a co rre l at able small amplitude oscil lato ry s i gnal 

with a period of o ne to t hree weeks . The relative p ol arit ies o f  these s i gn al s  

are i n  agreemen t w i th a n  o cean lo ading e f fe ct . 

L evel ings o f  the two array s  o f  benchmarks were done during t he period of  

the report . The D evil ' s  Po int array remains s t ab l e  at  th e  mic roradian l e vel . 

The Ratard results are s t il l  b eing reduced.  Three a dditional b en chmarks we re 

ins tall ed at Devil ' s  Point to s t rengthen that array , and were in cluded in the 

mo s t  recent l eve l in gs . 

Wo rk o f  po ten tially great s i gni f icance to the t il tme te r  p rog ram i s  b e ing 

done in coo pe rat ion with A .  Bloom and F .  T ayl o r  i n  thei r s tudies o f  upl i f te d  co ral 

t erra ces  in the New Heb ri de s . P rel iminary resul t s  o f  th i s  work was p resented at 

the Miami mee t ing o f  the AGU (April , 19 7 8 ) . The pattern of upl i ft asso ciat ed with 

the s eq uen ce o f  l a rge ear thquakes i n  1 9 6 5  was examined and foun d  to b e  consis ten t  
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t h e  longe r term pa t t e rn o f  Holocene and Late P le isto cene upl i f t . Evidence is 

found both in the e a r t hq uake related movemen t s  and the longe r  t erm mo t io ns fo r 

po ssib l e  b lo ck- l ike un i t s de fined b y  dis conti nuit ies  in til t alone a s  wel l  as 

by p resume d  dis cont inui t ie s  in ve rtical mo t ions . 
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a .  Unders tanding active fault be havio r and at temp ting to predict earth­
quakes by dete ction of r egional stress , strain , and tilt changes as 
they occur be fore and during earthquakes . 

b .  Development and t es ting of phys ical models o f  fault behavior , 
particularly those that al low cal culations of tilt , s t rain 
displac ement an d magne tic field changes expected prior t o  bo th 
s ei smic and ase i smic t'ailur e of' active t'ault s .  

c .  The mos t  important goal i s  rel iab le earthquake pre diction . 

lnvestigat ions 

a .  lntegration of' data from arrays o t' tilt , s train , magneti c  fiel d , 
cre ep ,  sei smlc and o the r measurement s . 

b .  Development of techniqu es to Ldenti fy the near sur face noi se 
s pe ct rum and wave numbe r spe ct rum for tilt an d strain measurements 
with a numbe r of' 5 0  to 2 0 0  m deep bo reholes containing tilt and 
s train ins t ruments . A prototype of these inst rument s has been 
built . These data wi ll be use d  In conjunction wi th data tOroro 
eXisting c lusters of inst ruments . 

c .  Main tenance and expans ion or the digital data system use d to collect , 
display and analyze these data . lns tallation of an interrogatible , 
spe cia l purpose � proces sor base d digital telemetry sys tem at 
several s it es for field testings . The prototype syst em i s  presently 
working over comme rcial-grade telephone l ines . 

d .  �on tinue an attempt at r egional monitoring o f  crus tal stres s­
variat ions us ing a repeated magnetic survey techniques . 

e .  Develop tecton omagne tlc models otO par ticular se ctions of act ive 
tOaul t s  where magnetic t'ield changes have been obse r·ve d .  

r .  Develop tectonic mod els o f  fOur ther types o f  crus tal behavior along 
active tOault s .  

g .  Continue large scale continuous crus tal t i l t  measurements us ing a 
syst em differen tial level measurement on exis ting dams and aquaducts . 
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h .  �ontinue sea rching and tes ting spe ci fical ly defined ear thquake pre­
cur sor functions . With the present analys is system it is  expected 
that at leas t 5 0� ot' earthquakes , �> 3 . 5  that occur near 
inst ruments wil l  be iden tified before they occur . However ,  unless 
more moderate magnitude earthquakes occur within ins trument arrays 
these s tudies will be rest ricted to the minor earthquakes where the 
s ign als are small  and ambiguous . 

Results 

a .  Compa ri son be tween local variations in magnetic fiel d , long term 
changes in cre ep rate , and local earthquakes along the San Andreas 
fault indicate that . 1 )  earthquakes with magnitudes les s than ij . O  
do not ap pear to correspond in time to local changes in magnetlc 
fie l d  greater than 0 . 7 5 gamma or to variations in the creep rate . 
2 )  there are indications of correspondence ,  in bo th space and time , 
between the long- term changes in creep rate and variations in 
magne t1c field . 

b .  Changes in s tres s relate d  to the sur face expression of fault creep on 
the san Andreas fault can be es timated from di slocation models fit 
to obse rvations of s imultaneous strains and tilts at points near the 
fault . Th ese stress values are generally less than one bar . For 
these s tres s levels and with the apparent l imited extent ot' surt'ace 
t"ailure , te ctonomagnetic mod els of cre ep events indicate that 
s imultaneous obse rvations of related magnetic field variations at 
dete ctable levels ot' a gamma or so are unl1kely . Slip at greater 
depth may occur more smoothly and wou l d  load the near-surt'ace 
mate rial to t"ai lure . Simultane ous cre ep and magnetic fie ld records 
have be en obtain ed t'or more than bO cr eep events that nave occurred 
s ince early 197 4 . ln contras t to the conclus ions ot' Hreine r and 
Kovach t l9 6� ) n o  clear magnetic t ransients or offsets are observe d 
s imultaneous wi th o r  prece ding the occurrence times of these creep 
events by up to a day or so . 

c .  lJata from an array ot" proton magnet ometers in central California 
1ndicate that a sys temat ic decrease in magnetic t'ield ot' about 
c-gammas in � years has occurred in a local ize d  region near Anzar , 
�al i t'ornia , jus t north of the creeping section ot' the San Andreas 
fault . Thi s field change has most 11kely resulted from changes in 
crus tal s tres s 1n thi s  region .  Tectonomagnetic models have been 
develope d  us ing di slocation model ing of slip on a finite se ction ot' 
i'ault . Assuming a t'ault geometry and rock magnetization , these 
mod e ls relate changes in stres s , fault slip , and fault geomet.ry to 
sur fa ce magnetic t'ield anomal ies . A large-scale anomaly , opposite 
in sense to that o bse rved but of similar ampl itude , would be 
expected to have accumu lated in this area dur ing the pas t  70 years . 
A loc al ized 5-bar de crease in shear strain on the fault resulting 
from about 2 cm of s l ip on a 0 . 25 km square patch at a depth of I-km 
beneath the s urface trace of the fault oppos ite the magnetomete r  
c oul d explain the obse rved data and still b e  compatible with the 
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geode tic strain me asurement s in the area . O the r models o f  l imite d 
local s l ip are equal ly possible . The oc currence of a mo derate 
magnitude ear thquake in thi s region wi l l  allow comparison of stress 
changes es timated by di ffe rent techniques . 

o .  Ti lt changes associate d  wi th 1 to 5 mm o f  fault cre ep have been de­

tected at several di fferent locations on the San Andreas fault on 
ti l tmeters wi thin five hundre d mete ps of the creep obse rvation 
po in t .  The cr eep relat ed t i l t s  have ampl itudes of � 0 . 5  l1 rad and 
dur ations compa rable to the creep events . No changes �) 1 0-2 l1 rad 
have been o bse rve d on tiltmeters at dis tance > 1 kID from the fault 
a t  th e time o f  the creep even ts . D i slocat ion jno dels capable of 
r ep l icatlng the cre ep-relate d ti lt events have been co ns t ructed to 

examine the relat ionshi p of the mo del parameters t o  details of the 
tilt wavefo rms . The tilt time histo ries , s ource-station 
c onfigur ation , and the di splacement time history can be use d to 
int'e r the ty pe and amount of the di sp lac ement , the propagation 
direction and depth of the sl ip zone . The shal low depth and fini t e  
S l.z e  ot' the s l i p  zone inOicated by th ese models contrasts wi th the 
horiz ontal extent over which many creep obse rvat ions occur . Slip o t' 
longe r  durat ion an d large r exten t at d epths below a few ki lometers 
t hat loads the sur fa ce material to t"a i lur e could explain these 
obse rvat ions . 

e .  t;ontlnuous s train measurements t'rom 3 three- component l.nvar wi re 
strainmeters ins tal le o 120 0 ,  150 0 ,  an d 170U m from the San Andre as 
fault indicate no obse rvable s t rain change at the ins trument 

r es olution l < lU-� ) our ing lU epi sodic creep events on the !'aul t .  
Th ese s train o bse rvations in d icate that the s l l.p area respons i ble 
!'o r the cr eep obse rvations is near sur face and ot' quit e  l imited 
exten t . ve epe r  slip on the San Andreas fault ap parently is smoo the r 
t han woul d be infe rred t'roro the duration ot' epi sodic creep 
o bse rvat ions . U nfortunately , s ignal discrimin ation c apabi l ity get s  
worse a t  longer pe rio ds and needs improvements i f  slow def'ormation 
waves are to be detected at s train levels below 1U-1 . 

f .  Local ear thquakes wi th magn i tudes o t' < 2 . 5  and wi thin 20-5 U kID o t' 'V 
t i l tme ters al ong the San Andreas fault typi cal ly generate offsets in 
t i lt , ti l t  seismograms , and impuls ive tilt behavio r at the t ime o f  
the earthquake . Uata from a n  a rray of ins truments a r e  compared to 
that pre d icte d by di slocation mod e ls . Almost al l obse rve d coseismi c  
offs e t  ampl i tu des a r e  1- 3 o rders of magnitude large r than the 
p re d icted ampl itudes . Simi lar r esult s occur for teleseismic 
e arthquakes . A lack o f  agreement in the obse rved offset ampl i tudes 
a cross the array indicat es that ti lt changes are triggered at or 
n ear the ins t rument site by th e pas sage of se i smic waves . No 
s i gni fican t agre ement was obtained between the dire ction of 
c osei smic t i l t s  and either the se cular ti lt trends or loc al geologic 
features . Triggered movement on near-surface cra cks , fra ctures , and 
minor fault s  ap pe ars the mo s t  viab le phys ical explanat ion for the 
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obse rved offsets . Sho r t-base-l ine near-surface tiltmeters , appear 
inadequate for measuring ti lt di splacement fiel ds ge nerated by local 

ear thquakes . De ep borehole ins tal lations ap pear neces sary for this 
measur ement . Cose i smic t i lt trans ients ap pear to be cause d by 
seismical ly induced water tab le perturbations near the t i l tmeter 
s ite . 

g . Three ye ars of continuous records of surface tilt preceding a 
mo derate e arthquake (ML = � . 3 ) on J anuary � ,  1977 , have be en 
O btaine d at a poin t 5 . ? km from the earthquake epicenter . A 
pos sible short- term pe rcursive ti lt to the southwest s tarted 
Uec embe r HS , 197 b and reache d a maximum ampl itude of' 2 radians 
relative to the t i l t  trend at thi s  t ime . Other changes of this 

ampl i tude are eviden t , however ,  in the 3-year re cord . The sense ot" 
t ilt c hange d abru ptly fol lowing the earthquake , gradual ly returning 
to the general ti lt treno . A su bs tantial post seismic tilt of 1 U  

ll radians i s  consis tent wi th ase i smic s l ip of the Hayward fault , o r  

on any ot" several o ther faul ts l ocal to the tiltmeter in this 
region . The data are insufficient to di scriminate be tween these 

POSS i bi l i ti es , and accompaning surface displacements are apparen tly 
t oo smal l to be detected 1n the ge odetic records . Short- term 
accelerated tilting jus t  preceding the seismic events , as propose d 
by wood and Allen ( 1 9 71 )  are not ap parent in these data . An 
o bse rve d  coseismic ti lt s tep of O . l � ll ra dians does not agree with 
that expe cted from current fault- fai lure models . 
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-----The Ti lt Operations project wi l l  operate extensive networks of 
telemetere d  tiltmeter s ites in central and s outhern California , and a few 
sites in Alaska , along se ismically active and creeping faults in order to 
study the mechanics o f  seismic and a se ismic faul t  slip and other processes 
which may relate to earthquake pred iction . Goals for the second half of FY 78 
inc lude continued upgrading o f  sys tem performance and upgrading the qual ity of 
eXisting data to ensure future data quality . The development and deployment 
o f  a long-ba sel ine tiltmeter system at several locations is planned.  This 
ex periment relates to another important goal - the characterizing of sur face 
tilt  s igna ls and no i se with respect to wavelength , period , and depth 
dependence . 

Important non-scienti fic goals o f  the project include providing logistic 
and technical support to ther projects , particu larly the magnetometer , 
s trainmeter and creepmeter programs . Technical support will also be provided 
to  contract maintenance personnel throughout the l i fe of the maintenance 
contract . 

Investigations 
The ti lt ope rat ions project continued the search for tilt precursors to 

ear thquakes in Cali fornia and Alaska , speci fical l y  by operating and monitoring 
the ti ltmeter arrays in central and southern Cal i fornia , totalling 80 sites , 
and an array in Alaska consis ting o f  three sites . The inves tiga tion into 
surface ti lt s ignal and noise characteristics by comparison of paralle l 
records from three sites wi th redundant tiltmeters in cent ral Cali fornia was 
expanded with the ins ta llation o f  redundant tiltmeters at three additional 
s i tes . One new meter was ins ta l led at both the Sargent and Dry Lake sites , 
and two new ins truments were ins talled at the Nutting Ranch site . 

Qual ity control was p rovided on tilt  data rece ived by monitoring 
te lemetered data and occas ional compari son with leve l array data . Upgrading 
o f  exis ting data was conducted through cal ibrations and interactive c leaning 
in o rder to provi ded an important data base for future ana lysis . The c leaning 
proved to be an extremely tedious and unrewarding task due to the overtaxed 
and unreliab le  computing faci li ties at LBL . A program for the cali b ration o f  
instruments i n  southern Cali fornia was begun . 
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Highly sens itive pressure transducers were ins talled at oppos itve ends of 
San Andreas Lake , a reservoir near Mi llbrae , California , wh ich is  directly on 
the San Andreas faul t .  The tranducers record in di fferential mode , and 
interface with the standard U . S . G . S .  low- frequency digital telemetry network . 
Pressure differences are computed by an 8-bit onsite microprocessor , recoded 
from BCD to binary format and fed directly to the Larse modem of a digital 
transmitter wi th the mul tiplexing circuitry deac tivated . A D-to-A converter 
and Rustrak recorder provide an onsite record . The system provi des a 
continuous monitor of  ground tilt with respect to the lake surface . 

A prototype long-baseline borehole tiltmeter has been designed and 
constructed . A Rockwell  bubble-level tiltmeter and a Hughes TM- 3 tiltmeter 
were ins talled in two 20-foot-deep boreholes in close proximity to one another . 

Bias steppers were ins talled at many southern Cal i fornia tiltmeter 
sites . A program of evaluating and upgrading or eliminating sites in southern 
California was begun . Assistance was provided to contract maintenance 
personnel in central and southern California to evaluate and repair flooding 
damage to ti ltmeter sites and equipment caused by torrential winter rains . 

Results 
Preliminary examination of data from a Rockwell bubble-level tiltmeter 

and a Hughes TM-3 ti ltmeter ins talled in separate 20-foot-deep boreholes in  
close proximaity to  one another indicates good agreement prior to  the rainy 
season and possibly improved thermal response . Unfortunately this s i te , which 
is  near Lake Hughes , Cali fornia , flooded and the equipment was damaged beyond 
repa ir during recent torrential rains in southern California . 

A comparative study , previously reported , of data from three central 
Cal i fornia tiltmeter s ites with redundant instruments was continued and 
expanded . Low-pass and high-pass Butterworth digital  fi lters , of the 
recursive type , originally programmed by Kieth McCamy of Lamont and made 
avai lable by Joe Fletcher , were modified and adapted to accommodate typical 
low-frequency digital geophysical data and to operate within Jim Herriott ' s  
Geolab program .  This program and a simple cross-correlation program , wh ich 
was also adapted to run within Geolab , provide the tools to complete thi s  
s tudy and should prove t o  be generally use ful i n  the future . 

A system for emplacing short-baseline , shallow borehole tiltmeters 
uti lizing an expansive grout has been tested at one location in central 
California . Results indicate that long term stabil ity achieved with this  
technique is not as good as  with the standard technique of  packing the 
instrument in fine silica sand . 

An inexpensive ( about $50 ) raingauge has been developed and is operating 
at a ti ltmeter s ite in central California . Six additional raingauges are 
being assembled and wi ll be deployed throughout the tiltmeter network in order 
to provide a more relevant and timely monitor of rainfall than the NOAA 
monthly summary . 
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The Stanwick Corporation was awarded the contract for the maintenance of 
ins trument networks in southern California . Train ing of these personnel was 
patterned after the successful training conducted last year for the 
ma intenance personnel in central Cal i fornia . 

Publi cation 

Johnston , M .  J .  S . , Jones , A .  C . , Daul , W . , and Mortensen , C .  E . , 1977 , Tilt 
near an earthquake ( M = 4 . 3 ) , Briones Hil l s , Cal i fornia : Seism.  Soc . 
Am .  Bul l . ,  v .  68 , n .  1 ,  p .  169-173 . 
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-----

Crustal strain project is designed to measure both the spatial and 
temporal dependence of strain accumulation along the San Andreas fault 
and other major faults in Cali fornia and Nevada . Measurements of surface 
deformation provide strong constraints upon possible fault models 
although those measurements by themselves are not capable of defining the 
model . The principal measurement wil l  be distance determinations between 
geodetic monuments 10 to 30 km apart with a precision of better than 0 . 5  
p pm .  Repeated measurements  of this type define the strain accumulation 
field . The principal importance of the project in the earthquake 
prediction program is that it provides a s table measurement of strain 
changes and could detect precursive strain anomalies if they exist . 

Investigations 

Analysis of s train accumulation in central and southern California was the 
principal subje ct of investigation , although some analysis of networks in 
New Mexico , Utah ,  Montana , Washington , and Nevada was undertaken . A 
detai led  search of Geodolite measurements was made to detect possible 
earthquake precursors with negative results . 

Results 

1 .  Prescott , Savage and Kinoshita ( 1978 ) have summarized strain rates 
measured in western United States by Geodolite surveys in the period 
1970-77 . No signi ficant strain accumulation was detected across 
Puget Sound near Seattle , near Hanford in eastern Washington , or 
across the R io Grande ri ft near Socorro , New Mexico . North­
northeast extens ion at a rate of about 0 . 20 ± 0 . 06 �strain/a was 
obse rved near Hebgen Lake , Montana , and east-northeast compression 
at a simi lar rate was obse rved across the Wasatch fault near Ogden , 
Utah . The strain at Hebgen Lake is quite consistent with the known 
pattern of no rmal slip on east-west striking faults , but the 
compression perpendicular to the Wasatch fault is unexpected . The 
average tensor shear strain accumulation along the San Andreas fault 
is  only 0 . 12 �s train/a . In southern California the measured strain 
is  predominantly a north-south compress ion at the rate of about 0 . 3  
�strain/a . 
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2 .  Savage and Prescott ( 1978 ) have noted that the measured distortion 
between 1924  and 1957 of a geodetic quadri lateral near the epicenter 
of the 1927 Lompoc , California , earthquake provides some constraints 
upon the source mechanism of that earthquake . The distortion is not 
consistent wi th right-lateral slip on the Hosgri fault , but rather 
suggests  thrust faulting on a more northerly striking fault . How­
eve r ,  the measured distortion is only marginally signi ficant and 
could possibly be produced by an unidentified systematic bias . 

3 . Lisowski and Savage ( 1978 ) analyzed a retriangulated network near 
Juniper Hil ls , Cali fornia , site of anomalous seismic activity in 
1976-78 .  The s train changes in that area for the 1966-78 interval 
were comparable to the changes observed at a nearby network at 
Palmdale where anomalous se ismic activity did not occur . Thus 
within the precis ion of measurement ,  no anomalous strain accumu­
lat ion was detected near Juniper Hills . 

4 .  Savage and Prescot t ( 197� ) extended the earl ier work o f  Nur and 
Mavko on strike-sl ip faulting on a vertical fault in an elas tic 
layer ( the lithosphere )  overlying a viscoelastic substrate ( the 
asthenosphere ) to include a sequence of earthquakes . The fol lowing 
conclus ions were drawn : 1 )  The surface deformation produced by 
visoelas tic relaxation in the as thenosphere due to faulting in the 
l ithosphere can be reproduced identically by a reasonable distri­
bution of slip at depth on the fault so that the two modes of 
postearthquake read justment would be difficult to separate . 2 )  In a 
periodic sequence of earthquakes the principal obse rvabl e  effects of 
viscoelas ticity in the as thenosphere are to produce a rapid post­
earthquake deformation and to concentrate strain accumulation and 
relaxation even closer to the fault than in an elastic hal f space 
model . 

5 .  Savage and Walsh ( 1978 ) have calculated the work done against  
gravity in faulting . As  might be  expected strike-slip  faulting 
involves negligible change in the gravitational energy , but the 
change in the gravitational energy in dip-slip faulting wil l  
typically b e  three orders o f  magnitude greater than the earthquake 
energy as estimated from the Gutenberg-Richter energy-magnitude 
relat ion . The gravitational energy increases for reverse slip and 
decreases for normal slip . The actual energy released by the 
earthquake ( e . g . , energy radiated , work done against  fri ction , new 
s urface energy)  is similar to the Gutenberg-Richter energy estimate . 
The very large change in gravitational energy is  close ly balanced by 
a change in the initial elastic energy so that the energy released 
is s imply the di fference between these two large quantit ies . 
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6 .  Lisowski spent two months in Guatemala advising a Guatemalan survey 
crew on survey procedures in resurveying a triangulation a rc 
perpendicular to the Motagua fault . Comparison of this new survey 
with a preearthquake survey should determine a strain release 
profile across the 1976 rupture (magnitude 7 . 3 ) .  

7 .  Savage spent two months as a vis iting scientist at the Univers ity of 
Brit ish Columbia , Vancouver , Canada . One of the projects undertaken 
whi le there was p lanning a resurvey of a triangulation network near 
the epicenter of the 1946 Vancouver Island earthquake (magnitude 
7 . 3 ) . Recent work by Rogers and Hasegawa suggests that shallow 
rupture on the Beaufort Range fault may have been the source of that 
earthquake . This suggestion of shallow focal depth is in contrast 
to the 6 0-km depths assigned the nearby Puget Sound earthquakes of 
1949 ( magnitude 7 . ) and 1965 ( magnitude 6 . 5 ) .  The resurvey of the 
triangulation network provides a critical test of the Rogers­
Hasegawa hypothesis . A first estimate of strain accumulatin on 
Vancouver Island ( shear components Y 1  = 0 . 06 �radians/a and Y2 = 
0 . 01 �radians/a both with standard deviation 0 . 0 3  radians/a ) was 
determined from some retriangulation already comp leted in Johnstone 
Stra it . Although this strain determination is only marginally 
sign i ficant , it is consistent with what would be expected for 
northwestward motion of the Pacific plate relative to the North 
American plate . 
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APP L I ED PHYS I CS LABORATORY OF THE UN I VERS ITY OF WASH INGTON 

L . E .  S l at er , Princ ipal Invest igator 

1 October 1 977  - 31 March 1 97 8  

MWDM STRAIN MEASUREMENTS I N  CENTRAL CAL I FORN I A  

SUMMARY 

The r e s o l ut i on of sma l l chang e s  in ba s e l ine l ength i s  of part i cul ar 

import anc e in the study of deformat i on . Structural d eformat ion may 

preced e  the fa i l ure of l arge man -made structures such as dams . Since 

strain energy mu st ac cumu l at e  before it c an be re l eased , i t  i s  rea sonab l e  

t o  as sume that the earth ' s  surface must deform b efore a maj or sha l l ow 

earthquake can occur . 

Th i s  report dea l s  with two important asp e c t s  of the measurement 

of d eformat i on . F i rst , the t echn iqu e s  u s ed with e l e ctromagnet i c  d i s tanc e ­

mea suring (EDM) instrument s  are d i s cus s ed . The ana l ys i s  of uncorrected 

s ing l e -wav e l ength E DM data and the resu l t s  ob ta ined us ing the rat io 

techni que to correct these data are d i s cu s s ed in detai l .  Thi s  ana l ys i s  

i s  b a s ed o n  d irect compar i son o f  the resu l t s  obt a ined with the rat io 

t echnique and dat a obtained on the s ame bas e l in e s  us ing the h i gh -prec i s ion 

mu l t iwav e l ength E DM (MWDM) instrument . S econd , the very important , and 

o ft en i gnored , que s t i on of b enchmark stab i l i t y  i s  addres s ed . The r e ­

sponse o f  b enchmarks and/or l o c a l  surface mat er i a l s to l o c a l l y  heavy 

rainfa l l is spec i fi c a l l y  di scus s ed . 

Th e h i gh -prec i s i on MWDM instrument wa s ins t a l l ed near the mid -po int 

of the Ho l l i s t er creepmeter array in S ep t ember 1 9 7 5 . The MWDM instrument 

has exh i b i t ed a capabi l i t y  to mak e measuremen t s  over bas e l ines s ev eral 

k i l omet ers l ong to a prec i s ion o f  1 p art in 1 07 . The Ho l l i s t er MWDM 

array cons i s t s  o f  nine pr imary bas e l ines arrang ed in a rad i a l  patt ern 

from the c entra l instrument s i t e . The ba s e l ine s range in l ength from 

3 to 9 km , and are measured dai l y  whenever vi s ibi l i ty p ermi t s . The s e  

ba s e l ines t erm inat e a t  p ermanent l y  ins t a l l ed , pas s iv e  retro - re f l ectors 

l oc ated 1 00 m to 7 km from the Ca l av eras Fau l t . 
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The MWDM instrument has al lowed a direct evaluat ion of the s ing l e ­

wav e l ength rat io technique . The resu l t s  indicate that thi s  technique 

may improve the reso lut ion of sma l l  changes in bas e l ine l ength within 

proper ly des igned arrays . Whi l e  it appears that it woul d  be d i fficu l t  

to rout inel y  achi eve a prec i s ion of better than I ppm within a radial 

array of substantial s i ze ( > 1 0 km diam) , the technique does offer promise 

for studies where al l bas e l ines can be restricted to a reasonab l y  smal l 

so l id ang l e . 

The stab i l ity of benchmarks and , in part icu l ar , the response of 

the near - surface material in the immed iat e  vic inity of the benchmark 

to local l y  heavy rainfa l l , appear to be a s igni ficant probl em in obtain­

ing high-prec i s ion geodet ic measurement s .  There i s  a great need for 

further stujy of thi s probl em .  I t  may be des irab l e  to redes i gn bench­

marks and modify instal l at i on procedures depending on whether vert ical 

or hori zontal deformat ion data are desired . 
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The obj ective of the New Madrid t il tmeter array is to moni tor crus tal tilt 

in an area of active seismici ty with a view toward ident ifying precursor pat t erns 

on the crus tal b ehavior that may lend thems elves to a capab ility for predict ing 

earthquake occurrenc e .  Concurrent with the operation of the New Madrid t iltmeter 

array ,  we are engaged in a j oint p rogram with CIRES of Colorado Univers i ty for 

the t echnical support of a t iltmeter array at Adak in the Aleut ian Is lands . The 

advantages of this arrangement s t em  f rom the s imilarities of environmental 

problems encountered , and the consequent adaptation and modif ica t ion of the 

ins t rumen t sys tem to funct ion sat isfactorily in such conditions . 

In working toward the ul t imate obj ective s tated ab ove , a s eries of more 

tmmediate obj ectives have arisen out of experience with the t il tmeters when 

ins tal l ed in hos t ile environments involving extremes of meteorolog ical condit ions 

and water s atura t ion on f looding of t iltmeter s it es . Consequent ly , the maj or 

effort has been d irected t o  achieving the required operat ing sens itivity and 

s tab i lity of the ins trument under f ield condit ions . The aim here is to demons trate 

that with proper modif icat ion of the electronic sys tems and with proper ins trument­

emplacement p ro cedures , the Kineme trics TM- I Tiltme ter can operate wi th a sens i t ivity 

suf f ic ient to detect a precurs ory t ilt rate of 5 � rad ian per year . Our 

proc edure f o r  f ield tes ting the capability of tiltmeters has been to ins tall the 
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t iltmeters of the two ten-ins trument arrays (one array in New Madrid , one on 

Adak) in pairs . We are endeavoring to show that instruments placed 10 meters 

apart have a capability of tracking one another within 10-8 z'adian/month and 

10-7 radian/year . The program has proceeded through s ix tasks . 

Task 1 .  Instrument qualif icat ion and preparation program. Previous 

reports have dealt in detail with this activity . Each TM-l t il tmeter has b een 

adap ted and tes ted for operat ion over extremes of -30°C to +40oC with ins trumental 

error reduced to ± 0 . 2 P radians over this range . 

Task 2 .  Interfacing with the environment . Ins tallat ion procedures involve 

drilling a vertical hole, lowering the tiltmeter into the hole , and packing it 

into the earth with a special s and that is added s lowly and is tamped into p lace . 

In the process of installation the TM electronics sys tem is used as an indicator 

that vertical alignment is maintained . Experience in this pz'ocess shows that an 

uns table region is encount ered about two-thirds of the way up the pipe . Beyond 

this point respons e to tamping reverses itself from the expected t ilt , and the 

tilt s ens itivity to tamping increas es . Af ter ins tallat ion this same amb iguity 

of respons e to horizontal shear pres sures at the top of the pipe (surface effects ) 
per s isas . We are present ly tes ting a p reliminary finding that burial and 

tamping to only the two-thirds mark increases the reliab ility of the ins trument 

by an o rd er of magnitude . 

Task 3 .  Effects o f  o ther phys ical process es (meteorological and hydrological) 
on the inst rument and i ts environment .  Each ins trument pair is being monitored by 

a meteorologi cal package which records wind-speed and d irect ion , b arometric 

pressure, temperature ,  and water level on one s trip chart . 

Task 4 .  The digital acquisition sys tem. When fully deployed a ten-element 

array as des cribed above wil l  g enerate over 34 megabytes per year of data 
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(at a 10 minute sampling interval) . To provide remote recording of the array 

we have developed with the Henize Interactive Control Corporation of Dayton ,  Ohio , 

digi tal f ield recording unit s ,  telemetry links to a central receiv ing site,  and 

a discriminator-microprocessor for I/O programming and monitoring ,  mass s torage 

on 9-track tape or disk, and analogue output . The syst em is presently on order . 

Task 5 .  Data reduction. Our initial effort here i s  t o  demonstrate the 

reliab ility of t ilt data by the comparis on of co-sited pairs of instruments . 

In addition to conventional procedures of two-component (NS and EW) analogue 

recording of tilt versus time , or tip-to-tail presentation of t il t  vectors over 

increments of time, we have developed a new method of pres entat1.on of the data .  

In as much as the tilt rate, or change in tilt rate , may b e  the more meaningful 

precursory quantity to monitor, we have devised a procedure for plotting the 

10 day mean in tilt rate ( change in both amplitude and direction) as determined 

for each day. The result is then plot ted versus t ime as a s equence of vectors 

initiating from points along the t ime axis . This mode of presentation allows 

easy comparison between instruments ,  and ready detection of what might be a 

seismic related tilt . S ee accompanying figure . 

Task 6 .  Data interpretation. To date no more than coarse analysis of 

Adak or New Madrid data has been accomplished . 
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I n  s p i te of u nu sua l l y  i ntens e  wi n ter s torms that v i rtua l l y  prec l uded 

fi e l dwork i n  January ,  February and Marc h , we managed to estab l i sh 8 new dry 

t i l t  s i tes  at  some key l ocati ons wi th i n  the i n i ti a l l y  recogn i zed area of the 

Pa l mda l e bu l ge .  Th i s mean s  that we now have over a tota l of 36 dry t i l t  arrays 

to g i ve u s  mi n i ma l ly  s uffi c i ent  coverage over the Pa l mda l e bu l ge to document 

the natu re of reg i onal  t i l t , i f  any .  

A synopti c d i agram o f  t i l t  vectors for 2 3  o f  27 o f  the d ry t i l t  a rrays 

from l ate s pr i ng through November , 1 977 , s howed apparent cons i stency of t i l t  

d i recti ons wi thi n each of three maj or s tructura l  b l oc ks . Thu s , vectors 

northeas t  of the San Andreas fau l t po i nt genera l l y  north and northwest ;  those 

wi th i n  the San Gabri e l  Mountai ns b l oc k  rad i ate outward from a po i nt about 

25 km WSW of Pa l mda l e ;  and those south of the southern frontal fau l ts of 

the San Gabri e l  Moun ta i ns s how no apparent cons i stency of t i l t  d i recti on . We 

need at l ea s t  another year  of observat i ons to estab l i sh whether or not the 

observed t i l ts can be attri buted to reg i onal  tec ton i c s . 

S i x  of the new dry t i l t  a rrays s urround and are s uperposed u pon the 

epi centra l  a rea of an  unusua l swarm of sma l l earthquakes (M � 3 )  observed 

i n  l ate 1 976 and earl y 1 977  by McNa l l y  and Kanamori ( 1 977 ) i n  the Jun i per 
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H i l l s  area of the San Andreas fau l t  zone . The two other new s i tes are 

adjacent to USGS borehol e ti l tmeter s i tes and are i ntended to provi de com­

pa ri son of the resu l ts and sens i ti v i ty of the two ti l t-moni tori ng techni ques . 

Qual i tati ve compari son of the two techn i ques was done i n  February i n  

conversati ons wi th Ma l co lm  Johnston and Carl Mortenson ( USGS ) I The general 

concl u s i on was that each method i s  yi el d i ng ti l t  vectors that are s i mi l ar i n  

magn i tude and di rect i on ,  but there i s  st i l l  no compel l i ng ev i dence to sus­

pect that the  observed ti l ts are of tecton i c  ori g i n .  Resurveys of dry ti l t  

arrays over the next s i x  months wi l l  be cri ti cal to compare wi th monthl y 

data over the same t ime peri od i n  1 977 . 

We establ i shed a s hort l evel l i ne across  the Duravan Ranch faul t ,  

Moj ave Desert , i n  1 974 , and we d i d  our fourth resurvey of the l i ne on 1 0  

November 1 977 , only s i x  weeks after the th i rd resurvey on 22 September , to 

s ee i f  an ea rthqua ke swarm on the nea rby Garl ock fau l t had any effect on the 

rate of verti cal creep at Duravan . Our prev i ous  survey� have shown that 

verti cal creep takes p l ace regul arl y at a rate of 35 mm/yr . The fourth 

resu rvey s howed that no more offset had occurred from 22 September to 1 0  

November than wou l d  be expected accordi ng to the prev i ous ly  observed rate , 

a nd i t  confi rmed the constant rate of creep . 

We have had some d i ffi cu l ti es , some of wh i ch were ant i c i pated . ihe 

fou l wi nter weather not onl y prevented routi ne month ly resurveys of geodeti c 

networks , but fl oods destroyed or damaged some benchmarks , and s now ar,d 

l andsl i des made fi ve dry ti l t  s i tes i nacces s i bl e .  One of the surveyi ng 

hel pers fe l l wh i l e  carryi ng the Wi l d  N3 prec i s i on l evel , caus i ng us to l ose 

three week s  of val uabl e fi el dwork duri ng otherwi se good weather wh i l e  the 

i ns trument was bei ng repa i red . Fi nal ly , manufacture has been d i sconti nued 

of the el ectroni c d i stance measuri ng dev i ce we i ntended to purchase to 

do hori zonta l  surveys ac ross fau l ts .  We expect to acqu i re the new , better 

model beofre the beg i nn i ng of summer . I n  the meanti me , we at'e constructi ng 

benchma rk arrays for surveyi ng when we acqu i re the new d i stance meter . 
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the general goals of this project are to use geodetic measurements to 
dete rmine the pattern of crus tal deformation occurring along the San Andreas 
fault zone in California and �n other tectonically active regions of the 
world , and to use these results to infer the mechanisms respons i ble for the 
ob se rved deformation . Measurements use d compri se largely historic triangu­
lation ana level ing observations , and where overlap exists , work is carried 
out co-operative ly with R .  O .  Cas tle l Vertical Tectonics , �-9950-0lq8ij ) and 
J .  C .  Savage { �rustal Stra in , �-996 0-0ll87 ) .  

An extens ive se t of ge odetic obse rvations from the 170 km long central 
cre eping segment of the San Andreas fault has been used to constrain the 
broadscale deformation pat tern , determine the distribution of aseismic sl ip 
along the fault , and provide es timates of the rate of relative plate motion 
across central Cal i fornia . Although small but sign i ficant departures appear 
to exist , rigid block displacements across the major faults provides a good 
first order approximation to the deformation , as concluded previously by 
Savage and Burford .  Geodetic measurements of � 6 0 km aperture that cross the 
fa ult zone provide a firm lower bound of 3 3  ± 1 mm/yr for the rate of 
right-lateral plate motion paral lel to the San Andreas fault system s ince 
1�H5 . Measur ements near the fault indicate rates of movement close to but 
stil l s ignificantly less than this lower bound rate , varying from 25 ± 1 mm/yr 
near San Juan Bauti sta-Hollister to 29 ± 1 mm/yr farther southeast on the 
fault . lbere i s  no evidence for changes in the gross movement rate s ince 
1��5 ;  in parti cular , no sign i ficant rate changes spanned the occurrence time 
of the great 190b ear thquake to the nor th , indicating that the creeping zone 
largely isolates the episodic movements occurring on the two adjacent locked 
se ctions of the fault .  Further refinements in model ing the deformation are 
provided by making plausible assumptions on the fault geometry of the creep 
zone and the condit ions appropriate for the locked portions of the fault , and 
us ing a simple d i slocation model , all available data can be inverted simulta­
neOUSly . Shal low slippage is close to the maximum values of observed surface 
creep but i s  smoother as a fun ction of distance along the fault , and rates 
vary from about 20 to 30 mm/ yr . The figure included here shows the shal low 
s lip distribution ( to 15 km aepth ) as a function of position along the fault 
and compares it with surface creep measurement s  { supplied by R .  O .  Burford of 
USGS ) .  The deep sl ip rate , the relative plate motion rate for this model 
geometry , is  unique ly dete rmined in the invers ion but its preci se value is 
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sensitive to the model as sumptions . However ,  off-fault data do constrain its  
value to be no greater than about 4 5  mm/yr . Al though the data do not require 
i t ,  mo des t amoun ts of elas tic s train accumulati on on the creeping segment of 
the fault canno t be unambiguously preclude d . The difference between the 
near-fault and longer range movement rates , or equivalently , the deficit 
between de ep and shal low sl ip rates , i s  not defin itively explained al though i t  
ma y  b e  due t o  slip o n  minor fault s o r  a n  effect of the locked ends o n  the 
fault . These differences suggest that smal l amounts of deformation occur off 
the major faults ,  and although thi s  straining is too faint or inhomogeneous to 
be reso lved with avai lable data , its presence may be reflected in the diffuse 
regional off-fault se ismicity . 
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Contract No. 14-08-0001-1 6602 

John D. Fett 
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27595 Santa Fe Street, Hemet, CA 92343 

P . B . 4 .  

Eighteen months of monthly gravity observations have been completed over a 
network of 86 stations in the vicinity of the San Andreas Fault in Southern California. 

The network consists of seven lines of stations with the stations spaced about five 

kilometers apart. The most southeasterly line is in the Salton Sea area and the 

most northwesterly line extends from Ventura to Miracopa. Observations are 

made with two LaCoste and Romberg " Microgal" gravimeter s, D3 and DI9 . 

Each station is observed twice each month with each gravimeter . 

Only a few stations are located atop permeable alluvium. At those stations 

there was a noticable decrease in gravity as groundwater was overdrafted during 

the recent draught. No clear trends in gravity changes were observed at the 
other stations . 

Several tests were made of gravimeter performance to isolate different sources 
of error in high precision gravity observation. In addition. a quantitative index 
of wind noise, ground noise and air temperature was incorporated in the data 
recording to aid in future statistical analysis of the data. 
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Summary of Semiannual Technical Report 

April 1978 

Evaluation of a Gravimetric Technique 

as an Earthquake Precur sor Technique 
along the San Jacinto and San Andreas Fault Z ones 

Contract No . 14-08-0001-15871 

John D. Fett 

Earth Science & Engineering, Inc . 

2759 5 Santa Fe Street, Hemet, CA 92343 
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The fifth semiannual observation of gravity has been completed over a network 

of 120 stations in southern California. The network consists of eight lines of 

gravity stations across the San Jacinto and/or San Andreas Faults. The most 

southeasterly line extends through the region of the 1968 Borrego Earthquake and 

the most northwesterly line passes through Palmdale. The network r ecently was 

expanded to cover a large portion of the Elsinore Fault Z one . Except for stations 

high in the San Jacinto and San Gabriel Mountains, each station is observed twice 

with each of two LaCoste and Romberg " Microgal " gravimeters, D3 and D19 .  

Two Model G gravimeters have been used at those high altitude stations beyond 

the range of the Model D gravimeters .  

For long-term r epeated gravity observations, there i s  a distinct advantage i n  the 

use of Model D ''inicrogal'" gravimeters with adjustable ranges .  Since the early 

observations were made with Model G gravimeters ,  they have drifted more than 

15 milligals. There are no means available to reset the Model G gravimeters and 

observe on the same portion of the nulling screw. Errors in the calibration of the 

Model G gravimeters may introduce systematic errors in observations repeated 

at the same station over a long period of time . 

There are no distinct trends in the gravity changes observed, with the exception 

of a few stations deliberately located atop groundwater basins . They have provided 

a good test of the system and gravity declines are noted where there was overdraft 

of the groundwater during the recent draught. 

2 2 6  
Earth Science S Engineering 



GRANT NUMBER : 

GRANTEE : 

PRI NCI PAL I NVEST I GATOR : 

TITLE OF WORK : 

EFFECTIV E  DATE : 

EXP I RATI ON DATE : 

FUN DED AMOUNT : 

PER I OD COVERED BY REPORT : 

DATE OF SUBM I SS I ON :  

P . B . 4 . 

USD I  1 4-08-0001 -G-374 

Un i vers i ty of  Ca l i forni a ,  San D i ego 

John M .  Goodk i nd  
Professor of  Phys i cs 

Cont i n uous Grav i ty Meas urements i n  the Regi on 
of the Pa l mda l e  Upl i ft 

OCTOBE R  1 ,  1 977 

SEPTEMBER  30 , 1 978 

$ 35 , 000 

1 OCTOBER 1 977 - 3 1  MARCH 1 978 

24 APR I L  1 978 

The v i ews and  conc l u s i ons  conta i ned i n  thi s doc ument are those of 
the a u thor and  s hou l d not be i nterpre ted as neces sa ri l y  representi n g  the 
offi c i a l  po l i c i es , e i ther expressed o r  i mpl i ed ,  o f  the U .  S. Government . 

2 2 7  



P . B . 4 .  

The previ ous s i x  months work has been pri mari l y  i nvol ved wi th con ­
ti n u i ng probl ems encoun te red i n  the depl oymen t  o f  the s u perconducti ng� 
g ra v i meters . However , we have a l so conti nued to ana l yze data from P i non 
Fl a t  for i nformati on about l ong term s tabi l i ty of the i ns truments there . 

We have now reduced 3 yea rs of data from P i non ( 5 years of data has 
actua l l y  been obta i ned ) . The data i s  not as  good a s  can be obtai ned now 
because of i nadequate records of the barometri c pre s s u re and because of 
brea kdowns i n  da ta recordi ng systems . It i s  a l so enti rel y from the fi rs t 
P i non i ns trument wh i ch had no s tabi l i z i ng co i l s  so that some dri ft mus t  
b e  removed . T h u s  fa r the dri ft h a s  been removed as  a l i near dri ft rather than 
a s  the l ogari thmi c decay that i t  i s  known to be . , The data a 1 s6 has not been 
compensa ted for ti l t  except on two occa s i ons when the ti l t  was readj usted 
man ua l l y .  Correcti on o f  the data for s uc h  probl ems i s  not yet as  good a s  
i t  can be , but we have l oo ked a t  i t  i n  i ts present s ta te to s ee what we 
can measure of the l ong per i od ti des . After removi ng the d i u rnal  and 
semi di urna l ti des we have fi t to the res i dual , peri od i c  terms a t  1 and 2 
cyc l es per month , 1 and 2 cycl es per year , a t  the Chand l er wobbl e peri od 
of 436 days , and at the same t i me the barometri c p res sure s i gna l . The 
res u l ts are as fol l ows : 

Ba rometri c pre s s u re admi ttance 
Grav i metri c fac tors : fortn i ghtly ti de 

month l y  ti de 
s emi -annua l ti de 
annua l ti de 

Chand l er wobbl e ampl i tude 
L i nea r dri ft 

0 . 07 �gal /mbar 
0 . 60 ± 0 . 31 
0 . 9 1  ± 0 . 24 
7 . 0  ± 0 . 6  

1 06 . 0  ± 3 . 5  
4 . 6  ± 0 . 2  �ga 1 
2 . 7  �ga 1 /year 

The ba rometri c p res s u re admi ttance at non-ti da l  freq uenc i es reported 
earl i er by us was a bo u t  0 . 3  �ga 1 /mbar at the l owes t  frequenc i es exami ned 
( 0 . 1 cpd ) . At the muc h  l onger peri ods i nc l uded i n  thi s data we know 
nothi ng a bout the geograph i ca l  d i s tri buti on of the pres s u re vari ati ons . 
Thus i t  i s  not c l ea r  wha t the admi ttance s hou l d  be , bu t i t  i s  not 
unreasonabl e tha t i t  s hou l d be l ower than 0 . 3 s i nce that i s  the case fo r 
the a tmospher i c  ti des . 

The i mporta nt i mpl i cati ons for th i s  work are tha t l ong te rm 
vari ati ons , such as the Chandl er wobb l e ,  at an ampl i tude of 4 �ga 1 can 
be observed . The expected ampl i tude for a wobbl e amp l i tude of s l i ghtl y  
g rea te r  than 1 0- 6  radi an s  wou l d be 4 vga l . The s tati s ti cal errors s hown 
a re q u i te sma l l i ndi ca ti ng that sources of random noi se i n  th i s  l ow 
frequency ra nge are sma l l .  Max i mum pea k to peak vari ati on of the res i dua l , 
after remov i ng l ong peri od ti des and the Chandl er wobb 1 e , i s  about 1 0  vgal 
over the 3 years and mos t  of thi s appears to be due to i mproper remova l 
o f  the l oga ri thmi c dri ft . Thus , the data a t  P i non conti n ues to prov i de 
i mp rov i ng es ti mates of the l owes t  observabl e ra tes of grav i ty c hanges . 

Our efforts to dep l oy the i ns truments we have bu i l t  have not been 
as s uccessfu l . S i nce the i ns truments were funded by NASA we have 
a ttempted , fi rs t ,  to get an operati ng sys tem at the NASA trac k i ng 
s tati on at Otay mounta i n .  Tha t effort was severe l y  hampered by the 
heavy ra i ns wh i ch made the s i te i nacces s i bl e for a maj or porti on of the 
wi nter . The i n s trument wa s fi rst set i nto operati on there i n  November 
but ran out of l i qui d hel i um because we cou l d not get back to refi l l  i t .  
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We returned i t  to the l abo ra tory i n  January to i nves ti gate an anoma l y  i n  
i ts ti l t  sens i ti v i ty .  Si n ce January we have had i t  i n  and out o f  the 
l abora tory 3 t i mes , fi ndi ng that a l though i t  operated perfect l y  ; n  the 
l ab i t  was 5 t i mes noi s i er a t  Otay . Ul timate l y  we traced the probl em to 
the new dewars whi c h  we obta i ned for thi s  ba tch of i ns truments . They 
a re made of s teel rather tha n  a l umi num whi ch was used for the earl i er 
i ns truments . The �meta l s h i el di ng on the i ns trument was becomi ng magneti zed 
as i t  was i nserted i nto the dewar so  tha t an exces s i ve amount of magneti c 
fl ux was becomi ng trapped i n  the s u perconducti ng s h i el d i ng . That probl em 
has now been sol ved and , at present , the i n s trument i s  operati ng sati s factori l y  
a t  Otay and two a re i n  operati ng cond i ti on i n  the l ab .  The one whi ch i s  re­
cord i ng i n  the l ab wi l l  be moved to Lytl e Creek after another few days of 
tes ti ng . The sol uti on to the s h i el d i ng probl em ha s i ntroduced a very h i g h  
Q rotati ona l mode whi ch we a re a ttempti ng t o  damp . 

Other probl ems wi th dep l oyment , i nc l udi ng such thi ngs a s  i nterference 
from battery cha rgers , adequate waterproofi ng of concrete vaul ts , etc . 
have a l so been worked out i n  the pas t  3 months so tha t depl oymen t  of the 
rema i ni ng i ns truments s houl d accel era te after the fi rs t Lytl e Creek s tati on 
i s  e s tabl i s hed . 
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Goa l s  

S o u t h e r n  Ca l i f o rn i a  G rav i t y  S u rv e y s  and Ana l y s i s  

8-9 730-Q 1034 

R ob e rf. J a c h e n s  
U . S .  Geo l og i c a l  S u rv e y  

345 M i d d l e f i e l d  R o a d  
Men l o  Pa rk , Ca l i f o rn i a  940 2 5  
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Th e ma i n  goa l o f  t h e  s t u d y  i s  t o  u s e  r ep e a t  g rav i t y  o b s e rva t i on s  
t o  d e t e c t , mon i t o r  a n d  s t u d y  t emp o ra l  c h a ng e s  i n  e l eva t i on a nd 
chang e s  i n  s ub s ur f a c e  d e n s i t y tha t a c c omp a ny many f o rms o f  
c ru s t a l  d e f o rma t i o n . Th i s  r e q u i r e s  t h e  d e v e l opme n t  o f  t e c hn i qu e s  
and opera t i ona l p r o c e d u r e s wh i ch w i l l  a l l ow me a s u reme n t  o f  g rav i t y 
d i f fe renc e s  r e l i a b l y  t o  a f ew m i c roga l s . 

I nve s t ig a t i ons _ 
( 1 ) A fou r-mo n t h  f i e l d  p rog ram o f  h i gh p r e c l s l on g rav i t y s u rv e y s  
i n  sou the rn Ca l i fo rn i a  wa s c on d u c t e d  i n  c o op e r a t i on w i t h t h e  
Na t i ona l G e o de t i c  S u rv e y  a n d  t h e  De f e n s e  Map p i ng Ag e n c y . Th e 
p u rp o s e  o f  t h e  p rog ram wa s t o  e s t a b l i s h a h i gh p re c i s i on g rav i t y 
da t um conc u r r e n t  w i t h t h e  new v e r t i c a l  d a t um b e i ng e s t a b l i s h e d  
und e r  t h e  S o u t h e rn Ca l i fo r n i a  Re l eve l i ng P rog ram . Th e g ra v i t y  
p rog ram c on t a i n e d  t h r e e  re l a t e d p ro j e c t s : 

i )  The Na t i o na l G e o d e t i c S u rvey c on d u c t e d  a c o n t i nu o u s l y  
c yc l ed g rav i t y s u rv e y  o f  2 9  s t a t i o n s  l o c a t e d  n e a r  t h e  
p r ima ry l eve l l i n e  j unc t i o n  p o i n t s  u s i ng 2 m i c r oga l 
g rav ime t e r s a n d  h e l i c op t e r t ra n s p or t . A l l s t a t i o ns 
were t i e d  d i r e c t l y  t o  a p r ima ry re f e r en c e  s t a t i o n 
in R i ve r s i d e , Ca l i f o rn i a . Th i s  s u rv e y  wa s c o n du c t e d  
th ro ugh o u t  t h e  d u ra t i o n  o f  t h e  l eve l i ng a nd o t h e r  
g rav i t y  wo rk a n d  wa s de s i g n e d  t o  d e t e c t  a n y  c ha ng e s  
i n  g rav i t y  and a ny d e f o rma t i on d u r i ng t h e  c ou r s e  o f  
the p rog ram . 

i i )  F i e l d  p a r t i e s  f rom t h e  Na t i ona l G e o d e t i c  S u rvey , D e ­
f en s e  Map p i ng Ag e n c y  a n d  t h e  U . S . G e o l og i c a l S urve y 
mea s u re d  g ra v i t y  a t  b e n c h  ma r k s  a p p r o x i ma t e l y  e v e r y  
3 . 2 k m  a l o ng t h e  l i ne s b e i ng l ev e l e d und e r  t h i s p r o ­
g ram . App ro x i ma t e l y  4000 km o f  l i n e s  we r e  s u rv e y e d  
u s i ng t h e  h e l i c o p t e r  g rav i t y  s t a t i o n s  a s  b a s e  s t a t i o n s . 

i i i )  F i e l d  p a r t i e s  f rom t h e  U . S . G e o l og i c a l S u rv e y  r e ­
mea s u re d  g rav i t y  a t  mo s t  o f  t h e  s t a t i o n s  o f  t h e  b ro a d  
s c a l e  h igh p r e c i s i on g rav i t y ne two rk e s t a b l i s h e d  d u r i ng 
t h e  fa l l  o f  1 9 7 6 . Th e s e  s u rv e y s  a l s o we r e  c o nd u c t e d  
u s i ng t h e  h e l i c op t e r  g r av i t y  s t a t i on s  a s  b a s e  s t a t i on s . 
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( 2 )  G ra v i t y  wa s remea s u red a t  1 7  s t a t i o ns a l ong t h e  Ca l i f o rni a 
a q u e d u c t e x t e nd i ng f rom a p o i nt 2 5  km NW o f  Pa l mda l e , Ca l i f o rn i a  

SE t o  t h e  L o s  Ang e l e s  Count y l i ne . Th e p ro f i l e  i s  s u bp a ra l l e l  

t o  t h e  S a n  Andre a s  fau l t  a n d  c ro s s e s  t h e  a re a  o f  r e c e n t  e a r t h ­

q uake a c t i v i t y  ne a r  J u n i p e r  H i l l s , Ca . 

( 3 )  G rav ime t e r  c a l i b ra t i o n  t e s t s we re p e r fo rmed wh i c h  s ho u l d  p e rm i t  
t h e  d e t e rmi na t i on o f  non l i ne a r  cha ra c t e r i s t i c s  o f  t he me t e r  

c a l i b ra t i on func t i o ns . 

( 4 )  Te s t s  on g ra v ime t e r s  we r e  c on t i nu e d  i n  o rd e r  t o  i d e n t i fy and 
i s o l a t e  s ou r c e s  of unc e r t a i n t y  in t h e  me a s u reme n t s a n d  p o s s i b l e 

s y s t ema t i c  e r ro r s . 

Re s u l t s  
( 1 )  Th e r. o op e ra t ive g ra v i t y  p r og ram i n  S ou th e rn Ca l i f o rn i a  ca r r i e d 

o u t  du r i ng t h e  f i r s t  f o u r  mon t h s  o f  1 9 78 h a s  re s u l t e d  i n  an 
e x t e n s i v e  and nea r l y  i n s t a n t an e o u s  g rav i t y  da t um a g a i n s t  wh i ch 
p a s t  and f u t u r e g rav i ty o b s e rva t i o n s  ma y b e  c omp a r e d . A l l 
s t a c i on s  are r e c ove ra b l e  b o t h  i n  t e rms o f  l o c a t i o n  and o f  r e a d i n g  
o r i en t a t i on . E a ch s t a t i on h a s  b e e n  mea s u r e d  twi c e  wi th a t  l e a s t  
two g ra v ime t e r s . A l l g ra v i me t e r s u s ed fo r th i s  wo rk have b e e n  
s t a n d a rd i z e d  ove r t h e  s ame d e t a i l e d  c a l i b ra t i o n  rang e . Th e 
g rav i t y  ob s e rva t i ons we r e  ob t a i ned c o n c u r r e n t  wi t h  f i r s t  o rd e r  
l eve l i ng and t h e  c omb i ne d  da t a  s h o u l d  p rov i de a g o o d  f ounda t i on 
f o r  f u t ure s t ud i e s  of c r u s t a l  d e f o rma t ion in t h i s  t e c t o ni ca l l y 

a c t ive reg i on . 

( 2 )  Reme a s u remen t  o f  g ravi t y  a l ong t h e  Ca l i f o rn i a  a q u educ t revea l e d 
t h a t  i n  s ome p l a c e s  g rav i t y  had inc re a s e d by a s  much a s  30 m i c ro ­

ga l b e twe en J u n e  1 9 7 6  and l a t e  S ep t emb e r  1 9 7 7 . Th e a r ea o f  
g ravi t y  i n c re a s e , rough l y  b e tw e e n  Pa l mda l e , Ca . ,  a n d  L l ano , Ca . ,  
c o i nc i d e s  w i th a n  a re a  wh i c h  h a s  e xp e r i enc e d  a h i gh l eve l o f  
r e c e n t  e a rthquake a c t i v i t y . Re l eve l i ng da t a  f rom t h e  a qu e d u c t  
l eve l l i ne s h owed n o  chang e i n  re l a t ive e l eva t i o n  e xc e e d i ng a 

f ew cm , t h u s  i nd i ca t i ng t h a t  t h e  g rav i t y i nc rea s e  r e s u l t s  f rom 
a n  i nc re a s e  i n  de n s i t y in t he s ub s u r fa c e . 

P u b l i c a t i on s  
Jach e n s , R .  C .  ( i n  p re s s ) G rav i t y  mea s ureme n t s  i n  s t ud i e s  o f  

c ru s t a l  d e f o rma t i on : i n  P ro c e e d i ng s  o f  Na t i ona l A e r o ­
na u t i c s  and Spa c e  Adm i ni s t ra t i on S umme r Wo rk s hop on 
e a r t h  d ynami c s , Bou l d e r , C o l o ra do , 1 9 7 7 , 9 p . 

J a c h e n s , R .  C . , R o b er t s , C .  W . , 1 9 7 7 , Rep e a t  g rav i t y  me a s u r e ­
men t s  i n  S o u t h e rn Ca l i f o rn i a  ( a b s . ) : Tran s . Ame r i c a n  
Geophy s . Un i o n , v .  58 , no . 1 2 , p .  1 1 2 2 . 

231 



S em i - A n n u a l  T e c h n i c a l  R e p o r t  S u mma ry 
F o r  G r a n t  N o . 1 4 - 0 8 - 0 0 0 1 - G 4 7 2 

P . B . 5 .  

M A G N E T I C  O B S E R V A T I O N S  R E L AT E D  T O  E A RT H Q U A K E  P R E D I C T I O N S  

M .  F u l l e r ,  J .  R e v o l , R .  D ay 
D e p a r t m e n t  o f  G e o l o g i c a l  S c i e n c e s  

U n i v e r s i ty o f  C a l i fo r n i a 
S a n t a B a rb a r a , C a l i f o r n i a 9 3 1 0 6  

T h e  w o r k  c a r r i e d o u t  i n  t h i s p r o g ra m  i n v o l v e s  t h r e e  p r o j e c t s , 

two  o f  w h i c h a r e p r i m a r i l y  l a b w o r k  a n d  o n e  f i e l dw o r k . T h ey a re a s  

f o l l ow s . 

1 )  O b s e rv a t i o n a n d i n t e r p r e t a t i o n  o f  t h e  m a g n e t i c r e s p o n s e  o f  

r o c k s  t o  a p p l i e d u n i a x i a l  s t r e s s  a t  c o n f i n i n g  p r e s s u r e s  a n d  

t e mp e r a t u re s  a p p r o p r i a t e f o r t h e  u p p e r  c r u s t .  

2 )  D e t e rm i n a t i o n  o f  t h e  i r r e v e r s i b l e  c h a n g e s  i n  m a g n e t i c p ro p e r ­

t i e s  b ro u g h t  a b o u t  by t h e  a p p l i c a t i o n  o f  s t r e s s . 

3 )  A n a l y s i s  o f  ma g n e t i c f i e l d d a t a f r om t h e  I u f e r t h r e e - c o m p o n e n t  

ma g n e t o m e t e r  n e tw o r k  o n  t h e  S a n  A n d r e a s t o  s e a r c h  f o r t h e  m a g -

n e t o s e i s m i c e f fe c t . 

I n  t h i s  w ay w e  h o p e  t o  b u i l d  u p  a n  u n d e r s t a n d i n g o f  t h e  m a g ­

n e t i c f i e l d c h a n g e s  t o  b e  e x p e c t e d  d u e t o  t h e  s t r e s s a c c um u l a t i o n  

p r i o r  t o  a n  e a r t h q u a k e , a n d  t o  s e e i f  i n d e e d  s u c h  e f f e c t s  a re 

o b s e rv a b l e . 

I n  t h e  i n i t i a l  s t a g e  o f  o u r  e x p e r i me n t a l s t u dy o f  t h e  m a g n e t i c 

r e s p o n s e t o  a p p l i e d s t r e s s , w e  u s e d  u n c o n f i n e d r o o m  t e m p e r a t u r e 

o b s e r v a t i o n s . T h e r e w e re i n d e e d  s u b s t a n t i a l  e ff e c t s  o n  r e ma n e n c e 

a n d  s u s c e p t i b i l i ty ,  i n  b o t h  p o l y c ry s t a l l i n e m a g n e t i t e  a n d  r o c k s  
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c a r ry i n g  m u l t i d o m a i n m a g n e t i t e .  A t  p re s e n t  w e  a re m o d i fy i n g  

o u r  e q u i p me n t  s o  t h a t  w e  c a n a p p l y  c o n f i n i n g p r e s s u r e a n d  v a ry 

t h e  t e m p e ra t u r e . T h e  n ew p r e s s u r e c e l l i s  n e a r  c o m p l e t i o n , a n d  

w e  h a v e  t a k e n  d e l i ve ry o f  t h e  l a s e r , w h i c h w i l l  b e  u s e d t o  h e a t  

t h e s am p l e s  i n  t h e  c e l l .  

P r e l i m i n a ry i n d i c a t i o n s  o f  t h e  i r r e v e r s i b l e  e f f e c s  o f  s t r e s s 

u p o n  m a g n e t i c p r o p e r t i e s  h a v e  b e e n  o b t a i n e d  u s i n g  f r a g m e n t s r e ­

c o v e r e d  a f t e r f a i l u r e o f  t h e  s a m p l e s . I t  i s  c l e a r  t h a t  t h e  c o e r c i v e 

f o r c e  a n d  t h e  m e a n  d e s t r u c t i v e  f i e l d  o f  I R Ms h a v e  b o t h  i n c r e a s e d  

s u b s t a n t i a l l y . W e  h a v e  n ow b e g u n  a s y s t e m a t i c s t u dy o f  t h e s e  

e f f e c t s by cy c l i n g s am p l e s t o  s t r e s s e s  l e s s  t h a n  t h a t  c a u s i n g 

f a i l u r e . T h i s  a v o i d s  d i f f i c u l t i e s d u e  t o  c h a n g e s  o f  s a m p l e s h a p e 

a n d  e f f e c t s r e l a te d  t o  f a i l u r e . 

T h e  re d u c t i o n  o f  t h e  m a g n e t i c f i e l d d a t a  f r o m  t h e  I u fe r n e t ­

w o r k  i s  u n d e rw a y . I n  a l l w e  h a v e  r e c e i v e d a b o u t  a m o n t h ' s  d a t a . 

W e  h a v e  c a l c u l a t e d  d a i l y  a v e ra g e s  a n d  u s e d s t a n d a r d d i f f e re n c e 

t e c h n i q u e  t o  l o o k  a t  t h e  a b i l i ty t o  r e m o v e  d i u r n a l a n d  o t h e r  s h o r t  

p e r i o d  f l u c t u a t i o n s , w h i c h  may c o n t a m i n a te o u r  l o n g - t e rm a v e r a g e s . 

W e  h a v e a t t e m p te d  t o  u s e t h e  t ra n s f e r  f u n c t i o n  m e t h o d , b u t  h a v e 

f o u n d  i mp o r t a n t  n o n - s t a t i o n a r i ty i n  t h e  t r a n s f e r  f u n c t i o n  b e twe e n  

s t a t i o n s . I n  c o n j u n c t i o n w i t h  I u fe r ,  w e  h a v e a n ew d a t a h a n d l i n g 

sy s t e m  i n v o l v i n g  t h e  i n t e r - l e a v i n g  o f  a l l c o m p o n e n t s  f r o m  a l l 

s i t e s  o n  a s i n g l e f i l e  s o  t h a t  s y n c h r o n o u s  o b s e r v a t i o n s o f  t h e  

f i e l d c a n  b e  m o re  r e a d i l y  h a n d l e d .  T h e  n ew d a t a w i l l  c o me  t o  u s  

o n  a c o n t i n u i n g b a s i s  i n  o n e  m o n t h b a t c h e s . 
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University o f  California , Los Angeles 

SUPPORT OF THE MAGNETOMETER ARRAY IN THE PALMDALE BULGE REGION 

David D .  Jackson , Paul J .  Coleman , Jr . ,  and Robert L .  McPherron 

Contract No . 14-08-0001-16733  

Summary 

Our obj ec t ive has been to estab l ish an array of five cont inuously 

recording proton precis ion magnetomet ers in the "Palmdale Bul ge" area. 

Recent heavy rains have revealed severa l  defic iencies in the field installations . 

Data acquired at the nearby test s ites b rought out a basic  ins tability o f  

the instrument s  a t  the 0 . 2 5 gamma level . Fine t un i n g  of  the resonant frequen­

cies o f  the ins truments and s ensors greatly improved the stab il ity . We have 

chos en and have permiss ion for five (5 ) magnetometer ins ta llat ion s ites and 

are currently install ing the inst rument s  in these s ites ( Figure 1) .  Concurrent 

with this ins tallation , t es t s  are con t inuing in a closely spaced test array 

so  as to determine dominant noise characterist ics o f  the ins truments . 

We have also been operating a dipole-dipole array to monitor t ime varia tions 

in the apparent res istivity in the Lake Hughes area ( Figure 2 ). The only 

maj or change in res ist ivity appears t o  be s t rongly corre lated with the last 

wtnter ' s  rains and shows no correlat ion with small earthquakes in the region. 
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MAP ARRAY FIGURES 

1 .  Lo c a t ion o f  Proposed Stat ions , Shown on Aeromagnetic Map GP-8 1 S .  

2 .  Loc a t ion o f  Act ive Res is t ivity Measurement , Lake Hughs Quadrangl e , 

Lake Hughs . 
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Magnetic Fie ld Observations 

8-9960-02114  

Bruce E .  Smith 

Goals 
The primary goal of this project is  to determine whether obse rva tions 

of local magnetic field changes can be useful in earthquake prediction and in 
understanding fault behavior .  

Investigation 
The obse rvational part of the investigations consists of two 

complementary data collecting systems . In both sys tems local variations in 
magnetic total intensity are identi fied using proton precession magnetometers 
that sample synchronously at a number of  separate points along the fault 
system . Diurnal variat ions in the magnetic field are reduced by differencing 
data from two s ites separated by typically 10 to 20 kilometers and then by 
calculat ing a 5 day average of the difference . The first system consists of 
26 stations ( including five new stations for FY78 )  that sample the magnetic 
field once each minute and telemeter the data to Menlo Park . These stations 
are located in central and southern California along the San Andreas fault 
system . Most  of these stations are located in areas where magn itude 5 to 6 
earthquakes are expected on the basis of crus tal deformation data , historic 
seismic ity , or other anomalous behavior .  The second system , new for this 
fiscal year , will  use 5 portable magnetometers util izing on-s ite recorders . 
These portable magnetometers wi ll be rotated around 60  new survey stations , 
sampling for 5 day intervals once or twice a year . The survey stations are 
des igned so that they can be eas ily converted at a later time to a continuous 
sampling mode with telemetry . 

The scienti fic inves tigations for FY7 8  are primari ly concerned with 
making comparisons of the magnetic data to earthquakes , tilt , strain and creep 
data . 

Results 
The larges t earthquakes to occur within 10 kilometers of a magnetometer 

station during the last 6 mon ths had magnitudes of about 4 .  No significant 
signals were observed that could be associated with these earthquakes . One 
s tation 40 kilometers southeast of Palmdale ( BUR ) has recorded a 2 gamma 
linear trend in the pas t  year . Six other stations have recorded sign i ficant 
long-term changes of about I gamma in the past year . The locations of these 
stations are : San Franc isco Peninsula (BLM) , 8 kilometers northwest of San 
Juan Bautista ( ANZ ) , 4 kilometers southeast of San Juan Bautista ( SJN ) , Bear 
Valley (BVL ) ,  and Parkfield-Chalome (GDH and AGD ) . 

Comparison between local variations in magnetic field , long term 
changes in creep rate , and local earthquakes have been made for the 
se ismically active and creeping section of the San Andreas fault between the 
most southern extent of the 1906 earthquake fault break and the mos t  northern 
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extent o f  the 1857 break , for the period early 1974 through mid-1977 (Smith , 
e t  al e 1978 ) . Earthquakes with magnitudes less than 4 . 0  do not appear to 
�orrespond in time to local changes in magnetic field greater than 0 . 75 garnma 
�r to variations in the creep rate . There is no general correspondence 
between cre ep events and magnetic variations . There is , however , an 
�pproximate correspondence , in both space and time , between the long-term 
�hanges in creep rate and the variations in magnetic field . In order to 
�xplain these obse rvations , it appears necessary to allow for a substantial 
�mount of deep aseismic slip without any obvious attendant changes in the time 
i i stribution or s ize of the local earthquakes . 

Most  of the 65  new s ites for FY78 have been selected as of this  
writ ing . The majority of these s ites are located in  southern California 
�etween Palmdale and the Salton Sea along the San Andreas fault . There are a 
�ew sites near Anza , Chalome , Mustang Ridge , and the southern Hayward fault . 
Dart of the s ite selection inc ludes magnetic susceptibil ity measurements . The 
�esult s from these measurements show that many rocks in the S�� Bernadino and 
San Gabriel Mountains have very high susceptibil ity ( about 10 e . m . u . ) .  The 
")o tentia1 for obse rving magnetic signals in this area appear to be quite 
�ood . �e rocks

6
sampled in the San Jacinto Mountains ( Anza area ) are quite 

1W ( 10 - to 10 - e . m . u . ) .  
Improvements and checking procedures in the sensors , the sensor housing 

��d ins tallation procedures are currently being carried out to reduce the 
oossib1ity of any magnetic contamination in these components . The new sensors 
l �e being calibrated to 1/8 gamma . We are also ins tall ing new reference 
' sci llators , wh ich have a stabi lity of 0 . 1 gamma , in all of the magnetometers . 

Publications 

, Johns ton , M . J . S . , B . E . Smith and R . O .  Bur ford , Local magnetic field measure­
ments and fault creep observations on the San Andreas fault ,  
Tectonophysics , 1978 ( in press ) .  

ohnston , M . J . S . , B . E . Smith and R . O .  Burford , Measurements of local magnetic 
field observations of fault creep on the San Andreas fault : 1977 Am .  
Geophys . Un . Trnas . ,  v .  58 , p .  1226 . 

�� i th ,  B . E . , M . J . S . , Johnston , and R . O .  Burford , Local variations in magnetic 
field ,  long te rm changes in creep rate , and local earthquakes along 

the San Andreas fault in central California , J .  Geomag . Geoelec . ,  1 978  
( in press ) .  

'mith , B . E . , and M . J . S .  Johnston , Magnetic field changes , earthquakes and creep 
events along the San Andreas fault :  Am. Geophys . Un . Trans . ,  v .  58 , 731 . 
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SUMMARY OF S EM I - ANNUAL TECHN I CAL REPORT 

Con t r a c t  # 1 4 - 0 8 - 0 0 0 l -G - 3 7 9  

INVE S T I GAT I ON OF THE PALMDALE U P L I FT US ING 

D I FFERENT IAL MAGNET I C  F IELD MON I TORING OF 

TECTON I C  STRE S S  

F l oyd J .  Wi l l i ams , P r i n c i p a l  Inve s t i g a to r  
S an Bern ard ino Valley College , San Bernardino 

Fe bruary 2 4 , 1 9 7 8  

D i f fe re n t i al magne t i c  s urve y s  have been conduc ted a lo n g  

the S a n  Jac into fau l t  z one s in c e  Jul y , 1 9 7 3 . Dur ing t h e  pa s t  

y e a r  a two - d imen s ion a l  a rray con s i s t in g  o f  4 1  f i e ld s i te s ha s 

been e s ta b l i s hed acro s s  the San And r e a s  f a u l t  z on e  from Qua i l  

Lake o n  the N W  t o  Bo rrego Spr ing s o n  t he SE e 

The f i e l d  proc edure i s  to s e t  s t a t ion s , con s i s t i n q  o f  

bur i a l  benc hmar k - l ike sen sor ho l de r s  a t  appro x imate ly 1 5  km 

s p a c i n q  a lonq or acro s s  t he f a u l t  zone s . Dur i n q  a l O -minute 

i n t e rva l o f  t i me , two ad j acen t s t a t i on s  are read s imu l taneou s l y , 

re s u l t ing in abou t 7 6  d i s c r e t e  tot a l  magne t i c  f i e ld r e ad i n g s  a t  

e a c h  s ta t ion . A mean i n g f u l  n umbe r , r e l a ted to t e c ton i c  s t r e s s  

i n  t he c r u s ta l rock s , i s  o b t a i n ed b y  d i f ferenc ing the me an s  o f  

t he r e adi ng s a t  the two s t a t i on s . The c hange in thi s d i f fe r en c e  

wi t h  t ime i s  a window vi a t he p i e z omagne t i c  e f f e c t  to chan g i n g  

s t re s s  c ond i t ion s  b e n e a t h  t he s ta t ion p a i r . 

Re sul t s  to date c l ea r l y  i n d i ca t e  t hat , t he me thod i s r e s ­

pon s i ve to tec ton ic chan ge a s  e v i denced b y  a co rre s pondence 

be tween p lo t s  o f  magn e t i c  data in form and t ime with p lo t s  of 

e l evat ion change a s  i n t e rp r e t e d  from d i f fe r en t i al l eve l in g  o f  

po rt io n s  o f  the Palmda l e  Up l i f t . 

I n  Augu s t , 1 9 7 7 , a magn i tude 4 . 4  e arthq uake o ccured bene a t h  

o n e  o f  o u r  s tat ion s i n  Agua Dul ce Canyon . The t ime p l o t  o f  

magne t i c  data fo r thi s s t a t ion i s  re s pon s ive to the s e i smi c e ve n t , 

wi th a rever s a l  o f  s lope and a d e c re a se in the l o c a l  f i e l d  o f  
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about 4 gamma s . 

The mo st recent re- surve y  con f i rms the Agua Dulce S t a t ion 

r e spon se to the smal l  e ar thquake o f  Augus t ,  1 9 4 7  and h i ghl i ght s  

several o the r loca l it ie s  where tecton i c  s tre s s  i s  changin g :  

( a )  B i g  Morongo Canyon NW o f  De sert Ho t Spr ing s , ( b )  the e a s t  

s i de o f  the An z a  Val l ey , and ( c )  t he vi c i n i ty o f  Day Canyon NW 
o f  San Bernardino . 

Future p l an s  i nvol ve the s e l e c t i on o f  8 new s i t e s  on the 

N s ide o f  the San Bernardino Moun tains . 
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Depar tment o f  Earth and P lanetary Sciences 

Massachusetts Ins t itute o f  Techno logy 

Cambridge ,  11assachusetts  021 3 9  

High Sens it ivity }Ionitoring of Res is tivity and Self-Potent ial Variat ions in 

the Palmdale and Hollis ter Areas for Ear thquake Prediction S tud ies 

Summary of Semi-Annual Technical Repor t ,  Oc tober 1 9 7 7-March 1 9 7 8  

Contract No . 14-08-0001-167 24 

Princ ipal Invest igators : Theodore R .  Madden and M .  Nafi Toksoz 

No s ignificant resi s t ivity or s el f-po t ent ial anomalies \lere ident ified 
during this r epor t ing p er iod . Improvement s in the res is t ivity analys is were 
again made and now the Hollister array resolution is about ± O . 2% and the 
Palmdale array ± O . l% wi th the excep t ion o f  t he (Lc-Pd ) dipole at P almdale 
and the ( SJ-H) d ipole at Ho llis ter . Noise on these l ines l imi t s  the resolu­
t ion to ± l . O% .  The electrode potent ial measurement is s t i l l  no t satis fac torily 
managed , and a new t e chnique us ing the reference el ec trode a t  a dep th of  about 
three feet  below the sur face is  be ing tes ted . The improved res i s t ivity varia­
t ion r equires an equivalent improvement in the calibrat ion measurement and this 
i s  being implement ed with the use of a Fluke ra tiometer . 

Figure 1 i s  a map of the two telluric arrays presently being moni tored . 
In Figure 2 ,  the resul t s  o f  analyz ing the res iduals o f  the tellur i c  cancel­
lat ions are given . This involves d igi t iz ing the Rustrak records , doing 
correlat ion analys is , and invert ing the �esul t s  to ass ign variat ions to 
ind ividual dipoles . These resul t s  are non-unique and we have taken essen tially 
a robus t f i t  rather than the least square solut ion . D ipole B a t  Palmdale is 
known t o  have a no ise problem which limits its sensi t ivity , and d ipole E at 
Hol l is ter appear s t o  also have a no ise p roblem .  In fac t ,  we be l ieve all the 
result s  shown are present ly limited by noise and digitiza t ion prob lems and do 
not represent geologic no is e .  

Figure 3 shows self-po tent ial data . The Hollister data have been inver ted 
to assign variat ions t o  ind ividual elec trodes ( robus t f i t ) . The Palmdale data 
show the s e t t l ing in drift of the elec trode s ,  and the no is e  p roblem on B .  
There i s  also some telluric f luc tuat ions that are no t f iltered out and aliased 
into the data . Our biggest prob lem s till , however , is corre c t ly measur ing the 
electrode po tentials and probably accounts for mos t  o f  the apparent drif t in 
sel f-potential . 
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S umma ry 

The S t u d y  of Tempor a l  Re s i s t i v i t y Var i at i on s  

on t h e S a n  An d r e a s  F au l t  

G r a n t  # :  1 4- 08-00 0 1 - 1 6778 

H . F .  Mor r i son 

U n i v e r s i t y of C a l i fo r n i a ,  B e r ke l ey 

P . B . 6 .  

D u r i n g  t h i s  r 0por t p e r i od we have c on t i n u e d  t he rou t i n e a c qu i s i t i on 

of r e s i s t i v i t y d a t a  f r om a n e two r k  of 3 t r a n sm i t t e r s  a n d  8 r e c e i ve r s  i n  t h e 

S a n  An d re a s  F au l t zon e sou t h  of Ho l l i s t e r , C a l i f o r n i a .  

T h e  v a l u e s  of app a r en t  re s i s t i v i t y i n  a s i x  mon t h  p e r i od p r i o r t o  

D ecembe r 1 5 , 1 978 have been a s  con s t an t  a s  t hose o f  a n y  e qu i v a l e n t t i �2 

p e r i od s i nc e  1 973 . The e r r or b a r s  ( 95% c on f i dence l i m i t s ) f o r  mos t  d a t a  

po i n t s  a r e  l e s s  t ha n  1 %  bu t week t o  week v a r i a t i on s  a r e  r ou g h l y  w i t h i n  a n  

enve l ope o f  �2% .  On Decembe r 1 5  a t  1 1 1 5 GMT a magn i t u d e  4 . 0  e a r t h qu ak e  

occ u r e d  a t  a de p t h  of a bou t 7 km , r o u g h l y 1 . 0 km n or t h  o f  t he m a g n i t u de 

4 . 2 even t of 1 973 . W i t h i n t h e �2% accu r ac y  r an g e  d e sc r i bed a bove t he r e  

we r e  n o  v a r i a t i on s  i n  a p p a r en t r e s i s t i v i t y o n  a n y. o f  t h e t r a n sm i t t e r  

r ec e i ve r  p a i r s e n compa s s i n g t h i s  ep i cen t e r . B y  c o i n c i de n c e  a s em i c on t i n u ou s 

mea su r emen t r u n  be tween on e of t he t r an sm i t t e r s  a n d  t h r ee rec e i v e r s  n e a t l y  

b r ac k e t e d  t h i s  e a r t hqu ake i n  s pa c e  a n d  t i me .  Th i s  d a t a  d i d  n o t  s h ow a n y 

s h or t t e r m  r e s i s t i v i t y v a r i a t i on s  w i t h i n  t h e  s ame +2% accu r a c y  r a n g e . 

2 5 0  



P . B . 6 .  

T h e s e  d a t a p r e s en t a c l e a r  n e g a t i v e c o r r e l a t i on be tween a magn i t u de 

4 ea r t h qu a k e  a n d  r e s i s t i v i t y v a r i a t i on s  of g re a t e r  t han 1 or 2 p e r c en t . 

On e c o n c l u s i on t h a t  c a n  be d r awn i s  t h a t , i n  t h i s  s e i sm i c a l l y  ac t i ve a r ea 

a t  l ea s t , muc h  h i g he r  accu r acy w i l l  be r e qu i re d  t o  de t e rm i n e wh e t h e r  r e s i s ­

t i v i t y v a r i a t i on s  a r e  a s soc i a t ed w i t h  ea r t h qu a k e s  w i t h magn i t U d e s  a s  l ow 

a s  4 . 0 .  

We h ave a l s o con t i n u e d  t o  mon i t o r  se l f - po t en t i a l s on t he v a r i ou s  e l ec­

t r ode p a i r s of t he n e two r k  and n o  s i gn i f i c an t s e l f - pot e n t i a l  v a r i at i on s  we r e  

seen t o  p r ec ede t h i s  e a r t h qu ak e  a t  a n y  o f  t he s i t e s . 

We h av e  n ow begun a c on c e r t ed e f f o r t t o  i mp rove t he ove r a l l  a c c u r ac y  

of t he mea s u r i n g a r r a y .  
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In thi s  report we pre sent the ana l y s e s  o f  2 5 0  hot spring and 

we l l  waters from locat ions in o ur moni tor ing networks for d i s s o lved 

n i trogen and argon as we l l  a s  for he l i um and radon . I t  i s  found 

that in both the s pr ings and we l l s , the N
2

-Ar-He data form l i near 

arrays repre s enting two- component mixture s of gase s . I n  the spring 

s amp le s , the h i gh He , N
2

, Ar c omponent is the origina l me teo r i c  

water s atura ted a t  � l 5 ° C ,  1 atm . pre s s ure , to whi ch he l i um ,  radon , 

and genera l ly s ome n i trogen have been added during the s ub s ur face 

f low . The low- concentration c omponent o f  the springs i s  the s ur face 

water o f  the spring i tse l f , in s o lubi l i ty equi l i br i um with a i r  at 

the s pring tempe rature , and w ith e s s enti a l ly z ero h e l i um and radon 

concentra t i on s . The mixing o f  the s e  two end-membe r s  produc e s  

l inear di s s o l ve d  gas co rrelations in wh i ch t h e  He-Ar array goe s to 

z ero he l i um at the Ar concentration at whi ch the N 2
-Ar array 

i n te r s e ct s  the atmo s phe r i c  s o l ub i l i ty curve at the s pring temperatur e . 

S urpr i s ingly , ve ry s imi lar l inear arrays are obs erved in the 

we l l s , even though the f luid s s amp le d  are genera l ly two - ph a s e  

s y s tems in wh i ch bubble trapp i ng and l o s s  contribute t o  t h e  obs erved 

c oncentrati on var i ations . The array s lope s in the we l l s  appear to 
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be dete rmined by the gas ratios in bubb l e s  a l though gas - l iquid 

s o l ub i l i ty equi l ibrium doe s not appe ar to be pre sent for at l e a s t  

o n e  o f  the three g a s e s  He-N 2 -Ar . 

The di s co ve ry o f  the l inear c orre l at i ons of He , and in some 

c a s e s  a l s o  r adon , with N 2 and Ar provides a maj or increa s e  in 

the sens i t i vi ty with wh ich both we l l s  and springs can be mon i tored 

for precur sory e f fect s . Th e ve ry large no i se leve l in the he l i um 

re cords , amo unting to var i at i on s  o f  f actors o f  5 or more in concen­

trations ob s e rved in monthly samp l ing , are reduc ed to 5 to 1 0 % 

e f fects by norma l i z ing the he l i um  data to ni trogen or argon , 

thus removing th e i rregu lar f l uctuation s  o f  the proportion s  o f  

the end-memb e r  components . The immedi ate re sult o f  thi s  gre atly 

i ncre a s e d  s i gn a l  enhancement i s  that we s hould be able to see 

pre cur s ory h e l i um  and radon var i ations a s soci ated with much l ower 

magni tude s e i smi c events , perhaps down to M= 3 o r  even l e s s . 

In add i t i on to N 2 and Ar , methane ha s be en de te cted in s i gn i f i ­

cant concentrat ions i n  many o f  our network s i te s  and h a s  been 

added to the l i s t  o f  con s t i tuents be i ng mon i tored . Th i s  report 

a l s o  inc l ude s the tabul ated radon and he l i um me a s ur ernent s  for the 

Southe rn and P a lmdal e  network s accumu lated s ince I October 1 9 7 7 . 

Irwo new we l l s  - one on the s outh end o f  the S an Jaci nto fault and 

one in the Jun iper Hi l l s  area near P a lmdale - have been added 

to the mon i to r ing networks . 
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To det erm i n e i f  we can pred i c t earthq u ak e s  by mo n i t or i n g he l i um 
f l u c t u a t i on s  i n  grou n d  water . 

I n ve s t i gat i o n s  

For t h e  p a s t  ye ar , t h e  U .  S .  Geo l og i c a l  Su r v ey ,  I s o t ope Geo l ogy B r an c h , 
h a s  b ee n  o p e rat i n g a vo l u n t eer c o l l ec t i on n e two rk fo r e ar t hq u ak e  p r ed i c t i on .  
The vo l u ntee r s  s amp l e  we l l  wat er da i l y a n d  s e n d  t h e  s amp l e s to t h e  l ab o r a t o ry 
for h e l i um an a ly s i s .  Mo st we l l s are u s e d  dome s t i c a l l y ,  a l t h o u g h  a few are 
u s e d  for i rr i g at i on or for m u n i c i p a l  wat er s u pp l y ,  

I n  t h e  s amp l e  p roc e d u re we now u se ,  t h e  vo l u n t eer f i l l s a hyp oderm i c  
syr i n g e  w i th 9 c c l s  of water a n d  i nj ec t s  t h e  s amp l e  i n to an  e v ac u ated s amp l e  
t u b e  ( Vac u t a i n er ) . To p re v e n t  l e ak age , t h e  r u b b e r  s t opper i s  i mme d i a te l y  
s ea l ed w i t h R TV r u b b er s ea l an t . Th e t u b e s  are p l aced i n  a fo am p l a s t i c  m a i l i n g 
d e v i c e wh i c h  h o l d s f i v e s amp l e s .  When t h e  vo l u n t ee r  h a s  co l l ec te d  f i v e t u b e s , 
the ma i l er i s  s e n t  to t h e  an a lyt i c a l  l ab i n  Den v e r .  

A t  p re s e n t , t h e  n e two r k  con s i s t s  o f  approx i m ate ly t h i rty - t h r e e  s t a t i o n s  
a l ong t h e  S a n  An d r e a s  fau l t  i n  C a l i forn i a  from S an Franc i s co to f i f ty m i l e s 
s o u t h  of Ho l l i s te r  and th ree geot h e rm a l  s t a t i o n s  i n  the Imper i a l  Va l l ey .  I n  
a dd i t i o n ,  t h e re are e l e v e n  c o l l ec t i on s t at i o n s  i n  t h e  v i c i n i ty o f  We s t  
Ye l l ow s t o n e ,  Mon t an a .  Th e s e  are a s  are s e i sm i c a l ly ac t i v e an d we hope t o  
c o r re l a te h e l i um f l u c t u at i on s  w i t h e a rt hq u ak e  d at a .  

We are a l s o d e v e l o p i n g a n  au tomated s amp l e  t a k i n g and an a l yz i n g d e v i c e 
wh i c h w i l l  b e  l oc ated at t h e  mo st p rom i s i n g s t at i o n ,  M i l l e r We l l ,  n e ar 
Gard n e r ,  Mo n t an a . Th e re s u l t s  w i l l  be t r a n sm i t t e d  v i a  GO E s a t e l i t e every 
t h ree h o u r s  t o  D e n v e r . 

R e s u l t s 

Pre l i m i n a ry r e s u l t s  i n d i c at e  t h at t h e  b e s t  we l l s i n  t h e  s e i sm i c  a r e a s  
are i n  ge n e r a l ,  t h erma l we l l s a n d  art i s i an we l l s .  We h a v e  ex p a n de d  ou r p ro j e c t  
t h e refo re , t o  i n c l u de a g e n e r a l s u r vey of t h e  t h e rma l a n d  art i s i an we l l s i n  
t h e  Ca l i fo r n i a  e ar t h q u ak e - p r o n e  are a s . Vo l u n te e r s  p a rt i c i p a t i n g i n  t h i s  p h a s e  
o f  t h e  p roj e c t  i n c l u d e  l oc a l  HAM ( amate u r  rad i o ) o p e r at o r s  and s t u de n t s  i n  
t h e  S t a t e  U n i v e r s i ty and Commu n i ty Co l l ege s y s t ems . The HAM o p e r a t o r s  c o n t ac t  
l oc a l we l l  own e r s  a n d  ob t a i n  l oc a t i o n s  a n d  some t ec h n i c a l  d a t a .  St u d e n t s  then 
s amp l e  t he p ros p ec t i v e  we l l s ,  an d s en d  the s amp l e s to Den v er for an a l ys i s .  I n  
t h i s  way , mu c h  p re l i m i n a ry s c ree n i n g i s  b e i n g  do n e  by vo l u n t e e r s . 
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From t h e  dat a on t h e  M i l l er we l l  ( s e e  F i g u r e  1 )  t h e  h e l i um c on c en tr a t i on 
appe ars to f l u c t u ate s h arp ly p r i or to t h e  e v e n t  ( an Oc t .  1 9 , 1 97 7 ; Ju l i a n  d at e ,  290 , 
eart hq u ak e  of mag n i t u d e  4 . 7 )  t h e n  r i se s teep l y  du r i n g t h e  ev e n t  wh o s e  ep i c e n t e r  
was 50 km to t h e  S . W .  Th e d a t a  i s  p l o t t e d  as p art s per b i l l i o n o f  h e l i um p e r  
m i l l i l i te r  of wate r  samp l e  on t h e  y - ax i s  ag a i n s t  t i me ( Ju l i an d at e ) o n  t h e  
x - ax i s .  Th i s  was n o t  t h e  on ly s t at i on wh i c h  s h owed an effec t from t h e  eart h -
q u ak e . An o t h e r  s i t e ,  5 0  k m  farther n o r t h  s h owe d a l a rge c h a n g e  i n  h e l i um 
c on c en t ra t i on from samp l e s co l l ec t ed e i g h t  day s  before an d e i g h t  d ays aft e r  t h e  
e v en t .  Du e to s amp l i n g p rob l em s howe v er ,  o n l y  t h r ee of t h e  e l e v e n  s t a t i on s  
were s amp l i ng d u r i n g  th i s  per i od .  

We are s t i l l  t ry i n g  t o  ob t a i n  b a s e l i n e d a t a  from s t a t i o n s  i n  Ca l i fo r n i a .  
W i t h b e t t e r  s t at i o n s  ( t h o se h i gh i n  h e l i um ) i n  t h e  s e i sm i c  a re a s  we hope t o  
b e  ab l e  t o  see s i g n i f i c a n t  ch a n g e s  i n  h e l i um l eve l s .  
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Radon and Water Wells Monitoring 

8-9960-01485 

Chi-Yu King 
U . S . Geological Survey 

345 Middlefield Road 
Menlo Park , CA 94025 

( 41 5 )  323-8111  ext . 2706 

P . B . 7 .  

The purpose of this project is to search for possible premonitory changes 
in soil gas and ground water that may be useful for earthquake 
prediction . Parameters be ing monitored so far are radon content of soil  
gas and ground water , water level , temperature , salinity , electric 
conductivity and pH value . 

Radon content of soil gas is being monitored by a Track Etch method at 
about 65 sites in central California ( Figure 1 ) , 25 sites in southern 
California ( in co-operation with USC and UCSB ) and 10 sites on the Island 
of Hawai i  (with HVO ) . The radon content recorded by the various networks 
continues to show large temporal variations , which are spatially coherent 
along fault segments of lengths over tens of kilometers but less than 
about 100 km .  Periods of high radon concentration generally coinc ides 
wi th periods of high local seismiCity . Figure 2 shows , as an example , 
the radon data recorded by the first array of 20 station ( stations 1-20 )  
located between Hollister and San Benito . It  also shows weekly count of 
earthquakes of magnitude 1 . 0 or larger that occurred within 30 km of the 
network . The three largest earthquakes (M� 4 . 0 ,  indicated by arrows ) 
occurred at about the same times as the three prominent radon peaks 
( Dashed lines indicate p�eliminary data ) .  

Two continuous ground-water radon monitors have been ins talled , in 
cooperation with H .  Wakita of the University of Tokyo . One monitor is 
located at an artes ian well  in San Juan Bautista (WRNI in Figure 1 ) , 
where a Lawrence Berkeley Laboratory monitor has been in operation for 
about two years . Data from the two instruments , which are of different 
des ign , appear to be in good agreement .  The other monitor is installed 
at another artesian well  near Banning in southern Cali fornia in 
cooperation wi th T .  Teng of USC , who periodically samples the water for 
radon and other kinds of analyses .  

Among the several water-quality parameters mentioned above , the electric 
conductivity seems to have shown some premonitory changes for several 
cases .  

Publications 

King , C . -Y . , 1978 , Radon Emanation on San Andreas fault : Nature , v. 271 , 
p .  516-519 . 

King , C . Y . , 1978 , Radon Emanation in tectonically active areas ( abs . ) :  
The Natural Radiation Environment III , Book of Summaries , p .  27-28 . 
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The purp ose of these stud ies is t o  me asure r outine ly the D /H ,  1 3 C /1 2C ,  
and 1 80 / 1 60 rat ios of  fluids in seismically act ive regions of  California 
with the h ope of : 

1 .  Ob serving anomalies in these r at i os whi ch are premonit ory or 
otherwise related t o  seismi c events . 

2 .  Providing inf ormati on c oncerning r ock- fluid inter ac t i ons in these 
regi ons . 

3 .  Ident ifying v ari ous groundwater acqui fers by the ir is ot opic  
sign atures as  an aid  in l ocat ing and sp acing s amp ling si tes for  other 
ge ochemi cal s tuides of seismi c z ones . 

Inve s t ig at i ons 

1 .  Candidate wat ers are analyzed for D and 1 80 conten t s . I f  the 
is otopic  s i gnatures of the waters indi cate p os s ib le c ontributi ons from 
recent precipitat i on , they are rej ected . Water s amp les are sent t o  us 
by C .  Y .  King ( USGS ) , H .  Craig (UCSD) , and T .  F. Henyey (USC) . 

2 .  I s ot opically sui t able waters are analyzed on a regular b as is and 
any anomalies observed are c omp ared with ge ophysi c al and other 
ge ochemi cal d at a  t aken over the s ame int erval in surrounding are as . 

3 .  C02- rich wat ers are c ollected for 1 3C analyses . 

Resul ts 

1.  The hydrogen mass spectrometer was fully aut omated and equipped with 
mor e  modern amp lifiers and o ther e lectr onic devi ces such th at our 
precis i on  has been in creased by a f ac tor of two ( ± 0 . 2 % 0 ) . 

2 .  A sys tem h as been deve l oped for f ield collection of C02 -rich waters 
and ext rac t i on of  the C02 in the lab oratory for is otopic analys is . We 
are now re ady t o  begin our p lanned program of 1 3C analyses . 
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3 .  Regular s amp ling and analyses are now made in the following areas : 
Northern California ( S tone Cany on , Slack Cany on , S t . Francis Retreat , 
Swanson Ranch , Cienega Winery , Gold Hill , Parkfie ld , San Juan Baut ista) , 
S outhern Cali fornia ( several wells in the Palmdale area ; s ever al deep 
oil wells b eing inves tigated by the USC group ) . 

4 .  Init ial resul t s  at Orovil le ( fig . 1) and Gold Hill ( f ig .  2 )  sugges ted 
that oD values increased in resp ons e  to e arthquake and creep events . 
It  was p os tulated that hydrogen-c on t aining (but not oxygen-containing) 
gases like H2 , H2 S , or CH4 were either released or produced prior to  or 
during s ame deep-se at ed event and that these gases exchanged hydr ogen 
is otopes with the ground water an ascent to the surface . In figure 3 
samp les collec ted at S an  Juan Baut i s t a  during 197 7  again sh ow deuterium 
variati ons with litt le or no variat i on  in oxygen is otope rati os . Thes e  
variat i ons are indeed anomalous but sh ow lit t le c orrelat i on  with l ocal 
s eismicity during this peri od .  At S an  Jaun Bautista it would appear 
that , if anything , the oD value decreases during events with 
magnitudes greater than 3 .  Much more d at a  is needed bef ore a proper 
as sessment can be made of these unusual v ariat i ons . 

Publicat i ons 

O ' Ne i l , J .  R . , 19 7 7 , S t ab le is ot ope vari at i ons in earthquake predict i on : 
American Geophys ical Uni on Transacti ons , v .  58 , p .  437 . 
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The ma i n  obj ecti ve of th i s  proj ect i s  to o bta i n  data regard i ng the 
natural  behav i or of hel i um i n  so i l  gas  and i ts re l ati on to s easona l , 
d i urna l , a nd meteoro l og i ca l  factors . Radon i n  so i l gas  wi l l  be mon i tored 
at some of the hel i um-sampl i ng l ocati ons , and hel i um and radon i n  water 
wi l l  a l so  be measured where pos s i bl e .  Corre l at i on between hel i um 
concentra t i on i n  so i l  gas  a nd earthqua ke acti v i ty wi l l  be sought a nd 
model s devel oped to exp l a i n  the he l i um behav i or . 

As a n  addi t i ona l obj ecti ve ,  methods to i mp l ement on- l i ne mon i tori ng of  
hel i um and other so i l gases , and vari ous  sampl i ng techn i ques wi l l  be  
eva l uated as  experi ence i s  gai ned wi th th i s  proposed proj ect .  

I nves t i gati ons  

The manpower and  mos t  of  the  major equ i pment  for th i s  proj ect i s  bei ng 
suppl i ed by the Bra nch  of Ura n i um and Thori um Resources . Spec i a l  
equ i pment , s uc h  a s  meteoro l og i ca l record i ng dev i ces a nd 2 meter probes 
are now on ha nd and the fi e l d work i s  a bout to beg i n .  

The i n i ti a l fi e l d i nves t i gati on  wi l l  beg i n approxima te ly  on Apri l 1 5 ,  
i n  Wel d County ,  Col orado , and conti nue through mi d-May . Th i s peri od i s  
one of ex treme and rap i d l y  movi ng Spri ng wea ther sys tems and s hou l d 
prov i de the mos t  vari ati on  i n  meteoro l og i ca l  cond i ti ons  for the 
sampl i ng peri od . A s econd fi e l d i nvest i gati on  i s  p l anned for mi d ­
June i n  Cal i forn i a . The exact l ocati on wi l l  b e  determi ned after 
consu l tati on wi th other i nd i v i dua ls i n  the Earthqua ke pred i ct i on  program . 

The sampl ing  p l an  for the f irst  fi e l d i nves t i gati on  i s  to e sta bl i s h 
20- 25  permanent probe s tat i ons  over an area of a known he1 i um- i n- so i l -gas 
anoma l y .  Sampl es w i l l  be col l ected at  four depths : 0 . 5 ,  1 . 0 ,  1 . 5 ,  and 
2 . 0  meters . Sampl i ng wi l l  be on  a t imed bas i s  in a n  a ttempt to corre l a te 
mea s ured meteoro l og i ca l  pa rameters wi th  changes i n  the hel i um so i l -gas 
concentrati on . 

Publ i cat i ons  

None to  da te 
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U .  S .  G .  S .  Con t rac t N o . 1 4 - 0 8 - 0 0 0 1 - 1 5 8 7 5  
Groundwate r Radon C on t e n t  a s  an E a rt hquake P re cur s o r 

1 Oc t ob e r  1 9 7 7  t o  3 1  March 1 9 7 8  

Ta- l i ang Teng , Prin c i p a l  Inve s t i g at o r  

The U S C  r adon mon i t or i n g  p r o g ram b e g an i n  19 7 4  and has 

now deve l oped into a mu l t i face t e d  p ro g r am c on s i s t i n g  of thre e 

p rinc i p a l  e xp e r i me n t s . 

A .  Gr oun dwat e r  Radon C on t en t  Mon i t o r in g  Ne two rk 

We h ave e s t ab l i s he d a l 4 - s t a t i on g r oun dwa te r radon 

s amp l ing n e tw o rk ( F i g . 1 )  c ove ring much o f  t he e x t e n d e d  

s outhe rn C a l i forn i a up l i ft a re a .  We e k ly s amp ling i s  ma i n ­

t aine d  t h a t  d at e s  b ack t o  Oc t ob e r , 1 9 7 4 . F our l i qu i d  n i t r o ­

gen c o l d - t rap radon e x t rac t i on s y s t e m s  w i t h  s c in t i l l a t i on 

c oun t e r h ave b e e n  c on s t ructe d i n  our l ab o r a t o ry t o  h an d l e  

the rout ine an a lys i s . Rad i um s t an d a r d s  a re ava i l ab l e fo r 

c oun t i n g  s y s t e m  c a l ib ra t i on . E f forts a re be in g made t o  

c o r re l at e  the g r oundwa t e r  radon re s u l t s  w i th n e arby 

e ar thquake oc currence s ,  as we l l  as me te o r o l o g i c a l  va r i at i on s . 

B .  S o i l  Radon Con t e n t  �fon i t or i ng Ne tw o rk 

As a c o op e ra t i ve e f fort wi th Dr . C .  Y .  K in g  o f  NCER/USG S ,  

we h ave e s t ab l i s he d a 2 0 - s t at i on s o i l  r adon mon i t o r i n g  

n e two rk ( F i g . 2 )  us i n g  t h e  r a don cup me th od . S t a t i on s  are 

ma i n l y  l o c a t e d  i n  the San An dre as r i ft va l l e y  wi t h  a few 

s t a t i ons on the G a r l ock , B i g  P ine , an d S an G ab r i e l fau l t s .  

The s o i l radon c on t e n t  mon i t o r i n g  ne tw o rk h a s  be e n  i n  
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ope r a t i on s i n c e  Ap r i l o f  1 9 7 5 . Mon t h l y  rep l aceme n t  o f  

the radon cup s  c au s e s  t h i s  e xp e r iment t o  h ave l owe r 

re s o lut i on than the groun dwa te r radon me a s urement ; h owe ve r ,  

the e xpe riment a l  p roc edure i s  s imp le an d ine xpe ns i ve , thus 

a l arge are a c an be c ove re d .  

c .  De s i gn an d  C ons truc t i on o f  Con t inuous Radon Mon i t o r in g  

Sys tem 

To augmen t our groun dwat e r  radon c ontent moni t o r ing 

c ap ab i l i ty , we are ac t ive ly p u r s u i ng the de s i gn and c on ­

s t ruct i on o f  a c ont inuous radon coun t ing s y s t e m . P re l imin ary 

de s i gn and p r o t o typ e c on s t ruc t i on have been c omp l e t e d  an d the 

s ys tem i s  p re s e n t ly un de r g o i n g  l ab o rat o ry te s t ing . 

We are a l s o  c o ope rating w i th Dr . C .  Y .  Kin g o f  

NCE R/USGS an d  Dr . Wak i t a  o f  Jap an i n  a p roj e c t  un de r wh i ch 

a Jap an e s e  c on t i nuous radon c oun t in g  s y s t e m  has b e e n  in s t a l ­

le d an d p e r fo rm i n g  s at i s fa c t o r i ly at one o f  our we l l  

s i te s , t h e  Ha s ke l l  we l l , wh i ch i s  an ar t e s i an upwe l l in g  from 

a dep t h  g re at e r  t h an 5 0 0  me t e r s  at a l o c a t i on ne a r  Bann i n g , 

b e twe e n  t he S an And re as and San Jacin t o  fau l t s . 

A re l ate d r ock mechan i c s  exp e r ime n t  s tudying the r a d on 

re l e a s e me chan i s m  from rock i s  current ly unde rway at USC 

un d e r a N S F  g r an t  to Char l e s Sammi s . Rock s amp l e s  w i l l  b e  

s t re s s e d and wat e r p e rc o l ate d through the s amp l e s  wi l l  b e  

c o l l e c t e d  f o r p re c i s i on c o ld - t rap s t ripp ing o f  radon an d 

s c in t i l l a t i on c o un t ing . A l though not d i re c t ly fun d e d  by 

USG S , we c on s i d e r t h i s  p ro j e c t an in t e g r a l  p ar t  of ou r 

ove r a l l r a d on re s e a rc h  p r o g ram .  
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PROGRESS  REPORT ON WATER LEVEL MONITORING ALONG 

SAN ANDREAS AND SAN JACINTO FAULTS , SOUTHERN CALIFORNIA 

April  197B  

D .  L .  Lamar and P .  M .  Merifie1d 
Lamar-Merifie1d , Geologists 

1318 Second Street , Suite 2 7  
Santa Monica , Cali fornia 90401 

SUMMARY 

A canvas s  o f  185 water wells along the Palmdale-Valyermo segment of the 

San Andreas faul t and along the San Jacinto fault zone be tween S an Jacinto 

Valley and Ocotillo Wells has been accomplished . Many abandoned water wells  

sui tably located for  monitoring have been f ound ; water wells  in the Palmdale 

area are unused because in the pas t  few years the Palmdale Water Distric t has 

ins talled water l ines to serve the area . Many o f  the wells in the Palmdale 

area will only be used i f  the domes tic water sys t em fails .  Because farms and 

ranches have been abandoned and new wells have been drilled , many suitab l e  

wells have al so been found along the San Andreas faul t i n  the Valyermo area 

and along the San Jacinto fault .  Figure 1 shows the areas where observation 

wells  are located . 

Water levels are cont inuously recorded by Stevens Type F recorders in­

s talled on f ive wells and by two recorders which consi s t  of a pressure-sensitive 

transducer and Rust rak recorder . This device is more versatile than the 

S tevens recorder because it can be employed in wells that are deeper and have 

a smaller diameter . Furthermore , the wells need not be perfectly ver tical , 

as is the case with the S tevens recorder . Electronics , recorder and battery 

are housed in a 6 S IB-inch d iameter plastic cylinder which is lowered into 

the upper port ion of the well  casing and attached with a chain to a bracket 

welded to the inside o f  the cas ing ; the pressure-sens itive probe hangs beneath 

the cylinder and extends below water leve l . This configurat ion allows easy 

removal from one wel l  to another , is less obvious to vandals and can be pro­

tec ted by a solid s teel locking cap on the top of the casing . 

S tudents and faculty at Antelope Valley College near Palmdale , amateur 

radio operator s , an airline pilot and rangers at Anza Borrego S tate Park have 

been enl ised to aid in weekly measurements  of water level and temperature a t  

3 3  well s . Volunteers may a l s o  be used to make daily observations o f  wells 

located close to their home s . Ideas on the involvement of volunteers were 

27 0 
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ob tained at the workshop on use o f  volunteers for collect ing earthquake pre­

cursory information conducted by Peter Ward of the u . s .  Geological Survey at 

Menlo Park, Cal i fornia , February 2-3 , 1 9 78 .  Rainfall data from s tations ad­

j acent to the observation wells are also ob tained . Weekly water levels , 

tempera tures and rainfall data are s tored on magnetic d isk and d isplayed by 

computer graphics me thods . Figure 2 is an examp le of a computer generated 

f igure . 

The observat ion wel ls penetrate a variety of rock types along and within 

the fault zones , includ ing basement complex , volcanic rocks , ancient lake 

sed iments , alluvial valley fill and fault gouge . The distribution of wells 

permits comparison of water level changes in different rocks within and out­

s ide the fault zones . Diurnal f luctuations in atmospheric pressure are the 

principal cause of short-term variations seen on the Stevens recorder charts . 

Long- term changes can be seen on the hydrographs of the weekly observat ions . 

Levels  in mos t  o f  the wells have been ris ing as a result o f  the recent rain­

s torms ; o ther wells have been rela t ively unaf fected . By s tudy of the response 

to rainfall and barometric pressure , wells which may be sens it ive s train meters 

have been identified . No rela tionship be tween microearthquake ac t ivity and 

water levels in the Palmdale area has been observed . Moni toring of the more 

recently acqui red wells southeast o f  Palmdale has not covered a suf f i c ient 

period to allow comparison with earthquake act ivity . Mos t  of our observation 

wells are not inf luenced by local pumping , and the records are of suf f icient 

quali ty that i t  should b e  possible to observe any detectab le water level 

changes prior to ear thquakes . 
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Goal s  

Wat er- Leve l Mon itoring in the Palmdal e Bul ge Are a 

8 - 4 7 93 - 3 3 3 00 

W .  R .  Moyl e , Jr.  
U . S .  Geo l ogi cal Survey 

Wat er Re sources  Division 
24 000 Avi l a  Road 

Laguna Nigue l , CA 92 6 7 7  
( 71 4 )  8 3 1 - 4 2 3 2  

P . B . B . 

The obj ectivp of the U . S .  Geological Survey, Wat er Re sources Div i s ion , 

wat er- l eve l monitoring program for thi s study is  to examine ground-

wat er l eve l s  and ground-wat er temperatures as they might be useful as 

precursory data in earthquake prediction . 

Investi gat ions 

E s sential to the examinat ion of water- l evel change s i s  the need to 

quantify the causes of "natural noi se" in the system that might mask 

any effects due so l e l y  to an earthquake . In an effort to measure these 

effect s ,  dat a  for barometric pressure , earth t ides , air t emperature , 

rainfal l ,  and pumpage are be ing co l l ected as part of thi s investigat ion . 

Pres ent l y ,  the wat er - l evel monitoring system con si st s of seven we l l s  

with continuous wat er- l eve l recorders and two additional we l l s  which 

wi l l  subsequent l y  have recorders instal l ed on them . Three former monitor 

we l l s  have recent l y  been discont inued from the program .  Two o f  these were 

di scont inued because of poor wat er- l evel response , and a third was 

di scont inued as a re sult of being destroyed by a fl ash flood . 
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Re sul t s  
-

Figure 1 shows the l ocat ion of a l l  we l l s  and microbarograph recorders 

used in thi s program . 

Figure 2 shows dat a co l l ected for the area of we l l  5N/ l lW - 24Gl  in 

November and December 1976 . Thi s figure shows the re l ation of barometric 

pres sure and earth tides to wat er- l evel fluctuations . Thi s we l l  seems to 

be responding normal ly for the period of record as evidenced by the inverse 

re l ation between barometric pres sure and wat er- l eve l change . 

On February 2 8 , 1 978 , an earthquake of magnitude 4 . 1 occurred in Lucerne 

Val l ey 5 8  mi l e s  northwest of wel l  3N/ 8E - 2 9Cl . Al though the wat er- l eve l change 

in the wel l  at the time of the earthquake is not evident in the hydrograph 

in figure 3 ,  a wat er- l evel  fluctuat ion of 0 . 003 feet was evident on the 

actual recorder chart . The general overal l  trend shown on thi s chart i s  

a direct re l at ion between wat er l evel and barometric pres sure . Thi s 

re l ation does not normal l y  exi st , un l ess  a nearby we l l  i s  being pumped 

or the wat er l evel has been affected by an earthquake .  Al though there 

is a we l l  in the area with a pump capabl e of affecting the wat er l evel 

in the recorder wel l ,  a pumpage record for thi s we l l  has not been obt ained ; 

effort s are present l y  being made to obt ain the se data . The rainfal l 

that occurred during thi s time period does not seem to affect the water 

l eve l in the recorder we l l , whi ch i s  90 feet bel ow l and surface � 
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Figure 4 shows two examp les of cont inuous t emperature measurements made 

at the bottom o f we l l  6N/ 1 3W-8Ql lo cated within the San Andreas fault zone . 

Thi s we l l  is  1 5 5  feet deep with a water leve l 2 0  feet be low land surface . 

The re corder measure s the re lative water t emperature change s to 1 / 1 00° C .  

The normal monthly t emperature change ranges between 0 . 04 ° and 0 . 07 ° C .  

During the winter months when rain and snow were present the monthly 

change was as  much as O . l O° C .  During the period o f record there have 

be en no earthquakes centered near the we ll  to  show any abnormal temperature 

change s due to earthquake act ivit y .  

Publ icat ions  

Nat ional Oceanic and Atmo spheric Admin istrat ion , 1 97 6 - 7 8 , Tide Tabl e s , 

1 976 - 1 978 , We st Coast o f North and South Americ a ,  including the 

Hawai ian I s l ands : U . S .  Dept . Commerce , 2 2 2  p .  

276 



or 
t , J 
\ .. " . "-. Co, 

I 
\ , 

\ 
(-. 

P . B . 8 . 

I N Y 0 

- - -r - ' - ' - ' - ' - - ; - -r - - - ' - - - - - ' - " - - ' - ' - - - - - ' -' � - ' - -

4"() 
-V 

C" ...... � 
...... 

, 
S A N -" -. U S � .  

1. -B S P 0 �- 1 , .  - ,  
... . ( .... - '- I ,.  " I 

K E R N ® 

S A N T A ... 4IIf . .. ..  i ,- - - . -.- - - - . - - - . - . - . - . - .� S A N B 
, I ' N/ '! IJ - S a r  R £s A R A ! , � r: 5NIII W- �"iGI 

N T U R A -� . ! • '. .� G E L  E S I  

" 

' . 

E R N  A R 0 I N 0 

C" \ . 

_ !' 

r 3N/8t= - 2.� C I  
• 

o 0 .- - - - - - - - - ' -
I·J  ., . -. _ . _ . _ . r · - · - .. - - - - - · - .. - · - · - · - ·  ... 

, - - ' , . 1  . '\ 
I 

R I V E R S I 0 E 

� - -. - - '- - - - - - - - - - - - - - - -\"�5;' ;;; s-;; - -
S A N  I 

O l E  G O ' I M P E 
® 

. __ • .,- • •  __ J .  ' .J- - - - -' 1 1 5 0 
- - - - . - -----� 1 6 0 

1 1 7 0 
o 2 5  50 7 5  1 0 0 M I L E S 
rl------'�i---�'�T-�''------�, 
o 50 l Oa K I LOM E T RE S 

F " � u "' f!  I .  - - M � p o f  s o u f "' c V" ..,  

• 
lJ" t �w- _ ' .. v e l , &. c:. o  .. cI c. r  

o 

Pro P6 .. c....� S I  1-, �o ... w "  f- • .,. - I  &. v . , ,. .. c.o ,. 01  Co r 

o 

27 7 



: 
) 
= • 1ft CI. 
0) 
« 
... 
lit [ 0 • c 

• 

1='" .... I . . .  _ . ,.4 , . .. � e+., . ... .., . + .� 1 .. &1, k ........ ,.  �� ....... . .  � .. P .... ....... . ..." llil/ .. • •  a ... , . 
&.,., .. 

__ A r .  It � E " .  L. I ",  W ,  LL SN 1" "",1.14 � ,  
-------�-----------------------------------------------. 

� c • · 

o I-
� l­
t. 
• o 

. .... 

Hoi' 

j 

! / iN I 

t.J I If I II I U �' I .  � M --L"I ' J a I I I .. I S I ' J ., I ' I � J .. I " I � J • I .. L II I ,. I " I II -.1 It..! '.-.1 

. .. " 

eA�O'" a T'1t1C #tlt a .sult • AT PA &.. ... . � L  •• C AL" . "NI. 
I I I 1 1 I 1 I I 1 1 

-' 
r' I'\, rt. � J ./ 1\ J \ ,. k \ f I\". I \ .J \ - J '\ .y \ ./ \A r V\,J '" - "V V � � / J .... t \ 

.� 

•• 

.. 

, 

o 

\ , 1 \ 
IIt AT . Jt . L & V ' L C " A�. & t h  r ll  .A"�"' . �"'& _ . . . .. . .  

.. , 11\01 1.... 1. .. . 1" 
. . .. .. .  TIL'c. ....... " .. . 

! ..... . i J  • •  t ... I t.- "", L •• , ;�.J .. 
.. . II I • -- ---- • 'I � � .I --I ----... .. --- .- • ....I. -Il A n II . .1. 1 .!l 11 : I I II 1\ lr . 11. • -� -- 'I '  11 ' \  ... '1" 11 '1.1 ,. 'P. 

'I' 
'IL " r. ,. ."- .lL ' V  'I/. L'Il L� � ,.. V II - .. . .. II .  'I V · II U 

II II I. . - - • .. • II I I I ... 
... • ... . • • .---

� .. 

1\_ '· 11 V .. • ... 

\ \ 

a� .. 

--- • 
• I • I " -- ----

l.JI .I 91 • II n . 
III .. . . . .  [ . -'L II 11 U - l -J-

, .� ,  '64 , ,,,.1 &61 ,., j 101. � t w I ·  1 I. I • I ... J w I '  I ., J • J ' I .. J • I I� I .. I .. , " J .. J " , " , ,. I v J �, I a.a , 1), .'J 

Ti • •  'III ,., ,,.  .... , T,_ '- ,.I i  •••• •  (trY. ,. • .... _+ f ..... .... I . ..  "'- i_ ... .... .-4 Ti _. ( NT). 
0. •• ' p  .... .. . . .  D.,. ... ... . .. . f C. _ _  . ... .  , T . .... ..  " ,  • •  I." . 

P . B . B .  



'0 

• " e .. 
C � .. 
D 
• e J 

) �  o ·  ... .. 
-. '"  
., 
. !  

cto.� 

.. .. 

�. , ... . .1 . •  - 11 . 1.+,  • •  �.+ - • .  " .., . +  • •  I._I , ..... . . . . . & � "  • • •  r &  ,. .. ,,. 1. ", 
.... . . .  4" �jJ.. •• w .I'  311/'& - a, C I .  

W A T .  " L. .  V « L  I /II VII It L L 31V /. E - I. .,  C , 

• 

P . B . B . 

: 1" .�"" __ """"""""������""""----""""--__ � __ �� ____ �""�� ____________ """" ______ "" __ """" ____ � 
c ) 
• � 
a � 
.. 
.. Q 

I I I I I I ) I I I I ) 
FE I IlUAIY '1 7' " A ItCH I� l • 

• 

• 

-� �--------------------------------------------------------------------..... ------..... --------------------------..... ------------------� 
, ... I •• , No I ., , I, I .  fit I 10 I ,I I U I n I ... , U , i" " I 1.1 I . I 1 I , 1 If 

P' E 8Ru A RY , ,, , .,  
f I , I ., , • , � , .. I '" 1 & ,  III  , If I 

T, ... . .  " u . . ... " . 1 T • • •  C •• .,J. ·.+ • • e ll ye ) .  $ .".,.., t  . .. . .. . .  f • •  �.c; n .. ... .  J. r� T' . ... . ( PIT). 
D .+. f lO . ",  v · s .  D .' • •  t .. . ..  f .f C . .. .. .  r • • • T.J. +. �' • • " ,  • .  

2 7 9  



� . -
• U 
tn 
a .. 
t .. 

.s La 
\J " 

� O w 
"' 0  I 
t! 

N 00 0 � ' -
� U 
... 
'C \It 
d UJ � Ul  
cJ ct. � 
· W  L a I: 

� 
� 

f I I . 30 

r-----�====�--------��----�J-----------=���=---------� .� 

M A Y  '4 ,  , .. .." 

r-----�-- - -

. 2.0 

,/0 



p . B . 9 .  

UNIVERSITY OF CALIFORNIA, LOS ANGELES 

BERKELEY • DAVIS • IRVINE • L O S  ANGELES • RIVERSIDE • SAN DIEGO • S A N  FRANCISCO SANTA BARBARA · SANTA CRUZ 

Semi -Annua 1 Report Summary ' 16�� • •  

Institute o f  Geophysics and Planetary Physics 
Los Angeles, CalIfornia 90024 

Contract # 1 4-08-0001 -1 671 5 

Apr i l 26 , 1 9 78 

Can An imal s Predi ct Earthqua kes?  A Search for Corre l ati on between C hanges i n  
the Acti v i ty Patterns of Two Fossori a 1  Rodents and S ubsequent Sei smi c Events 

Durward D .  Sk i l es ,  Pr i nci pa l I nvesti gator 
I nst i tute of Geophys i cs and P l anetary P hys i cs 

Robert G .  L i ndberg , Co- I nvesti gator 
Envi ronmental  Sci ence and Eng i neer i ng 

Laboratory of F i sheri es and Mari ne B i o l ogy 

Duri ng the reporti ng peri od we conti n uous ly  recorded the gross motor acti v i ty 
of seven pocket mi ce ( Perognathus l ong i membri s ) l ocated out- of-doors i n  arti fi c i a l  
burrow sys tems and  approx i matel y twenty kangaroo rats ( Di podomys merri ami ) l oca­
ted i ndoors i n  runn i ng wheel cages at our s tudy s i te i n  Morongo Val l ey ,  Cal i forn i a . 
No earthquake of s uffi ci ent i ntens i ty to be fe l t  at  the s i te occ urred duri ng  thi s 
per i od . 

The earthquakes of 22 September 1 977 ( M=3 . 5 ,  0 1 4 1  PST ; M=2 . 7 ,  0 1 55  PST ) , whose 
epi centers were about 22 . 5  km due south of the study s i te ,  rema i n the on l y  earth­
quakes that have been fel t at  the s i te s i nce our mon i tor i ng fac i l i ti es became 
parti a l ly  operati onal i n  January 1 977 . 

I n  our report for the per i od end i ng 30 September 1 977 we noted that a l l of the 
kangaroo rat acti v i ty records and fi ve of the poc ket mi ce records l ac ked reasonabl e 
evi dence of behav i oral anomal i es i mmed i ate ly  pri or  to the September earthquakes . 
Certa i n ly  no ev i dence was forthcomi ng of anomal ous behav i o r  comparabl e  to the 
dramat ic  anecdota l reports wh i ch are often c i ted i n  the l i terature . However , duri ng 
the days or hours i mmedi atel y preced i ng the earthquakes , the records of two pocket 
mi ce s howed d i sti nct departures from the acti v i ty patterns whi ch  had been charac­
teri sti c of the prev i ous  two or three weeks  of September . ( Owi ng  to the heavy rai ns 
of Augus t 1 977 , records pri or to 2 September 1 977 are e i ther not avai l abl e or not 
useful for purposes of compari son ) . 

Exami nati on of records obtai ned s i nce our l as t  report revea l s  that whi l e  these 
two occurrences sti l l  stand out as departures from the usual  acti v i ty patterns , 
both an imal s have exh i b i ted s i mi l a r behavi oral anoma l i es wh i ch were not fo l l owed by 
an earthq uake . F i g ure 1 s hows the above g round acti v i ty record of one of these 
an i ma l s ( PMl ) for the per i od 2 September 1 977 to 3 December 1 977 . From at l east  2 
September unti l 2 1  September PMl d i d  not appear above ground al though he was q u i te 
acti ve underground ( F i g .  2 ) . But  on the even i ng of 2 1  September , a l i ttl e over 
four hours before the earthquakes , PMl appeared on the surface , was qu i te acti ve  
for about two hours , and conti nued to  exh i b i t  sporadi c surface acti v i ty for about  
one  week . S i nce that time ,  he  has l arge ly  avoi ded the surface but has bri efly  
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vi s i ted the surface for an hour or so on severa l occas i ons . None of these s urfuce 
v i s i ts ,  however , was fol l owed by a nearby earthquake . ( N ote , however , that the 
on ly per i od duri ng wh i ch PMl made da i ly v i s i ts to the surface for severa l days was 
immed i ately after the 22  September earthquakes . Th i s  l ends ten uous s upport to the 
noti on that PMl was i ndeed di s turbed by the earthquakes or rel ated phenomena ) . 

I t  i s  not surpri s i ng that only one of several i nstances of ' unusual ' behavi or 
i n  each of these pocket mi ce was associ ated wi th subseq uent nearby se i smi c acti v i ty .  
I t  s imply  confi rms what we and others have often stated - namel y ,  that  the unusual 
behav i or a l l eged ly  exh i bi ted by certa i n an i mal s pri or  to earthquakes i s  general ly  
norma l behav i or wh i ch appears unusual  e i ther by vi rtue of  i ts occas i onal  or i r­
regul ar nature or by v i rtue of i ts unusual  t ime or p l ace of occurrence . 

There i s  l i ttl e doubt that we have obj ecti ve ly  recorded , i mmed i ately  pri or to 
a nearby earthquake , a n  event of unusual  a n imal behav i or .  The mere record i ng of 
th i s  event ,  however , can hard ly  be sa i d  to have brought u s  s i gn i fi can tl y  c l oser to 
the answer to the fundamenta l  questi on of whether the behav i oral event was rel ated 
to , or merely fortu i tous ly  co i nc i denta l  wi th , nearby sei smi c i ty .  

Wh i l e  the ' unusual ' an i ma l  acti v i ty events s hown i n  F i gure 1 are immedi ate ly  
obv i ous  to the casual observer , i t  i s  c l ear that subtl e changes i n  a record such 
as that s hown i n  Fi gure 2 cou l d eas i ly go unnoti ced . Hence the major accompl i sh­
ment duri ng the l ast  s i x  months was the fabri cati on and i nsta l l ati on of our tape 
cassette event counti ng and record i ng systems . These systems are far superi or to 
the pen and i nk record i ng sys tems wh i ch produced F i gures l and 2 ,  as the data a re 
now both quanti tati ve and immedi ate ly  a ccess i b l e for computer process i ng .  For 
each kangaroo rat we are record i ng the total number of events ( runn i ng wheel revo­
l utions ) every 5 mi nutes ; for each pocket mouse we are record i ng the tota l number 
of events ( acti v i ty swi tch gate c l os ures ) every twenty mi nutes . Duri ng the comi ng 
mon ths we shal l deve l op programs for numeri ca l ly proces s i ng of these data and for 
d i sp l ayi ng the raw data i n  a format s i mi l ar to that of Fi gures  1 and 2 . 

"" . . . -- . ..... _ . . _ . . .  �. - .-

...... N :z 
I 

. . -.. - - . . ,--

...... N 3: ::z 
I 

...... N :z I 
...... N 3: Z 
I 

· �-=������;:;;:!i�� 
:=- �:��:��-� 

.

. . ��.- .. 

,-

.

-

-

-- "
" ,

_ 

.
..

. "_ .. 

Sept 22 

Oc t 1 
.. . .:-,,-: "::T:':�:':':'-'--:::':�':: -. -- . � . . - r 

S t 22 <��¥;;�:�_ _ __ 
_ -_ � _ -;�_�;-�, �:_ ': ,-;:� - e p 

,...- ' _ .  -

- - - - . . . , --��-.
� ---- .:==-':- -

. �--�=�.��:�-- = 
' -� -�- �����=��- � :� -=� �. 

-
-

.� 
-

. - - -_ .  - .--=-� . .: .. -.- =: = - . --
- -­_ . - - '-'-

I' -::=-:- � =- - Nov 1 

" 
_

._-
-

-

-

-- - -- . . . . .  ----_._----..-� -- - - - -- - - - - - -
� =- Dec 1 

Fi g .  1 .  Above ground acti v i ty 
of pocket mou se PM l .  

28 2 

· ��fC�:�'��¥-���=���- Oct 1 

, ���� ;' �]���:�)����1�; - Nov 1 
____ .. .. I' ... .. _: '�: .. . .. , .... .. " •. �" "' - ';. . ..  ':', .�, � '" . ':��'I�' .-.� �� .�;�.�'�� 

. -
� -. � " _ '11 I - .,.. . , .-._..... . .... . . T 

F i g .  2 .  Acti v i ty of PMl 
76 cm underground . 

Dec . 1 



Goa l s 

Da ta P roces s i n g Serv i ce 

8- 99 70-0 1499 

C l e a rthur Lee 
U .  S .  Geo l og i ca l  S u rvey 

345 Mi dd l e fi e l d Rd 
Men l o  P ark , CA 94025 

( 415 ) 323-81 1 1  Ex t .  2080 

P . c .  

A .  Data P roces s i ng Serv i ce i s  s tri v i ng towa rd i mp l emen t i n g  mo re ad­
vanced p roces s i n g sys tems , so tha t the p roces s i ng o f  s e i smi c data 
can greate r enhance the s ci enti s ts ' research efforts . 

B .  Automati c Data Swi tch i ng Sys tem ; bei n g  i mp l emen ted s o  that when 
mechan i ca l  or e l e ctron i c fa i l u re occurs wi thi n sei smi c te l emetry 
record i ng sys tems , a l l data wi l l  be trans fer red to a bac k - u p  sys tem . 

C .  Imp l emen tati on o f  an a u toma t i c res tart sys tem i f  a powe r fa i l u re 
o ccurs for sei smi c data re corde rs . 

I n ves ti ga t i ons 

A .  Th i s  p roj ect p rovi ded the Da ta P roces s i n g S e rv i ces to the u s e r  
s c i en ti s ts analyzi n g  and i n te rp reti ng t h e  s c i enti fi c data gathered 
duri n g  the peri od . 

Res u l ts 

A .  Conve rted I I H "  E c l i pse p l ayba c k  and di g i ti ze r sys tem t o  up- g rade o f  
fou r  ( 4 ) pass sys tem v i a one ( 1 ) pas s . 

B .  Comp u ter u s ers termi n a l  room has been up-dated wi th h i g h  s peed 
data commun i cati ons wi th U . S . G . S .  Mu l ti cs comp u ter . 

C .  Comp l e te i n te rface o f  di g i ti ze r  room wi th Mu l ti cs . 

D .  I n corpora ted a compati b i l i ty between Da ta Gene ra l Corpora t i on Mi n i ­
Compu te r  Sys tems . 
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P . c .  

The obje ctive of the project is to develop procedures for reduction of 
the noi se in measurements of earthquake precursors caused by sources that are 
not earthquake related . Removal of these extraneous effects will  help produce 
accurate uncontaminated observations of tectonic phenomena that are important 
to the development of a sc ientific understanding of the physical processes 
that precede earthquakes . Reduction of noise will also aid in the development 
and application of procedures for classifying a data set as premonitory or not 
premonitory to an earthquake . 

Currently an effort is underway to develop techniques to remove from 
the data of tectonomagnetic experiments the geomagnetic variations not caused 
by changes in crustal stress . This investigation uti lizes concepts of 
statis tics , signal processing , and time series analysis . 

It has been found that noise in tectonomagnetic experiments caused by 
geomagnetic variations due to nonlocal sources can be reduced by applying 
multivariate linear regression to data from a network of magnetometer sites . 
Residuals obtained by subtracting from the observed values at a particular 
site the values calculated from a regression expression using the simultaneous 
values at a number of other s ites tend to have nonlocal variations suppressed 
and hence to emphasize effects local to that particular site . For total field 
data from central California , at periods greater than a day , this method 
provided a moderate reduction of the noise below the level obtained by 
two-s ite differencing . The effectiveness varied considerably from site to 
s ite , with an average improvement in the standard deviation of the corrected 
time se ries of roughly a factor of two , compared with two-s ite differences . 
No other linear ins tantaneous procedure using the same data can achieve a 
smaller RMS residual . The sens itivity of the method to missing data can be 
reduced somewhat by using subset regressions . It was possible to find 
regress ion express ions that remove most  of the long-period variations ( longer 
than about 10 0 days ) from the available data , although they may not be 
statis tically reliable . 
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A major  goa l o f  thi s project i s  to s i gn i fi cantly ass i s t the Offi ce 
of Earthquake Studi es i n  effi ci ently process i ng sei smi c data by means 
of mi n i computer hardware/software . 

The mai n  emphasi s of the pas t s i x  months  has been on the imp l emen­
tati on of a comprehens i ve data process i ng sys tem for Centra l Ca l i forn i a 
mi croearthq uakes . 

A mi n i computer-based sei smi c data process i ng sys tem i s  bei ng deve l ­
oped to process  l ocal  earthquakes from the U . S . G . S  Centra l  Ca l i forn i a 
Network ' s  anal og tape recordi ng sys tem . The goa l of the sys tem i s  to 
provi de pre l imi nary hypocenters and ass oc i ated waveform data on a routi ne 
bas i s  wi thi n 24 hours of the occurence of the earthquakes . 

The system i s  des i gned to proces s events i nvol vi ng  h undreds of se i s­
mi c stati ons . To accomp l i s h thi s ,  i t  creates a dubbed anal og l i brary 
tape from three 14- track on- l i ne anal og tapes . I nformati on i s  recorded 
on those tapes i n  Freq uency Di vi s i on Mu l ti p l exi ng  format ( FDM ) whi ch 
a l l ows up  to 1 12 stati ons per tape . 

The data fl ow wi thi n the system i s  contro l l ed by an operator who ,  
wi th the hel p o f  a computer- updated " Even t Progress Log " , i nvokes the 
appropri ate proces sor as the events pass through the sys tem . , The current 
proces s i n g  s tatus of a l l events i s  accounted for from the ti me of req ues t 
unti l the event has been ei ther cop i ed onto a di gi ta l  arch i ve tape or 
process i ng has been d i sconti n ued . 

The events are detected i n i ti a l l y  by an i ndependen t on- l i ne earthqua ke 
detecti on sys tem , wh i ch produces req ues t ca rds for the fi rs t s tage of 
the system . The process i ng con s i sts of readi ng the reques t  cards , creat­
i ng the Dub L i brary Tape , se l ecti ng  the anal og channe l s to be processed , 
di g i ti z i n g  and di sp l ayi ng those channel s ,  i n teracti ve ly  p i cki ng fi rs t 
arri va l s  and other sei smi c parameters , l ocati ng the hypocenters , and  
creati ng a d i gi ta l  arch i ve tape of  the  events . Thi s  tape is  des i gned to 
be read on the U . S . G . S .  Mul ti cs computer . 

Other goa l s of the project i ncl ude enhancement of the geothermal 
sys tem , i ncorporati ng  prog rams and revi s i ons  deve l oped for the Cal i ­
forn i a  Network Process i ng ( CNP ) Sys tem . A secondary l eve l of enhance­
ment  i nc l udes the imp l ementati on of a spectral  ana lys i s package , a 
sei smi c secti on p l otti ng  prog ram for the Vari on States p l otte r ,  and a 
s tand-al one di g i ti z i ng program for the �" fi e l d tapes . 
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Acti vi ty 

Duri ng  th i s  report peri od ,  the major effort was s pent on devel opi ng  
the  CNP sys tem , uti l i zi n g  the AI D convers i on ,  Di s k  access i nteracti ve 
p l otti ng ,  an d Hypocenter  software devel oped for the geotherna l  system . 
A fi l e  dri ven sys tem was des i gned , expl oi ti ng  the fi l e  handl i ng fac i l i ti es 
of RDOS , the manufacturers s upp l i ed operati ng  sys tem . Stevenson gave a 
paper at  the spri ng  AGU meeti ng on the CNP sys tem . 

Al s o  duri ng the report peri od ,  a 92 megabyte di s k  and addi ti ona l  
memory was acq u i red for the A a n d  B machi nes . Modi fi cati ons o f  the 
app l i cati ons softwa re was req ui re d  i n  order to be compatabl e wi th a 
maj or revi s i on at  the manufactu rer ' s  operati ng  sys tem . 

A s i gn i fi cant  amount of  time was spent by Hobson on worki ng wi th 
Data Gene ra l  on the hardwarlsoftware i ns ta l l ati on of the new Di s k  and 
on converti ng  to Rev .  6 of RDOS . 

Stevenson and Jacks on spent s evera l weeks  on a commi ttee wh i ch were 
wri ti n g  s peci fi cati ons for a new dua l processor sys tem be i ng p l anned at 
the offi ce l evel . 

I n  addi ti on , Jackson cons u l ted at l ength wi th Fl etcher , B ufe ,  and 
Bri s coe on i nterfaci ng the i r d i g i ta l  recordi ng sys tems and wi th C .  Lee , 
Jensen and Van Schaak i n  an effort to compl ete the B system patchpane l .  

Hobson has spent 30% of h i s  ti me acti ng  as  an ecl i pse  con s u l tant for 
the vari ous  users , especi a l ly  Fred Kl e i n  and Stevens on . 

Res u l ts 

Al l of the modul es of  the CNP system are comp l eted except for the 
Arch i ve tape program . I t  i s  i n  the fi nal  stages of debuggi ng . Earthq ua kes 
have been p rocessed as far as outputi ng  l ocati ons on the Tektron i x  
hardcopy . The Geotherma l Sys tem now i n  use has remai ned s tati c duri ng  
the  report peri od . 

P ub l i cati ons  

Stevens on , P . R . , Jackson , T . C ,  Hobson , J . L . , Haken , R . L . , Fang ,  S . K . 
1978 .  

A computer-based process i ng system for sei smi c network data ( abs . ) :  
EOS ( Am .  Geophys . Un i on Trans . )  V 59 , No . 4 ,  pg 3 16 . 
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Theoretical models for earthquake instabilities and associated precursors 
are being constructed and analyzed to provide a method for anticipating 
earthquakes ustng ground deformation measurements . Two- and three-dimensional , 
vertical , strike-slip models and two-dimensional thrust models invoking strain 
softening fault zone properties are in various stages of development , 
analYSiS , and tes ting . For certain values of  geometric and constitutive 
parameters , the models admit inertia-l imited ins tability of  fault slippage -
an earthquake analog - but s table quasi-static slippage otherwi se . Because 
theoretical time-dependent ground deformation is generally different between 
stable and unstable deformation , invers ion of observed deformation should 
determine if  ins tabi lity is possible in situ . In other words , a physical 
model is used to decide if observed anomalous ground deformation 1s 
neces sari ly precursory to an earthquake . 

Two types of antiplane st rike-slip instabil ity models have been studied . 
In both models the earth surrounding the fault zone is approximated by elastic 
plates and regional forcing is by a remotely applied horizon tal shear 
di splacement . In the first case the remote displacement is applied also at 
the p late bottom . Solutions are obtained with the finite el ement method . In 
the second case , the stress-free plate bottom allows use of analyti(� theory 
for continuous distributions of screw dislocations . By postulate ( with I!lodest 
support from laboratory data ) the constitutive law for fault zone material 
contains a peak stress followed by strain softening to a re& idual level at 
large strain . The peak stress itse l f  is assumed to first increase , then 
decrease with depth . Simulations show that with growing remote displacement , 
an inertia-l imited ins tability or sudden fault slip , can occur if  the fault 
weakens rapidly enough or the elas tic plates are sufficiently compliant . 
The most  unstable s imulations show that just be fore instability , sUl�face 
shear strain rate is  accelerating near the fault trace ( within a focal depth ) , 
but decelerating farther away . For model parameter values appropriate 
for great earthquakes and geodetic strain measurement precision of 10-6

, 
it appears that certain cases o f  ins tabil ity can be inferred in advance of the 
earthquake with geodetic data . Prior to ins tability , fault slip rat,e 
accelerates quas i-statically . The pos ition of greatest slip velocity and 
acceleration is sl ightly deeper than the point of greatest peak stress and is 
identified as the earthquake focus . These models will be further studied to 
evaluate the effects of different strain softening laws , geometry , and 
viscoelas tic response of the asthenosphere . 
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The two-dimens ional thrust fault version o f  the above models employs a 
stra in so ftening law on the fault where the peak stress increases down dip to 
a maximum and then decreases . Forcing is by growing horizontal compress ional 
displacements appl ied remotely . Preliminary solutions us ing the finite e lement 
me thod show that , as with the strike-s l ip models , instab i l ity is possible only 
for certa in mode l  paramete r  values . Prior to ins tabil ity , a r egion of growing 
upli ft migrates toward the future ep icenter from the projected down dip 
d i rection . To tal elevation change before the ins tabil ity is an order of  
magnit ude les s than the uns table ( earthquake ) change at  the fault trace . The 
increas ing upli ft , its migration , and the ratio of pre- to co- se ismic 
elevation change are in reasonable agreement with s imilar changes observe d 
p�io r to the 1971  San Fe rnando ear thquake . 

For s trike-sl ip earthquakes o f  magnitude less than about five , a 
three-dimens ional model  i s  require d . In this case , fault peak s tress is  
assume d to vary both horizontal ly and with depth . Fie ld data for tes ting 
appea r to be available , but no model solutions have been obtained ye t .  

All  models wi l l  be modi fied so that dynamic rupture may in itiate at 
ins tabil ity . Thus a s ingle model wil l  be available to relate quas i-s tatic 
precursory deformat ion with earthquake parameters for each faul t  geometry . 

Publications 

Stuart , W. D . , 1978 , Rev iew of theories for earthquake instabilities , 
submitted to Jour . Geophys . Res . 
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SEMI-ANNUAL REPORT SUMMARY , Contract No . 14-08-0001-16 719 
1 Oc tober 1977 to 31 March 19 7 8  

" SOUTHERN CALIFORNIA SEISMIC ARRAYS "  
Clarence R .  Allen and James H .  Whi tcomb 

S eismological Laboratory , California Institute of Technology 

This semi-annual repor t  covers the six-month per iod from 1 Octobet 1 9 7 7  
to 3 1  March 19 7 8 .  The contract ' s  purpose i s  the par tial support o f  the 
s eismographic arrays of the j oint USGS-Cal tech SCARLET ( Southern California 
Array for Research on Local Ear thquakes and Teleseisms ) ,  which is also 
suppor ted by other groups , as well as by direct USGS funding through its 
employees s tationed at Calt ech . Ac cording to the contrac t , the primary 
visible produc t will be a j oint Cal tech-USGS catalog of ear thquakes in the 
southern California region during the contrac t year , al though quartet ly 
preliminary maps and catalogs are also required . Figure 1 shows preliminary 
epi centers of events tha t were detected and located by SCARLET during the 
first half of the cont ract period , and quar terly catalogs accompany the 
comp lete reports . 

Some of the seismic highlights in the southern California region 
during the 6-month period are these : 

Number of  located events : 3897 
Number o f  ear thquakes reported to the Seismological Laboratory as having 

been felt : 63  
Number of identified quarry blas ts : 4 7 6  
Largest ear thquake : � = 5 . 0  ( 3-11- 7 8 , near Vic toria , Baj a California) 
Number of  ear thquakes of  M = 4 . 0  and above : 15 , all but 2 of which were 

in the Imperial Valley area 
Smalles t ear thquake repor ted felt : M = 2 . 2  ( 12- 3- 7 7 , Hollywood ) 
Signif icant swarms : (a)  near Cerro Prieto , Baj a California , early March 

1 9 7 8 ,  M = 5 . 0 ; (b)  near Brawley , California , late Oc tober 19 7 7 , 
M = �� ( c )  near Brawley , Cali fornia , mid-November 1 9 7 7 , M = 4 . 3  max max 

Perhaps the mos t  s triking feature of  the 6-month s eiscicity m3p (Fig . 1 )  
is the conspicuous "ho le" centered nor thwes t  of  the Salton Sea i n  the Coachella 
Valley area . This feature has existed s ince at leas t 1950 and pos s ib ly 
represents a temporal seismic gap along the adj acent segment of the San Andreas 
fault . With the excep tion of the Imperial Valley and San Jacinto fault ar eas , 
much o f  the rest of  the epicenter map looks as though a sho tgun had been f ired 
at i t . That is , despite the high precision of current epicentral locations , 
mos t  smal ler shocks are no t aligned along maj or active faults . I t  is too early 
to draw f i rm conc lusions , but it seems that a somewhat d iff erent pattern is 
emerging in much of  southern Cal ifornia as compared to that in the central part 
of  the state near San Franci s co , where there is  a much more obvious alignment of 
sma ll shocks along principal faults . 

S ince the beginning o f  the contract year , Cal tech and USGS personnel have 
been par t icipating on a hal f-and-half bas is in the CEDAR ( Caltech Earthquake 
Detection and Recording) timing and location rou tine , alternating on 2-hour 
shif ts . The daily rout ine has taken an average of 7 hours , and the shared 
responsibility seems to be working well . Archiving , relocations , and magni tude 
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as s i gnments have cont inued t o  b e  carr ied out b y  Cal t ech . 

By t he end o f  calendar year 1 9 7 8 , we expe c t  to have l o ca t ed p erhap s 
6500 even t s , and i t  i s  intere s t ing to compare thi s  p roj e c ted t o tal with thos e  
for s ome previous years ( Fi g . 2 ) . I t  i s  clear tha t the CEDAR sys t em ,  toge ther 
with the expanded ne two rk ,  is permi t t ing f ar more comple t ely documentat ion o f  
sou thern Cal i f o rnia s e i smi c i ty than has eve r before been po s s ib l e .  

Al though magni tud e s  for larger event s  are s t i l l  be ing ob tained by 
reference to paper r e cord s f rom var ious t eleme tered s ta t ions ( inc luding tho s e  
wi th s imulat ed Wood -Ander s on ins t rument s ) , two independen t e f for t s  are 
currently underway a t  the S e i smo logi cal Laboratory for the as s ignment s o f  
comput er-based magni tud e s . One o f  t he s e , developed b y  C ar l Johnson , i s  
already be ing used rout inely i n  a pro to typ e exp er imen t . I t  i s  b a s ed on coda 
amp l i tud e s  re corded in succes s ive 5-second t ime s amp l e s , r e la t ed to the 
P- t ime in a manner cons i s tent wi t h  the dur a t ion magni tude . One o f  the 
interes t ing preliminary r es ul t s  f rom this s t udy i s  the map of Figure 3 ,  whi ch 
con tour s  leve l s  o f  d e t e c tabil i ty throughout the sou thern Cal i fornia r egion . 
On the magni tude 2 . 0  contour , f o r  example , 90% o f  a l l  sho cks o f  magni tude 2 . 0  
and grea t er are being routinely d e t ec t ed by the CEDAR sys t em as pres ently 
opera ted . I t  might b e  no ted that al though the dens i ty o f  s e i smic s ta t ions i s  
grea t e s t  i n  t he Imp erial Val l ey area , the highe s t  level o f  d e t e c t ab i li ty is 
ins tead in the area north of Lo s Angeles -- s imp ly r e f l e c t ing the backgro und 
noi s e  levels and the gains at which individual ins t r umen t s  can be operated and 
the r ecords e f f e c t ive ly read . For the f ir s t  t ime , we ar e gaining an accur a t e  
s ta t i s t ical evalua t ion o f  t he network ' s  capab il i ty i n  t erms o f  leve l s  o f  
d e t ec t ion . 

Dur ing the report ing p eriod , 6 s ta t ions were permanen t ly r emoved 
f rom S CARLET ( FTM ,  LGA , P I C , SLU , CHM , WH2 ) , and 3 s ta t ions were add ed 
(JNH , MOV , LJB ) . In addi t ion , teleme try was e s tabli shed f rom BAR for the 
f i r s t  t ime , and l ow-gain , 3- component teleme tered ins t rument s were added 
a t  LJB . At the end of the r epor t ing p er iod , 14 7 s ignals wer e b eing recorded 
by the CEDAR sys t em at the S e i smo logical Laboratory ' s  comp u t er c en t er , and 
1 4 2  s i gnals con t inue to be r ecorded on Deve 1ocorder s . Develocorder f i lms , 
however , ar e no longe r  being routinely s canned . 
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NUMBER OF CATALOGED EARTHQUAKES 

NO . OF 

YEAR EVENTS 2000 4000 6000 
+ + + + 

1 9 7 8  6458 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
1 97 7  5042 * * * * * * * * * * * * * * * * * * * * * * * * *  
1 97 6  3260 * * * * * * * * * * * * * * * *  
1 9 75 2 8 7 7  * * * * * * * * * * * * * *  
1 97 4  1 26 4  * * * * * *  
1 9 7 3  1 4 1 4  * * * * * * *  
1 972 747 * * * *  
1 97 1  837 * * * *  
1 97 0  4 7 2  * *  
1 969 6 7 4  * * *  
1 96 8  5 7 7  * * *  

+ + + + 

t 9 78 PRO�ECTED FROM FIRST QUARTER 

Fig . 2 --Number o f  local earthquakes c a t aloged b y  S CARLET 
for ind ividual year s s ince 1 9 6 8  

Fig . 3-- Con t ours o f  9 0 %  d e t ec t ion c apab il i t y  
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C . A .  

A .  Comp l ete devel opment of  systems for detecti on , ti mi ng , and pro­
ces s i ng of earthqua kes on a s i ng l e  sei smi c trace . The sys tem 
wi l l  be based on a l ow-power mi crop rocessor for fi e l d use where 
requ i  red .  

B .  Us i ng a set of these sys tems bu i l d  an i mp roved automati c on- l i ne 
earthq ua ke detecti on and l ocati on sys tem operati on wi th the 
exi s ti ng  USGS te l emetered data . Th i s  wi l l  be an offi ce- based 
sys tem . 

C .  Deve l op a fi e l d un i t  based on the above sys tem whi ch records and 
transmi ts only sei smi c events , or des cri ptors deri ved from them . 

D .  Us i ng a l l the above ment i oned eq ui pment exami ne a l arge s u i te o f  
sma l l earthq uakes for precursors to l a rge events . 

I n ves ti gati on 

The event p i cker for use i n  an i n - house sys tem was wri tten to al l ow 
one mi croproces sor to process up to four  sei smi c i nputs . The ha rdware 
i nc l udi ng  mu l ti p l exers and rea l - ti me cl ock handl i ng capabi l i ty was 
des i gned and bu i l t  by J i m  E l l i s .  Hardware and software have been checked 
out and operates sa ti s factori l y . 

Th i s  4- i nput sys tem i s  now i n  routi ne operati on on- l i ne proces s i ng 
fou r  s tati ons from the Geysers area each n i ght or  whenever the sys tem 
i s  not busy duri n g  the day . From these res u l ts we expect to be ab l e 
to i mprove p i cker perfo rmance and a l so  to deve l op a better sys tem for 
est i mati n g  rel i ab i l i ty of p i cks wi th a mi n i mum memory req u i rement . 

A 10-process or , 40- i nput system i s  now be i ng bu i l t  to a des i gn capabl e 
of expans i on to several  hundred i nputs . Th i s  wi l l  be the p rototype 
for the p l anned i n- house automati c processor .  

The pri n ci pal  s hort- term obj ecti ves we are pursui ng at  th i s  ti me a re 
i nves ti gati on of  mu l ti p rocess i ng techni ques as appl i ed to automati c 
sei smi c proces s i ng , and a deta i l ed study of  factors affecti ng the re­
l i abi l i ty of  ti me and fi rs t moti on pi cks by a utoma ti c pi c ke rs . 
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LAMONT-DOHERTY NETWORK OF STATIONS IN NEW YORK STATE AND ADJACENT AREAS 

SEMI-ANNUAL TECHNICAL REPORT 

Contrac t No . 1 4-08-0001-16750 

SUMMARY 

Lamont-Dohert y  curren t ly operat es a network o f  about 40 shor t per iod , 

s ingle componen t seismic s t a t ions loc a ted in New York , New J er s ey and Vermont . 

The ensuing data ar e r out inely anal y z ed and bul let ins list ing ear thquake 

loca t ions are publ ished on a quar t er ly and annual bas i s . The quar ter ly 

bullet in ,  end ing 31 March 1 9 7 8 , is now ava ilab l e  upon r equest . The annual 

bu lletin for the year 1 9 7 7  is  near ing c omplet ion and should be ava i lable s oon . 

A numb er o f  focal mechanism s olut ions for earthquakes in nor theast ern 

Nor th Amer i ca wer e ob ta ined u s ing the data from the ne twork . The solut ions 

are ei ther of t hrust or str ike s l ip type ; no evid enc e is  f ound for normal 

fau l tin g . 

Ear thquakes in the Ad irondacks and adj acen t  Canada pr edominantly show 

thrus t  fau l t ing on nor th-nor thwest tr end ing plan es . I n  s ome cases , the shocks 

can be rela ted to known geo l o g ic or topographic f eatures . 

In southeastern New York and nor thern New Jer s ey ear thquake loca t ions 

correla te remarkab ly well w i th mapped faults  and faul t s  inf erred from aero­

magnet ic data . High angle rever s e  fau l t ing on NNE trend ing planes is ind ica t ed . 

Foca l  mechan ism s olut ions for an ear thquake in Rhod e I s land and ano ther in 

New Hampshir e are almos t ident ical to tho s e  found for ear thquakes in the 

grea t er New York C i ty ar ea ; sugge s t ing that the pr inc ipal stress d irec t ions 

ar e relatively un iform over a large ar ea . 

2 9 5  



C . A .  

A paper d iscussing the maximum compre s s ive stress  d irections and the 

int errela t ionship between s eismic ity , stress and geo logic f eatur es in east ern 

Nor th Amer ica is in preparat ion . 

Yash P .  Aggarwal 

Lamont-Doher ty Geological Obs erva tory 
of Columb ia Univers ity 
Palisad es , New York 10964 
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Univers ity of Washington 

Geophysics Program 

C . A .  

EARTHQUAKE HAZARD EVALUATION I N  THE PAC I F I C  NORTHWEST 

R . S .  Crosson and S . W . Smith 

Contract No . 14 - 08 - 0001 - 16723 

During the first s ix months o f  the current contract period , the 

western Washington network operated in a stab l e  configurat ion of 22 stations . 

Review was compl eted on earthquake data bases for 1 9 7 7  and a bul l et in 

manuscript was comp l eted for that year . Rout ine process ing is  on a 

stab l e  and current basi s  and bul l et in preparat ion , beginning in 1 9 7 8 , i s  

being done on a quarterly,  pre l iminary bas i s . No maj or changes in the 

regional pattern of seismicity have occurred , however , several minor swarms 

have been ident i fied . The l argest magnitude earthquake in the central Puget 

Sound basin to be recorded with the current network occurred on 1 1  March 

1978 in south Kit s ap County .  Addit ional study o f  thi s earthquake i s  underway . 

Work proceeded on the earthquake source mode l ing prob l em .  Emphas i s  here 

is primari l y  directed toward understanding the phys ics of rupture initiation 

and arrest . Work i s  current ly proceeding on adapt ing comput er codes to model 

various rupture init iation processes . 

Work cont inued at a reduced l evel to adapt previous ly devel oped three ­

dimensional velocity model ing procedures using non - l inear l east squares ,  to 

the three dimens ional structure probl em .  A three dimensional travel t ime 

program has been written which uses a first order correction of a l ayered 

reference model to s imulate mode l l ateral variat ions  in vel ocity . Init ial 

test s of thi s rout ine have been made . 
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Inves tigat ions 

Improved U . S .  Earthquake Catalog 

8-9 9 2 0- 0 1 9 0 1  

James W .  Dewey 
Branch of Global Seismology 

U .  S .  Geological Survey 
Denver Federal Center , MS 9 6 7  

Denver,  CO . 80225  
( 30 3 )  2 34-404 1 

C . A .  

1 .  J im Dewey and Dave Gordon are cont inuing their relocation o f  ins trumentally­
recorded ear thquakes in the Eastern U . S .  us ing arrival-time data reported in 
s eismo log ical bullet ins and data they have interpreted themselves f rom records 
of WWSSN sta tions . 

2 .  The j oin t pypocenter determinat ion (JHD ) program was rewritten to make use 
o f  " calibration s tat ions " rather than calibration event s .  Cal ibration s tations 
are assumed to have z ero arr ival-t ime bias . For Eastern U . S .  ear thquakes , we 
are des ignating as calibrat ion stations those stations within 30 from the neares t 
earthquake o f  a given source region . 

Results 

1 .  All eight regiona l ly or  teleseismically recorded earthquakes o ccurring 
through 1 9 7 6  wi thin 1 00 km of Charles ton , South Carol ina have been relocated 
to lie within or  very near to two small zones of s e ismic activity defined by 
the recently installed South Carolina network . These zones are the Middleton 
P lace Zone , thought to be the source of the des truct ive 1 886  Charles ton ear th­
quake , and the Bowman Zone , located about 5 0  km NW o f  the Middleton P lace Zone . 
The fact that thes e zones , identif ied on the bas is o f  microearthquakes , also 
account for all the regionally or teles eismically recorded earthquakes from 
the Charles ton area , supports the hypothesis that s igni f icant seismic activity 
in the Charleston area is restrict ed by some mechanism,  p erhaps by stress 
concent rations near mafic int rusions , to occur in relatively f ew source regions 
rather than randomly throughout a broad zone of the coastal p lain . 

2 .  The South Carolina earthquake o f  July 2 6 ,  1 9 4 5  is relocated to lie both 
in the inferred Eastern P iedmont Fault Zone , recently proposed by Hat cher , 
Howell , and Talwani (Geology ,  2 ,  p .  6 3 6 )  and near the reservoir Lake Murray , 
which was comp leted in 1 93 0 . Reservoirs in other parts  of t he South Carol ina 
P iedmont seem to have triggered earthquakes and it is therefore pos s ib le that 
the 1 94 5  shock was triggered by the fil ling o f  Lake Murray . 

3 .  We have reliably located s everal shocks in Wes t Virginia and Kentucky 
to lie immediately nor th o f  the faulted part of the Appalachian fold b elt , in 
regions where the USGS Geologic Map of the United States shows no faults 
wha tsoever . 
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4 . There is an elongated eas t-west zone o f  inst rumentally-det ermined 
epicenters roughly co inc iden t with the Virginia-Wes t Virginia border be tween 
80 . 4°W and 8 I . 70W at approximately 3 7 . 30N lati tude . The s ugges t ion o f  an 
eas t-west  zone o f  ac t ivity is no t new for this part o f  the country . Boll inger 
(Bull . S eism .  So c .  Am. , 6 3 ,  p .  1 78 5 ) pos tulated an EW oriented Virginia seismic 
zone between 7 70W and 790W cent ered on 37 . 50N lati tude . The zone extending 
from 80 . 40 to 8 I . 70W has two charac teri s t ics that must be weighed before a 
geophys ical exp lanat ion o f  the zone can be proposed . Firs t , notwi thst anding 
its s trong eas t-west elonga t ion , the zone also has a s igni ficant nor th- south 
spread . Therefore , t he zone cannot be attributed t o  s l ipp age on a s ingle 
faul t .  Second , the west end o f  the zone l ies in a coal-mining region and the 
poss ib ility mus t be cons idered that the seismi c i ty at the wes t  end has been 
triggered by mining . 

5 .  The lat er-arr iving phases recorded at regional dis t ances , Pg , S ,  and Lg , 
are valuab le supplements to the ini tial P-wave in locating small and modera t e  
earthquakes . Because these later arriving phases have s lower velo c it ies than 
the ini t ial P-wave , a g iven error in the interpreted arrival t ime p roduces 
less o f  an error in epicentral locat ion than it  would in the arrival-t ime o f  
the ini t ial P-wave . 

Reports 

Dewey , J.  W . , and Gordon , D.  W. , 1 9 7 7 ,  Redeterminat ion o f  epicenter s  of 
ins trumentally recorded earthquakes in the eas t ern U . S :  (abs . ) : 
Earthquake No tes , v .  4 8 , p . 1 2 . 

Dewey , J .  W. , 1 9 7 8 , Joint hyp o center determinat ion using calibrat ion s ta t ions : 
Applicat ion to eas t ern Nor th America , (abs . ) :  Ear thquake No tes , v .  4 9 , 
p .  35 . 
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Goals 

Central Ca lifornia Seismic Network 

8-9 930-0 1 1 60  

Jerry P .  Eaton 
U .  S .  Geological Survey 

345 Middlefield Road 
Menlo Park , CA 94025 

( 4 1 5 )  323-8 1 1 1 ,  ext . 2575 

1 .  To identi fy and delineate active faults in central California 
and to as ses s the ir potential for producing a damaging 
earthquake . 

2 .  To develop improved models of the processes that generate 
ear thquakes and of the mechanics of their sourc es .  

3 .  To provide a high quality source of unreduced and reduced data 
on earthquakes in central California as a basis for more 
detailed se ismic studies and for related non-se ismic studies : 
dubbed magne tic tape library of network records of important 
earthquakes ; earthquake phase readings and hypoc enter 
determinations on punch-cards , computer tape , and computer 
mas s-data storage cells ; earthquake catalogs , epicenter maps ,  
e tc .  

� .  To develop effective se ismic techniques for earthquake 
prediction . 

Investigations 

C . A. 

Recordings from 200 stations of the multi-purpose central California 
Seismic Network are telemetered con tinuously to the central 
laboratory facility in Menlo Park , where they are recorded , reduced , 
and analyzed to determine the origin times , magn itudes , and 
hypocenters of the earthquakes that occur in or near the netuork . 
Data on these events are presented in the form of l ists , computer 
card catalogs , computer tape and mas s-data files , maps , and 
cross-se ctions to summarize the seismic history of the region and to 
p�ovide the bas ic data for fur ther research in seismicity , 
ear thquake hazards , and earthquake mechanics and prediction . A 
magnetic tape library of "dubbed" , unprocessed records of the 
network for s ignificant local earthquakes and teleseisms is prepared 
to facilitate fur ther detailed stUdies of crust and upper mantle 
st ructure and physical properties and of the mechanics of earthquake 
sources . 
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In addition to its primary role in earthquake hazards and earthquake 
prediction studies , the network contributes to research on the 
sources of geothermal energy (network in The Geysers/Clear Lake 
region ) and provides se ismic monitoring for environmental hazards 
s tudies around 1 )  the Warm Springs Dam s ite northwest of Santa Rose , 
2 )  around the Oroville and Melones Dams and Auburn Dam site in the 
western foothil ls of the Sierra Nevada mountains between Chico and 
Modesto , and 3 )  around Lassen volcano . 

Results 

The primary products of this project are : 

1 . Annual volumes for 1 974  - 1 976 , 

2 .  Annual volumes for 1 975 , 

3 .  Annual volumes for 1 977 , 

4 .  Quarterly volumes for 1 978 , 

Publications 

June ' 78 .  

September ' 78 .  

February ' 79 .  

July ' 78 ,  October ' 78 ,  
etc . 

Eaton , J .  P . , and Simirenko , Marie , 1 978 , Current microearth­
quake activity in the Sierra Nevada foothills near Sacramento , 
California ( abs . ) :  Earthquake Notes , v .  49 , 
no . 1 ,  p .  8 4 .  

Criley , Ed . , and Eaton , J .  P . , 1 9 78 , Five-day recorder seismic 
system ( with a section on the Time Recorder Generator , by Jim 
Ellis ) : U .  S .  Geol . Survey Open-File Rept . 78-266 , 86  p . , 
20  figs . 

Eaton , J .  P . , 1978 , Playback Station #2 for Cal net and 5-day­
recorder tapes : U .  S .  Geol .  Survey Open-file Rept . ,  48 p . , 
2 3  figs . 

301 



Goals 

Southern California Cooperative Seismic Network 

8-9930-01 114 

Gary Fuis 
u . S .  Geological Survey 

% Ca lifornia Institute of Technology 
Seismological Laboratory 252-21 

Pasadena , CA 91125 
( 2 1 3 )  195-6811 ,  ext . 2951 

C . A .  

Develop , maintain ,  and uti lize a se ismic network in southern California 
in close cooperation with CIT in order to develop a detailed 
understandillg of the se ismicity of southern Cali fornia , and to provide an 
instrumental basis for the predict ion of earthquakes in this region . 

Investigations 

1 .  Inves tigations conducted using stations of the southern California 
cooperative seismic network exclusive of the Imperial Valley stations 
are reported here for the period October 1911 - March 1918 . Data 
from these stations , currently numbering 110 , are now analyzed 
routinely using the Caltech Earthquake Detection and Recording 
( CEDAR ) system ( refer to C .  Johnson , EOS ( Am .  Geophys . Union Trans . ) ,  
v .  5 9 , p .  3 16 ) .  

2 .  We compiled quarterly se ismicity maps for southern California for 
FY11 and have drafted a preliminary catalog of earthquakes for this 
period .  

3 .  We studied a swarm of earthquakes near Palmdale , Ca lifornia , wh ich 
appears to be anomalous in the instrumental seismic history of that 
area . 

4 .  We continued in situ timing of blas ts at several quarries in southern 
Cali fornia in order to monitor any changes in seismic veloc ity that 
might have occurred . 

5 .  We installed or wi ll shortly install 10 new high-gain , vertical­
component ,  short-period ( I-second ) seismometer stations in southern 
California . These were added to 1 )  fill in holes in the existing 
network , at Desert Hot Springs , Morongo Val ley , and the central 
Peninsula Ranges of southern California , 2 )  increase coverage of the 
Patmdale earthquake swarm , and 3 )  expand the network into the 
northern Mojave Desert . In addit ion , we added or will  shortly add 
horizontal and low-gain-vertical components to 4 seismometer s tations 
along the San Andreas fault from Palmdale to Desert Hot Springs to be 
of use in 1 )  depth determinations , 2 )  PIS amplitude studies , and 
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3 )  other research . Regrettably , owing to funding cutbacks , we had to 
eliminate 3 stations in the eas ternmost Mojave Desert and 3 stations 
in Yuma , Arizona area . 

6 .  We have undertaken an investigation of focal mechanisms of earth­
quakes in the San Bernardino and Little San Bernardino Mountains . 
This  investigat ion wi ll be coupled with a microearthquake survey of 
the Little San Bernardino Mountains which is aimed at 1 )  determining 
accurate locations for earthquakes in the Lit tle San Bernardino 
Mountains , which appear to lie in a NW-SE band northeast of the 
Mission Creek fault , 2 )  improving depth determination for these 
earthquakes , and 3 )  discovering , if possible , how the active , 
east-wes t le ft-lateral faults in this area mesh with the NW-SE 
Banning-Mission Creek fault system . 

Results 

1 .  Quarterly se ismicity maps o f  southern California for FY77 (Figs . 1 -
4 )  plus a map summarizing seismic ity for the whole year ( Fig . 5 )  have 
been compiled and wi ll  soon be open-filed . Numbers on the summary 
map ( Fig . 5 )  ind icate important se ismic ity features in eastern 
California . Continued se ismic ity is seen in the vicinity of the 
Galway Lake earthquake (Mt = 5 . 2 ) -aftershock sequence , 1 ,  and in the 
vicinity of the Goat Mounta in earthquake (ML = 4 . 7  and ML = 4 . 7 ) ­
aftershock sequences , 2 .  Seismic ity on the West-Calico - Mesquite 
fault , 3 ,  was absent during the previous 1-1 /4 years . Continued 
seismic ity is seen on the eastward extens ion ( ? )  of the Porcupine 
Wash fault in the Eag le Mounta ins , 4 ,  and on the Smoketree Wash fault 
zone , 5 .  The Desert Hot Springs seismicity belt , 6 ,  continues to be 
active . This belt is  located northeast of the Mission Creek fault . 
Continued seismicity is also seen in the east-west-trending 
seismicity belt through the southern San Bernardino Mountains , 7 .  A 
seismic ity gap , 8 ,  persists between the Litt le San Bernardino 
Mountains and the Chocolate Mounta ins . The Brawley fault in Imperial 
Valley , 9 ,  continues to be highly ac tive . A seismic ity boundary , 10 , 
between se ismically active and inactive parts of the Mojave Desert is 
paral lel to the dominant structural grain of the Mojave Desert 
between lat itudes of about 34° and 35° and conjugate to the dominant 
structural grain south o f  34 ° . One definite earthquake , just above 
the number " 10" , occurred east of  this boundary . Epicenters shown in 
the Yuma , Arizona area , 1 1 , are blasts . Only blasts at Eagle 
Mounta in mine and Hector quarry have been systematically eliminated 
from these maps (Figs . 1 - 5 ) .  

2 .  Small earthquake activity has increased by more than an order of 
magnitude along the San Andreas fault near Palmdale , California since 
November 1976 . More than 700 small  earthquakes ( 0  < M < 3 )  have been 
recorded during the pe riod November 1976 - January 1978� with 
clustering in a small area approximate ly 2 to 3 km in dimension , 
centered at about 8 km depth , on or very near the San Andreas fault . 
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Some activity extends as  much as  24 kID ESE and 13  km WNW of the 
cluster , along the fault . Thrust fault mechanisms are observed for 
most of these events .  For the three largest events ,  fault-plane 
strikes rotate successive ly from northeast to east to east-southeast , 
as determined from first-motions . Concomitant with this rotation , 
P/SV amplitude ratios measured at two stations at � < 30 km trend 
slowly with time except for a short pe riod about 2 weeks before and 3 
to 5 weeks after the largest  event (ML = 3 ) , when rapid variations 
are observed . The rat ios change with time by as much as 1-1/2  orders 
of magnitude . Theoretical values of P/SV for fault-plane 
orientations indicated by first mo tions for the 3 largest events 
agree well with observed values . Activity increases are observed 
prior to each larger (ML = 2 . 7  to 3 )  earthquake within this sequence ; 
an increase also accompanied the extension of the activity ESE along 
the San Andreas fault in July 1977 . 

Publications 

Lindh , A . , Fuis , G . , and Mantis ,  C . , 1978 , Seismic amplitude measurements 
suggest foreshocks may have different focal mechanisms from 
aftershocks : Science ( in press ) . 

McNalley ; K . , Fuis , G . , French , M . , Pechman , J . , and Kanamori , H . , 1978 , 
Patterns in space ,  time , and focal mechanisms in the 1976-1977 
earthquake swa rm  near Palmdale , California : Earthquake Notes , v .  49 , 
no . 1 ,  p .  32 . 

Johnson , C . , 1978 , CEDAR - an approach to the computer automation of 
short-period local seismic networks : EnS ( Am . Geophys . Union 
Trans . ) , v .  59 , p .  316 . 
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SEMI -ANNUAL SlM4t\RY C . A . 

Branch of Global Seismology 

Proj ect No . 99 2 0 - 01 774 

Rift 

Date : April 10 , 1978 

Title Seismicity of the Rio Grande 

Proj ect Chief Lawrence H .  Jaksha 

Mail ing Address and Phone No . U . S .  Geological Survey , Albuquerque 

Seismological Laboratory, Building 1000 2 , Kirtland AFB -East 

Albuquerque , New Mexico 8711 5 ( 50S)  474 - 37 8 5  

Report Period October 1 ,  1977 

1 .  Investigat ions and Results : 

to �arch 31 , 1978 

Routine analys is of seismicity data from the l 3 - s tation network around 
the Albuquerque Basin continued . Records have been read through 1977 . 
These data are be ing formatted for computer solut ion and final analysis . 

Very l ittle field maintenance was required by the network during the 
report period . The station at Golden , New Mexico was down briefly due 
to pack rats chewing on the power cables . 

The portable tape recorders were deployed near Mt . Ladron for 10  days 
during Ivarch . One well -recorded earthquake occurred wi thin the 
temporary network . This earthquake had a focal depth of less than 3 km. 
The event was not large enough to obtain a solution from the permanent 
bas in array . 

2 .  Reports : 

Jaksha , L .  H . , Locke , Jerry , Thompson , John B . , and Garcia , Alvin , 1 9 7 7 , 
Albuquerque Basin seismic network :  USGS Open - File Report # 77 - 8 6 5 . 

Jaksha , L .  H . , Locke , J . , Thompson , John B . , and Garcia , Alvin , 1978 , 
Reconnaissance seismology near Albuquerque , New Mexico : USGS Open- File 
Report # 78 - 339 . 

3 .  Goals : 

The goal of this proj ect is an evaluation of the seismotectonics of the 
Rio Grande rift near Albuquerque , New Mexico . This includes study of 
the seismicity , seismic risk , and crustal structure of the area around 
Albuquerque . 
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Goals 

Hawaiian Seismic Studies 
Including Seismic Studies at Las sen Volcancic National Park 

�-9930-0lq97 

Fred W. Klein 
U .  S .  Geological Survey 

345 Middlefield Road 
Menlo Park , CA 94025 

( 4l� ) 323-�111 ext . 2569 

C . A . 

Assist the Hawaiian Volcano Obse rvatory t HVO ) in operation of the seismic 
net , process ing of earthquake data , and bul letin preparation . 

Analyze seismic data from Hawaii and Lassen to look for possible earth­
quake precursors and seismic precursors to eruptions . 

Investigations 

The proj ect attacks the problem of determining the structure and 
tectonics of the island of' Hawaii from seismic data and examining 
earthquake data for possible earthquake precursors and seismic precursors 
to eruptions . The project is responsible for continuing to process high 
quality earthquake data from HVO in Menlo Park until HVO becomes 
sel f-sufficient in its own earthquake processing in a year or so . 
Preliminary monthly lists and plots of ep�centers are now being generated 
for internal distribution . Hawaii is one of the most seismically active 
regions in the U . S . , and maintaining continuity of high quality data 
analysis is an important part of monitoring trends and possible 
precursors preceding eruptions and earthquakes . 

The project has also been instrumental in preparing an Eclipse 
minicomputer , it s programs for handling earthquake data , and the 
accumulated Hawai ian data for self-sufficient use at the Hawaii Volcano 
Obse rvatory . 

In addition to the Hawaiian investigations , the project monitors and 
studies seismic activity in and near Lassen Park both to establish normal 
background seismic patterns and to monitor anomalous seismiCity relevant 
to volcanic and geologic hazards in the park . 

Results 

1 .  Proj ect efforts have been directed primarily toward preparation and 
programming an Eclipse minicomputer soon to handle all seismic analys is 
at HVO . The Eclipse is now able to handle the analysis and display of 
seismic data after the reading of seismograms . 
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A new location program , HYPOINVERSE , was written to  locate earthquakes 
within the Hawai ian and other networks . In addition to being small ( from 
2 2 , 000 to 28 , 0 00 words of core storage , depending on station capacity ) , 
the program uses a general ized inverse method which permits eigenvalve 
manipulation , principal error calculation , and output of actual 
information content of each station ' s  arrival time . HYPOINVERSE also 
al lows crustal models with layers containing linear gradients and an 
imbedded low-velocity zone . 

Until recently , the crustal model which best fit the Hawaiian earthquake 
data was a homogeneous layer model with a low-velocity zone at the base 
of the crust developed by Crossan ( 1976 ) . A model containing 3 crustal 
layers with l inear gradients and a depres sed crust-mantle boundary has 
been developed which improves the fit to earthquake data and the 
stabil ity of the final locations . 

An interactive system for storing , manipulat ing and displaying seismicity 
data on the Ecl ipse minicomputer is  now under development . All Hawaiian 
earthquake data and many program modules are now available on the Eclipse . 

2 .  A smal l seismograph network of six stations now monitors earthquakes 
in and near Lassen Volcanic National Park . The first 14 months of 
recording has revealed a northwest-trending seismic zone passing through 
the park . This zone is the resolved equivalent of a diffuse zone of 
historical epicenters passing through Lassen Park and Truckee , 
California , and is  parallel to nearby lineaments in California , Oregon , 
and Nevada recognized from surface geology . Three dense concentrations 
of earthquakes correlate very closely with three geothermal areas . One 
concentration also outlines the north and east sides of the 4 km-diameter 
Mt . Tehama caldera . The recent dacite plug domes of Lassen Peak and 
Chaos Crags are nearly aseismiC , however . Several approximate focal 
mechanism solutions indicate primarily normal faulting with east-west 
extension . This impl ies the northwest-trending seismic zone is  
undergoing extension and right-lateral shear . Extens ion directions near 
the center of the network display a radial symmetry that could be caused 
by a broad updoming or magma injection centered near Lassen Peak or Chaos 
Crags . 

Publications 

Hawai ian Volcano Observatory ( 197� ) . Seismic and Tilt Summar'y 7 4 ,  
January t o  December 1974 . 

Hawai ian Volcano Observatory , ( 1978 ) . Seismic and Tilt Summary 75 , 
Janaury to December 197 5 .  

Hawai ian Volcano Obse rvatory , ( 1978 ) . Seismic and Tilt Summary 76 , 
January to December 197 6 .  

Klein , F .  W . , ( 1978 ) . Earthquakes in Lassen Volcanic National Park , 
California , submitted to Bull . Seismol . Soc . Am . 
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Invest i gat i on s  

Al ask a Se i sm i c  Stud ies 

8-9940-U I 162 

John C .  Lahr 
Branch ot Ground Mot i on and Fau l t i ng 

U .  S .  Geo l og l ca l  Survey 
345 Mi dd l ef i e l d Road 
Men l o  Park , CA 940�5 

( 415 ) 3L3-81 1 1 ,  Ext .  L510 

C . A .  

1 .  Se i sm i c  data are co l l ected and ana lyzed from a network of stat i on s  
ex tend i ng from western Cook I n l et to eastern Pr i nce W i l l i am Sound and a s  far 
north as the Ta l keetna  Mounta i ns . Th i s  data estab l i shes an important base of 
i nformati on for t:,e study of the tecton i c  deformat i on and the re l ated se i smi c 
haz ards  i n  southern A l as k a . 

2 .  W i th fund i ng from NOAA ' s  Outer Cont i nenta l She l f  tnv i ronmen ta l Asses sment 
Program ( OCSEAP )  se i smi c stat i ons  are oper ated from the 
Cordova-H i nc henbrook -Montague area on the west to Yaku tat Bay-Har l eq u i n  Lake  
on  the east . The northern l i m i t  of  these stat i ons  i s  approx i mate ly 100 km  
from the  Gu l f  of  A l as k a ,  and one  stat i on i s  l ocated i n  Can ada under a 
cooper ati ve agreement w i th the Se i smo l og i ca l Serv i ce of Canada . 

3 .  Eva l uate se i sm i c  haz ards i n  the popu l ated and deve l op l ng areas of 
south -centra l  Al ask a ,  i nc l ud i ng the Anchor age , Pa l mer and Va l dez areas and the 
Kenai  Pen i ns u l a , as we l l  as in areas of pos s i b l e  future deve l opmen t ,  such as 
the coasta l reg i on of the eastern Gu l f  of Al ask a .  

4 .  Carry out l ong-term se i sm i c  and cru sta l deformat i on stud i es i n  the Kayak 
I s l and-Yakutat se i smi c gap area i n  order to document premon i tory earthq uake  
phenomen a pr i or to  moderate-to - l arge earthq uakes . 

Resu l t s 

1 .  Dat a proces s i ng h as been swi tc hed to the U�GS Honeywe l l  Mu l t i cs computer . 
Both Hypoe l l i p se ,  the earthquake  l ocat i on program , and GPP3 , the hypocenter 
p l ott i ng program ,  are now oper at i ona l . 

2 . Earthq uak e data co l l ected over the past 5 year s i n  the v i c i n i ty of Wi l l ow ,  
Al ask a ,  the proposed future s i te of the Al ask an c ap i to l , h ave been extracted 
from our data base and re l oc ated . Th i s  data wi l l  be c heck ed carefu l ly and 
then re l eased in the near future , as it  i s  perti nent to the deve l opment p l ans  
for the  reg i on .  A pre l im i n ary rev i ew of  the  hypoc enter s i nd i cates the  Ben i off 
zone  d i p s  �5° to the WNW and i s  about 40 km deep be l ow Wi l l ow .  There are 
a l so s ha l l ow earthquak es , most w i th foca l  depths  of 2U km or l es s ,  sc attered 
throughout the reg i on .  These events do not seem to be more than random ly 
as s oc i ated w i th known f au l t s ,  s uch  as the Cast l e  Mounta i n  f au l t ,  wh i ch pas ses 
w i th i n 1 7  km of Wi I l ow .  

3 .  F abr i cat i on of we l l -c a l i br ated , auto-ga i n -rang i ng ,  crysta l -contro l l ed 
se i smi c stat i on e l ectron i c  un i ts i s  under way and the f i r st 25  w i l l  be 
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i n s t a l l ed th i s  s ummer . I n  tempe r at ur e  cyc l e  te s t s  of t h e  
vo l tage -con t r o l l ed - o s c i l l at or c i r c u i t ,  n o  deg r ad at i o n of perf orm a n c e  was fou n d  
b etween - 7 50 F an d + 1 5 00 F .  A l l un i t s  w i l l  be temper a t u r e  cyc l ed i n  
or der to i n s ur e  correct oper at i on i n  t h e  h ar s h A l a s k an e n v i ronmen t . 

Repor t s  

Roger , J . , M .  J .  S .  Joh n s to n , C .  Mor ten s e n , an d G .  Myr en , 1 97 1 ,  A 
Mu l t i - C h a n n e l D i g i ta l  Te l emetry Sy s t em for Low f r eq u e n cy D at a , U . S . 
Geo l og i c a l  S u r v ey Open - F i l e  Report / 7 -49 0 , 10  p .  

L a hr , J .  a n d  C .  S t ep h e n s , 1 9 78 , E ar t h q u ak e  Ac t i v i ty an d G r o u n d  S h ak i n g i n  and 
A l on g  the E a s tern G u l f  of A l a s k a ,  Summary report p r e s e n t e d  at the 
OCS E AP r ev i ew meet i n g , 5 p .  
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I nves t igati ons 

Puerto Ri co Sei smi c Program 

8- 9950- 01 502 

C .  J .  Langer 
Branch of Earthqua ke Tecton i cs and Ri s k  

U .  S .  Geo l ogi cal Survey 
Den ver Federa l Center , MS 966 

Denver , CO . 80225  
( 30 3 )  234- 509 1 

C . A . 

1 .  Conti nued operati on of the 1 5 - stati on Puerto Ri co se i smograph i c  network 
to l ocate l ocal  and near- reg i ona l  earthqua kes . 

2 .  Reducti on of network data and pre l i mi na ry ana lys i s of earthq uake 
l ocat i ons  for the t ime peri od between J une 1 and November 1 5 , 1 977 . 

3 .  I n i t i ated s tudy of photogeo l ogy o f  Puerto Ri co and the assoc i at i on of 
observed l i neati ons  wi th the s pati a l  d i s tri buti on of on- i s l and or near­
i s l and earthq uakes . 

4 .  Comp l eted devel opmen t o f  the i nteracti ve data-entry sys tem ( I DES ) . 

Res u l ts 

1 .  Prel i mi nary hypocenters were computed for 281 earthq ua kes wh i ch occurred 
i n  the ti me i nterva l between J une 1 and November 1 5 , 1 977 . Arri val  t imes 
have been read for the l ast  two wee ks of November and fi l ms ,  through Apri l 
14 , scanned for event i denti fi cati on . 

2 .  S i x  se i smi c sou rce reg i ons  have been defi ned on and i n  the v i c i n i ty of 
Puerto Ri co .  The approxi mate l ocati ons  of these zones are : northeast  Puerto 
Ri co ( l at .  18 . 25 0  - 18 . 500 N ,  l ong . 65 . 5 0 - 66 . 25 °W ) , southeast  Puerto R i co 
( l at .  17 . 80 - 18 . 25 ° N , l ong . 65 . 850  - 66 . 5 °W ) , southwest  P uerto Ri co ( l at .  
17 . 75 0  - 18 . 2 ° N ,  l ong . 66 . 75 0  - 67 . 25 °W ) , northwest  Puerto Ri co ( l at .  18 . 25 0 -
18 . 75 ° N ,  l ong . 66 . 75 0  - 67 . 1 ° W ) , northeas t of Puerto Ri co ( l at . 18 . 50 -
19 . 1 5 ° N ,  l ong . 64 . 80 - 65 . 6 ° W ) , and no rthwest of Puerto Ri co ( l at .  18 . 5 0 -
19 . 25 ° N ,  l ong . 67 . 5 0  - 68 . 3 °W ) . 

3 .  Use of the i nteracti ve data-entry system ( I DES ) has  i ncreased the s peed 
and effi c i ency of data hand l i ng and management .  The ana l ys t  p i cks the 
P- and S- phase t i mes from the deve l ocorder fi l m  of  anal og tape pl aybac k , 
enters tha data d i rec tly  i nto the computer  by a remote termi na l , a nd deter­
mi nes a pre l i mi nary hypocentra l l ocati on i n  one operati on . Th i s  preprocess ­
i ng el i mi nates a l a rge percentage o f  the t im i ng  and entry errors that 
usua l l y  have to be corrected at  some l ater date . 
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Se ismic Data Library of WWSN Seismograms 

8-9 930-01501 

w .  H. K. Lee 
U . S .  Geological Survey 

345 Middlefield Road 
Menlo Park , CA 94025 

( 415 ) 323-811 1 , ext . 2630 

This is a non-research project , and its main objective is to keep 
the WWSN seismograms up to date and properly fi led . 
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Goa l s  

Network I nsta l l ati on , Permi tti ng & Suppl i es 

8-9970-01 170 

Herb Mi l l s 
U .  S .  Geo l og i cal Survey 

345 Mi ddl efi e l d  Rd 
Men l o  Park , CA 94025 

( 415 ) 323-8 1 1 1  ext . 2 1 1 3  

C . A. 

I t  i s  our i n tent to as s i s t  and provi de a servi ce to the sci enti fi c 
s ta ff of th i s  offi ce by i ns tal l i ng , operati ng and mai n tai n i ng i ns tru­
men ts used to conduct geophys i ca l  experi ments . The u l t imate goa l  of 
th i s  proj ect l i es i n  the separate goa l s  of  the many proj ects tha t i t  
serves . 

O ur objecti ves are to p l an and organi ze geophys i ca l  experi men ts , 
acq ui re the necessary eq ui pment ,  secure the proper permi ts , i ns ta l l 
the i n s truments , and mai ntai n al l portabl e sei smi c networks and 
arrays . As a servi ce proj ect we al so  i nsta l l and mai ntai n radon 
samp l i ng cups , water l evel recorders , and a l arge network of creepmeters . 
We a l so  mai n tai n a s taff of speci al i s ts to provi de ass i s tance to a l l 
projects i nvo l ved i n  fi e l d programs . 

I nvest i gati on 

To provi de servi ce to and for the sci enti fi c staff of thi s offi ce 
and  i ts contractor for geophys i ca l  research . 

Res u l ts 

1 )  We now have a Memorandum o f  Unders tandi ng wi th San Bernardi no 
Nati on a l  Fores t ,  Ange l es Nati ona l Forest , and Los Padres Nati onal  
Forest .  The terms o f  these agreements afford qu i ck  p roces s i n g  
of o u r  reques t for l and use permi ts . Negoti ati on i s  conti nu i ng 
wi th Ca l i forn i a Burea u of  Land Management for a s i mi l ar agreement . 

2 )  Three new creepmeters have been i ns tal l ed on the San Andreas fau l t ,  
one northwes t of  Taft above the Carri zo P l a i n i n  Centra l  Ca l i forn i a , 
and two near Pa l mda l e i n  Southern Ca l i forn i a .  The Taft creepmeter 
i s  a l ready on d i gi ta l  te l emetry ; the Pa l mda l e  stati ons wi l l  be put  
on te l emetry soon . 

The enti re creepmeter network has been revi ewed and the deci s i on 
made to upgrade sel ected stati ons and abandon others .  Upgradi ng  the 
o l der s ta ti ons wi l l  req u i re i nstal l ati on of the newer type wi re 
i nstrument . I n  add i ti on , th ree new s tati ons are to be i nsta l l ed 
i n  Southern Cal i forn i a .  
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Tel ephone drops and equ i pment necessary to put  the creepmeter 
network on di g i ta l  te l emetry have been ordered . Mod i fi cati ons to 
creepmeter e l ectron i cs are be i ng ma de to a l l ow hoo kup to the te l ­
emetry sys tem . 

3 )  Month l y  servi ci ng  of fi ve water l evel recorders conti nued , i nc l udi ng 
record changes , depth meas urements , pH tes ts , and mon i tori ng  of 
temperature , s a l i n i ty ,  and conducti vi ty of the water . Al so , i n  a 
cooperati ve e ffort wi th Geochemi s try personne l , wa ter samp l es are 
col l ected and fi l te red for thei r analys i s  and use . As req ues ted , 
addi ti onal  vi s i ts between regu l ar  servi ci ng tri ps are bei ng made 
to the wel l s i tes whenever poss i b l e  for extra readi ngs  on conducti vi ty .  

Fou r  new water- l evel recorders have been set up i n  the l ab for 
testi ng , p ri or to i ns ta l l ati on at  new s i tes . Work i s  progress i ng on 
permi tti ng the new s i tes and arrang i ng to have the wel l s  dri l l ed .  

4 )  A fi e l d program i s  underway and  s hou l d be comp l eted by May 15 , 1978 
in the New Madri d area . We i ns ta l l ed and  ma i ntai ned 12  each 5 day 
tape recorders and 5 each smoke paper . One cal i brati on s hot was 
fi red as a part o f  thi s program . 

5 )  S i x 5 day recorder and fi ve ( 5 ) smoke paper recorders were dep l oyed 
to record the earthq uakes that fo l l owed the Wi l l i s ,  Cal i forn i a 
s hock i n  November 19 7 7 .  

6 )  Centi pede sys tem was dep l oyed s outh o f  Hol l i ster to record s i gna l s 
as  a res u l t of the v i bra sei s program wi th U . C .  Berke l ey .  More than 
70 s tati ons , both Hori zon ta l and Verti ca l were used . 

7 )  Many new se i smi c s tati ons were i nsta l l ed th roughout Centra l  Ca l i ­
forn i a .  
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SEMI-ANNUAL REPORT SUMMARY 

1 July 1 9 7 7  - 31 December 1 9 7 7  

For the Establishment of a Southern California Geophysical Dat a  
and Analys i s  Center , U . S . G . S .  contrac t No . 14-08-0001-166 2 9 . 

The Southern Cal ifornia Geophysical Data Center current ly has 
two data acquisi tion sys t ems . One is the CEDAR (Caltech Ear thquake 
Detec t ion and Recording ) sys tem .  It acquires data from a shor t period 
seismi c array network . The second is CROSS ( Cal tech Remo te Obs ervatory 
Support Sys t em) which is designed to b e  a data logging and telephone 
telemetry sys tem for servicing remotely sited long-period geophysical 
instrumentation . 

CEDAR is  f ully operational and in full suppor t of the Southern 
California Seismic Array network . ( USGS Contract No . 14- 0 8- 0001-16719 ) . 
CROSS i s  currently under development . It cons is t s  of a central computer , 
an Eclipse S / 2 30 ,  and remo t e  Telemetry Interface Module ( TIM) sub sys tems 
that communicate via standard voice grade direct dial telephone lines . 
A prototype of a TIM unit has been buil t . This T IM uni t , a microprocessor 
based subsys tem ,  consis ts of  a number of card modules ,  each having a 
func t ional purpos e ,  contained in a card cage with a f ront control panel . 
The cards that have been designed and cons truct ed are : 

1 .  CPU-memory ; 6100 microprocessor (PDP 8 / E  sof tware compa tible) , 
2048 words o f  Random-Acces s-Memory and 512 words o f  
Programmable-Read-Only Memory . 

2 .  Clock- s tatus ; low precision 1 Hz c lock and control panel 
interface . 

3 .  Data RAM ; 4096 words of  Random-Access-Memory for data 
s torage . 

4 .  Analog input ; eight analog channels multiplexed to a 12 bi t 
analog-digi tal conver ter . 

5 .  Digi tal input ; four mult ip lex channels o f  s er ial i z ed digi tal 
input . 

6 .  Digi tal control output ; 1 6  mul t iplex channels of  serialized 
digi tal output . 

7 .  Modem controller ; 
Modem; 
Telephone l ine coupler ; 

Three board set for 
telephone teleme try 

Eighteen o f  these units  are currently under cons truc tion for 
deployment at selected s ites . 
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Northeast Sei smic Network 

8- 9 9 5 0- 0 1 7 4 5  
Paul W .  Pomeroy 

Branch of Earthquake Tecton ics and Ri sk 
U .  S .  Geo logical Survey 

P . O .  Box 2 2 4  
S tone Ridge , New York 1 2 4 84  

( 9 1 4 ) 6 8 7 - 9 1 5 0  

C . A .  

I nvestigations 

The Northea s t  S e i smic Network wh ich con s i st s  of approx imate ly 
85 s e i smic s tations in 12 s tate s is des igned pr imar i ly to provide 
uni form se i smic recording capabi l i ty throughout the area of in­
tere st . The locations o f  s tations i n  the network as o f  June 1 9 7 7  
are shown i n  F igure 1 .  Sub- network operato r s  i nc lude : 

Wes ton Obs ervatory o f  Boston Col lege 
Mas sachu s e tts I ns t i tute of Techno logy 
Lamont-Doherty Geo logical Observatory 
Pennsylvania S tate Univers i ty 
De laware Geological Survey 

of Columbia 
Univer s i ty 

An agreement wi th the Earth Phys ic s Branc h , Department o f  Energy , 
Mine s and Re source s  i n  Ottawa , Ontario , Canada , i s  currently be ing 
negotiated to provide several add itiona l s tations in Eastern C anada . 

I t  i s  the obj ective o f  thi s  pro j ect to promote cooperat ion 
among the var iou s sub- network operator s ,  to recommend courses of 
act ion to them , to recommend support for them as needed and to 
d i s seminate the ir epicentra l in formation to federa l , state and 
loc a l  legis lative , p l anning and regulatory agenc i es . 

Ob j ec tive s 

The obj e ctives o f  the Nor theast S e i smic Ne twork inc lude : 

1 .  The locat ion and ident i f ication o f  source s  of ground vibra­
tions inc luding in formati on on latitude , longi tude , origin time s , 
depth s and magnitudes for a l l  events o f  mb 2 2 .  
2 .  The ident i f ic ation o f  zones of se i smic activity and thei r  
relationship t o  geolog ic proce s s e s . 
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3 .  The evaluation o f  regional geolog i c  s truc ture a nd tec tonics 
us i ng network re sults inc luding fault p l ane solutions , trave l time 
re s idua l s , s e i smic moments , stre s s  drops , attenuation de termina­
tions and crustal and upper mantle s tructure ( from re fraction data ) . 

The ultimate goal of the network i s  to provi de a rea l i stic 
evaluation o f  the e arthquake ri sk on a regional b a s i s  throughout 
the area and to d i s seminate thi s  in format ion to p ub l i c  and pr ivate 
planning and regulatory group s for appropriate ac t i o n . 

Re sults 

The epicentral in formation col lected by the s ub-networks is 
synthe s i zed and pub l i shed in regional quarter ly bul le t i n s  o f  the 
network . Cumulative epicentral informat ion from the inception o f  
the network through June 1 9 7 7  i s  shown in Figure 2 which i s  taken 
from the l ate s t  quarterly bUl le tin . 

I n  add i tion to the epicentra l results , numerous s c ient i fic 
inve s tigations have been carr ied out by  inve s t i ga tors at the 
operating i n s t i tution s . The se i nve s tigations are pub l i shed in 
Science , Journal of Geophysical Re search , EOS and B u l letin o f  the 
Se i smo logi c a l  Socie ty o f  America . 

Pub l i c ation s  

A Quarter ly Bul letin of the Northeastern Uni ted S tate s S e i smic 
Network i s  pub l i shed by We s ton Observatory of Bo s ton Co l lege on be ­
hal f o f  NEUS SN . Seven ( 7 )  bul le tins cover ing the per iod October 
19 7 5  to June 1 9 7 7  have been pub l i shed to date . The quarterly bul ­
letins are d i stributed directly t o  over 4 0 0  addre s s e s , inc l ud ing 
regulatory agenc i e s , members of Congre s s  from the a f fec ted area s 
and s tate leg i s lator s . As indicated above , r e s e arch results of the 
individual sub-networks are pub l i shed in s c i enti f i c  j ourna l s . 
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Figure 2 .  Earthquake epicenter s dur ing the period 

October 1 9 7 5  - June 1 9 7 7  
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Uni vers i ty of Utah 

EARTHQUAKE RES EARCH AND N En�ORK OP E RATI ONS  IN THE 
I NTERMOUNTAI N  S E I SM I C  B ELT--WASATCH FRONT 

Summary of Semi -Annua l Techn i ca l  Report : Oct .  1 ,  1 9 77-March  3 1 , 1 978 

USGS Contract No . 1 4- 08-0001 - 1 6725  

I nves ti gators : R .  B .  Smi th , W .  J .  Ara basz , W .  D .  R i c h i ns , K .  L .  Cook  
Department  of Geol ogy and Geophys i cs 
Un i vers i ty of Utah 
Sa l t  La ke C i ty ,  Uta h  84 1 1 2  

Se i smi c i ty and B l ast  r'1on i tori ng . - - Notable earthqua ke acti v i ty duri n g  
the s i x  months of  th i s report peri od i nc l uded : aftershoc ks of an M4 . 5  
earthquake that occurred on  September 30 , 1 977 , a pp rox i ma te l y  80 km east 
of the Was a tc h  Front  a l ong the south fl an k  of the U i n ta Mounta i ns ;  and 
a seri es of sma l l earthqua kes ( r1� 3 . 3 . ) duri ng February 2 8-March  1 3 , 1 978 , 
i n  the northwestern part  o f  t he Sa l t  Lake Va l l ey - - 1 5  km from the center 
of Sa l t La ke C l ty .  

The l atter s eq uence o ccurred wi th i n the source reg i on o f  t h e  M 5 . l 
Magna earthq uake of  1 962 and  i nc l uded four fel t s hocks  over a two-week 
peri od ( s ee F i gure 1 ) . Cons i derab l e l oca l  a ttent i on wa s caused by the  
occurrence of  these  earthq ua kes beneath  a popul ated and  i ndustr i a l i zed 
area . Hhether or not t he shocks  represen ted fores hock acti v i ty cou l d not 
i �medi atel y be assessed wi th confi dence- -but the i nc i dent emphas i zes the 
" fores hoc k p rob l em" tha t  sei smol ogi s ts mus t be prepared to confront  when 
unusua l  earthq ua ke a ct i v i ty occu rs c l ose  to a l arge metropol i tan center . 

Subseq uent ces sati on of  act i v i ty i n  the Magna a rea ( for more than 8 
weeks to t he present ) an d t he absence of any l ocal  ve l oci ty a noma l y  a s soci ­
ated wi th the l ong-term mon i tor i ng of l oca l quarry b l asts l ead us to 
mi n i mi ze any expectat i on of  fol l ow-up l a rger acti v i ty .  For b l ast  ray 
pa ths penetrat i ng the reg i on of th i s earthquake acti v i ty ,  a s l i ght ve l oci ty 
i ncrease of 1 . 2% appea red  to co i nci de wi t h  the earth�uake sequence ; however , 
two data poi n ts defi n i ng th i s  i ncrea se  are wi t h i n two standard dev i ati ons 
of the mean of nearl y  40 data poi nts for a precedi ng one-year peri od . 

Conti nued �on i tori ng of  B i ngham quarry bl asts for th i s report peri od 
i nvo l v i ng four  s tanda rd profi l es across and a l ong the Wasatch fau l t  has  
s hown no vari ati ons of apparent vel oc i ty beyond two standa rd dev i at i ons  of 
a mean . However , a s  in the prev i ous two years , there has been l i tt l e earth ­
quake acti v i ty of s i gn i fi can t s i ze wi thi n the area of profi l i ng . 

Sei smi c R i s k . --An a l yses  of p robabi l i s t i c  se i smi c  r i s k  have been 
i n i ti ated for l oca l area s of t he Wasatc h  Front--patterned on methods of 
ri s k  ana l ys i s  by r1cGu i re ( 1 976 ) and Mayer-Rosa ( 1 978 ) .  The a i m  i s  to 
understand  the effects of pr ima ry ass umpt i ons upon cal cu l ated se i smi c 
ri s k  and  to use new earthqua ke a nd fau l t data to better characteri ze source 
areas . Revi sed cata l og s  of sei smi c i ty ,  n ew tecton i c model s of rel evant 
a reas , geol og i c  ev i dence of l a te Quaternary fau l t recurrence , and rates of 
earthq ua ke energy re l ease est i ma ted from moment-magn i tude studi es a l'e 
expected to i �prove the ri s k  a na l yses . 

Epi center Map of Utah ea rthguakes 1 96 2- l 977 . - - Se i smo l og i ca l research 
at the  Un i vers i ty of Utah has been hampered by the l ac k  of  a thoroug h 
ana l ys i s  of i ns trumen ta l l y  recorded earthq uakes on a state-wi de  bas i s .  
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For the peri od 1 962 t o  t h e  present ,  rel i a b l e data have been ava i l ab l e 
on ly  for lJasatch Front ep i centers and for l ocat i ons and magn i tudes of 
the 40 l a rgest  i ns truMenta l l y  recorded ea rthqua kes throughout Utah  from 
1 962- 1 975  that fo rm a ca l i brati on set . 

As we col l ected data from our  deta i l ed Wa satch Front a rray i t  became 
apparent that many of the earthq ua kes i n  north-centra l  Uta h were l ocated  
at or  near the  edge of our USGS study area . The i mportant i nf l uence of 
se i smi c i ty on the Wasatch Front from earthqua kes s urround i ng the USGS 
study area prompted us  to beg i n  an assessment of the se i smi c i ty of an 
extended area . At the same t i me personnel  from proj ects s upported by the 
State of Uta h ,  NSF and DOE i n i ti ated a systemati c ana l ys i s  of earthqua kes 
from 1 962 throug h 1 97 7  i n  central and southern Uta h .  Earthquake l ocat i ons 
from four  pri nci pa l sources of data were merged to devel op a new cata l og 
of  Utah earthq uakes-- the f i rs t  re l i ab l e s tate-wi de comp i l at i on .  These 
data i nc l ude : 1 ) USGS-supported s ummari es of Ha sa tch Front  se i smi c i ty ;  
2 ) earthqua ke l ocat i o ns outs i de the Hasatch Front USGS study a rea and 
north of 40° 'l at . ; 3 ) new an a l yses  of earthqua kes from centra l  and southern 
Utah south of 400 1 at . ; and  4 ) the set of Uta h  cal i bra ti on earthqua kes . 

Pa l eo Focal  t1echa n i sms . -- r1app i ng of  fa u l t-p l ane s tri ati ons  a l ong an  
excavated sca rp of the Wasatch fau l t at  the  n orthern end of Sa l t  La ke C i ty 
yi e l ds pa l eo-movement ( Quaternary )  d i rect i ons that can be compared wi th  
s l i p  vectors from nea rby current foca l Mechan i sms . Al ong an  undu l ati ng 
fau l t p l ane  wi th an average s tri ke of N400 H ,  d i ppi ng 700SW , str iat i ons 
cons i stent ly  record two i ndependent s l i p  d i rect i ons  wi th one superposed 
on the other--an o l der more westerl y trend i ng  set ( 288° ) and a younger 
southwesterl y trendi n g  set ( 2 39° ) . Axes of undu l ati ons  on the fau l t p l ane 
wi th wave l engths  of several tens of meters def i ne an i ntermedi ate s l i p  
d i recti on . " Pa l eo focal  mechan i sms " i mp l i ed by these data are s i mi l ar to 
focal  mechani sms to the west  of the Hasatc h  fa u l t ,  but d i s s im i l ar to those 
on the east .  D i st i n ct ep i sodes of  fa u l t i ng apparentl y  characteri zed devel op­
ment of the stud i ed segmen t of  the Wa satch fau l t  wi th  s uggested rotati ons  
of  30° - 40°  in  pr i nc i pa l  stress  d i rect i ons . 

Sei smi c i ty and  Geo l ogi ca l  Struc tu re . -- Faced wi th pers i stent probl ems 
i n  i n terpret i ng cu rrent Wasa tc h  Front se i smi c i ty--because  of i ts d i ffusenes s ,  
a bsence of s trong corre l a ti on wi th  act i ve fa u l ts , and abundance to the east 
of  the Wasatc h  fau l t--satel l i te i magery has  been i nterpreted  for new i ns i g hts . 
Photogeo l og i ca l  studi es have focused i nterest on severa l s tructura l  probl e�s , 
nota b l y :  ( 1 ) the i nf l uence of pre-Cenozoi c thrust fau l t i ng on Bas i n  and  
Range structure , part i cu l a rl y  the deve l opment of extens i ona l  va l l eys both 
west  and east of  the Was a tc h  fa u l t ;  2 )  vari at i ons in preferred l i neamen t 
ori entat i on for d i fferent parts of  our  Ha satch Front study area ; and  ( 3 ) 
the seemi ng ly  anoma l ous NNW trend of a �aj or sector of the Wasatch fau l t 
between Provo , Utah , and  Ma l ad C i ty ,  I da ho .  Promi nen t  se i smi c gaps occur 
a l ong the l atter sector of  the Wasatc h  fau l t ,  whose NNW trend i s  s urpr i s i ng l y  
weak as a l i neament trend i n  t h e  Bas i n  a n d  Ranqe-Mi ddl e Roc ky Mt . tran s i ti on .  
Most of the se i sm i ca l l y  acti ve fau l ts i n  our  s tudy area trend NNE--the 
domi nant l i neament trend t hroug hout the reg i on .  

t1 i s ce l l an eous . --Other i nformati on sUMmari zed i n  the techn i ca l report 
i nc l udes resu l ts of mu l ti p l e  l i near regres s i ons  rel at i ng coda magn i tude 
to s hort-peri od Ben i off se i smog raphs operated i n  Uta h  s i nce 1 962 , and a 
bri ef  outl i ne of i sosei sma l i nfornati on for f i ve fel t earthqua kes ( M2 . 5-
M4 . 2 ) tha t  occurred d uri nq the report peri od . 
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F i,g u re 1 .  Ma p of S a l t  La ke C i ty a rE:a s h owi n g  e p i c e n t e r s  i n  
n o r t hwes t e rn Sa l t L a ke Va l l ey of fou r fe l t  s h o c k s  
a n d  re l a ted sma l l e r e v e n t s  d u r i n g  F e b r u a ry 28-
t1a rch 1 3 , 1 9 78 . Ep i c e n t e rs a re w i t h i n  s o u r ce 
reg i o n of M S . l  Ma g n a  ea rthq ua ke of 1 962 . 
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Earthquake Hazard S tudies in Southeas t Miss ouri 

14-08-0001-16 794 

W. Stauder and R .  Herrmann 
Department of Earth and Atmospheric S ciences 

Saint Louis University 
S t . Lou is ,  MO 63103 

October 1,  19 7 7  - March 31 , 19 7 8  

Monitor s eismicity in the New Madrid Seismic Zone us ing a s ixteen s tation 
seismic array . 

Perform research on eas tern North America seismic sources by using array 
data and that from other stations . 

Inves tigat ions 

The present effort has b een directed toward location of events in the New 
Madrid Seismic Zone , es timation of s ource parameters of the events there, 
es timation of source parameters of larger eas tern North America earthquakes , 
and inference of source parameters of the 1811-1812 New Madrid earthquakes . 

Results 

1 .  Focal mechanisms have been associated with some of the l inear seismicity 
trends near New Madrid . In particular , a clear picture of the nature 
of faulting on a 120 km long NE-SW trend in northeas tern Arkansas has 
been found . The mot ion is oblique with a component of right lateral 
s trike s lip . 

2 .  The total s eismic moment of the 1811-1812 New Madrid earthquake s equence 
is on the order of 7 . 0  E 2 7  d1ne-cm . Present s eismicity s tudies indicate 
a fault area of abou t 2000 km .  A fault displacement on the order of 
10 meters would follow . Using the Nuttl i  (1973)  es t imate that Ms=8 . 0 ,  
the 1811-1812 sequence would fit into Kanamori and Anderson' s ( 19 75)  
" intra-plate" worldwide earthquake classif icat ion with a stress drop 
of 60-100 bars . 

3 .  S tudies of twenty-two earthquakes occurring in eastern North America , 
large enough to excite usab le long period surface waves , indicates that 
mos t  events have s ignif icant components of s trike-slip motion and that 
the maj ority have depths between 5 and 15 km .  
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Pub licat ions 

Herrmann, R . B .  and J . A .  Canas , 19 78 , Focal mechanism s tudies in the New 
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Herrmann, R . B . , S . ll .  Cheng and O . W .  Nut tli , 19 78 , Archeoseismology applied 
to the New Madrid ear thquakes of 1811-181 2 ,  (in f inal prepara tion) . 

Herrmann, R . B . , P .  Mur tha , J .  Voss , and J .  Zollweg , 197 7 ,  Fo cal mechanisms 
for eas tern North America - a tec t onic synthes is ; EOS , Am .  Geophys . 
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Nat i onal Seismi c Network Feasibi l ity Study 
8- 992 0 - 02 1 4 3  

J ames Taggart 
Branch of G l obal Seismology 

U . S .  Geo logi cal Survey 
Denver Federal Center , MS 967  

Denver , CO 80225  
(303)  2 34-5 079 

C . A . 

The purpose of thi s s tudy is  t o  make practical  evaluati ons of the costs and 
usefulnes s  of a nat i onal digi tal  seismic network . 

Investigat ions 

a. The s cope , obj ectives , and bas i c  as sump ti ons for the proj ect were discussed 
at two meetings . 

b .  J on Peters on , Albuquerque Seismo logical Laboratory , as sumed responsib i l ity 
for deve l oping re commendat ion for instrumentation and data co l lect i on .  

c .  Marvin Car lson , John Derr , David Gordon , James Taggart , and Arthur Tarr , 
Off i ce of E arthquake Studies , Go lden , Co lorado , as sumed responsib i l ity 
for deve loping recommendat i ons concerning site  s e l ect i on ,  network 
eva luati on , dat a transmi s s i on ,  real - time visual monitoring of signals , 
data catal oging , software deve lopment , and data di stribution . 

d .  Pub l ished dat a on s ei smi c background noise  and regional attenuati on were 
col l e ct ed and modi fied for use with a network evaluation program . 

e .  P ot ent i a l  funding s ources we re ident i fied . 

f .  Liai s on between thi s  proj e ct and the Nat ional Research Counci l ,  P ane l 
on National , Regi onal , and Local Sei smograph Networks , was estab l ished 
with E .  R. Engdahl  and R. P age representing the Geologi cal Survey . 

Results 

a . Recommended seismi c instrumentat i on at the network s t at i ons inc ludes short 
period , intermedi ate period broad b and , l ong p eriod , and strong moti on 
systems , s amp l ed at 20 , 1 0 , 1 ,  and 5 0  times per second , respect ive ly . 

b . J on Peters on has deve l oped cost estimates for severa l different options 
on the instrumentat ion package , and for annual operati on and maintenan ce 
of the network as a function of the number and l ocat i on of the s t ations . 
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c .  It  is recommended that the digita l - data from the network stat ions be 
assemb l ed in the form of network-day tapes at a data management center 
for distribut ion to the scient ific community , The network-day t apes 
should be process ed for cataloging int o a widel y  access ib l e  data bas e . 

d .  A review of pre l iminary results was presented on Apri l  5 ,  1 9 78 in Albuquerque . 
The various options on instrumentat ion , site distribution ,  dat a transmis s ion , 
and data management were c ons idered . I t  was decided that the opt ions 
should be restric t ed to two trial networks for cons iderat ion by the 
Nat ional Research Counci l ,  Pane l  on Nat ional , Regiona l , and Loca l  
Seismograph Networks . 
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I nves ti gati ons 

Top i ca l  Se i smi c i ty Studi es 

8-9950-02092 

Arthur C .  Tarr 
Branch of Earthquake Tectoni cs and Ri s k  

U .  S .  Geol og i ca l  Survey 
Denver Federa l Center , MS 966 

Denver , CO 80225 ( 303 ) 234-5078 

e . A .  

1 .  Des i gn o f  master  U . S .  earthquake data s e t  and cata l og ,  cons i stent wi th 
current data base management system (DBMS ) phi l osophy .  

2 .  Compi l e  ea rthguake catal ogs for southeas tern Uni ted States for entry i nto 
the Mu 1 ti cs DBMS (MRDS ) as prototype master cata l og .  

3 .  Compi l e  and eval uate pub l i s hed focal  mecha ni sms and i n  s i tu stress 
measurements for North Ameri ca .  

4 .  I nvesti gate the effects on the compl etenes s of the earthquake catal og as 
a resu l t of chang i ng network detecti on thres hol ds . 

Res u l ts 

1 .  A prel i mi nary re l ati ona l data base has been des i gned for the U . S .  earth­
qua ke cata l og , con s i s tent wi th the MRDS software current ly  i mpl emented on the 
Mu l ti cs computers and the arch i tecture of the l arger NE l S  g l oba l sei smo­
l ogi cal data base . The U . S . earthquake data base cu rrentl y cons i s ts of three 
earthquake re l a ti ons , and one i n  s i tu s tres s measu rements rel ati on . Re l ati on 
OR I G I N  conta i ns hypocenter  coord i nates , magn i tudes , error est imates , methods 
of determi nati on , and appropri ate references as attri butes . Re l ati on MAX IMUM 
I NTENS ITY conta i ns max i mum i ntens i ty i nformati on , methods of determi nati on , 
qual i ty i ndexes and references . Re l at i on FOCAL MECHAN I SM contai ns focal  
mechani sm parameters , the s tri kes  and di ps of noda l p l anes , p l unges and 
trends of the P and T axes , error estimates , and qual i ty eva l uati ons . Re l a ti on 
STRESS conta i ns i n  s i tu s tres s  determi nati on resu l ts , errors , es ti mates , and 
eval uati ons .  A sepa rate re l at i on , cal l ed EV ENT , conta i ns keys of a preferred 
hypocenter and preferred maxi mum i ntens i ty i n  re l ati ons ORI G I N  and MAX IMUM 
I NTENS ITY . 

2 . The Bol l i nger southeaste rn U . S .  h i s tori cal earthquake cata l og ,  the South 
Caro l i na sei smi c network cata l og ,  and h i stori c maxi mum i ntens i ty catal og used 
by Al germi ssen and Perki ns for the U . S .  ri s k  map have been en tered as separate 
ORI G I N  re l ati ons . FORTRAN user-appl i cati on programs ( se l ecti ve searches , 
pri nti ng camera-ready copy of cata l ogs , ed i t  routi nes , and the l i ke )  have 
been wri tten and tes ted o� the s eparate re l ati ons . They wi l l  be merged soon 
i nto one master  OR I G I N  rel ati on wh i ch wi l l  eventua l l y conta i n the " preferred " 
and a l ternate val ues of attri butes . 

3 . A g rant to the Un i vers i ty of Mi ch i gan was funded to compi l e publ i s hed i n  
s i tu s tress  measurements i n  North Amer i ca . Most  l i terature search tas ks have 
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been compl eted , a n d  eval uati on o f  the determi nati ons i s  cu rrently underway . 
Major probl ems h ave ari sen where the publ i s hed account gi ves no es ti mate of 
preci s i on or accuracy of the determi nati on ; authors are currently be i ng 
contacted for further i nformati on . Di ffi cu l ti es wi th reproduci b i l i ty of 
resu l ts ,  i nherent i n  some i n  s i tu stress methods , may ma ke eva l uati on of many 
measurements i mposs i bl e .  

4 .  A g l obal focal mechani sm catal og ,  ori g i nal ly compi l ed for contri buti on to 
the Ci rcum-Paci fi c Mappi ng Project , has been entered as rel ati on FOCAL 
MECHANI SM .  Several thousand mechani sms , i ncl udi ng compos i te sol uti ons from 
the Uni ted States , are i n  the current catal og .  

S .  A FORTRAN computer program NETWORTH , obta i ned from Geotech Te l edyne , has 
been converted to the Mu l ti cs system . The program computes detecti on threshol d 
and l ocati on capabi l i ty for networks of sei smi c stati ons . The U . S .  Network 
project has tested the program and i t  i s  currently cons i dered operati ona l . 
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I n s t rument Deve l o pment an d Qua l i t y Con t ro l 

8- 9 9 7 0- 0 1 7 2 6  

J ohn Van Schaack 
U . $ .  Geo l o gi ca l  Su rvey 

34 5  Midd l e fie l d  Road 
Men l o  Park , Ca . 9402 5 

( 4 1 5 )  3 23 - 8 1 1 1  ext . 2 5 84 
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The maj or goa l s  o f  thi s proj ect  are to a s si st  o ther proj ect s i n  the 
o f fice in the de sign , deve lopment , eva lua t ion , a nd spec i ficatio n  o f  
new instrumenta t io n , and the monitoring and c a l ibrat Lon o f  systems 
to insure the qua l i t y  of the data c o l lec ted . 

Inve s tigations 

The period from Oc t .  1 ,  1 9 7 7  to Jan . 3 ,  1 9 7 8  wa s spent te s t in g , 
troub leshoot i ng ,  and c alibrat ing the 100 portab le c a s sette sei smic 
recording sys t ems that were to be sh ipped to Saudi Arabia . 
I nve stiga tion wa s comp leted o n  the ma st effecient me thod o f  p laying 
back the data tha t wa s co l lected on the tape ca sse t te s . A proto type 
hand held pre grammer wa s te sted for programming the record t ime s 
into the por tab le cassette uni t s  and for moni toring the important 
e lec tronic parame ters of the se uni t s . 

Various methods o f  transmi t ting da ta from fie ld radon de tec t ing 
sy stems were inve s t i gated . 

four Terra Tech di gita l se i smic event recorder s and one p l ayback 
uni t were tes ted and eva lua ted for C .  Bu fe of thi s o ffice .  

Resu l t s  -------

One Hundred portab le ca s se t te sei smi c recording uni t s  were comp leted 
on Dec . 1 5 ,  19 7 7  and shipped to Saudi Arabia . 

The de s i gn for the casse t te p layback  and dubbing system wa s comp le ted 
and five sy stems were bu i l t  and shipped Lo Saudi Arabi a .  The p layback 
and dubbing system con s i s t s  o f  one reproduce tape uni t , four da ta 
tape dubbing recorder s ,  a di scriminator bank , a direct pri n t  paper 
recorder , a t ime code tran s lator , and a pro gram contro l ler . Thi s  
sy s tem sepera tes the sei smi c recordings according to programmed 
t ime s and dubbs the even t s on the proper tape dubb ing uni t . Thi s  
al lows edi t ing o f  the tape and produ c e s  a tape that contains a 
series o f  sei smic recordi ngs from a speci fic sho tpo int in  sequence 
according to  di stance from the shotpoint . Dire c t  pr int p l aybacks 
can be made during thi s  proce s s  to ver i fy the da ta qua li ty of the 
signa l being dubbed . 
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Five hand he l d  programmers were bui l t  whi ch conta in a ma ster c lock , 
memory , time comparator , and moni tor funct ions . The se uni t s  are 
u sed to program the memori e s  o f  the portab le ca s s e t te sei smi c 
recording sy s t ems , compare the ir c locJs with the hand he l d  programmer 
clock , di sp lay the di fference and a dj u st the recording system c locks 
to wi thin one hundred mi cro seconds of the hand he l d  programmer c lock . 
The hand he ld pro grammer s a l so moni tor selected e l ec trica l parameters 
of the portab l e  recorders . 

Two FSK telemet ry transmi t ter s and signa l condi t ioners were de signed 
and bui l t  which wi l l  t ransmit the dat a from two radon detection 
sy stems instal led by Chi Yu King to Men lo Park . 

Thirty two J 402 preamp /VCO unit s  were c alibra ted and shipped to Ca l 
Tech to be ins t a l led in the Sou thern Ca l i fornia ne twork . 
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IMPERIAL COLLEGE OF SC I ENCE AND TECHN O L OGY 
GEOLOGY DEPAR TMEN T � LONOON SW7 2BP � GREAT BR ITA IN . 

C . B . I .  

SOME SPE C I F I C  EXPERI MENTA L AND F I E LD STUD IES P ERTAI N I N G  D IRECTLY T O  THE 
MECHAN ISMS OF S E ISMIC AND AS E I SMIC FAU LT I N G  
Summa ry of t h e  f i r s t  s emi - an n u a l  t e c h n i c a l  rep o rt for F Y 1 9 7 8 co veri n g  
t h e  p e ri o d  from 1 /0CT/ 1 9 77 t o  3 1 /MARCH/1 97 8 .  

Prin c i p al I n ve s t i g at o rs : B . K . ATKIN SON � E . H . R UT TER � R . H . S IBSON � S . H . WHITE . 

Date : 1 5/APR I L / 1 9 7 8 

C o n t ract N o . : 1 4 - 0 8- 0 0 0 1 - G- 4 6 6  

Amo u n t  o f  C on t ract : $ 3 0 � 0 0 0 .  

T h i s  p ro j e ct con s i s t s  o f  t h re e i n t e rre l at e d  s u b - p roj e c t s . P rogre s s  
made t o  d a t e  wit h each of t he s e  i s  s umma ri z ed i n  t h e  f o l l owi n g  s e ct i on s . 

E xperi men t a l  Study of Ase i s mi c F a u l t  S l i p  

T hi s st udy is d e s i g ned t o  a s s e s s  t h e  i n fl ue n c e  o n  t h e  s l i d i n g  o f  p re ­
fau l t e d  cy l i n d e rs of q u a r t z  ro c k s of t he p res e n ce o f  p o re w at e r  at temp e rat u re s  
o f  c a .  3000C . I n  e a r l i e r  work w e  have p e rformed s t re s s  re l axat ion expe rime n t s  
o n  Ten n e s s ee San d s t on e  a n d  n ot e d  a d ramat i c  we a ken i n g  effect a t  s t rai n rat e s  
b e low ca . 1 0 - 6 s - 1 . A t  yet l ower st ra i n  rate s  of ca . 1 0 - 8 s - 1  t h e  st re s s  re l axation 
d at a s h ow remarkab l e  a g reement with a t h e o reti c a l  mode l  of fau l t  s l i p  
con tro l l e d  b y  t h e rat e  o f  remova l o f  a s p e ri t i e s  b y  p re s s ure s o l ut i on � 
a l t h o u gh it s h o u l d  be rea l i s e d  t h at t h i s  is n ot p ro o f  of t h e  val i d i t y  o f  
t h e mode l .  T ran smi s s io n  e l e ct ro n  micro s copy of d e fo rmed s pe c imen s  h as reve a l e d  
t h at mas s t ran sfer proces s e s  h a v e  o c u rred C growt h a n d  s e g regat i o n  o f  p h y l l o ­
s i l i cates ) but defini te evid e n ce o f  q ua rt z  overg row t h  t e xt u res h a s  n o t  b e en 
obt a i n e d . We are t h us n ot a b l e  t o  i nfer at t h i s  s t age w h e t h e r  o r  n ot p re s s u re 
s o l u t i on of q u a rt z  grain a s p e ri t i e s  exert e d  a c on t ro l l i ng i n f l u e n c e  ove r t h e  
l ow s t ra i n  ra t e  s l i di n g  b e havi o ur .  

I n  order t o  p rovide s p e c imen s more s u i t a b l e  f o r  mi c ros t ru c t u ra l  s t ud i e s  
t h en t h o s e  defo rmed i n  t h e  s t re s s re l axat i o n  mod e C where« 1 %  s train i s  
a c c umu l at e d  at t he s l owest s t ra i n  rat e s  i n ve s t i gat ed ) w e  have b ee n  co n ce rn ed 
in rec e n t  mon t hs wi t h  l o n g  t e rm  ( s eve ra l mont h s ) c o n s t an t  s t ra i n  rat e a n d  
creep experi me n t s  at s t ra i n  rat es o f  c a . 1 0 - 9 s - 1 . 

Two c o n s t a n t  s t ra i n  rat e  e x p e rime n t s  h ave been comp l et e d . e a c h  of 5 mon t h s  
d u ration at a t empe rat ure o f  30 0 0C un d e r  a n  effe c t i ve confi ni n g  p re s s u re 
o f  1 . 5  kb ( p o re p res s u re o f  2 0 0  b a rs ) . T he deformed s p e c imen s . o n e  of w h i c h  was 
p re - fa u l ted and t he o t h e r  w h i c h  was n ot . a re · c u rre n t ly b ei ng p rep a re d  fo r 
o p t i cal and e l e c t ron microscop y . 80t h  s p e cimen s d i s p l ay ed s t re s s / s t ra i n  
c u rves w h i c h  s h ow no ma rked p o s t - y i e l d  work h arden ing . 

Tw o creep experimen t s ( co n s t a n t  force mai n t ai n e d  by s erv o  c o n t ro l l e rs ) 
wi t h  an e x p e c t e d  d ura t i o n  of 6 mon t h s  e a c h  a re curren t ly i n  pro g res s . Bo t h  
s amp l e s are w e t  a n d  p re - fa u l t e d  an d a re b ei n g deformed at 3 0 00C a n d  a n  
e ffe c t i ve c on fi n i n g  p re s s ure o f  1 . 5 kb . On e  s p e c i men h a s  a p o re p re s s u re o f  
0 . 2 kb a n d  t he o t he r  o n e  o f  1 . 2 k b . At t h i s  e a r l y  s t age t h e  s t ra i n  rat e  
d i ffe re n ce b etween t he two t e s t s  a t  co n s t an t  d i ffe ren t i al s t res s i s  wi t h i n  a 
fact or of 1 0 . P re l imin ary s t re s s  c hange experime n t s  s ug g e s t  t h a t  s t ra i n  rate 
i s ro ugh l y  p ro p o rt io n a l  t o  the app l i ed s t re s s a s  s u gge s t ed b y  t he e ar l i e r  
s tres s rel a xat i on expe rimen t s . 
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We h ave c o n d u ct e d  p re l imin ary fast c on stan t s t rain rate 
experi me n t s  o n  a n umb er of q u art z ri c h  roc k s  in o rd e r  to find a roc k  t h at i s  
l e s s i mp u re t han Ten n e s s e e  Sandston e , b u t  w h i c h  i s  a l s o  s u i t ab l e  fo r t e s t i ng 
in o u r  deformati o n  ri gs . We h a ve found t h at Oughti bridge Gan n i s t e r , a  p u re 
q u a rt z  s i l t s on e from t h e  Bri t i s h  Coal Mea s u re s , i s  l i ke l y  to s u i t  o u r  p u rpo s e .  
T hi s  ma t e r i a l  wi l l  b e  u s e d  i n  a fut ure s e ries o f  experimen t s  t o  i n vestigate 
the s l id i n g  of p re - fa u l t e d  q u a rt z - ri ch rocks which have a very mu c h  l ow e r  
p hy l l o s i l i cat e content t h en Ten n e s s e e  San d s t on e . 

Fra c t u re Me c hani c s  St u d i e s  of S l ow a n d  F a s t  C ra c ki ng i n  R o c k s  and M i n e ra l s . 

A range o f  experimen t a l  t ec hn iques are b e i n g  u s e d t o  e s t ab l i s h  for 
c ommon ro c ks and m i n e ra l s  fract u re mec han i c s  paramet e rs t o  d e s c ri be t h e  
c a t as t rop h i c  mode I ( o p e n i n g ) a n d  t h e  s low , s t ab l e  mo d e  I type of c ra c ki n g . 
T he p aramet e rs d e t e rmi n e d  are t h e cri t i cal s t re s s  i nt e n si ty factor fo r 
c a t a s t rop h i c  c r a c k i n g , K I c , and t h e  s ub - cri t i cal st res s i n t en s i ty fact orl 
crack ve l o c i t y  re l at i o n s h i p  for s low, s tab l e  c ra c ki n g . ( E xperimen t a l l y  it 
is s ometimes mo re conven i e n t  t o  d e t e rmin e t h e  s t ra i n  e n e rgy re l ea s e  rat e , G ,  
rat he r  t h an K . T hes e two p a ramet e rs a re re l a t ed t o  each o t h e r  b y  expre s si on s  
invo l vi n g  t he e l a s t i c  co n st an t s . � 

U s i ng apparat us and t e chn i q u e s  d eve l op e d  i n  t h e  previo us FY ( 1 9 7 7 )  we 
h ave expan d e d  our s t u d i es to i n c l ud e  q u art z , C a rra ra Marb l e , T en n es s e e  S a n d s t o n e , 
and Arkan s a s  N ova cu l it e . I n f u t u r e  mon t h s  we h ope t o  s t u d y  O ug h t i b ri d ge 
Ganni s t e r  a n d  Moj ave Q uart zi t e , as we l l  as S o l n h ofen Limes t on e . We s h o u l d  
t hen have a fai r l y  c omp re h en s i ve i d e a  o f  c ra c k  p ropagat i on b e havi o u r  i n  
q uart z - ri ch ro c k s  and c a l c i t e- ri c h  roc k s . 

Us ing t h e  d oub l e  t o rs i on t es t i ng me t h od ) fra c t u re t o u g h n es s , K I c , va l ue s  
fo r A rkan s a s  Novac u l it e  and b a s al - c ut s i n g l e  c ry s t a l s  of s yn t h et i c q ua rtz 
crac ked i n  t h e  a - d i rect i on h ave b e en o bta i n e d , a s we l l  as re v i s e d  val ue s fo r 
Tennes s e e  San d s t o n e  and C a rrara Marb l e .  T h e s e  a re re s p e ct i ve l y  1 . 1 9 3 ± O . 1 8 5 ,  
O . 9 30i O . 05 0 , O . 4 54 ± O . 0 1 6 , an d  0 . 6 44 ±  0 . 02 1  MN . m- 3/ 2 • 

Hert z i an i n d e n t a t i on s t u d i e s  of s l ow , s t ab l e  c ra c k i n g  on t he r- p l an e  of 
q u art z i n  water e n vi ronme n t s  at room t e�pe ra t u re h ave been p e rforme d . 
A n ot ab l e  feat u re of t h e se experime n t s  is t h at e ven at qui t e  l ow fra c t i o n s  of 
KI c ( 1 /5 t o  2/5 ) s l ow , s t ab l e  c ra c ki n g  s t i l l  c on t in u e s  i n  ai r o r  l i q u i d  wat e r  
at geo l ogi c a l l y  s i g n i fi c an t  rat e s ( 1 0- 8  - 1 0 - 1 0s - 1 ) . W ate r a s s i st e d  s t re s s  
c o rro s i o n  c ra c k  g rowt h i s  t h u s  l i k e l y  t o  b e  a s i g n i fi can t c on t ri b ut o r  t o  
c ra c k i n g  i n  q u art z d u ri n g  l ong t e rm  geo logi c a l  p ro c e s s e s . 

U s i n g  a n ew apparat us for 3- an d 4 -point b e n d  t e s t s / s t u d i e s  a re i n  p rogre s s  
o f  t h e fra c t ograp h y  of q u a rt z . We a re p art i c u l a r l y  con c e rn ed t o  i nves t igate t he 
p os s ib i l i t y t h at t h e  s ize of t h e  fracture mi rrors b e a rs a s imp l e  re l at i on s h i p  t o  
t h e  fra c t u re s t re s s  an d hen c e  may b e  a pos s i b l e p a l a e o s t re s s  i n di c at o r .  

The d o u b l e  t o rs i o n  te s t i n g  t e c hn i q u e  has b e e n  u s e d  in t he l oad re l axat i on 
mode t o  s t udy s l ow s t ab l e  c rac k in g  of Ten n e s s ee San d s t o n e , C a rra ra Marb l e  an d 
Arkan s a s  N o va c u l i t e  in li q u i d  wa t e r  e n vi ro nme n t s . A I I  of t h e s e  mat e ri a l s  s h ow 
geo l ogi c al l y s ig n i fi c an t  s l ow , s ta b l e  cra c k i n g  u n d e r  t h e s e c o n d i t i o n s  at even 
q u i te l ow fract i o n s  of KI c . 

F a ct o rs Affe c t i n g  t h e  Gen e s i s  of F a u l t  R o c k s  

As a n e c e s s a ry p re l imin ar y t o  t ran smi s s i on e l e c t ro n  mi c ros c opy , fau l t  ro c k s  
c o l l e c t e d  l a st s ummer f rom t h e  A lp i n e  F a u l t z on e , N e w  Z e a l an d  are b e i n g  s t u d i e d  
by op t i ca l  micros c opy . 

T h e  first s eq u e n c e  of ro c k s  t o  be worked on c ome s f rom t h e  S ad d l e  C re e k 
a re a  w h e re t h e  A l p i n e  F a u l t  i s  bounded by o l i go c l a s e  grade H a a s t  S c h i s t s  t o  
t he SW and g ran i t e t o  t h e  N E . On app roa c hi n g t h e fa u l t  z o n e  b ot h  types 
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of ro ck are p ro g re ss ive l y  my l on ized t o  f o rm  " gre en my l o n i t e s " . Op t i c a l  
mi cro s c opy of " gree n  my l on i t e s "  c a n n o t  di s c e rn b etwe e n  t he two p os s i b l e 
p a ren t roc k  type s . 

T he q u a rt z  in my l o n i t e s  on b o t h  s i d e s  of t h e  f a u l  t h a s  we l l - deve l oped 
s u b - g rai n s  a n d  t he y  wi l l  b e  u s e d  to ma ke s t res s / s t ra i n  rate e s ti mate s .  
T h e  s iz e  o f  re c ry s t a l l i s e d  grai n s  wi l l  a l s o be u s e d  f o r  t h i s  p u rpo se whe reve r 
t h e  p h y l l osi l i cate c o n t e n t  i s  10w . I t  has been found in s t ud i e s  of s t re s s  
e s t imates fo r t he roc ks o f  t_h e Moi n e  Thrust t ha t  t h e  p re s en c e  o f  p hy l l o s i l i c a t e s  
i n h i bi t s  t he devel opmen t of e q ui l i b ri um g rain s i ze s  an d ren de rs 
t h e  q u art z g ra i n s  u s e l e s s  a s  p i ez ometers . 

Op t i c a l  mi c ro s c opy a n d  t ran s mi s s i o n  e l e ct ron mi c ro s copy of f a u l t  g o uge s 
from t h e  A l p i n e  fau l t  z on e  h a ve s h own t h at t he g o uge s h ave b een d e ri ve d  from 
t h e  my lon i t e s  and t h at t h e y  s how a p re fe rred a l i gneme n t  of mi cace o u s  
mat e ri a l .  The mat ri x o f  t he g o u g e  may co n s i s t  of p e l l e t s  o f  g ro un d - up mat e ri a l . 
Mi croan a ly s i s  u s i n g  a s c an n i n g  t ran s mi s s i o n  e l e ct ron mi cros c o pe wi l l  b e  
n e e ded f o r  po s it iv e  i d e n t ifi c at i on of min era l s  i n  t h e  mat ri x . 

T he s e  s t ud i e s  wi l l  co n t i n ue in t h e  c omi ng mont h s  as more o f  t h e  mat e ri al 
co l l e ct ed from t h e  A l p i n e  F a u l t  Zone l a st s umme r is s t ud i e d . P reparati on for 
this c oming s ummer ' s  f i e l d  work in N ew Z ea l a n d  i s  we l l  un d e r  way . 

Theore t i c a l  s t u d i e s  o f  t he fact o rs wh i c h  d etermi n e  w h e th e r  o r  n ot 
fri c t i o n  me l t i n g  o c curs d u ri n g  s e i smi c s l i p  have con t i n u e d  w i t h  an i n ve s t igat i on 
of s ei s mic s o u rce parame te rs p o s s ib ly re l ated t o  t he p ro ce s s . So u rce p a rame t e rs 
an d fau l ting mo des for 1 9  mod erat e t o  l a rg e  e a rt hq u a ke s  fo r wh i c h  t h e  ri s e  
t i me h a s  b e e n  d e t e rmi n e d  have b e en c o l l at e d . C a l c u l a t i on s of t h e rad i an t  
f l u x  h ave b e en mad e for t h e se e a rt h q u a ke s , wh i c h  re f l e ct s  t h e rat e o f  e n e rgy 
di s s ipation on t h e  fau l t  s u rface and , i n t u rn , t h e s e i smic e ffi c i e n c y . 
T h e  l a rge vari a t i o n  in t h i s  p a rame t e r  l e ad s  t o  t h e  c on cl u s i o n  t ha t  t h e re i s  a 
c o n s i d e rab l e  variat ion in sei smi c effi c ien cy ,  n o t  on ly b etween d iffe ren t  
fau l t i n g  modes b ut a l s o  for e a rt h q ua k e  fau l t s  o f  t he s ame typ e . 
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The primary objective of thi s  proje ct i s  the syn th e s i s  of kinemati c  

mod e ls o f  faul t  mechanics from se ismological observat ions a n d  o ther 
geophysical measurements . Ul timat e ly , these mod e ls wi l l  be 
syst ematically applied to data from central Cal i fo rn ia and o ther 
regio ns to aid in the identi fication o f  temporal changes in the 
" s tate" of the faul t  system . Current work is focused on the 
cons tru ction of crus ta l  ve loc ity s tructures in regions of complex 
geo logy for use in the accurate determinat ion o f  local earthquake 
hypocenters and foca l  me caani sms . 

P lanning is nearing completion for a detailed se ismol og i cal s tu dy of 

the ve loc ity s t ructure and se i smic ity o f  a 15 km long portion of the 
c reep-active central segme nt of the San Andreas fault . The 

objec tives of the expe rimen t are the dete rminat ion of the 
three- d imens ional ve loc ity s tructure within and adjacent to a 
geo logically and tectonical ly s imp le s egmen t  of the San Andreas 
system and the ab so lute location o f earthquake hypoc enters a long 
that segment . 

The s tudy area encompa s se s  the part of the San And reas fau l t  lying 

within Dry Lake Val l ey , Little Rabbit Val ley and Rabb i t  Val ley about 
50  km SE of Ho l li ster , Cal i fo rnia . This segment of the fau l t  i s  

characte rized b y  a high creep rate and the occurrence o f  frequent 
sma l l  earthquakes . Ea rthquakes wi th M >  4 are unknown in the 

hi storic pe rio d . Because shear s t ra in i s  not accumu lating along 

this segment of the fault sys tem , it is like l y  that the obse rved 
equil ibrium between the driving fo rc es and fau l t  movemen t  i s  
ma in ta in ed almost entirely by ase i smic creep . 

A d e ta i led re-examination of the spatial distribution of the 
earthquakes oc curring between 1970 and 1975 reveals that their 

hypocenters are rest ricted to a few prominen t c lusters on the fault 
p lane wh ich have recurrent activity throughout the entire t ime 
pe riod . The se hypocentra l  c lusters occupy only abou t  2 0% o f  the 
area on the fault plane to a depth of 10 km. No rel iably l oc a table 
events (M 1 . 5 )  fal l  wi thin the remaining 8 0% o f  the fau l t  surface .  
The ap pa rent spa t i a l  s ta t ionari ly of these loc a l i z e d  hypocentral 

zones sugges t s  that the mod e  of fault movement--e ither a se i smic 
fault sl ippage or sma l l  earthquakes --is contro l le d  by local 
variations in the phys ical proper t i es o f  the faul t  zone . 
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Preliminary re-examination of the earthquakes also indicates that 

some of the pe rsi s tent source regions lie very c lose to the sur face , 
pe rhaps as shallow as 1 km .  As such shal low zones would be 
acces sible by a dri l l ing program us ing existing technology , the 
prec i se location of shal low source regions takes a high priority in 
ex pe riment des ign . We intend to determine the source regions of 
these very shal low earthquakes us ing the 96 sensor Centipe de array 
dep loye d in a tight pat te rn spanning the active fault trace . 
De ta i le d  sei smic re fra c t ion s tudies are also p lanned to aid in the 
measurement of ve loc it ies at shallow depth . Deve lopment continues 
on programs to manipulate and analyze the h igh volume of data to be 
collected in the expe rime nt . 
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The obje ctive of th is proj e ct i s  to provide cons traints on the 
compos i t ion and phys ical s tate ( pore pressure , temperature , stress , 
etc . ) of rocks in th e crust and upper mantle in the vicinity of 
a c tive fault zon es us ing the latest field and analys is techniques o f  
active se i smology ( refraction and reflection me thods ) together with 
results from phys ical properties measurement s on relevant rock 
samples in the laboratory . An immediate and important consequence 
of thi s  objective wi l l  be improved veloc ity models for faul t zones 
and the adjacent crus tal blocks that wi ll in turn improve the 
resolution of hypocenter locations for ear thquakes associated with 
the fault zones . 

The initial effort under this proje ct wi ll involve participation 
in an intens ive s tu dy of faul t zone properties along a cre eping 
section of the San Andreas fault in Dry Lake Val ley ( immediately 
s outh of Bear Val ley and about 5 0  km s ou th of Holliste r ) . The 
intent of thi s  s tudy is to reso lve the deta iled s tructure in the 
up pe r  few km of the fault zone and the immediately adjacent blocks 
as a prelude making in s i tu me asurements of phys ic al prope rties in 
holes drilled directly into a shallow se ismogenic sect ion of the 
fault . Dry Lake Val ley is one of the few areas along the central 
se ction of the San Andrews fault with evidence for c urrent 
earthquake activity at depths as shal low as 1 to 2 km ,  and this was 
a ma jor a ctor influenc ing the choice of the area for the intens ive 
s tudy . 

Arrangements to begin field work in June on the se ismological 
part of this s tudy are nearly comple te . The active seismic 
ex periment planned for thi s  summe r involves finding a pat tern of six 
to e ight shots along profi les roughly 20 km in length paral lel wi th 
and pe rpend icular to the fault zone in the Dry Lake region . These 
shots will be recorde d by a temporary 9 0-element array of 
densely-clus tered se i smome ters ( the Centipe de sys tem ) se t out in an 
area wi th a diameter of about 20 km centered on Dry Lake and by 
lin ear profiles of 50 to 100 of the new se i smic-refrac tion cas se tte 
recorders developed unde r the leadership of J .  Healy . We expect 
that the result s of these se ismic experiments in Dry Lake Valley in 
te rms of de taile d  veloc ity s t ructure and accurate hypocentral 
locations for shal low earthquakes wi l l  provide a critical bas is for 
choos ing the locat ion and ta rget depth for hole ( s )  drilled for in 
s itu measurements in th e shal low se i smogenic part of the fault later 
in the year . 
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Velocit ies of seismic compressional waves are anomalously low in 

and around a 600 met er deep well-bore located in S tone Canyon , San 

Ben ito County , Cal ifornia . These low veloc it ies are at t r ibut ed t o  the 

extens ive fractur ing of rocks along the San Andreas fault . Although 

laboratory stud ies on spe c imens of core from the well show tha t  the 

mineral assemb lage and microcrack behavior of the quart z  d iorite  around 

the well  exhibit  the elast ic propert ies typical of granit ic rock, son ic 

logs show tha t  nowhere in the well does the P-veloc i ty exceed 7 0% of the 

expected velocity . A ver t ical seismic prof ile and surface refract ion 

stud ies conf irm the low P-veloc it ies detec ted by the sonic  log . Analysis 

of other geophys ical data gathered by borehole inst rument s  sugges t s  that 

saturat ed macrocracks , while produc ing only a 6-10% poros ity,  are res­

ponsible f or the 30-50% def iciency in the velocity of P-waves around this 

wel l .  

These macrocracks fail to  close i n  response t o  conf ining s tress at 

the depths pred icted by laboratory s tud ies . This is at t r ibuted t o  

d ilatancy induced by t h e  shear s tress which dr ives t h e  S a n  Andreas fault . 

This low-veloc ity wedge ser ious ly inf luences the ray paths taken by seismic 

waves . Lateral refrac t ion of waves traveling nearly parallel to  the f ault 
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zone prec lud es s tandard invers ion of traveltime data ob tained from s ources 

or s tations located near the fault . 

Granit ic rocks in the Gab ilan Range exhib it near-surface P-veloc i t ies 

higher than thos e  encount ered in the wed ge , but which s t ill ar e lower t han 

the veloc it ies expec t ed in granitic rocks . 3 . 80 km/ sec is charac ter i s t ic 

of sa turated , unweathered near- surface quar t z  d iorite in situ ,  while lab -

oratory spec imens exhibit  P-veloc i t ies of nearly 6 km/ s ec under s imilar 

cond it ions of  pressure and sa tura tion . 

Firs t arr ivals at  Gabilan Range stat ions are f i t  with travel t imes 

pred ict ed by a veloc ity-dep th funct ion of the same form used to f i t  lab-

oratory pressur e-veloc ity behavior . This succ essful f it exp lains the 

mechanism for the Pg refrac t ing ' layer ' in the Gabilan Range in t erms o f  

c los ing the macrocracks . The sens itivity of these rocks to pressure in 

s itu is higher than the s ens i t ivity of laboratory spec imens . 

Veloc ity changes induced by var iations in t ec tonic s tres s ar e 

conf ined to the upper f ew kilometer s  of the crus t .  Prec ise s eismic 

refract ion exp er iments in Stone Canyon d etec t  a P-veloc ity anisotropy con-

sistent wi th the regional tectonic s tress . Changes in veloc ity associated 

wi th the buildup or relaxa t ion of  tec tonic s tress will be aniso trop ic , 

because relaxat ion of the compres s ive stress allows cracks to open in 

one d irect ion while having little effect on cracks or iented in o ther 

d irec t ions . These cons id erat ions demand that extr eme car e be taken in 

exper iments meant to monitor veloc ity changes . An a irgun f ired in a tank 

of wat er proved a su itable source of energy . The sys tem tes t ed exhib i t s  

the s tab il ity and repeatab ility of  s ignal necessary f or monitor ing sub tle 

changes in veloc ity as  well as  the por tab ility requ ired for opt imum design 

of  sho tpo int-geophone geome try . These invest iga t ions provid e the bas is 

for u s ing seismic veloc it ies as a means of  monitor ing changes in s tress 

in s itu . 

34 2 



Voa ls 

Me c han ics o f  Ge o log i c  S t ru c tures As soc iat e d  wi t h  Fau l t i ng 

tl-99bU-0 2 l 12 

David V .  Po l la rd 

U .  S .  Ge o l ogical Survey 
3 4 �  Mi d d l e f i e l d  Hoa d 

Me nlO pa rk , LA 9 1.J 0 2 5  
t q l ? )  3 2 j- � l l l  ex t .  2 6 3 5  

C . B . I .  

A var i e ty of ge olog i c  s t ru ctures in c l u d ing fo lds and frac tures wi t h  
chara c te r i s t i c  d i mens ions ra ngi ng from mi l l i me te rs to seve ral tens o f  me te r s  
a re commo nly obse rve d in ou tcr ops n e a r  faul t s  or wi t h in rau l t  zo nes . In some 
c a ses the se s t ru c tures ap pa ren t l y  fo rme d d ur i ng fa u l t i ng ,  so the i r  o r i gin i s  
1n tima t e l y  as sociated wi t h  proces se s  o f  fau l t i ng . T h e  research go als o f  this 
proje c t  are : 

a )  to locate and map 1n d e ta i l ,  ge o log i c  s t ructures as soc iat e d  wi t h  

several wel l ex pose d fa u l t s  in r e l a t i ve ly s imp le tecton ic s e t t i ngs ; 

0 )  to de rive and s tu dy i d ea l iz e d  mo dels of tbe�e s t ru c tures us i ng 
va rious me tho d s  o t" con t inuum me chan i c s ; 

c J to be t t e r  un derstand th e proc e s se s  of fau l t i ng in l ight o f  these fie l d  
d a ta an d theore t i c a l  an a l y ses . 

lnve s t iga t ions and H e su l t s  

Po l la rd has se arched fo r a su i t a b l e  f'i e l d  area t o  s tu dy we l l  e x posed 
s t ru c tures as s ociated w i th s mal l fau l t s  in gran i te . W i th help fr om J im Moore 
and Ma l co lm Clark t USGS ) se veral regions in the S i e rra Nevada have been 

ten ta t i ve ly se le c te d .  Nume r ous fau l t s  w i th cen t ime te rs t o  me ters o f  ap pa rent 
offse t crop ou t ove r mu ch o f  th e gran i t i c  te rraine a l ong the Sie rran Cres t .  

Moore h as map pe d and an alyze d th ese o n  a r egional sc a l e . We wi l l  begin 

d e ta i le d  field inves tiga t i o ns th i s  summe r .  Of pa r t i c u l a r  i n te res t wi l l  be the 
corre l a t io ns , if a ny , be tween s t ru c tures associated wi th th e se fau l t s  and 

t hose obse rve d by others in l�b o ra t o ry s pe c imens o f  gran i t e  sub j e c t e d  to loads 
whic h induc e fau l t i ng .  

Po l lard has begun th e derivat i o n  o f  a so l u t i o n  fo r the 2-d elas tos ta t i c  

pr o b lem fo r  mu l t l p le fra c t ures o f  a r b i t ra ry le ngth a n d  o rien ta t ion in an 
in fin i t e  regio n .  It is antiC i pa te d  that t h i s  ana l y s i s  wi l l  h e l p  t o  expla in 

st ru c tures as s ociated w i th c l o s e l y  s paced eche lon fau l t s  in the Sie r ran 

gran i t e . The s o lu t i on wi l l  be cons t ru c t e d  by the i t e rative s u pe rpos i t ion of 

analy tical SOlut ions us i ng th e Sc hwa rz ' s  Al t e rna t i ng Me tho d  t Soko l inkoff , 

l 'i b� , Mat h emat ical Theory o f  Elas ti c it y , MCGraw-H i l l , j l �- 3 2b ) .  The bas i c  

ana ly tical SOlut i ons have been de rive d . The d e s ign of the nume rical 

t 1t e rat ive ) te chniques wi l l  be un d e r taken dur ing the second hal f o f  th i s  

fi sca l  yea r . 
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Arvid Johnson has s tuaied the fo ld ing and faul ting of s i ngle and mul ti-layers 
of incompressible , s tra in-harden ing t and strain-so ftening ) ,  e las tic-plas tic 
mate rials , us ing stre ngth prope r t i es of sedimentary rocks reported in the 
l iterature . The general ques tion i s  whether sedimentary rocks will tend to 
fault or to rold at high l eve ls  in the Earth ' s  crust ,  where transport 
processes that apparently are responsible for "viscous"  folding are too slow 
to be important . Analyses have been for layers of dolomite , limestone , 
sands tone , and s i ltstone in media o f  shale . The results indicate that 
s ingle-layer folds of such rock are unl ikely to develop , whether con tacts 
between layer and media are bonded or free to sl ip . Ins tead of fo ld ing , 
s ingle layers tend to fault ,  as shown by cons idering faulting as a process of 
deformation banding described by Rudnick i and Rice ( 1975 , J .  Mech . Phys . 
Sol ids , 2 3 : 37l-39� ) .  Multi layers wil l  fold readily i f  con tacts between layers 
are free to s l ip and if there is a suffic ient number of structural members in 
the mul ti laye r .  

Therefo re ,  folds due t o  layer-parallel compression i n  sequences o f  sedimentary 
rocks ap pear to general ly refle ct low contact strengths between structural 
units . Fault s  may accompany the folds , of course , occurring where compression 
is increased in cores of fo lds . Faulting ,  without folding , ap pa rently 
reflect s  high contact strengths or very few structural membe rs . There are two 
directions in which this  resea rch wil l  be extended . j Qne is to treat folding 
and faulting of di latant , stra in-hardening mate ri�[s .  ,Rudn ick i and Rice have 
analyze d faulting of such mate rials . The second is to dete rmine the relevan t 
prope rties of some se dimentary rocks so that the theoretical analyses can be 
checked quantitatively . Such data are la cking in the l i te rature . 

Part o f  Johnson ' s  time has be en spent writing a first draft of an U . S . G . S .  
Profess ional Pape r on theo ries o f  folding o f  elas tic , viscous , power-law and 
s train-hardening materials , a paper to be co-authored by Raymond Fletcher . 
Johnson has complete d  dra ft s  o f  three chapters . The purpose of the 
profess ional paper is  to bring toge ther a coherent presentation o f  the 
fundamentals of fo lding theory which have been deve loped during the last ten 
years , primari ly for the use of structural geologists and geomechanic ists . 

Raymond Fletcher has s tudie d  quas i-s tatic creep on a wavy fault surface which 
cut s  an homogeneous deformab le medium. The results of the analysis wil l  be 
appl ied to obse rvations on natural faults , inc luding the evidence fo r 
ex tens ive pressure solution accommodating sl ip pas t obs tacles , measurements of 
fault surface roughness spectra , and obse rvations of defo rmation in the 
vicinity of fault surfaces . 

In the first model cons idered the me dium is  a l inear viscous flu id .  The fault 
is  treated as the limiting case o f  a weak surface which cannot support a 
shearing s tress .  However ,  a ma croscopic shearing s tress parallel to the mean 
fault s urface can be supported by a dist ribution of no rmal stress across  the 
fault surface . Slip i s  accommodated by the flow of the medium and in 
addit ion , by diffus ional transfer of the medium along the fault surface 
be tween loc i of high normal stress and loc i of low normal s tres s .  The 
analys i s  is perfo rmed for a s inusoidal surface wi th wave length L = 2n /k and 
ampl itude A. The results are accurate to second-order in the slope of the 

344 



C . B . I . 

surface ,  kA . The sl ip velocity u i s  foun d t o  be re lated to the mean shear 
s tres s ,  0XZ t according to 

a 
x z  

3 - 1  2 
== ( 1  + nak ) nk (kA) u 

where n is the viscosity of the me dium and a is a parameter controlling the 
rate of diffus ional transport along the fault surface . If  diffus ional 
transport is the dominant slip mechanism , nak3 » 1 , and the relation redl lces 
to 

'V - 1 2 -
o a A u 

xz 

Th is las t result is independent of the prope rties of the medium ,  and was 
obtaine d by Raj and Ashby ( 19 7 1 , Me tallurgica l Trans . , 2 : 11 1 3-1 1 27 ) for grain 
boundary sl iding wi th the grains treated as elas tic solids . The former result 
is  equivalent to that obtaine d for sl iding of a temperate glacier by Nye 
( 1970 , Proc . Royal Soc . London ( A ) , 315 : 38 1- ) and Kamb ( 1970 , Reviews of 
Geophys ics and Space Phys ics , tl : 6 7 3-728 ) .  The present method of analys is  is 
somewhat di fferent from that use d in these studies . To the accuracy of the 
present analys is , the s inusoidal fault surface form �� preserved as slip 
continues . 

Further analytical work wi ll  include : ( 1 )  the characterization of a wavy 
fault surface of arbitral'y shape ; ( 2 )  the extens ion of the analysis to the 
case of an elas tic medium , and the case of a non-l inear powel"-law flu id 
medium; ( 3 )  exte �s ion to faults which support a local shear stress .  
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1 .  We wish to develop a method for determining crustal se ismic 
velocity variations (and thus for inferring crus tal stress 
variations ) .  The method applies se ismic array techniques to 
existing USGS seismograph network data . Seismic waves arriving 
coherently across an array conta in veloc ity-related information in 
the fine structure of relative P delays to s tations in the array . 
To obse rve a crustal veloc ity change of 1 percent , timing precision 
of a few milliseconds is required . Cross correlation of coherent 
phases across an array provides a means to achieve this precision . 
We are developing programs for an Ecl ipse minicomputer which 
s imulate an array processor ' s  cross correlation and s tacking ability . 

2 .  We wish to use the above method to s tudy the temporal and 
lateral variations in crus tal seismic veloc ity in California . 
Temporal va riations may be interpreted in terms of stress changes . 

Investigations 

1 .  Teleseisms recorded by the USGS central California network 
are being digitized and timed by cross correlation . Thirty-two 
teleseisms in 1976 were dubbe d ,  and comprise the starting data set .  
All s tations in the network are being timed . The relative residuals 
will be used in two ways . First , they will  be inverted for 
3-dimens ional velocity structure , using the block invers ion method 
of Aki and Ellsworth . Secondly , they wi ll be used to begin 
monitoring average seismic veloc ity within smaller regions of the 
network . After correcting for hypocentral variations , a search will  
be  made for co-seismic and pre-seismic regional velocity changes . 

2 .  We are investigat ing the possibility of using vibrose is data 
to monitor changes in crustal veloc ity within a small (up to 25 km )  
region .  We  have ins talle d  a o4-element linear array in  the Gabilan 
Range ( east of Monterey Bay )  and have recorded signals from 
McEvilly ' s  current ( Spring ' 7ti )  reflection experiment in that area . 
Pulse reconstrctuion by matched filtering , for a vibroseis chirp , 
�onsists of cross correlation . A standard reflection technique uses 
a hardware correlator .  We wil l  use our software correlator for the 
same purpose . We wi ll  concentrate on the ti-se cond ( Moho )  
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reflection . An iterative combination of s tacking and corre lation 
will be use d to enhance the reflected wave and reduce ground rol l . 
The aim of this inves tigation i s  to demonstrate that a smal l array 
can be effe ctive in vibrose is reflection work when optimal signal 
proc ess ing is use d .  

Results 

1 .  The version of the computer program for the teleseism 
inves tigat ion is  operational . 

C . B . l .  

2 .  Timing precision , us ing the correlati on program , has been 
s tatis tically estimated .  Ensembles ( N  = 71 ) o f  synthetic wavefo rms 
were generated . Ea ch wave form consists of a damped I-second 
s inewave ( resembling a teleseismic P wave ) plus band-limited 
Gaussion noi se . Both spe ctral content of the noi se and SIN ratio 
were varied from ensemble to ensemble . All trac es in each ensemble 
were time d  by correlation over a 2-se cond in terval . Since the 
ensembles are stationary , the rms correlated "delay" for the 
ensemb le is an unbiased es timate of the timing precision , as a 
function o f  SIN and noi se spect rum . For 3 0  Hz ban dwidth noi se , the 
ex pected e rrors in timing were found to be ( 9 5% confidenc e )  3 ,  7 ,  
and 17 mi lli secon ds for SIN = 2 0 , 10 , and 5 ,  respec tively . The 
syn thetic data sampling rate was 100 samp les pe r se cond . 

Publications 

Reasenberg , P .  A . , 1978 , Program ARRAY : An interactive se ismic array 
processing program for use with data sets es tabli shed by program 
EVCON : U . S .  Geol . Survey Open-File Rept . 78-201 , 76 p .  
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The majo r goal is to study the nature of crustal inhomogeneity as 
revealed primarily by seismic waveform data . In these early stages the 
principa l  source of data wi ll be seismograms recorded by the central 
Cali fornia seisreic telemetry network . Attention will be given to 
delineating vertical ve loc ity variation in the lower half of the crust . 
Present objectives are to ass ist in getting digitized seismic waveform 
data routinely produced by the ECLIPSE Computer system , and to design and 
develop a seismic trace plot package for the MULTICS computer system . 

Investigations 

Digit ized seismic wave form data are to come routinely from the 
interac tive seismic analysis system being designed and implemented by 
Pete Stevens0n ' s  project ( 9970-02118 ) ,  for analysis of the central 
California telemetry data . This system will generate archive tapes of 
digitized waveforms , and all pertinent station and hypocenter data , in a 
fo rmat convenient to read on the USGS Mul tics Computer system . I am 
partic ipating in that portion of the project relevant to designing the 
fo rmat for the magnetic tapes , and ve rifying that the tapes can indeed be 
read in to MULTICS . The interactive processing system seems close to 
completion but the archive digital tapes are not yet being produced .  

I inves tigated which of the plot packages on the MULTICS computer systems 
would be bes t to develop plot software , for running interactive or batch , 
to display the digit ized se ismic waveforms . The commercially developed 
DISSPLA graphics package is the obvious choice . Unfortunately , this is 
not ye t availab le on the Menlo Park MULTICS system , although it is 
available on the Denver and Reston systems . We hope for ins tallation in 
Menlo Park by early summer .  

Maintenance and minor changes in the online earthquake detection and 
location system , developed when this project was titled " Automatic 
Earthquake Processing" , continued . 

Results 

A format was developed for the nine-track digital archive tapes generated 
by the DGC ECLIPSE Computer systems during analysis of the central 
California se ismic network data . In order to make the archive tapes as 

348 



C . B . I .  

compatible as possible with o ther computer sys tems , a nine-tra ck 
ASCI I-co ded tape is generated by the ECLIPSE computer .  Even the 
digitized wavefo rm data are written as valid ASCII characters , though not 
all the valid characters are printable characters . The tapes are read 
into the MULTICS sys tem as an ASCII representation . The alphanumeric 
text informat ion ( e . g . , s tation coordinates , hypocenter results ,  etc . ) 
can be p rinted directly . The digitized waveform data have a simple 
unpacking algorithm , and then are avai lab le for further analysis . 
Seve ral notab le features of the tape format include : ( 1 )  printable text 
as well as packed digit ized waveform data can be written on the tape , 
while still retaining the ASCII mode for the entire tape ; ( 2 )  because the 
archive tapes wi ll be roughly 90% digit ized data and 10% text , the 
pa cking algo rithm us ing two bytes per data samp le , rather than the more 
standard 4 or 5 bytes for ASCII " card image" format , results in a 2 to 1 
ratio for incre asing the amount of data on each a rchive tape ; ( 3 )  
although 10-bit digit izers presently are on the ECLI PSE system , 12-bit 
d igitizers can be use d  without any change in the tape writing or reading 
and unpa cking algo rithms ; ( 4 )  each physical record on the archive tape 
b egins with an B O-character ASCII string that describes what kind of 
in formation is in that record , and gives approprate parameters . A tape 
ve ri fy program was written for the MULTICS computer to aid in che cking 
out ( i . e . , de-bugging ) archive tapes writ ten on the ECLIPSE computer .  
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DILATANCY p�D MAGNETIC PROPERTIES OF ROCKS UNDER NON-HYDROSTATIC STRESS  
Charles B .  Archambeau , H .  A.  Spetzle r , Max Wyss ,  and R .  J .  Mar tin I I I  
CIRES , Univers ity o f  Co lorado , Boulder , Colorado 80 309 
May 10 , 19 7 8  

Magne tic Sus cep t ib i li ty 

A series of labo rat ory experiment s  have been ini t iated to examine the 
relat ion b e tween stress , volumetric s train and magne t i c  s us cep t ib ility 
during cyclic  loading and f rac ture . The changes in sus cep t ibility are 
monito red us ing a b r idge apparatus modif ied after the des ign of Christie 
and Symons ( 1 9 6 9 ) . Al l the tes ts are carried out in a beryllium copper  
p ressure vessel  at conf ining p ressures up  to 2 kb . 

The resul ts of a prel iminary experiment at 500 bars conf ining pres sure 
on the Ralston in trus ive are shown below .  Normali zed axi.al sus cep t ib i l i ty 
and volume tric s train are p lot ted as a function of dif ferential s tress . 
When the s ample was loaded the suscep tibility 
b egan to de crease linearly . At the onset  of 
dilatan cy ( approximately 2 300 bars)  the suscepti­
bility vs . s tress curve became nonlinear and its 
s lope started to decreas e .  At the peak s tress of 
5 800 b ars , the sus ceptib i lity had decreased by 46 
per cent . There was a slight hys teres is  on un­
loading and no permanent demagneti zation at the 
comp le t ion of the cycle . 

The ro ck was brought  to failure on the second 
cycle . The shape of the sus cep tib i l i.ty curve 
for the se cond cycle was similar to that of the 
f irs t cycle excep t the change in sus cep tib il i ty 
was somewhat less . Furt hermore there was no 
precursory change in sus cep tib il i ty j us t  pr ior 
to failure . 

Whi le this is  on ly a preliminary result and 
canno t be  d irec t ly compared wi th the remanent 
magneti zation results on Rals ton at 500 b ars 
confining p res sure un t il we have f inished cali­
brating the s us cep tib ility apparatus , several 

I 2 :s 4 II 
STRESS DIFFERENCE, lib 

s i gnifican t points are apparent . Firs t , the axial component of the 
remanent magne tization increased up to the onse t  of dilatancy whereas 
the axial sus cep t ib i l i ty decreased over the s ame s tress range . As the 
s ample was increasingly loaded af ter dilatancy connnenced , the axi al 
components of magne t i zat ion decreased for both types  of measurement . 
Second , the p armenent demagne t i zation was large in the remanent ex­
periments , whereas the re was vir tually no permanent " demagne t i zation in 
the sus cep tib i l i ty experiment .  
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DE FORMAT I ON AND FRACTU RE CHARACTERI STICS  OF PYROPHYLLITE UNDER GENERAL I ZED 
TRI AX I AL LOAD ING 
I .  C .  Ge t t in g , C .  H .  Sond ergeld an d H .  A .  S pe t z l e r  

CIRES , Un ive r s i ty o f  Co l o rad o /NOAA , E o u ld e r ,  CO 80 309 

I n  a re cen t ly d e s igned comp r es s ive t e s t in g  app a r atus cub i c- sh aped 
samp le s  o f  pyrophy l l i t e  were lo aded t o  f a i lure under gene r a l i z ed t r i ax i a l  
s t re s s , i . e . , 0 1  I 0 2  � 0 3 ' Frac tures r an out on the i n t e rmed i at e  s t r e s s  
f R c e , n o rmal to 0 2 ' whi ch w a s  vi el'le d wi t h  l aser i l lumin a t ion th rough a window 
in the vess e l . D is p l a c emen t c ontour map s o f  the 0 2 f ac e  w e r e  ob t a ined b y  
doub l e  expo s ur e  h o l o g r aph i c  i n t e r f erome t ry a t  con t i guous 5 0  b a r  i n c reme n t s  
in 0 1 ' The sur f a c e  d i s p l a cemen t h i s t o ry o f  f r a c ture zones on the 0 2 f ac e  was 
f o l lowed by an aly z in g  these h o l o gr ams . At a s t r e s s  r a t e  o f  � 0 . 1 b ars / s , the 
u l t ima t e  s t ren g th w as t yp i c a l ly 0 1 = 2 . 4  kb wi th 0 2  = 1 . 0  kb and 0 3 == 0 . 5  kb . 
Un de r the s e  con d i t i ons a p a i r  o f  f ra c tu r e  p l an e s  was f o rmed i n t e r s e c t ing a t  
t h e  c en t e r  o f  o n e  0 1 f a c e  and runn i n g thro ugh the 0 1 : 03 e d g e s  o f  the opp os i t e  
0 1 f ace . Al s o , acous t i c  ve l o c i t i e s in t h e  t hre e p r in c i p a l  s t r e s s  d i re c t ions 
and s t r e s s- s t r a i n  values in t h e max imum p r in c i p a l  s t re s s  d ir e c l: i on were 
c on t inuous ly mon i t o re d . Th e s t r e s s  r a t e  dependence feat ures wi l l  b e  p r e s e n t e d  
and di s cu s s e d  i n  t e rms o f  c urr e n t  d i l at ancy mode l s . 

ANISOTROPI C  Q AND V ELO C I TY IN D ILATANT ROCK 
D .  J .  Ho l c omb 
CIRE S , Un iversity o f  Colorado /NOAA , Bou l d e r , Co lorado 80 3 0 9  

Re l a t ive Q an d ve lo c i ty w e r e  me as u r e d  s imu l t an eously f o r  the t h r e e  
po s s ib le po lari z a t i o n s  o f  s oun d b ody waves ( SH ,  SV , an d P )  i n  d i l a t an t  
g r an i t e  fo r two o r thogon a l  d i re c t i on s . Measu reme n t s  we re ma d e  dur i n g  l oad i n g  
an d un l o ad in g f o r  many con s e c u t ive cyc le s , wi th t r i ax i a l  l o a d in g .  

A c r a ck d en s i ty d i s t r i bu t i�n . i n  t e rms o f  average c r a ck s i z e . n umb er o f  
c r a ck s  and s p a t i a l  o r i en t a t ion . c an b e  infer red f rom the velo c i ty me a suremen t s  
s in ce d a t a  i s  ava i la b l e  f o r  s e v e r al pol ari z a t ion s . Fo r the f i rs t  time , the 
c omp u t e d  dens i ty o f  cr acks wh ose n o rma l s  w e r e  p ar a l l e l  t o  the a x i s  o f  maximum 
c omp r e s s ive s t re s s  was c l o s e  t o  z e ro , i n  a c c o rd w i th th e usual a s s ump t i on s  
ab o u t  d i la t an cy . Th e re s u l t an t s t r e s s -depen den t dens i t y  d i s t r i b u t ion was used 
to c he ck a model o f  di l a t an cy t ha t  was d eve loped to exp l ain the s t res s - s t rain 
re l at i on s  of d i l a t an t  ma te r i a l . An in t e r e s t ing p r ed i c t ion o f  the mo de l ,  
c on f i rmed by t h e  d at a , w as th a t  ve l o c i t i e s  r ema in nearly con s t a n t  f o r  a l ar g e  
p a r t o f  the un l o ad i n g  cy c l e . Th i s  may h ave imp l i c a t ions f o r  ob s e rvi n g  ve l o c i ty 
an oma l i e s  b e f o r e  e ar t h q u ake s . I f  t h e reg ion s u r r ound i ng an i n c i p i en t  e a r thq uake 
h as been only p a r t i al ly un l o ad e d , then d i l a t an cy may o c cur but w i th a mu ch 
r educed ve l o c i ty anomaly . 

Ch anges in Q were in te rpre t e d  as b e in g  due t o  chan g e s  in the amo un t o f  
Ray le i gh s ca t t e r i n g .  A s  c r a c k s  are o p en ed t hey b e come e f fe c t ive s c at t e re rs . 
Th i s  s c a t t e r ing is p o l ar i z a t i on-de pen den t f o r  an an i s o t r op i c  d i s t r ib u t ion o f  
c r a ck o r i e n t a t ion s . B e c aus e o f  t h e  s t r on g  f re q ue n cy dependen c e , pe ak- t o- peak 
amp l i t ude me as uremen t s  w e r e  n o t  a v a l i d  me asure o f  Q .  Th e wave f o rms changed 
too g r e a t ly . 
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The goals o f  th is proj ect are to study the mechanical behavior of rocks 
at high confin ing pres sure , pore pressure , di fferential st ress and temperature 
and to apply the result of the experiments to understanding ear thquake source 

mechanisms and to the solut ion of prob lems related to earthquake pred iction 
and control . 

Some time was spent install ing a PDP 11/03 microproces sor to monitor 

and ad jus t  parame ters such as differential stress e tc . on four separate rock 

pr es ses . The equipment is now fully operat ional and experiments are now 

underway .  

The time- dependent deformation o f  Wes terly granite contain ing a sawcut 

separated by crushed Wester ly gran ite faul t gouge was s tudied at 4 kbars of 

confining pres sure . D i fferential stress was increase d  in s teps and held 

cons tant at each stress level wh ich fault creep was monitored . Decaying 

primary creep oc curred immediat e ly after each increase in the di fferential 

stress level . Primary cree p  was fol lowed by cons tant rate secondary creep 

above 9 , 200 ba rs of di ffe rential s tress and the displacement rate incr ease d 

rapidly wi th increas i ng stress l evels . At 1 0 , 8 34 bars of different ial stress 

primary and se condary creep were followed by accelerating tertiary creep ,  

which culminated in violent s l ip . Our results may be appl icab le to ear thquake 

pr ediction along the central San Andreas fault . They suggest that sudden 

seismic s l ip in the area of cons tant rate fault creep should be preceded by a 

period of accelerating creep . We plan to conduct fur ther expe riments designed 

to s tudy the effects of time , confining pressure , pore pres sure ,  and 

tempe rature on experimental fault creep under cons tant di fferential s tres s . 

A large gran ite samp l e  containing a saw-cut fi l led with crushed 

granit e ,  mo delling a natural fault with gouge , was loaded triaxia11y at 
confining pressure o f  4 , 000 bars . Changes in pore volume of the s imulated 
gouge layer were measur ed during ap pl i cation of confining pres sure and during 

axial loading to fai lure by sudden s t ick-s l ip . Pore volume s train in this 

oonfiguraton , wi th a th in lay e r  o f  gouge be tween rook sur faoes , was 

s ignifioantly less with inoreas ing confining pressure than s imi lar experiment s  

in wh ich the entire samp l e  was o f  crushed granite . Our sample continue d  to 

de crease in volume upon app l i c a t ion of axial load up to the point at which 

sl iding on the saw- cut s ta r ted .  At th is point , the decrease in volume slowe d  

down ,  and the volume increased j u s t  before fai lure . Di latancy amounted to 

1 . 8% of the tota l  decrease cause d by the axial load . It is interes ting the 

amount of grain crushing , a phenomenon gene rally assoc iated with decreases in 

volume . Als o , fai lure occurred at a stress below that requ ir ed to cause 

di latancy in intac t rock . 
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Severe damage to the loading apparatus prevented any measurements after 
sample failure and has delayed further experiments . After a suitable sys tem 
is cons tructed ,  expe riments wi l l  be conducted to measure both pore volume and 
pe rmeabil ity in gouge during bo th stick-slip failure and s table sliding . We 
also plan to measure these parameters during multiple sti ck-slip events in the 
same samp le , in order to s tudy the effects of the cyclic loading represented 
by repeated failures . 

Publications 

Lockner , D . , J .  Walsh and J .  Byerlee , Changes in se ismic veloc ity and at ten­
uation during de fo rmation of granite , J .  Geophys . Res . , 82 , 3 3 ,  
5 374-5378 , 1 9 77 . 

Byerlee ,  J . , V .  Mjachkin , R .  Summers and O .  Voevoda , Structures developed in 
faul t gouge during s table sliding and s tick-slip , Tectonophysics , 44 , 
161-171 , 1978 . 

Weeks , J . , D .  Lockner , J .  Byerlee , Changes in b values during movement on cut 
surfaces in granite , Bul l . Seis . Soc . Am. ( in press ) .  

Summers , R . , K .  Winkler , J .  Byerlee , Permeability changes during the flow of 
water through wes terly granite at temperatures of lOOoC to 4 000C , 
J .  Geophys . Res . , 8 3 ,  Bl , 3 39-34 4 ,  1978 

Solberg , P . , J .  Bye rlee , Hydraul ic fracturing in westerly granite under geo­
thermal condi tions , Trans . Am .  lnst . Min . Petrol . Eng . ( in press ) .  

Solberg , P . , D .  Lockner , R .  Summers , J .  Weeks , J .  Bye rlee , Experimental fault 
cre ep under constant differential stress and high confining pressure , 
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J .  Byerlee , Friction of rocks , PAGEOPH ( in press ) .  
Bye rlee , J . , A review of rock mechanic studies in the United States pertinent 
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Lockner , D . , J .  Byerlee , Veloc ity anomalies an alternative explanation based 
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Experimental Observations of Preseismic Slip 

C . B . 2 .  

An in terval o f  stable sliding preceding uns table ( se ismic ) slip on 
simulated faults has been widely recognized for a vari ety of experimental 
condit ions . By analogy s imilar stable fault slip may precede earthquakes and 
may explain some obse rvations of ear thquake precursors . However , no direct 
experimental data have been ava ilable to es tablish the relationship between 
the dimens ions of the sliding surface and the parameters that characterize the 
magn it ude and duration of prese ismic slip . Large scale biaxial fri ction 
experiments us ing a sample with dimens ions of 150 cm x 150 cm x 40 cm show 
that stable sl ip is a consistent precursor to uns table s l ip and provide an 
indication of scal ing re lationships . Strain gages adjacent to the sl iding 
surface give 10 channels of shear strain data (DC to 5 0  KHz ) during prese ismic 
and seismic slip episodes . As observed in simi lar small scale experiments 
( sample dimensions of 13 cm x 13  cm x 4 cm) inhomogeneity of init ial shear 
stress along the fault relative to fric tional strength controls preseismic 
s l ip .  The amount and duration of prese ismic sl ip increases with 
inhomogene ity . Comparison with the small scale experiments shows that the 
strain changes ari sing from prese ismic slip are independent of sample 
dimens ions ( F ig . 1 ) .  As a result , preseismic faul t  di splacements are 
proportional to fault dimensions . Prese ismic d isplacements measured in the 
large-scale experiment which has a fault length of 'V 200 cm were in the range 

-3 - 2  - 4  1 0  to 1 0  e m  compared t o  5 - 1 5  x 1 0  e m  f o r  s imilar experiments o n  a 

sample with a fault length of IV 20 cm . 

Constitutive Law for Rock Friction 

Direct shear experiments on ground sur faces of Raymond Granite at normal 
stres ses o f  'V 60 bars demonst rate that compe ting time , di splacement and 
ve loc ity e ffects control rock friction . Results sugges t  that the strength of 
the population o f  pOints of con tacts between sliding surfaces determines 
frictional strength and that the populat ion of contac ts changes continuously 
with displacement .  Previous expe riments demonstrate that the stre ngth o f  the 
contacts increases with the age of the contacts . The present experiments have 
es tablished that a characte ris tic displacement ,  dc ' proportional to surface 
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roughnes s , is requ ired to change the populat ion of contac ts . Hence , during 
slip the average age of the points of contact and therefore frictional 
strength decrease as sl ip ve loc ity increases . Displacement weakening and 
consequently the potential for uns table s l ip occurs whenever displacement 
reduces the average age of the contacts . In addition to this ve loc ity 
dependency which ari ses from displacement- and time-dependency , the 
experiments also show a competing but trans ient increase in friction whenever 
s l ip veloc ity increases . Creep o f  the sl iding surface at stres ses below that 
for steady-s tate slip is  also obse rved .  The following empirical relationships 
pe rmit quantitative s imulation of bo th s tatic friction and s liding friction 
vs . displacement as fun ctions of sur face roughness and for di fferent time and 
veloc ity histori es . 

11 = [c
l + c 2 

log ( c3
t +1 ) ]  [fl 

+ If
3 \] 

f 2 log\V- + 10} 
(1 ) 

where 11 is the coefficient of fri ction , t is age of contacts , v is  veloc ity of 

s l ip and c
l

' c
2

' c
3

' f
l

, f
2

, and f
3 

are cons tants .  For s ta t ic friction t is  

s imply the time of s tationary con tact and during s l ip t i s  g iven by 

(d )( ) (x -x) d 
c v e 0 c 

t = - - t 
v d 0 

c 

where dc is the crit i cal displacement , proportional to roughness ; x is 
disp lacment ; and xo ' t o are the initial time of contact and initial 
di splacement respective ly . F igure 2 gives an example o f  the expe rimental 
obse rvations and a s imulation us ing ( 1 )  and ( 2 ) .  

( 2 )  

The time and ve loc ity dependency of ( 1 )  ap parent ly arise because of 
aspe r ity cre ep at the points of contact . Prel iminary experiments suggest that 
the asperity creep is cause d by weakening of the asperit ies due to adsorbed 
water .  Samples heated to 3000 C in a dry Argon atmosphere for 24 hours do 
show greatly reduced time or veloc ity effects . Exposure of the "dry" samples 
to atmospheric humidity res tores the time- and ve loc ity-dependence . 

Model ing of Preseismic Slip 

The constitutive relat ions ( 1 )  and ( 2 ) have been use d to model deta i led 
obse rvations o f  prese ismic s l ip and the onset of uns table slip in the biaxial 
laboratory experiments . The s imulati ons employ a plane strain finite element 
model to represent the interactions bo th within the sliding blocks and between 
the blocks and the loading apparatus . Both experiments and s imulations show 
that prese ismic slip is controlled by ini tial inhomogene ity of shear stress 
along the sl iding sur face relat ive to the frictional strength . As a 
consequence o f  the inhomogene ity , s table slip begins at a point on the surface 
and the area of s l ip slowly expands as the external loading increases (Fig . 3 ) .  
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A previously propose d correlat ion between accelerating rates of stable slip 
and growth of the area of slip is  supported by the s imulations . In the 
simulations and in the experiments unstable slip occurs shortly after breakou t 
of preseismic slip at the ends o f  the sample . In the model the breakout of 
stable sl ip cause s  a sudden acceleration of slip rates . Because of ve loc ity 
dependency of the cons titutive re lationship for friction the rapid 
acce leration of slip causes a decrease in frictional strength . Ins tability 
occurs when the frictional streng th decreases wi th disp lacement at a rate that 
exceeds the intrins ic un loading characteristics of the sample and test 
machine . A simple slide r- spring model that does not cons ider prese ismic slip 
appears to adequately ap proximate the transit ion from stable sliding to 
uns table slip as a function of normal stress , machine s ti ffness and surface 
roughnes s fo r small samples . However ,  for large samples and for natural 
faults the s imulations suggest that the s imple model may be in error because 
it does not account for prese ismic sl ip . 

Publications 

D ieterich , J .  H . , 1911 , Rock friction and earthquake precursors ( abs . ) : Bull .  
Am . Phys ical Soc . , v .  2 3 ,  no . 1 ,  p .  1 5 . 

D ieterich , J .  H . , 1 978 , Modeling o f  rock friction , Part I :  experimental 
results and cons titutive laws : Proc . Conf .  III , Fault Mechanics , J .  F .  
Evernden , ed . , 27 p . , ( in press ) . 

D ieterich , J .  H . , 1918 , Modeling of rock friction , Part II : s imulations of 
prese ismic slip : Proc . Con f .  III , Fault Mechanics , J .  F .  Evernden , ed . , 
3 0  p . , ( in press ) . 

D ieterich , J .  H . , Barbe r ,  D .  W . , Conrad , G .  and Gorton , Q .  A . , 1918 , 
Preseismic s l ip in a large scale friction expe riment :  Proc . 19 th U . S .  
Nat ional Sympos ium on Rock Mechan ics , p .  110-117 . 

356 



Figure 1 .  

- -

T I M E 

A 

.... � .. .... - -

< .03 
.. u 
<l .02 

.0 1 

C . B . 2 .  

.02 .06 .08 

B 

Average change in shear s train caused by preseismic slip , �y vs . average 
c 

inhomogeneity of s train relative to the critical shear strain to induce 

slip , �Yh
. (A) illustrates the charac teristic s  o f  the s train records and 

ind icates how the quantities are def ined . A flattening o f  the curves 

marks the b eginning o f  slip at that location on the faul t . The solid line 

in ( B )  is a least squares fit  for the data shown (large scale experiment) . 

The dashed line is the least  squares fit  from the previous small scale 

experiment . 
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Figure 2 .  Top curve (A) gives exper imental resul ts for the variation of  

friction , V vs . displacement for the veloc ity his tory shown at 

the bot tom (curve C ) . S imula tion o f  the exper iment us ing equa­

tions ( 1 )  and ( 2 )  is given by (B) . 
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The widespread ase i smic accommodation of relat ive plat e movements and the 
expe cted effects of increasing temperature with depth in the l i thosphere 
requ ire that the phys icals laws governing time dependent ducti le s trength 
be as ses sed for the princi pal rock forming minerals and rock types of the 
crus t and upper mantle . Such rheological laws are essential for 
realis tically modelling tectonic processes involving large-scale flow . 
The ap proach of thi s  project i s  to es tablish the rheolog ical behavior of 
rocks by laboratory experiments coupled with micromechani cal modell ing and 
compari son of deformation micros tructures between naturally and 
expe rimentally-defo rmed rocks . 

Investigations 

1 .  Rheology of olivine : a critical review : 

At the i nvitation of the convenors , a review of the rheology of 
o livine was prepared and presented as the lead-off paper in the special 
sess ion on the Defo rmation of Ol ivine at the Spring Annual Meeti ng o f  the 
AGU . 

2 .  Rheology of cl inopyroxenite : 

In collaboration with Andreas Kronenberg , presently at Brown 
Unive rsity , continuing experiments have extended the temperature , 
pres sure , and stra in rate range of the previous suite of experiments . 

3 .  Rheology of orthopyroxenite : 

A series of experiments , wh ich paral lel those on clinopyroxenit e , 
have been perfo rme d . 

4 .  Creep of hydrolyti cally-weakened synthetic quartz s ingle crystals : 

The effects of crystal o rientation are being exp lore d . 

Resul ts 

1 .  Rheology of Olivine : a critical review . Salient results of the 
review ( K irby , 1978 ) are as follows : 
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A .  Comparison of the experimental data on the effects of temperature 
T and stress 0 0n strain rate � .  The flow law material constants ! ,  �,  
and E* have been compared for the experimental data on polycrystall ine 
ol ivine ( both anhydrous and in the presence of water ) and on anhydrous 
single crys tals ( See Table I and II ) : The stress and strain rate 
relati onships at T=1350 ° C  are also plotted for direct comparison ( Fig . 
1 ) . The hydrous ol ivine results clearly produce the highest strain rates 
at a given s tress but no quantitative relationship between creep rates and 
water concentration has been es tablished . While the nominally anhydrous 
polycrystalline olivine data of Carter and Ave ' Lallemont ( 1910 ) and Kirby 
and Rale igh ( 1913 ) compare well with the single crys tal creep results , the 
creep rates predicted by Pos t ' s  ( 1977 ) results are three orders of 
magnitude lower when compared at the same stress . Post ' s  samples were 
subje ct to a more thorough heat treatment to remove water than the earlier 
nominal ly anhydrous dunite samples . I conclude that Pos t ' s  ( 1977 ) results 
are the anhydrous data to be compared to with the anhydrous s ingle crystal 
results and that the gros sly different creep rates predicted by the two 
clas ses of data are real and stem from the different nature o f  crystal 
cons traints . �hi s  conclus ion i s  supported by the fol lowing evidence . 

1 .  Zeuch and Green ( Personal commun ication , 1918 ) have reported high 
strengths similar to those o f  Post ( 1977 )  in a dry synthetic dunite . 

2 .  Greater creep strength of polycrystals compared to s ingle crystals 
have been r&ported in hal ite , calcite , and many me tals . 

3 .  The strikingly di ffe rent transient creep regimes in the two sets 
of data ( trans ient s hardly exist in the single crys tals ) suggest that the 
grain boundary cons traints in the polycrystals require the development of 
a different substructure during creep . 

4 .  Direct compa rison of the creep-induced substructures indicate that 
whi le the same slip sys tems are ac tivated , the dislocations produced do 
not form subgrains as they do in the polycrystals . Thus the disloc ation 
micromechanics may be quite different for single crys tal and 
polycrystalline olivine . 

The above results suggest that Post's ( 1 917 ) creep data are more 
appropriate for modelling of the creep behavior of the mant le , than the 
s ingle crystal data , as suming anhydrous condit ions . 

B .  The pressure e ffect on creep rates . 

The first-order effect of pres sure on creep rates can be described by 
an ac tivation volume V* , which appears in the Boltzmann factor with 
argument - ( E*+PV* ) /RT .  Various empirical and theoretical estimates 
suggest V* is about 11 cm 3/mole or 37 cm 3/mole ( see Table I II ) .  The 
lat ter es timate , based on the assumption that the diffusion of �i0 4r4 
groups contro ls bulk crystal diffus ion and creep rates , is unl ikely , s ince 
i t  as sumes that S i- O  bands are too strong to be broken . The slip systems 
which operate in olivine ( Raleigh , 1968 ; Durham & Goetze , 1 977 ) require 
that S i-O bonds be broken , even at low shear stres s . 
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The bas ic expe rimental problem in directly measuring V* i s  that the 
pressur e effect is small compared to the sensitivity of creep rates to 
variations in stress a and temperature T .  Experimental uncertainties in T 
and a can thus lend to a large scatter in creep rate s .  For example , a + 
27 C variation in temperature leads to a + 5 0% variation in creep rates

-
at 

l 350 � (Fig . 2 ) . In order to reduce creep rates by more than 50% by the 
pressure effe ct , a pressure difference o f  greater than 10 kilobars mus t  be 
use d . This ,  coupled with the need to completely suppress microfracturing 
over the range of pressures util ized , requires the use of the solid medium 
piston-cylinder device , with attendant problems of measuring s tress 
accurately . I conc lude that it is unl ikely that V* can be measured 
directly and accurately using current technology and apparatus . 

2 .  Rheology of cl inopyroxenite (K irby and Kronenberg , 1978 ) .  We 
summarize the r�sult s  as follows : 

A .  A confining pressure of abou t  10  kilobars is sufficient to 
sUPQress micro fracturing and faul ting at T = 600 °C and a strain rate of 
10-5/5 . Above th is pressure , s trength is insensitive to pressure 
effects and reflects the int rins ic p las tic s treng th of the material (Fig . 
3 ) . 

B .  Two flow regimes exist  in clinopyroxenite . At low temperatures 
and high stra in rates , defo rmation occurs by mechanical twinning and IDOl ] 
slip and th& s trength is very insens itive to variations in s train rate ( Fig . 4 )  and temperature (Fig . 6 ) .  At high temperatures and low strain 
rates de format ion i s  dominated by multiple slip and associated subgrain 
fo rmation and recrys tall ization ; the strength is very sens i tive to 
variat ions in stra in rate ( Fig . 5 )  and temperature (Fig . 6 ) .  The 
temperature and stra in rate fields these two r egimes are es tabl i shed (Fig . 
7 )  as are the flow law cons tants . 

c .  The flow behavio r  of the low temperature regime is closely 
approximated by a perfectly p lastic rheology , with yield strength of abou t  
15  � 3 kilobars . I f  such a s imple rheology is general for rock- forming 
s il icates at low to intermediate temperatures , then the mechanical 
behavio r of the upper hal f o f  the l ithosphere is great ly s impli fied . 

3 .  Rheology of orthopyroxeni te : 

Preliminary results indicate that the strength orthopyroxenite is 
quite simi lar to that o f  cl inopyroxenite ( summarized above ) at low to 
in termediate temperatures . 

4 .  Creep of hydrolyti cally-weakened sythetic quartz crystals . 

Preliminary results indicate that crys tals oriented with respect to 
compres sion wh ich promotes sl i p  parallel to < a > are considerably more creep 
res is tant than those o rientations that promote < c> slip and that the creep 
curves in the experiments in wh ich < a> slip operated show les s hardening 
than those in which < c >  slip operated . 
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TAB LE  I 
SUMMARIZED FLOW LAW DATA FOR OLIV I NE - NOMI NALLY ANHYDROUS 

FORM OF THE FLOW LAW :  £ E Aa"exp [ - ( E*+PV* )/RT I  

DATA SAMPLE A, 8-1kb-n n a range , kb E*+PV* , 
SOURCE TYPE ked/mole 

C and A Mt . RUTnet 1 . 2XlOlO 4 .8±Q.4  1 t o  9 119 . 8!16 . 6  
(1970) Dunite 

(5 . lXl09) *  ( 3 . 3 ) *  1 to 9 (111) * 

P08t Mt . Burnet 7. 95XI08 3 . 56 1 to 8 126±15 
(1977 )  Dunite 4 . 30X108 3 1 to 3 126±15 

K and R Mt . Rumet 1 . lX108 
3 1 to 7 l00±IS 

(1973) Dunite 

Single 
Crystale !* . ltcal/lIOle 

Pt'ientation 

K and C Random I 3 . 6XlO11 - 3  0 . 1  t o  1 . 5  126±2 
(1974) 

, C ,  and D All Data 2 .  69X1cr 1 3±1 0 . 1  to 1 . 5  125:t1S 
(1976) 

D and C "Odd" 1 . 04XlO12 3 . � . 5  0 . 1  to 1 . 0  -125 
(1977) 

3.  44Xl012 [ llOl e 3 . 6±Q . 3  0 . 2  t o  0 . 4 1 -125 

[ lOl l e 1 .  22Xl012 3. 7±<> . 2 0 . 1  to 0 . 6  -125 
- 80 

[ Oll l e 7 . 59X101O 3 . 5:±0 . 3  0 . 3 to 0 . 8  -125 

I - 90 
On AxiS# : - - 0 . 8  to 1 . 8  -

T range, ·C 

1100-1300 

1100-1300 

1100-1400 
1100-1400 

1100 

1400-1600 

1500-1600 

1500-1600 

1200-1600 

1430-1560 
1200-1400 
1400-1600 
1200-1400 
1500-1600 

I Sample stTain less than 1%, flow law not determined 
* CorTeeted by Carter (1976) for sample bulging 

TABL E  I I  
SUMMARI ZED FLOW LAW DATA FOR POLYCRYSTALL I NE OLIVI NE W I TH WATER (WET) 

FORM OF FLOW LAW : £ = Aa"exp [-(E*+PV* )/RT] 

DATA SAMPLE �, s-lkb-n 
SOURCE TYPE .!!. a range. k.b !*+PV* T range. ·C 

C and A Mt . Burnet 6 . 2Xl06 2 . 4±<> . 2  1 to 7 79 . 91:7 • 5  975-1350 
(1970) Dunite (1 . 3Xl03) *  (2 . 1) *  ( 54)*  

Post (1977) 4 . 5Xl07 5 .  1±<>. 3 1 to 8 93 . 8;t2 . 8  800-1150 

4 . 3Xl08 3 1 to 3 93 . 8;t2 . 8  800-1150 

* Corrected by Carter (1976) for sample bulging 

364 

C . B . 2 .  

P ,  kb 

15 

15 

10-15 
10-15 

15 

10-3 

10-3 

10-3 

10-3 

10-3 
10-3 
10-3 
10-3 

10-3 

P, kb 

10-15 

5-15 

5-15 



TABL E I I I  

PUBLI SHED EST I MATES OF THE ACT I VAT I ON VOLUME FOR CREEP 

IN OLIV I NE 

SOURCE 

GOETZE AND BRACE 
( 1 972 ) 

K I RBY AND RALE I GH 
( 1 9 73 ) 

STOCKER AND ASHBY 
( l 9 7 3 ) 

SAMM I S  fI Ak 

V·J CM3/MOLE 
15-20 

11 

11 
11 
37 

8 . 0-11 . 5  

METHOD 

d Tm/ d P  a n d  e s t i ma t e s  o f  
E *  i n  ma n t l e m i n e r a l s '  

d Tm / d P  fo r fo r s t e r i t e 
a n d  E* f o r  d u n i t e '  
V * �  Y 0 - -a 

y*= Y 0 - -a 
4 -y* i y S i 0 4 a 

Ke ye s re l a t i o n b e t w e e n  

C . B . 2 .  

( 1 9 7 7 ) G * = E *  a n d  e l a s t i c c o n s t a n t s  

11 . 6±0 . 9  d Tm/ d P  f o r  f o r s t e r i te a n d  
E *  f r om s i n g l e  c ry s t a l  
c r e e p  d a t a '  

* g T E * + P Y *  m T � -R-T- She r by a n d S i mn a d  ( 1 9 7 1 ) 

3 6 5  
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10- 2 
i-----

S I NGLE CRYSTAL DATA 
(ANHYDROUS) 

NOM I NALLY ANHYDROUS DUN I TE 

HYDROUS DUN I TE 

1 
� 

T = 1350·C  � 
_ 9 - .. .. .. .. .. .. .. .. .. .. .. .. .. ..  ' .. .. ..  ..1 .. ... 1 .  .. .A .. ... ' .. .1. .. 1 .. 1 .. .... .. .... ... ... L ... ... ..... A ..... ..  L ........ .. l .. A ..... "' .. � 1 0 0 . 1  1 . 0  10 

STRESS" KI LOBARS 

Fi g .  1 

EFFECT OF PRESSURE ON RELAT I VE CREEP RATES : OLIVINE 
1 . 0 l v v v v v v v v v y v v v v v v v v v y v v v v v v v v V T v v v v v v v v V l v v v v v v v v V

T
V V V V v v v w w � 

0 . 6  ;-
= L I M I TS OF EXPER I MENTAL = 
:: SCATTER :: 

E/El 0 . 5 :: t - � - -�- - t - j - .J - _.- - t - I - -�- � 
--

0 . 4  � 
V*= 11 CH3/HOLE 

0 . 3 §-

0 . 2 � 
0 . 1  � V*= 37 CH3/HOLE 

0 . 0 � A A A A A  ... A A  ... l ... A ... A .. ... ... ... .. 1 A A  ... ... A .. ... ... A ... A ... ... A ... ... A A 1 A ... ... ... A A A A A 1 A A A  ... A A A A  ... � 
o 10 20 30 

� P = (P2-Pl )., K I l08ARS 

Fi g .  2 C"'l . 
t:ld 
N 
. 



(I') 0::: < aI 0 ..J 
::.::: ... 

(I) (I) UJ 0:: t-(I) 

20 ' 1 I 1�1�1�lfl9.rm. I I��Y. I .hh'IN�r.X�R��N IU�I; I I ��F��J..PF.I I P.I�;�'�IVI�S I l I l I l I l . I I I I I I I I I ( , ( 
� TEMPERATURE - 600°C P • 19 . 9  kb , N-305 � 
: STRAIN RATE _ 10-5/sec I I I I I I I I 1 1 1 1 1 1  

I I I I I I I 

15 � 

10� 

I I J I I 13 . 5  kb , N-271 
I • I I • • • • • 

I I I I I 
• • • • •  0 0 0 0 0 0  

I I I I I J . . . . . . . . . .  . 

. ,  \ 0 0 0 0 0 0 0 0 0  
• • 0 0 0 0 0 0 8 3 kb N 313 • • • ' 0 0 0 0 0 0 0 0 0  

• • -

I . ' 0 0 0 0 0 �MNNING [ OOl J SLIP I . ' 0 0 0 ' 
• 0 

I ' 0 0 
• .. 0 CATACLASlS ,TWINNlNG , [OOU gIj.4: � .k�: �:�09 . . . . ..  . . . . . . . . o 

- 0  • 
.- . . . . . . . . . . . 

1 0 • • 

> ) 
5 �  

: ." . .  ) 
; . . 

" "  . FAULTED 1 . 3  kb .  N-314 
I • • • • • • • • • • • • I I • •  I .  I I • I I ' " • ' • • •  I " • • • • 

�.  ( ) '  ( 0 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 . 1 1 I 1 1 I 1 I 1 . 1 I 1 I 1 I 1 1 " 1 1 I 1 1 I 1 I 1 . 1 1 I 1 I 1 1 I 1 . 1 1 I 1 1 I 1 1 I ( 
o 5 10 15 20 

STRAIN}  PERCENT 

Fi g .  3 

367 

C . B . 2 .  



VI � 
i2 

� 

20�:��f�� I I��� I I�h�INHrX�R��N.� J�l i l l .�I�I�I�I�.T. I IQlfl I .�IT.�J.� : :MT� I I I : I I : . I I I I I I : I I : : -3 c 
: 10 
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) , • • •  " C 
) . . . . . ' 
: 

10-4/ s , N-255 . I I · '· � ·
:

· ·
· : . ' . . .. . .. . • . . . . . . . . I · I · . . . . . . . . 
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. 

• . .... , ... " � .1 .��" ". 1 I 
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) ) ) 
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: . · 
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,. , , . 
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\ '  

," 
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<1 

TEMPERATURE • 600'C 
PRESSURE • 1�2 kllobars < c c c , , , , ( , · ' 

O �: : :  I I : : : :  . 1 1 1 : 1 1 : : : . : I : : :  I I I :  I I I : :  I I : : : . :  : : : 1 1  I I I . :  I : : 1 : :  I I I : : :  I :  : : 1 1 . : :  I 1 : : 1 1 1 . 1 1 : 1 1 1 1 1 1 1 1 1 : : 1 1 1 : : . 1 1 1 1 1 1 1 : : . 1 :  : : : :  I I I � 
o 5 10 15 20 
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Fi g .  4 
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15 : 

� I I 
• • 

I 
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, 

• • 
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9': • • • • • • • • • • • • • • • • • • • • • • • 
• • 

, , 1 1/ "  • I I I • I • I • • • • I • 
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6 : .
. " 

� • '11 
! IJ1 ." 0 , . .. 
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� II • • 

3 � � • •  

• • • II 
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. . . . . . . . 

• • • • • • 
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. . . . . . . 
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. ( , ( ( ( ( c ( 

. 
: 
� c c ( ( 
� c c 

. : 
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o 1 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 ' 
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Tullis (1977) PRESSURE - 1�2 kilobars 

( · · · ( , ( 
2 : 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1  1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . I I I I I I I I I . I I I I I I I I I �  

6 9 1 2  15 

104/T., • K-1 
Fi g . 6 

SLEAFORD BAY CLI NOPYROXEN I TE :  STRESS-STRA I N  RATE RELATI ONSH I PS 
20 , 1 1 1 1 1 1 : : 1 . :  1 : 1 : 1 1 1 : . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 : 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 : 1 1 1 1 1 . 1 1 1 1 1 1 I 1 1 . 1 1 1 1 1 I 1 I 1 . 1 1 1 1 I 1 1 1 1 . 1 1 1 1 1 1 I 1" ' 1 1 1 : 1 1 I I I � 

: 400°C � , ( � 600°C ' - � 
: -' ,.-

15 � 
_I - - _ _ , J8u.Ou.OL..°.loC,-,---

, - -, " 
__ 9

_
0_0_0_C_ 0 _ ? / 

/ , ) / /o, � ...... n "  83 . �13 . 2  ! 
� / ....... ...... E* - 50±8 keal/ � 

a:: , '1 mole ( � lO� ./' 
;;£ , 

/. ... . 9 �  
en , � 8 �  �v 

:= 7
: '\,r:::J� n • 6 . 39+0 . 02 

(I') � _ : /.. oV E* • 106±7 kcal/mole ) � 6 ; /� j 
5 � � 

� /. : 
� CONFINING PRESSURE - 1�2 k� 
, ( 

4 � :  I I : : :  I :  1 . 1 1':' � I :  I :  . 1 1 1 1 1 1 1 1 : . 1  I I I I I I:.'{,I I I I  t l l l l . I I I I I I I I I · �5 1 1 1  t 1 . 1 1 1 1 1 1  t 1 1 . 1 1 I 1�41 1 . 1  1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1  t�3" 1 1 1 1 1 1 < 

10 10 10 10 10 

STRA I N  RA TEl 

Fi g .  7 

369 

SEC-1 

C . B . 2 . 



C . B . 2 .  

LABORATORY AND F I ELD I NVEST I GAT IONS OF FAULT GOUGE 

Grant  No . l 4-08-000l -G-460 

John r1 . Logan 
Center for Tectonophys i c s 

Texa s A&M Un i ver s i ty 
Co l l ege Sta t i on , Texas 77843 

Apri 1 30 , 1 9 78 

Premon i tory S l i p  As soc i a ted wi t h  St i c k -S l i p  S l i d i ng i n  Tennes see Sandstone 

Tri axi a l  s t i c k -s l i p  exper iment s ha ve been conducted on 35 ° precuts  
of Tennes see sandstone in  order to  mea sure and  c ha racter i ze  premon i tory 
s l i p .  Premon i to ry s l i p  a l ways precedes st i c k - s l i p  events , occurr i n g  
wi th i n 1 0  percent or  l e s s  of t h e  peak s hear s tres s .  I t  i s  apparent l y  a n  
essent i a l  a n d  necessary part  o f  the st i c k - s l i p  proce s s . The amount  of  
premon i tory s l i p  before an  even t i ncreases  wi th  i nc rea s i ng confi n i ng 
pre ssure , decrea s i ng d i s pl acement ra te , i nc rea s i ng tota l s hea r d i sp l ace ­
ment a l ong the s l i d i ng s u rface , and  when the prec ut  i s  wa ter satura ted . 
I n  al l of these cases , a n  i ncrease i n  t he a sper i ty con tact  a rea on t he 
s l i d i ng surface i s  expected a nd i t  i s  s uggested tha t premo n i tory s l i p  i s  
dependent on  the beha v i or of t he a sper i ty con tacts . I f  premo n i to ry s l i p  
Occcurs on a l a rge sca l e  i t  may not o n l y  be a n  i mporta n t  prec u r s i ve p heno ­
menon fo r predi c t i ng  earthqua kes , but a l so may be  an  es senti a l  part of 
the ea rthquake proce s s . 

Fabr i cs  of Laboratory S i mu l a ted Fa ul t Gouges 

Studi es  of  the  fa br i c of  s i mu l ated quartz , orthocl a se and  a n hydri te 
gouges deformed between  two s l i d i ng b l ocks  i n  tri ax i a l  compre s s i on at  
room temperature� conf i n i n g pressures  to 300 t1Pa ,  dry ,  and a t  a d i sp l ace­
men t ra te of  1 0- J em/sec have suggested that t he fo l l owi ng fracture array 
ex i s ts .  

p R 2  T R I  

-------------------, ---��----------------��-- y 

RI T p 
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The rel a ti ve a bundance o f  t he fractures ,  i n  decrea s i ng order , i s  general l y :  
Rl , R2 , X ,  P ,  and  T .  Sets R l , R2 , T and P have been reported by other 
workers for f i ne gra i ned soft sed i ments u nder very l ow confi n i ng pre s sure s , 
and  for s urface eXP9s ure of some na tura l  fau l ts .  Compari son of t he angu­
l a r re l at i on s  be tween the  fracture e l ements mea sured in  the  l a borato ry 
s pec i mens  s how rema rka bl y good correl ati on  wi th t hose  reported from 
na tura l  fau l t zones . Fol l owi ng the l og i c  of  Ri edel ( 1 92 9 ) a nd Tcha l en ko 
and Ambraseys ( 1 970 ) an ang l e of i nterna l  fri ct ion  wa s ca l cu l a ted for 
t he s i mu l a ted gouge zones . The va l ue s  ra nged from . 62 - . 7 7 , wi th  an  
a vera ge of  . 69 .  

The i nvesti gat i on a l so s u bs tanti a tes  t he p rev i ou s l y  found  conc l u s i o n  
t ha t  mo s t  o f  t h e  d i sp l acement  i s  ta ken up  by movemen t a t  the i nterface 
o f  the s i mu l a ted go uge and the  bound i ng bl ocks . 

The recogni t i on of a pers i s tant  fra ctu re array i n  t he l a bo ra to ry 
s ugges ts tha t  a systemat i c  i nvest i ga t i o n  of natura l  fau l t zones  s hou l d 
be u n derta ken to tes t  the a ppl i ca b i l i ty of t hese l aboratory o bserva t i on s . 
S u c h  a s tu dy i s  i n  p rogress ( see be l ow ) . 

The Effects  o f  Tempera ture on  S i mu l a ted Fau l t Gouge 

S l i d i ng fri c ti o n  exper i ments ha ve been conducted for t he roc k-go uge­
roc k  sys tem of  Ten nes see sandstone wi th  a 35 °  sawcut  con ta i n i n g s i mu l a ted 
ca l c i te gouge . The s pec i men s were deformed i n  tr i ax i a l  compre s s i on a t  
2 00 MPa confi n i ng pre s s u re , a nomi nal  s ho rten i n g rate o f  1 0-4/ sec and  
temperatures rang i ng from 20°  to 60Qo C .  A tran s i t i on from s t i c k - s l i p  to 
s tab l e s l i d i n g occu rs between 250°  and  400° C and  a d rama t i c  reducti o n  i n  
s trength  between 400 ° and  600° C . An i n ves ti gati on  o f  the defo rmed s i mu ­
l a ted gouge warrents  the fo l l owi n g  add i t i ona l  observa t i on s : 

1 ) The tran s i t i on  from st i ck -s l i p  to s tabl e s l i d i n g and the  reduc­
t i on i n  s trength wi t h  i ncrea s i n g  temperature corre l a tes wi t h  c hanges  i n  
deformat i on mecha n i sms wi thi n t he gou ge . The gou ge fa br i c  evo l ves from 
ca tac l a s i s to g l i d i ng fl ow fo l l owed by recrysta l l i za t i on . 

2 ) Catac l a st i c fl ow i s  a s soc i a ted wi th  s t i c k-s l i p  and  i s  man i fe s t  
by t h e  devel opment of  R l  a n d  R 2  Ri edel  s hears , cru sh i ng a nd compact i o n  
of  t h e  gou ge , and  some ri g i d  body rota t i o n  of  the porp hyrocl a sts . 

3 ) Po rp hyrocl a s t s  become h i g h l y  el ongated a t  > 4 00° C pr imar i l y  a s  
a resu l t o f  tran s l at i on g l i d i n g on r and  accompanYln g  exte rna l rotat i on .  
The gra i n  e l onga t i on and  c -axi s or ien ta ti on pattern that  res u l ts a re 
e s senti a l l y  i den t i ca l  wi t h  t hose  o bserved i n  i ntac t  cyl i nder s  o f  Y u l e 
Ma rbl e defo rmed a t  300° to 4 00 ° C  ( Turner e t  a l . ,  1 95 6 ) . 

4 ) Recrysta l l i zat i on s ta rts i n  o r  a t  the bou ndari e s  of  h i g h l y  e l on ­
ga ted porphyrocl a sts , the neobl a s ts a re equ i -d i men s i ona l , the �-a xes  i n  
the  neobl asts  are i nc l i ned a t  30° to tho se i n  the  host  c l a sts , and  r­
pl anes in  the neob l a s ts a re paral l e l to  c ( 0001 ) i n  t he ho s t ; a l l a gree 
wi th  prev i ou s  s tud i es of  exper imenta l l y  annea l ed a nd sytec ton i ca l l y  re ­
c rysta l l i zed  Y u l e  Marb l e .  
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5 )  The tempera ture s fo r extens i ve recrysta l l i za t i o n  wi th i n the ca l ­
c i te gouge are a bout  the s ame ( 5000 to 700° C )  a s  thos e  reported prev i ou s l y  
fo r bo th annea l i ng and syn tecton i c  recrysta l l i za t i o n . 

6 )  The pr i nc i pa l  axes of stre s s  and  fi n i te stra i n  a re not coax i al 
i n  these exper i me n ts a s  they were i n  pre v i o u s  tr i ax i a l  experi ments  on  
i ntac t spec i mens , thus  i t  can  be demonstrated that an  attempt to  i nfer 
the pr i nc i pa l  stre s se s  from the observed rec rys ta l l i zed c -ax i s patte rn 
ba sed on prev i ou s exper i menta l  work wou l d be wrong . The-i n ferred 0 1  
wo u l d be i n  erro r by some 60°  a nd the correspo nd i ng i nferred s en se of  
s hear acro s s  the gouge zone wou l d  be  j u st  ba c kwa rd . 

F i e l d Stud i e s  of  Fa u l t Zones 

Stu d i e s  of two s hea r zone s and one gouge zone  from the Motagua Fau l t  
Zone i n  Guatema l a , have re s u l ted i n  recogn i ti on  of fracture s  prev i o u s l y 
descri bed from l a borato ry i n vest i gat ion s  on  s i mu l ated fau l t zone s . Rl , 
R2 , P ,  X ,  and Y fractures  were recog n i zed . Contra ry to the experi menta l  
data fracture Y i s  muc h  bette r devel oped i n  the fi e l d than  i n  l a bora tory 
speci men s .  Th i s may be due  to the l arger d i s pl acements  of the fau l t 
zone found i n  the fi e l d .  Fracture type T ha s not been recogn i zed , and  
R2  i s  far l es s  devel oped i n  the fi e l d than  i n  l aboratory experi ments . 
The angu l a r  re l at i on s  between fractures and  the bo undary wi th the cou n ­
try roc k  are very s i mi l ar t o  those reported for t h e  exper i ments o n  s i mu ­
l a ted gouge . S i gn i f i cant l y ,  no other domi na nt fracture types have been 
i dent i fi ed i �  the f i e l d tha t ha ve not been recogn i zed i n  the exper i ments . 
Howeve r ,  there a re fracture s  i n  natura l l y  deformed roc k s  wh i c h do not 
fi t a ny of  the recogn i zed type s .  Th i s may be d ue to random fracture 
patterns a s soc i ated wi th  the or i g i na l  emp l aceme n t  o f  the  serpent i ne 
a l ong the fa u l t zone , or due to rota ted fracture s of any of the a bove 
type s . Th i s fi e l d documenta t i on o f  the  l abo ratory exper i ments  i s  fel t 
cr i t i ca l  to future l a boratory wor k of th i s type and  c l earl y i nc rea s es 
the l eve l  of  con f i dence i n  the present prog ram . 

Stud i es of  D i l atancy i n  Poro u s  Sandstones 

To date mo s t  i n ve st i ga t i ons  of d i l a tancy have concen trated u pon  
l ow-poros i ty crysta l l i ne  roc k s . Al though some wo rk ha s been  p u bl i s hed  
regard i ng d i l atancy i n  hi g her po ro s i ty roc k , the  re l at i on sh i p  between 
d i l a tancy a nd the mec ha n i sms of deformat i on have not been  we l l documen ted . 
Add i ti ona l l y ,  few s tud i es have been made a s  the  roc k  pa s ses  through  the 
bri ttl e -ducti l e  tran s i t i on .  We have preformed a seri e s  of  tri a x i a l  com­
pre s s i on tests  on Berea sandstone at  effect i ve confi n i ng pres sure to 
1 20 MPa , wh i c h  s pan s  the br i ttl e-ducti l e  tra n s i t i on .  Tests  were done at 
2 5° C , and  stra i n  ra tes for 1 0-4 to 1 0-7/ s ec . Vo l ume c hanges  where deter­
mi ned by mon i to ri ng change s  in the pore fl u i d  sys tem , a tec hn i que  that 
a l l owed c ha nges beyond  tho se permi tted by the  use of  stra i n gages to be 
meas ured . 
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The fo l l owi ng observa t i on s  have been  made . 

1 )  The bri ttl e -ducti l e  tra n s i t i on i s  refl ected i n  the  v o l umetr i c  
s tra i n by a s h i ft from re l a t i ve  d i l atancy t o  re l a t i ve compact i on ( ba sed 
upon the  hydro stat ) dur i n g  t he a pp l i cati o n  of  the d i fferen t i a l  l oa d . 

2 )  The amount  of pre - fa i l u re d i l ata ncy d imi n i s hes wi t h  i ncrea s i ng 
Pe i n  the bri ttl e reg i me of the sand s tone . 

3 )  U n l oad i ng of the s amp l e  pr i o r  to the i ncept i o n o f  mac ro fracture 
re su l ts i n  comp l e te recovery of t he i ncurred d i l a tancy . 

4 )  Effec t i ve l y  no c hange  i n  pore vo l ume occurs  d u ri ng  the deve l op­
men t  of t he macrofracture . 

5 )  Decrea s i ng the  s tra i n  rate resu l ts i n  i ncreas i ng t he rel a t i ve 
d i l atancy a s  a funct i o n  of  mean pre s s u re wi t h i n  t he bri ttl e reg i me . 

6 )  Th i n  secti o n  exami na t i o n  of the  s peci men s , i nd i cate s  that  m i cro ­
fractu ri ng , a l t hough  p re sent , i s  not enoug h to account  for the  observed 
d i l a tancy .  I t  i s  s u gge s ted  that  much  o f  t he d i l ati on  i s  a re s u l t of 
g ra i n  boundary sepa ra t i on rather  t ha n  mi c rofractu r i n g . 
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A study of the r ole of premonitory creep in the mechanism 
of s t ick-slip fr ic t ion in r ock 

Pr inc ipa l  Inve st igator s : C .  H .  Sc holz and T .  L .  Johnson 

Contrac t or : Lamont -Doherty Geolog ical Observatory of Co lumb ia Univer sity 

Dat e : Apr i l  5 ,  1978  

Previou s  stud ies ind icate t hat overall  f r ic t ion increa se s  a s  s l id ing 
veloc ity decrea se s . Rec ent work shows that a component of fr ic t ion d irec t ly 
rela t ed t o  slid ing veloc ity i s  hidd en in the overall inver se r e lat ion . Dif­
ferent behavior s  in t ime al low d etec t ion of the c omponent s  but separat ion of 
the effec t s  allowing ind iv idual charac ter iza t ion of their ve loc ity d ependenc ies 
has no t been accomp l ished yet . A small (abou t 10% ) transient increase in str e s s  
generated when d i sp lacement rate i s  increa sed i s  suf f ic ient to tr igger a trans­
it ion from st�b le slid ing to st ick-slip behavior . 
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A laboratory fault model has been cons tructed by James Dieterich . The model 
cons ists of a square slab of  gran ite ( ca .  2m x 2m x . 5m ) , loaded on its 
edges . A sawn , pol ished sur face passes through the sample .  Application of 
stress to the edges of  the sample results in slip over the pol ished surface . 
Sta tic and dynamic strain changes caused by loading and slip wi l l  be recorded , 
allowing measurement of  rupture velocity , radiation pattern , stress drop , 
strain spectra , and se ismic e fficiency . The data recorded wi l l  be used to 
determine detai ls of  fault propagation and to test theoretical predictions . 
Broad-band measurements of strain changes associated with faulting under 
wel l-controlled condi tions wi l l  result in a better unders tanding of faul t 
propagat ion , the sens itivity of fault parameters ( e . g . , rad iation pat tern , 
rupture vel oc ity , se i smic effi ciency ) to premonitory stress changes , and the 
trans ition from premonitory s table sliding to stick-sli p . Theoretical models 
may be tested an d ,  if successful , appl ied to field observations . Thus , data 
generated wi l l  be use ful for un derstand ing , faulting in general and certain 
premon itory phenomena in particular . 

Results 

1 )  A broad- band ( 0-2MHZ ) ,  high gain ( 2500 ) , 14 channel recording system , and 
stra in gage bridges , have been as sembled and tested . The major di fficulty 
encountered was the presence in the laboratory of persistent high frequency 
noi se pulses of cons iderable ampl itude and unknown source . Because of the 
wide band pass and high gain of the system ampli fiers , the lat ter were set 
into osc il lation by the noi se pul ses . Careful attention to the design of 
shield ing and bri dge power suppl ies prove d succes sful in eliminating ampli fier 
ins tabi l ity due to noi se pulses . 

2 )  Init ial experiments have been run to demonstrate the capabil ity of the 
recording sys tem and to examine signals for di fferent strain gage 
con figurations . These tests have demonstrated that s ignal from sl ip events in 
the samp le con ta ins frequencies above the bandwi dth of previously used 
recording equ ipment , and that adequate s ignal- to-noise ratios may be 
obta ined . Experiments utilizing 4 sensors are under way . 
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Measurement of compres sional and shear wave velocities in crustal rocks 
as functions of tempe rature , pressure , fluid pressure , rock type , fabric , 
denSity . Development of systematic relations between e las tic ity and 
o the r geophys ically or geologically obse rvable quantities ( e . g . , dens ity , 
bulk chemistry) .  Application of results to de termination of l ithology , 
fluid pressure , and s tress in crus tal rocks of tectonically active areas , 
in cluding fault zones . 

Investigations 

1 )  Inves tigation of systemat i c  relations be tween wave veloc ity and 
othe r phys ical properti es of Franc iscan rocks . 

2 )  Inves tigation of shear and comp res sional ve loc ity in saturated 
basemen t rocks from Orovi l le , Cal i fornia area . 

3 )  Inves tiga tion of ge olog i c  s tructure , l ithology , and elas ticity of 
young rocks near the San Andreas fault . 

Results 

1 )  Simultaneous measurement of comp ressional and shear wave veloc ity in 
rocks has been un de r  s tudy during the first half of FY 1978 . The 
advantages of s imultaneous measurements are obvious : time taken for 
sample preparation , jacketing , loading , and measurements a re reduced by 
50J , and physical conditions during measurements are identical for all 
waves . This last point i s  particularly important when e nvironmen tal 
condit ions are such that cracks influence physical properties of the 
samples . The behavior under h igh pres sure and h igh temperature of 
ceramic shear wave transducers ( wh ich generate appreciable P wave energy ) 
was s tudied for s teel and rock samp l es by recording wave-forms o f  
acoustic pulses o n  magnetic tape for various pressures , temperatures , and 
transducer configurations . Severa l  conc lus ions may be drawn from the 
work to date . 

a )  Compress ional wave veloc ity may be reliably determine d  from 
the relatively smal l P waves gene rated by the shea r  mode 

t randucers . However , compressional wave forms are not s table at 
pressures below 1 kb or so , and timing errors may result if this 
fa ct i s  ignore d . 
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b ) Examination of the records shows that the shea r  wave arrival , 
wh ich may be obscured by the comp res sional wave coda on any 
given record , can be fol lowe d from record-to-re cord as pressure 
and tempe rature change , and that phase d i ffe rences be tween the 
shear arrival and waves in the compress ional coda change 
sys temat ically with pressure and temperature . Thus , it appe ars 
that correlat ion techn iques can be used to de te rmine pressure 
and tempe rature d erivatives of compressional and shear waves 
with good precis ion . 

2 )  The technique outl ined above has been applie d to measure 
compress ional and shear wave veloc ity to 7 kb and 200 °C in a Franc iscan 
rock . Compressional wave ve loc ity agreed well with p revious measureme nts 
obta ined through the use of compress ional mode transducers . A ratio of 
compressional to sh ear wave veloc ity of 1 . 68 was found at p re ssures above 
2 kb , independent of temperature . The rock sample is quite typical of 
Franci scan low grade me tagraywackes in its min eralogy , dens ity , and 
compress ional wave vel oc ity . Further measurements are under way to 
determine if the sample ' s  shear wave veloC it y is also typical . 

3 )  A small pressure ves sel of 2 kb capacity and its a uxi l liary pressure 
generating equ ipme nt has been cons tructed , specifically for me asuring 
compress ional and shear wave ve loc ities in saturated rocks under variable 
pore pres sur� and confining pressure . The vesse l  is  designed for rap i d  
sample assembly and loading and wi ll  b e  used t o  examine the influence o f  
pore flu ids a t  relative ly low confin ing pressures , wh e re the influence of 
cra cks is at a maximum . Expe riments on Franciscan rocks a re expected to 
s tart in May , wi th expe rime nts on Orovil le rocks fol lowing . 

4 )  A col lection of da ta from oil wel ls drilled in o r  near the San 
Andreas fault zone has begun , concentrating on obta in ing ve loc ity logs . 
To date (May 1978 ) ,  a catalog of wel ls of interes t has been es tablished 
and geolog i c  s tru cture in the vicin ity of the wel ls has been d etermined 
from available maps . The systematic examination of vel oc ity wil l  be 
undertaken wh en mo re logs are on han d .  Preliminary examination , however ,  
suggests a much more heterogeneous l i thology in the San And reas fault 
zone th an is generally imag ined , as se dimentary rocks who se velOC ity 
suggests a mesozoic age have been penetrated west of currently re cogn ized 
traces of the San An dreas fault . 

5 )  Sei smic data for earthquakes and explosions recorded in 1974  in the 
Bear Val ley region of Central Cal i forn ia are be ing use d  to create record 
s ections and examin e th e sh ear and compres sional wave ve lOC it y structure 
in a c omp lexly defo rmed r egion east of the fau lt zone . Records have been 
ob ta ined for 6 earthqu akes wi th focal depth s  ranging from approx imately 3 
to 9 km ,  over a profi le 35 km long . It is hoped that shear wave vel ocity 
s tru cture can be resolve d su ffic iently well to shed some l ight on flu id 
pressur es near the fault .  
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AN EXPERIMENTAL STUDY OF THE RHEOLOGY OF CRUSTAL ROCKS 

J .  Tul lis and R .  A .  Yund 

Department of  Geologi cal Sc iences 

Brown Univers ity ,  Providence,  RI 0 2 912  

Apri l 2 5 ,  1978  

The purpos e o f  our study is  to gain a more fundamental understanding 
of the deformation of  crustal rocks by determining the grain-scale de for­
mati on mechani sms operative at di fferent pressures , temperatures ,  strain 
rates , differential stresses , and fluid pressures ; to determine both the 
macroscopic and microscopi c bri ttle-ducti le trans itions for these rocks as 
a function of these vari ables ; and to determine the flow l aws for these 
rocks  within lhe ful ly ducti le regime so that it  i s  pos sible to make extra­
polati ons to natural condi tions . Our approach is to deform samples of 
crus tal rocks such as grani tes and dolerites in the laboratory at control led 
condi tions , and to do detai led pe trographi c and transmi s s i on electron mi c­
ros cope (TEM) analysis of the deformed specimens . We have comple ted a 
study of the deformati on, mechani sms and bri ttle-ducti le trans ition as a 
functi on of  temperature and press ure for dry Westerly granite (Tul lis and 
Yund , 19 7 7 ) . During the first 6 months of thi s year we have studied the 
effect o f  water on the de forma tion of Westerly granite , we have continued 
a s tudy of  the deformation mechani sms and brittle-ducti le trans iti on for 
dry dol eri te,  and we have made an optical study of two s ui tes of myloni tes 
and ultramylonites . Our results are summari zed be low . 

Hydrolytic weakening of Westerly grani te 

S ampl es were deformed at temperatures of 300  to 600
o

C,  con fining 
pres s ures of 15 and 10 kb , at a cons tant strain rate of 10 -6/s ec • Samples 
were vacuum impregnated in di sti l led water and mechani cally s ealed in a 
platinum capsule . The amount of water added was . 1  to . 2  we ight percent , 
whi ch i s  about the same amount as contained in a wet crystal o f  synthe ti c 
quartz . All of the wet samples were preheated at 700 0C at press ure for 
24 hours pri or to deformati on . 

All of  the wet samples were weaker than thei r dry equivalents . How­
ever,  many of  them show one or more through-going faults , whereas dry 
samples deformed at 10 and 15  kb confining pressure never show faults . 
Thi s indicates that the flui d  pres s ure was s igni ficant , and the effective 
pres s ure was probably more like 5 to  10 kb rather than 10 to 1 5  kb . 
Strength reduction alone cannot be us ed as evidence for hydrolytic weaken­
ing , and we have relied on compari sons of wet and dry s amples us ing op­
ti cal and transmi s s i on electron mi croscope (TEM) obs ervati ons . 

Optically,  s amples deformed at 300 0C wet appear no dif ferent than 
do samples de fonn ed dry at the same tempera ture . However,  in sampl es de ­
formed wet at 400 oC ,  500oC ,  and 600 °C the quartz sho��s much more evi dence 
of deformati on and recovery than _ does the quartz in equi valent dry s amples .  
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The fel dspar i n  s ampl e s  d e f ormed wet at 400 0 and 500 0e doe s n o t  appear 
any di f f e rent than d o e s  the fe l dspar i n  equ i v a l en t  d ry s amp l e s , but i n  

the s ampl e  d e f o rmed wet a t  6000e there i s  d e f i n i t e l y  more de f orm a t i o n  

a n d  recovery than i n  the equi val ent d r y  s amp l e . 

TEM ob s e rvati ons c on f i rm the s e  ob s e rvat i ons and add more deta i l . 

They s how that even at 300 0C ,  the quartz i n  the wet s amp l e  s hows a hi g he r  

average a n d  maximum di s l ocati on den s i ty than d o e s  t h a t  i n  t h e  d ry s ampl e .  

A t  400 0 , 500 0 , and 600 0e the q uartz i n  the wet s ampl e s  a l s o  s hows hi gher 
di s l o c a t i on dens i t ie s  and m ore evi dence o f  r e c overy fea ture s s uc h  as 

c e l l s  and s ubgrai n s  than doe s  tha t i n  equi va l ent dry s amp l e s . T he f e l d ­

s p a r  s hows n o  noti c e ab l e  di f f e renc e between wet and d r y  s ampl e s  a t  3 0 0 0 
and 4 0 0 0e ,  but at SOO OC the f e l d spar i n  the wet s ampl e  s hows hi ghe r and 

more uni form di s l oc a ti on den s i ti e s  than does t ha t  i n  t he dry s ampl e .  At 

600 0e the e f fe c t  is e s pe c i a l l y  pronounc e d , and t he f e l d spar i n  the wet 
s ampl e  s hows rec overy features s uch a s  c e l l s ,  whe r e a s  the f e l dspar in 

t he dry s ampl e  s hows l ow and i rregul a r  d i s l oc a t i o n rens i t i e s . 

Wa t e r  i s  known to enhance c r ack propaga t i o n  by s tr e s s c o r ro s i on ,  

and t o  enhanc e di s l oc a t i on g l i d e and cl imb , s o  i t  i s  n o t  immed i a te ly 

c l e a r  what the net e f f e c t  o f  water on de forma t i on i n  t he tran s i ti on reg i on 

s houl d  be . Our obs e rvati on s  i nd i cate tha t d i s l o ca t i on gl i de an d c l imb 

i s  enhanc e d  more than mi c r o c r acki ng , s o  that the net e f fe c t  o f  the w a t e r  

( a t thi s s t r a i n  rate ) i s  t o  r e d uc e  t h e  temperature o f  t ha t  tran s i ti on i n  
b o t h  t h e  q uartz and t he f e l d spar . T hi s  i s  t h e  f i r s t  t i m e  t h a t  hydr olyt i c 

weak e n i ng has h e en p roven for f e l ds p a r ,  an d the magn i t ude o f  the e f fe c t  

appears about the s ame a s  f o r  qua r tz . 

The r o l e  o f  pre s s u re on hyd ro lyt i c  weak en i ng app e a r s  t o  be greate r 

than r e a l i z e d  previ ous ly . The r e s u l t s  d e s cribed above were for s amp l e s  

de fo rmed a t  1 5  kb c on fi n i n g  pre s s ure , the s ame pre s s ure a s  the ori g i na l  

exp e riments o f  Gri gg s an d B l a c i c on quart z . S i n c e  then , M .  Pat e r s on (per­

s onal c ommun i c a t i o n ,  1 97 7 )  has been unabl e to i nduce hyd ro lyt i c  weak e n i ng 

i n  d ry natur a l  quartz c rys t a l s  when g i ven t he s ame t r e a tment a s  d i d  B l a c i c ,  

exc ept a t  3 kb i n s t e a d  o f  1 5 . F o r  syntheti c quartz c ry s ta l s  whi c h  a l re a dy 

c on t a i n  s ub s t an t i a l  wa t e r  i n  the i r s t ructure the p re s s ure d o e s  not m a tt e r ,  

a n d  they c a n  be p l a s t i c a l ly d e formed a t  room pre s s ure . Howeve r ,  t h e  pre s ­

s ure d o e s  appe a r  t o  b e  important i n  a l l owi ng pen e t ra t i on o f  water i nto 
c rys t a l s  that are i n i t i a l ly d ry ,  i n  two ways . F i rs t  t he s o l ub i l i ty of 
wat e r  i n  c rys t a l s  i n c r e a s e s  w i th pre s s ure , and s ec on d ,  t he di f fu s i on rate 

of oxygen in c rys t a l s  i n c rea s e s  w i th fluid pr e s s u re . 

We have s ome di r e c t  evi dence that pre s s ure i s  impo rtant i n  hyd r o lyt i C  

we ak e n i ng . Two quartz i te exp e r imen t s  were done i n  t a l c , a t  850 0e and 1 0 -6/ 
s ec ,  where some w a t e r  i s  r e l e a s e d by dehydra t i on . One s amp l e  w a s  d e f o rmed 

at 1 5  kb and one a t  8 . 5 kb , and the one de f ormed a t  1 5  kb w a s  4 time s weaker 

even though i t  cont a i ne d  no f a u l t s . 

We have don e  wet experiments on Wes terly g ran i te a t  10 kb . T he s e  

s amp l e s  s h ow a l ow e r  ave rage and maximum di s l oc a ti on d en s i ty t han do the 

15 kb wet exp e rime n t s  d e f o rmed a t  equival ent t empe ra tur e s . We have a l s o  

done a few experimen t s  i n  whi ch the wet s ampl e  w a s  prehe a t e d  a t  15  kb , but 
th en d e f o rmed a t  10 kb . T he s e  s ampl e s  s how the s ame g e n e r a l  mi c ro s t r u c t ures 
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as samples preheated and deformed at 1 5  kb ; that i s ,  they show a higher 
average dis locati on dens i ty than samples preheated and de formed at 10 
kb . Thus as anti cipated the pres sure is important for driving water into 
the s tructure . 

Thus it  appears that the hydrolytic weakening e f fects found in 
minerals experimental ly deformed at 15 kb may be less pronounced at lower 
pres s ures , and that s ome cauti on may be necess ary in extrapolating t he 
laboratory res ults to crus tal de formation . 

De formati on mechani sms and brittle-ducti le trans iti on for dry dolerite 

Samples of Maryl and diabas e ,  containing roughly 30% plagi oclase of  
compositi on An70  and roughly 6 5% of cli nopyroxene , have been deformed at  
5 to  15 kb  confining press ure , temperatures of 600  to 1000

o
e ,  at a Gon­

stant strain rate of 10 -6/sec . Results thus far indi cate very s imi lar 
patterns of  behavi or as s een in Westerly granite , except in the di abase 
the plagi oclase is  the weaker phase , equi valent to the quartz in  the 
granite , and the pyroxene is the stronger phas e ,  equi valent to the feld­
spar in the grani te . Even at 1000 oe ,  TEM observations s how that the 
plagi oclase has a high di s l ocati on dens ity with abundant cells , but the 
p�oxene contains very few di slocati ons . 

Optical study o f  natural myloni tes and ultramyloni tes 

We have coll ected suites of  s amples from two natural faults , of 
Paleozoi c age , whi ch exhibi t myloni tes and ultramyloni tes . We have pre­
pared s amples o f  these for TEM examinati on . One o f  these  ultramyloni tes 
exhibits apparently intrusive relati ons into its host rock, whe reas the 
other appears more gradati onal , but both are too fine -grained to examine 
in detai l optically . We plan TEM observati ons in order to determine 
whether either one exhibits evidence of true melting , whe ther either one 
exhibits any evidence of dis locati on generati on and mot i on ,  and how simi­
lar these samples appear to  the gouge produced in experimentally de formed 
s amples . These obs ervati ons wil l  be very important for unde rstanding the 
trans ition in deformation mechani sms wi th depth on actual faults ,  and in 
as certaining the importance o f  frictional heating . 

Tulli s , J .  
grani te : 

Tulli s ,  J .  
de formed 

Recent Publicati ons 

and R .A . Yund ( 19 7 7 )  Experimental deformati on of dry Wes terly 
Jour . Geophys . Res . ,  82 , 5 7 0 5 - 5 7 18 . 

and R .A . Yund ( 1 97 8 )  Hydrolytic weakeni ng of  experimentally 

Westerly grani te : Trans . Amer . Geophys . Uni on , 5 9 ,  p .  3 7 6 . 
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The purpose of thi s proj ect is to conduct laboratory experiments on 

large-scale rock samples  in order to determine the fluid flow behavior of 

fractured rock under various boundary conditions of stre s s , disp l acement and 

fluid pressure . 

Work in the laboratory cont inues to be suspended whi l e  the new 

equipment , which wil l  greatl y  increase the contro l of testing and re l iab i l ity 

of data , is  being instal l ed .  The large- scale triaxial testing system i s  

being updated and converted to s ervocontro l (closed- loop control )  from the 

present , out -of-date and unrel iabl e  manual contro l . 

When compl eted , the loading system wil l  have a new hydrau l ic power 

supply,  20 GPM servovalve , servocontro l ler and arbitrary digital function 

generator to drive the four-mi l l ion-pound ( 1 7 . 8  MN) actuator now on the 

load frame . The system wil l  be capabl e  of us ing load ,  strain , stroke and 

auxiliary as program and feedback . The existing , bui lt - in load cel l ( 1 000 � E  

at ful l  load) wi l l  be used as load sensor . A new displacement transducer 

with a 28-inch (71 cm) range and reolut ion of . 01 inch (25 micron) wi l l  

b e  used a s  stroke sensor . 

The el ectronic instrumentat ion wil l  a l l ow load , stroke or strain 

parameters to be control l e diwth great preci s ion over predetennined 

load paths . The human error is  removed , great ly increasing the repeatab i l ity 

of boundary conditions . 
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In addit ion , the systems for measurement of flowrates and head loss  

are being rebuilt  . .  The former wil l  then al low measurement of much lower 

fl owrates and the l atter wi l l  automatically normalize  the pres sure profile  

in order to gain a better understanding of the effects of smal l changes in 

stress , pressure and fracture opening . 

The expected date for comp l etion of construction is the end of July .  

By mid-Augst testing wil l  resume . 
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The ultimate objective i s  a detailed description o f  the earthquake 
s ource and propagation-path operators us ing seismic data recorded on an 
array of s tations sur rounding the earthquake epicenter . The immediate 
goals are the development of methodologies fo r process ing seismic data to 
ob ta in these descriptions and an analysis of some o f  the se ismic data now 
avai lable for cp.ntral and nor thern Cal i fornia earthquakes , particularly 
fo reshocks .  

Conversion of existing computer programs to the USGS MULTICS system 
has taken up a cons iderab le proportion of our resourc es . Some code has 
been converted and it i s  anticipated that the rema ining rou tines to be 
converted wil l  be avai lable for use on the MULTICS by January , 1 97 9 . 

An examination of the high-frequency body-wave radiation from two 
foreshocks of the January 1 5 ,  1 97 3  Bear Val ley ear thquake resulted in the 
documentativn of the unambigious s ignature of directed rupture propagation 
( i . e . , = dire ctivity ) of the ear thquake s ource . Foresho cks of the January 
1 ,  1 9 73  earthquake tend to be characterized by more uni lateral rupture 
expans ion in contras t to more bi lateral rupture expans ion for the 
aftershocks .  

An examination o f  normal Parkfield earthquakes and foreshocks and 
aftershocks of the 1 96 6  Parkfield , Cal i fornia and foreshocks and 
aftershocks o f  the 1 9 75 Orov i lle , Califo rnia earthquake suggests that the 
identificat ion of foreshocks by means of the frequency content o f  
bO dy-wave radiation is  n o t  t riv ial . Foreshock radiation i s  neither 
universally higher- nor lower- frequency than comparable aftershocks or 
normal earthquakes . Foreshocks and normal earthquakes tend to be either 
high- or low- frequency event s  in comparison to a ftershocks . The body-wave 
spectra of foreshocks and comparable normal earthquakes a re simila r .  I f  
foresho cks c a n  b e  discriminated on the bas is of the frequency content o f  
bo dy-wave radiat ion , then a network of se ismographs surrounding the 
epicentral region wil l  be necessa ry to sort out the three-dimens ional 
pattern of high- and low-frequency body-wave radiat ion . 

Bakun and Lindh ( 1 977 ) used the high-gain short-pe riod seismographs of 
the USGS central Cal i fornia se ismic network to compute " synthetic " 
Wood-Anderson ( W-A ) se ismograms from which M

L as low as 0 . 1 were 
rel i ably dete rmine d for Orovi l le earthquakes . The procedure for producing 
the syn thetic W- A records from the USGS systems was tes ted by operating a 
low-ga in 3-component USGS system at the Branner vault o f  Stanford 
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Unive rsity . These systems and the Wood-Anderson se ismographs were located 
on the same pier in the vault . Waveforms of synthetic W-A records , 
computed using the Branner vault low-gain USGS systems match the actual 
W-A records . The agreement o f  the waveforms is a dire ct confirmation of 
the procedure outlined by Bakun and Lindh ( 1 977 ) .  

Publications 

Bakun , W. H . , Stewart ,  R .  M . , and Bufe , C .  G . , 1 9 77 ,  Uni lateral rupture 
propagation of foreshocks ( abs . ) :  EOS ( Am .  Geophys . Union Trans . ) ,  
v .  5 8 ,  no . 1 2 , p .  1 1 93 . 

Bakun , W .  H .  Hou ck ,  T . , and Lee , W .  H .  K . , 1 97 8 , A direct comparison of 
" synthetic" and actual Wood-Anderson seismograms : Seismo l . Soc . 
Ame ric a  BUl l . ( in press ) 

Bakun , W .  H . , Stewart , R .  M . , and Bufe , C .  G . , 1 9 78 ,  Directivity in the 
high-frequency radiation of smal l earthquakes : Seismo l . s oc . Ame rica 
BUll . ( in pres s )  

Bakun , W .  H . , and McEvilly , T .  V . , 1 9 78 ,  Are foreshocks d iffe rent? 
Evidence from Parkfield and Orovil le ( abs . ) :  Ear thquake Notes , v .  49 , 
no . 1 ,  p .  6 1 . 
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Final Techincal Report Summary 

We made 29 in s itu strain relaxat ion measurement s  distributed among 

ei ght  sites spaced on a 35 km transect running from the foothills of the 

San Gabriel Mountains , acros s  the San Andreas fault , into the western 

Moj ave deser t  southeas t  of Palmdale .  This was a pilot s tudy to see if a 

s train relaxation t echnique can be used to detec t  the regional stress f ield 

and any modi f ication of it in a tec tonically complicated area . S train 

was measured by overcoring s train gauge rosettes which had b een bonded to 

the flattened bottom of a borehole . We f ound NNE trend ing maximum compressive 

stress (0 1 ) at our sites mos t  distant from the fault .  This i s  parallel to 

the 01 inferred from fault plane solutions in southern California . Near the 

fault ,  s tress orientations vary locally . There app ears to b e  a c lockwise 

ro tat ion of 0 1 from NNE to approximately east-wes t  on the nor th s ide of the 

faul t . On the south s ide of the fault , 01 varies from N60°w to NNE . The 

stress we observed appears to be dominantly tec tonic . Some o f  our measure-

ment s , however , may have been modified by decoupling across  fractures  and 

bedding planes , and by topographic stress . 
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Init ial analysis o f  the Orovil le strong mo tion accelerograms has 
focused on a magnitude 4 . 1  aftershock that occurred on August 6 ,  
1975 , 0350 GMT . Us ing the formula from Brune ( 1970) , but estimating 
the corner frequency from pulse durations and the spectral level at 
the long period limit by pulse area in displacement traces , values 
o f  4 . 0  x 1026 dyne-cm and 426 bars were calculated for moment and 
stress crop . These values are averages of data from nine s tations 
and the s tandard deviat ion was about 25% of the mean in each case . 
Thus the stress drop has the same precis ion as the moment . 

Although the general ap pearance of the O roville d isplacement results 
can be explained as a s ingle S-phase preceded by a near-fie ld phase 
and fol lowe d  by a multiply-reflected SH-wave at stations which are 
over at least 100 meters of Great Valley sediment , several aspects 
of the veloc ity and displacement traces may shed some light on the 
s tarti ng mechanism , stopping mechanism and rupture vel oc ity of this 
event which appears to be unusual ly energe tic compared to even other 
Orovi l le aftershocks . 

1 .  Peak veloc it ies , wh ich are here use d to estimate radiated energy 
are generally in the 3 to 5 cm/sec range with OAP having the 
larges t value at 10 . 4  cm/se c .  Other stations 1 ,  4 ,  5 ,  and EBH 
al l of which are near a maxima for the S-radiation pattern have 
higher peak ve loc it ies than the other 4 stations . As radiated 
energy should be a strong indicator of directivity , the rupture 
may have propagated towards OAP , which is the station fur thest 
to the NW of the array . Ri se times have also been tabulated and 
do not appear to have any systemat ic change across the array 
wi th the exception of stations 2 and 3 which are underlain by 
700 to 800 m of Great Valley se diment and have durations that 
are comparatively longer .  

2 .  Several ve loc ity records such a s  OAP shown below appear to have 
a stopping phase whose beginning is relatively well defined . 
Fur ther identi fication of the stopping phase in other records 
may give a bet ter idea of faul ting duration and rupture vel oc ity . 

The major emphasis  in the analysis of the Oroville records is now 
being placed on a synthesi s  of source parameters of all of the 
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aftershocks in the accelerogram data set . Further processing 
refinements , however , appear to be necessary to eliminate the 
effects of non-causal ity in the filtering and to modify the baseline 
scheme to preserve the shape of the near-field signature . 
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errors associated with accelerograms of the Oroville , Cal i fornia 
aftershocks : Earthquake Notes , v .  49 . 

Fletcher , J .  P . , and Hanks , T .  C . , 1977 , Preci se source parameters 
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August 6 ,  1975 Oroville , Cali fornia aftershock : EOS ( Am .  
Geophys . Union Trans . )  
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A COMPLETE SOLUTION OF A ONE DIMENSIONAL PROPAGATING FAULT 

WITH NONUNIFORM STRESS AND STRENGTH 

by 

Moshe Israel and Amos Nur 
Rock Physics Proj ect 

Stanford University 
Dep t . of Geophysics 
Stanford , Ca . 94305 

We have inves tigated details of the dynamics o f  faults with s trongly 

variable s tress and fric tional s trength , which are in mos t  l ikelihood responsible 

for nonuniform fault slip , mul tiple events , random ground accelerat ion , and the 

earthquake frequency-magnitude relation . In order to obtain a full dynamic 

solution to faul ting with grea t heterogeneity , we used a one dimens ional continuum 

model in which s tress and s trength varied along the fault .  

The results show that the process of rupture in an heterogeneous system is 

c losely linked with the s topping phase of the mot ion , or the healing process of 

faul ts . Thi s  process ,  which may involve s trong nonlinear ef fects  such as 

d iscontinuous mo tion ,  canno t be seen in s tatic model s , and requires a dynamic 

approach with a numerical scheme which remains s table a t  high frequenc ies . We 

have used the method o f  character istics to obtain the r esult s  in this paper . 

We found that heterogeneous rup ture can be  due to either intitally non-

uniform s tress or spatially non-uniform s trength . However , non-uniform s tress 

drop - the difference between tec tonic s tress and fric t ional s tress - tends to 

become smooother with increasing slip . This means that af ter some initial 

heterogeneous slid ing , faul t slip becomes very uniform and repetitious - a 

condition which is c learly no t observed in nature . 
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Spatially variable strength , however , can produce and maintain a 

heterogeneous stress drop . We found that when the s trength was suff ic iently 

variable f rom place to place , the f inal s tress was s tatis tically at least as 

variable as the initial stress . This means that the character of fault 

ac tivity can remain heterogeneous with t ime , without tending to a smooth , 

uniform behavior which is no t observed in situ . We conclude therefore that 

spatially variable fracture energy can be responsible , and may in fact be 

responsible for the heterogeneous nature of earthquake fault ing . Non-uniform 

stress by itself canno t maintain with time the heterogeneous nature of faults . 

The model is applied to the irregular slip distribution of the Borrego 

Mountain (Coyote Creek) , Cal ifornia , earthquake of Apr il 1968 , showing the 

links between irregular rupture propagation , mUltiple event s  and fault slip 

and s tress drop . 
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THE MECHANI CS OF CRYSTAL FAULTING 

A. M .  Nur , S tanford Univers i ty 

D .  M .  Barne t t , S t anford University 

14-08-0001-15260 

April  2 7 , 19 7 8  

In situ velocity data and laboratory measurements reveal that the 

rigidity o f  the earth ' s  crus t , as a funct ion o f  dep th x ,  is reasonably 

modelled by : 

� (x) = � ( 1-9 exp [-xIX ] ) .  00 0 

The bes t fits to the availab le data give 0 . 45 � e � 0 . 9 5 and X
o 

= 2 . 5  kilo­

meters . Us ing the availab le solution for a s crew dislocation in an inhomogen-

eo us elas tic medium D .  M .  Barnet t ,  International J .  o f  Solids and Structures , 

�, 651 , (19 7 2 ) , we have developed a model for a very long s trike-s l ip faul t 

in a crus t wi th a downward varying shear modulus . Free surface displacements 

and faul t s tress changes have been computed and compared with the corresponding 

homogeneous half-space model . 

The resul ts indicat e a striking difference between faults whi ch b reak 

the f ree surface and buried faults , and these results may be s ummarized as 

follows : 

( 1 )  Surface-breaking faults produce free sur face d isplacements whi ch 

are insensi t ive to r igidity , but the associated fault s tress changes 

are quite s ens i t ive to rigidity (9) . 
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( 2 )  Buried faults produce s tress drops which are insensi t ive to 9 ,  

but h ave associated free-surface displacements whi ch are qui te 

sens itive to 9 .  

As a consequence , use o f  a homogeneous (uniform) rigidity model ins tead o f  th e 

variable rigidity model can lead to overestimates o f  the s tatically determined 

seismic moment by as much as 1 00% and overes t imates of the average s tress drop 

by as much as 5 0% . 

Our analysis indicates that the buried fault model may shed some ins igh t  

on the amount of anomalous surface s train t o  be expected a s  a resul t of non­

uniform crystal rigidity . A buried slip episode on an active f aul t (s uch as a 

creep event ) , can cause large s train episodes in the case o f  a long two-dimen­

s ional s trike s lip fault . Some o f  the rather puzzling sur face deformat ion data 

reported in the l i terature may have as their origin buried creep events which 

did no t break the surface . Th is s tudy also sugges ts that dis crepancies between 

ob served surface offsets and seismically deduced faul t o f fs e ts may be quite 

common and large due to the gradient in near-s urface rigidity . 
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Our studies of de format ion and ruptur e  proce s s e s  in porous mat er ial s 
have been concentrat ed on the furt her inve s t i gation of stab ilizat ion of 
eart hquake ruptur e  proce s s e s  due to pore fluids effect s ; on a crack 
propagat ion mod e l  incorporat ing in a pr e c i s e  way combined effec t s  of fluid 
saturat ion in the surround ing medium and d i latancy in t he near -t ip fa ilure 
zone ; on const itut ive mode lling of ine la s t i c  rock de format ion and on t he 
invest igat ion of t he s tre s s  state near the tip of a steadily growing 
t ens ile crack in a porous medium . 

Rice and Rudn i c k i  ( t he lat t er now at California Inst itute of Technology ) 
have analyzed two mec hanisms by which pore fluid could part ially stab i l i z e  
the eart hquake rupture proc e s s  i n  natural r o c k  ma s s e s . The se mechan i sms 
are based on d ilatancy s trengthening and on the incr eas e  of elastic stiff ­
ness for undrained as opposed to dra ined cond it ions , a n d  a r e  st�died in 
relat i on to an in clus ion mode l  in which a s e i smic gap zone is r epres ent ed 
by an ellipso idal inclus ion , dr iven by conc entrated str e s s  into the stra in 
weakening range . Bot h mechan i sms are s hown to allow fa i ltwe to occur in 
a less abrupt manner t han wit hout considerat ion of flui d  coupling : inst ead 
of an ins tantaneous dynamic ( s e i smic ) instability , t here is a per iod of 
init ially qua s i - static de format ion that ult imately accelerates to a dynami c  
proce s s . Quant itat ive e s t imates of these precursory proc e s s e s  were 
developed . Ca lculat ions for t he duration of t he precur s ory per iod and 
its dependence on the const itut ive paramet er s  s how t hat the effects con ­
s idered can be s i gn ificant for va lues of const itut ive paramet ers cons istent 
with exp er imental and ob s ervational data . For a spher ical inclus ion of 
1 km radius precursory t ime s calculated are of the order of 15 to 240 days 
for representat ive va lue s of c onst itut ive paramet ers ; the pred icted t ime s 
are s horter by a factor of 10 for a flattened ellipsoidal inclus ion with 
an 18 : 1  aspect rat io . Full details are given in Techn ical Report 13 and 
in a paper pres ented by Rice and Rudn icki at the U SG S  Conference on Fault 
Mechanics in December 1 9 7 7 . Because of uncertainty of observat ional data 
it is d ifficult to compare directly the precur sor t imes pred icted with 
observat ions . Also , many s imp l if icat ions were made ( in part icular , each 
of the two stabi l i z ing mec han i sms was considered separately ) .  However , 
it is s hown t hat pore fluid s t ab i l i zat ion of fault ing mer i t s  ftU�ther 
att ent ion and may play a s i gn i ficant role in sett ing the t ime scale of 
proc e s s e s  immed iately preceding s e i smic rupture . 

S imons has been pursuing t he analys i s of a crack propagat ion model 
which ult imately will incorporat e in a d irect and prec ise way t he combined 
effects of fluid sat ura t ion i n  the surround inp; med i u m  and d i la tancy in 
t he near -t i D  fai lure zone . The fr ict ional r e s i stance to 3 l i d in r  ha s been 
as sumed to decrease l i n edr ly wi t h  increa s i n �  s l i d in� d i s p lac ement i n  the 
fa ilure zone , and to reach a constant , r e s idual frict io n  stress out s i de 
the zone . Thi s approach is p hy s i cally more rea l i s t ic t ha n  t he earlier 
mode l of Pa lmer and Ri c e � but ma t hemat ic a lly more comple x .  I n  t he first 
stage , whi c h  i s  now c omp leted , fluid effe c t s  a nd d i lat ion have been 
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ignored . Two complementary t ec hn i que s , ana lyt ical and numer ical , for 
solving the govern ing equat ions were developed . The next step i s  to 
incorpora�e t he porous medium e ffects and t he dilat ion . I t  will require 
so lut ions ::or stead i ly propagat ing " glid ing ! !  ana " climb ing " d i slocat ions 
and fluid sources in a porous med ium . The former two have been der ived in 
closed form , and the latter was obtained earl ier by Cleary . Numer ical 
implementat ion of the s e  features is now underway . 

Ruina , a res earch a s s i stant , in work with Rice and S imons , has solved 
the Biot =ield equat ions for saturated porous med ia to det ermine the stress 
near the t i p  of a stead ily growing tensile crack . The re sult s show how 
hydraulic fracture s  can be slowed by porous med ia effect s . S ince the 
solut ion is analyt ical , the role of the var ious phys ical parameters i s  
clearly d i s p layed . The re sult s obtained may be used in hydraulic fracture 
models t ha t  take ot her feat ur e s  ( such as fractur ing fluid pre s sure ) into 
account . 

Kac hanov , a re searc h a s s i stant , has been working on cons t it ut ive 
relat ions for inelas t ic deformat ion of rock , based on a microstructural 
mode l . he has con s idered deforma� ional re sponse of a med ium with randomly 
ori ented f i s s ures and found incremental moduli for t he earlier stage of 
inelas t i c  de format ion when only fr ict ional s l id ing ( w ithout furt her 
fra cturin � )  occur s . The modul i found canno� explain the deformat ional 
parameters typ ically obs erved at localization ; it s hows t hat fractur inf, 
has to be taken into account to obtain t he ment ioned p aramet er s . Deve l­
opment of the corresponding mod e l  i s  underway . 
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I .  I nve s t igat ions an d Re s ul t s : 

P e ru S t udy . A a s t udy o f  the p re- s e i sm i c i ty and a f te r s ho cks o f  t h e  d e s t ruct ive 
O c t ob e r  3 ,  1 9 7 4  P e ru s h o ck (Ms = 7 . 8) s hows s eve r a l  d i s t in c t ive sp a ce- t ime 
g ro up ings o f  hyp o ce n te rs . The a f tersho cks were d is t ri b ut e d  sp at i a l ly in a 
' T ' -shap e d  p a t t e rn .  Th e ma in b ranch o f  the ' T '  i s  80- 1 0 0  km o f f  th e c.oas t an d 
p a ral l e l  t o  i t  f o r  a l eng th o f  about 220 km . Th e o th e r  b r an ch is perpendi c u l ar 
t o  the f i r s t at i t s app roxima t e  m i dp o in t  and extends 1 5 0  krn d own d i p  t o  bene a t h  
t h e  coas t a l  t own o f  Ch i l c a . P re-se i sm i c i t y , f r om May 1 9 7 1  t o  t h e  l a s t  l a rg e  
foresho ck on S ep temb e r  2 7 ,  1 9 7 4 , was conce n t r a t e d  in the s ame zone a s  the 
af tersho ck a c t iv i t y  t rend i n g  t owa rds Ch il ca . Th e a f te rsh o cks o f  th e i n t e rv a l  
O c t ob e r  7- 2 4 , 1 9 7 4 o ccurred in four mu t ua l ly exc lus ive group s , t h e  a c t ivi t y  
o s c i l l a t ing f r om th e o f fshore b ranch t o  the p e rpendi cu l ar- t o- co a s t ( Ch i l c a) 
b r anch . Dur ing the two q u ie t  t imes o f  th e Ch i lca B ranch , even ext reme ly sma l l  
e a rthquake ac t iv i ty was g re a t ly dimin ishe d ,  a s  in d i ca t e d  b y  s e i smo g r ams f rom 
a re gional s ei smo g r aph ope ra te d  a t  Chi l c a . During the two ac t ive ph as e s  o f  the 
o f f sho re b ranch , af te rs ho cks regul arly o s ci l l a te d  b e tween t he northe rn an d 
s outhe rn ends , j ump ing a g ap tha t i s  100-150 km long . The f inal two a f t ersho c ks 
o f  the p rimary af t e rsho ck s er i e s  we re the two l arges t a f te rsho cks : Nov . 9 ,  1 9 7 4  
(Ms = 7 . 1 ) and Nov . 1 4 , 19 7 4  (�) = 5 . 4 ) .  S ince th i s  t ime , a f t e rsho cks ap p e a r  to 
b e  o c c urri ng on the o u t s ide p e r 1phery of th e p r imary a f t e rsho ck z on e . The s e  
r es u l t s , wh ich may · re f le c t  a cont inui ng t e c t �n i c  ins t ab il i ty o f  th i s  reg ion , 
are now b e ing r e f ine d by re lo c a t i ng the e n t ire s e i smi c i ty f o r  t h i s  reg ion , 
1 9 6 4-p re sent . Th e  r e l at ions h ip o f  the 1 9 7 4  e ar thquake to i ts s e i smi c g a p , as 
d e f ined by P e ruvi an e a r thqua kes o c curring in 1940 (MS = 8 . 0 ) , 1 9 4 2  (MS = 8 . 1 ) ,  
1 9 66 (Ms = 7 . 5 ) , and 1 9 7 0  (MS = 7 . 8) i s  a l s o  und e r  s t udy . An e leme nt o f  th i s  
s t udy i s  the r e l o c a t ion o f  t he a f t e r sho ck s e quen ces o f  e a ch o f  th e s e e arthquake s . 
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195 7 Aleutian Arc E arthq uake . Arrival time data are now b e ing co l lected 
for the Aleutian arc earthquake o f  Ma rch 9 ,  195 7 (Ms : 8 . 3) and i ts 
aftershock se ries . Th es e data will b e us ed fo r the re lat ive locat ion o f  
ear thquakes in th is zone .  Th es e res u l ts , co up led wi th fo cal mechanism 
s tudi es , should p rovide a b as e  for tectonic in terp retat ion s of thi s great 
subduct ion zone earthq uake and i t s  aftersho ck se quence . 

Rio Grande Ri f t .  A P-wave de lay s t udy , us ing tele sei smi c arrivals at the 
Albuquerque , New Mexico s e i smi c ne two rk (a trans-Rio Grande Ri f t  se ismi c 
array ) , i s  now in p rogres s . Thes e P-wave de lay dat a ,  co rrected for known 
ve loci t i es in the shallow rift , wi ll be inve rted to p l ace bounds on 
p robab le ve lo c ity s t ructure beneath the ri ft , in the lower crus t and the 
uppe r mantle . 

2 .  Repo rts : 

Spence , W .  and Pakiser , L .  C . , 1 9 7 8 : Toward earthquake p redi ct ion on the 
g lob al s c ale , EOS ,�, 3 6-4 2 . 

S pen ce , W . and Lange r ,  C .  J . , 1 9 7 8 : A no table sp ace- t ime dist rib u t ion for 
the 19 7 4  P e ru aftersho cks ( abs tra c t ) : 7 3rd S e is . S o c . Am .  Ann . Mtg . ,  
Sp arks , NV, E arthquake No tes , 49 , 5 3-54 . 

Lange r ,  C .  J .  and Spence , W . , 19 7 8 :  A s tudy of aftersho cks of the O ctobe r 3 ,  
1 9 7 4  Peru earthq uake ( abs tract) : 7 3rd S e is . S o c . Am .  Ann . Mt g . , 
Sparks , NV , E ar thq uake No tes , �, 5 4 . 

3 .  Goals : 

( 1 )  To imp rove our unde rs tanding o f  the te ctonic p rocesses that p roduce 
large ear thquakes , ( 2) to imp rove our unders tanding of the mechanics / dynamics 
o f  the faul t ing processes as s ociated wi th large earthquakes , ( 3) to deve lop 
models tha t re late det ailed af tersho ck s tudies to the deformation accomp anying 
and fo llow ing a main shock , ( 4 )  to tes t hyp o the s i zed emp irical mode ls o f  
s e ismi c i ty p atterns p recurso ry to l arge sub duc t ion- zone earthquakes , 
( 5 )  to dete rmine the speci f i c  ts unami -caus ing p arameters o f  certain ear thquakes . 
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SFMI - ANNUAL SUMMARY 
G .  B .  

Branch o f  Global Seismology 

Proj ect No . 992 0 - 01261 

Observator ies 

Proj ect Chie f  Howel l M.  But ler 

T itl e 

Date : Apr i l  10 , 1978 

USGS and Cooperat ive 
------------------------------------------

�b il ing Addres s and Phone No . U . S .  Geol og ical Survey , Albuquerque 

Seismolog ical Laboratory , Building 1000 2 , Kirtland AFB - Eas t 

Albuquerque , New Mexico 87115  (505 )  474 - 37 8 5  

Report Per iod October 1 ,  1977  

1 .  Invest igat ions and Results : 

to March 31 , 1978  

Field act ivit ies cons ist of occasional VIS Its t o  the seisnlic stat ions 
for the purpose of maintenanc e ,  cal ibrat ion , or install ing new instru ­
mentat ion . Stat ions are provided with advice on operat ion , mailltenance ,  
and cal ibrat ion . Al so al l stat ions are provided with spare parts , 
operational suppl ies , and repl acement modul es . 

These observator ies contr ibute essent ial data to the NE l S  both rout inely 
and on a rapid bas is when required . The locat ions were sel ected to fil l 
gaps in stat ion locat ions and to provide better coverage for l ocal 
events .  All data are available for other seismolog ists when required . 

2 .  Report s :  

None 

3 .  Goal s :  

Cont inue to provide logist ical support for the observatories . Proj ect 
act ivit ies include technical advice and assi stance to the stat ions , 
engineering support , equ ipment replacement , cal ibrat ion and repa ir , and 
the provis ion of operat ing suppl ies . 
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SEMI -ANNUAL SUMMARY 

Branch of Global Seismology 
G . B .  

Date : April 10 , 1978 

Proj ect No . 992 0 - 01971 Titl e World -Wide Standardized 

Seismograph Dig ital Network (WWSSN/DR) 

Proj ect Chief Howel l  M .  Butler 

Mail ing Addres s and Phone No . U . S .  Geolog ical Survey , Albuquerque 

Seismological Laboratory , Building 10002 , Kirtland APB -East 

Albuquerque , New Mexico 87115  (505)  474 - 3785  

Report Period October 1 ,  1977  t o  March 31 , 1978  

1 .  Invest igat ions and Results : 

Development work on the WWSSN/DR program is cont inuing by the ASL staff . 
A dec is ion was made to switch from 800 to 1600 CP I recording . We are 
currently awaiting del ivery of a 1600 CPI tape recorder from Kennedy . 
(The recording system is operational us ing an 800 CP I unit . )  

Al l the operating software for the recording system has been written and 
tested except for the event detector al gor ithm . The detector software 
has been written and tested in Fortran , but has not yet been incorporated 
into the system software . 

The contract for the Dig ital Time Encoder has been awarded to Intel l igent 
Systems , Inc . , Dayton , Ohio . The contract for the Seismic Ampl ifier/ 
Filter Assembl ies has not yet been awarded , due to delays in the Contracts 
and Procurement Office . Although al l other components were to be off - the ­
shelf purchases , four o f  them had t o  g o  out a s  RFP ' s .  Current status of 
these four maj or items is as follows : 

a) Hel icorders and ampl ifiers - awarded to Teledyne - Geotech on 
3/2 9/ 7 8  

b )  ADC systems - not yet awarded 
c) Microcomputer systems - not yet awarded 
d) Tape recorders - not yet awarded 

All other components needed for assembl ing 1 5  systems plus depot spares 
have been ordered and/or received , except for standby power systems . The 
power systems will be ordered within 2 weeks . 
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2 .  Reports : 

None 

3 .  Goals : 

A.  Develop low-cost dig ital recorder that can be attached to WWSSN syst em . 

B .  Instal l  approximately 1 5  d ig ital recorders at WWSSN stat ions . 

c .  Operate digital network and proces s digital data for d istribut ion to 
USGS and non-USGS research users . 
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f ranch of G l ob a l S e i smo l ogy 

G . B .  

D a t e : April 19 , 1 978 

P roj ect  No . 992 0-018 99 T i t l e  u . s .  Seismic Network 

F roj e c t  Ch i ef Marvin A.  Carlson 

�·�a i l  ing Addr e s s  and Phon e  !\ o .  u . s .  Geological Survey , Branch o f  Global 

Seismology , Stop 967 , Box 25 046 , Denver Federal Center 

Denver , CO 802 25 (303 ) 234-3 994 

Report P e r i od t o  ---------------------------
October 1 ,  197 7 March 31 , 1978  

1 .  Invest igat ions and Result s :  

Data from the U . S .  Seismic Network was recorded cont inuously in real time 
at the NElS main of fice in Golden , Colorado . At the present time , 60 
channels of  SPZ data are being record ed at Golden on Develocorder film .  
Record analysts int erpret the develocorder f ilm and the seismic read ings 
are entered into the NElS seismic data base . The data is also used by 
NElS standby personnel to monitor seismic act ivity in the U . S .  and world­
wide on a real t ime bas i s . This use has become more important as t ime 
goes on . At the present t ime , all earthquakes large enough to be recorded 
on several stat ions are worked up using the Quick Quake program to obtain 
a provisional solut ion as rapidly as possible . A PDP 11 / 0 3  has been 
obtained and will be used to automate s ome of the data collect ion process . 
It will be used as an event detec tor monitoring the U . S .  Network in real 
t ime . Finally , the data is used in such NElS publications as the 
"Earthquake Data Report , "  Preliminary Determinat ion of Epicenters , "  etc . 

2 .  Goals : 

Upgrade the quant ity and quality o f  the data received by the U . S .  Seismic 
Network to make pos s ible the more rapid and accurate locat ion of U . S .  
earthquakes and significant earthquakes worldwide . 
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SEMI -ANNUAL SUMMARY 

Branch of Global Sei smology G . B .  

Date : Apri l  1 0 , 1 9 78 

Proj ect No . 9 9 2 0 - 01 26 2  

Proj ect Chief Harold E .  Clark , Jr . 

Title ASL , Systems Engineering 

Mail ing Address and Phone No . U . S .  Geological Survey , Albuquerque 

Sei smolog ical Laboratory , Bui ld ing 1 00 0 2 , Kirtland APB - Eas t 

Albuquerque , New Mexico 8 7 1 1 5  ( 5 0 5 )  474 - 37 8 5  

Report Per iod October 1 ,  1 9 7 7  

1 .  Invest Igat ions and Results : 

to March 31 , 1 97 8  

The Albuquerque Se ismological Laboratory Systems Engineering support s 
engineer ing act ivit ies at the Albuquerque Sei smolog ical Laboratory in 
conj unct ion with var ious world wide seismic and observatory act ivit ies . 
Under this program new microproces sor based seismic instrumentat ion 
systems and c ircuits are be ing des igned , developed , and tested to improve 
se ismic syst ems per formance and l ower the cost of new systems . 

The prototype microproces sor based Dig ital Recording System has been 
under test and evaluat ion . This system was des igned to digitally record 
up to three channel s  of l ong -per iod seismic data , event record up to 
three channel s  of intermediate s e i smic data , and event record up to 
three channel s of short -per iod se ismic data . This sys t em will use a 
1 6  channel , 1 6  bit analog to d ig it al converter under control of dual 8 -b it 
microprocessors to record the digital seismic data on a 9 track 1 600 CPI 
digital recorder . One microprocessor wil l  control the analog to d igital 
converter operat ion , s trobe a dig ital t iming system for time data , control 
two types of event detect ion programs and store the three d ifferent types 
of seismic data in a cornmon 16 kilobyte memory . The second microprocessor 
wi l l  control the trans fer of formatted digital records from the common 
memory to the dig ital recorder . A spec ial digital t iming system i s  under 
contract development . This new d ig ital t iming system wil l  replace the 
exist ing \�vSSN analog t ime programmer and wil l  provide parallel dig ital 
t ime for use by the Digital Record ing System as wel l  as the MVSSN t ime 
pul ses . 

2 .  Report s :  

None 
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3 .  Goal s :  

Des ign and develop microprocessor based seismic systems . 

Des ign and develop microprocessor based dig ital telemetry systems for 
NE l S .  

Develop low power seismic field systems . 

G . B .  

Provide technical as s istance in world-wide installat ion o f  the Digital 
Recording Systems . 

Provide technical as sistance in the development of the U . S .  Seismic 
Network Systems . 
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SFJvII -ANNUAL SUMMARY 

Branch of Global Seismology 
G . B .  

Date : Apr i l  1 0 , 1978  
Proj ect No . 992 0 - 01263  

Proj ect Chief Haro ld E.  C l ark , Jr . 

Titl e Tsunami Network Support 

Mail ing Address and Phone No . U . S .  Geological Survey , Albuquerque 

Se i smol ogical Laboratory , Build ing 1000 2 , Kirtland AFB - Eas t 

Albuquerque , New Mexico 871 1 5  ( 50S ) 474 - 378 5 
Report Per iod October 1 ,  1977  

1 .  Invest igat ions and Resul ts : 

to ��rch 31 , 1978  

Field act ivities cons is ted o f  field test , operat ion , and evaluation of 
microprocessor based Tsunami Seismic Alarm Sys tems and Tsunami T ide 
Systems . Laboratory act ivi ty cons is ted of des ign , assembly , test , opera ­
t ion ,  and evaluation of a microprocessor based TSlUlami Sys tems . Al l 
Tsunami Se ismic and Tide Sys tems are operat ional through the GOES Satel ­
l ite Network on command from the Nat ional Environmental Sate l l i te Service 
at Suitland , ��ryland . A microprocessor based Tsunami Seismic Data 
System is operat ional at the Albuquerque Sei smolog ical Laboratory , 
Albuquerque , New Mexico . A microproces sor based Tsunami Tide Sys tem is 
operational at the NOAA/NWS fac i l ity in La Jol l a , Cal ifornia . Five micro ­
processor based Tsunami Seismic Systems are be ing assemb l ed . Three of 
these sys tems wi l l  be ins tal l ed in a New Mexico - Col orado array . One 
system wi l l  be ins tal l ed in Alaska . The fifth sys tem wil l  be ins tal led 
in Hawaii . 

The resul ts of the Tsunami Tide System and Tsunami Seismic Sys tem 
development provided guidance and infonnat ion useful in future implemen ­
tat ion of a l arge scal e TSUIlami Alarm Sys tem us ing GOES S�� satel l i tes in 
conj unct ion with command interrogatable Tsunami Tide and Tsunami Seismic 
Systems . Such a warning sys tem could be controlled from a central 
locat ion and could cover large areas of the earth , such as the maj ority 
of the Pac ific Ocean area to inc lude coast l ines of North hner ica , South 
America , Alaska , and Pac if ic I s l ru1d areas . This sys tem would provide 
the fastest lowest cos t  al ert sys tem available and could save numerous 
l ives in the event of a large Tsunami . The operation of the microprocessor 
bas ed Tsunami se ismic data sys tem over a satel l ite network provided 
addit ional informat ion on the use of satel l i tes for the transmiss ion of 
seismic data from remote l ocat ions into central i zed data record ing 
fac i l it ies . The present satel l ite networks do not have adequate channel 
al locat ion and channel band -width to transmit numerous cont inuous seismic 
data . Wi th present satel l ite network systems , only l imited seism ic data 
or event data can be transmi tted . 
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A second result from the se ismic event detector circuit provides conforma ­
t ion that seismic event parameters can be obtained from on - l ine computer 
analysis of se ismic events .  

2 .  Reports :  

Clark , Harold E .  Jr . ,  and Heckendorn , Gary L . , Tsunami Microprocessor 
Tide System , 1978 : USGS Open- File Report 78 - 95 .  

3 .  Goals : 

Des ign and develop microprocessor based Tsunami Tide Satel l ite data 
systems . 

Design and develop microprocessor based Tsunami Seismic Satell ite data 
systems . 

Instal l and operate three microprocessor based Tsunami Seismic Systems 
in a New Mexico and Colorado array . 

Install and evaluate operations of microproces sor based Tsunami Seismic 
System in Alaska . 

Instal l and evaluate operations of microprocessor based Tsunami Seismic 
System in Hawaii . 
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SEMI -ANNUAL SUMMARY 
G . B .  

Branch o f  Global Seismology 

Date : April 10 , 1978  

Proj ect No . 992 0 - 01 260 Title Albuquerque Observatory 

Proj ect Chief Lawrence H .  Jaksha -----------------------------------------------------

�lailing Address and Phone No . U .  S .  Geological Survey , Albuquerque 

Seismological Laboratory , Building 1000 2 , Kirtland AFB - East 

Albuquerque , New Mexico 87115  (505 ) 474 - 3785  

Report Period October 1 ,  1977  

1 .  Investigations and Results : 

to �larch 31 , 1978 

The primary efforts of the Albuquerque Observatory during the report 
period have been directed at implementing a statewide seismic network 
in New Mexico . Three stations of this network are now operational . 
These stations are : 

ID 
NMH 
SVM 
ruc 

LOCATION 
Las Vegas , New Mexico 
Silver City , New Mexico 
Tucson , Arizona 

OPERATOR 
New Mexico Highlands Univ . 
Western New Mexico Univ . 
Arizona Bureau of Mines & Geo . 

An additional 5 stations are in the early planning and fabrication stage . 

A 3 - station long -period array is presently be ing installed in New Mexico . 
The station at Socorro (New Mexico Tech) is awaiting modifications to 
the underground vault .  A site selection trip to the Grants/Corona areas 
is scheduled for early spring . 

2 .  Reports : 

None 

3 .  Goal s : 

The Albuquerque Observatory produces seismic data for earthquake studies 
on a global scale . The present goal of the proj ect is to increase the 
observatories capabilities to include New Mexico seismicity and long­
period noise studies .  
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SE�lI -ANNUAL Sm-r.1ARY G . B .  

Branch of G l obal S e i smo l ogy 

Dat e : March 28 , 1 9 7 8 

Proj ect No . 9 9 20- 0 1 1 9 3  T i t l e  Se ismic Observatorie s  --�����----------

Proj ect Chi ef ___ H�a�r�r�y�Wh���' t�c�o�m�b� ___________________________________________ ___ 

Mai l ing Addre s s  and Phone N o . u . S .  Geological Survey , Branch o f  Global 
Seismo logy , S top 9 6 7 , Box 2 5046 ,  Denver Federal Center , Denver , CO 80225  

( 303)  234- 5083 

Report P eriod October 1 ,  1 9 7 7 
---------------------------

1 .  Inves t igat ions and Resul t s : 

t 0 Mar c h 3 1 , 1 9  7 8  

Cont inued t o  maintain and op erate seismo logical and geomagnetic ins truments 
at  the var ious ob servatories . Provided seismological data to the Glob al 
Se ismo logy Branch for the preliminary det erminat ion of earthquake ep icenters 
and the early ear thquake report ing program . At Guam and Newport , Washing ton , 
24-hour wa tches were mainta ined to provide input to the Tsunami Warning 
Service op era ted at Hono lulu Observa tory by NOAA . Provided geomagnet ic 
data to the Branch of Electromagne tism and Geomagnet ism . Responded to 
inquiries from the pub l ic , interes ted scientis ts , s tate and federal agencies 
regarding geophysical data and phenomena . 

The s tandard s eismograph at Tuc son , Arizona is now op erated under a coop er­
at ive agreement b e tween the Ariz ona Bureau of  Mines and the USGS . To 
imp lement this agreement the recorders for the sy s t em have been reinstalled 
at the Ar izona Bureau o f  Mines o f fices on the campus o f  the Univers ity o f  
Arizona .  Th e  seismic s ignal is telemet ered b y  hard wire from the exis t ing 
vaul t to the campus and to  the Nat ional Ear thquake Informat ion S ervice 
in Golden , Co lo rado . The data produced wi ll b e  made availab le for us e in 
an expanding earth s ciences program o f  the Univers i ty o f  Ar izona which 
will be coord ina ted by Mark Sbar . 

2 . Go als : 

To record and provis ionally interpret se ismological and geomagne t i c  data . 
These data serve a s  input for government resear ch , and for s c ient i fic 
programs conduc ted by s tate , local , and educat ional ins t itut ions . To 
suppor t the Tsunami Warning S ervice by providing input on a 24-hour bas is 
from Guam and Newport  ob s ervator ies . 
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SEMl -ANNUAL SlM-1ARY G . C .  

B ranch of G l ob a l  S e i smo l ogy 

Dat e :  April  1 0 , 1978 

Proj ect No . 9 9 2 0-01 194 Tit l e Nat ional Earthquake In forma t ion -------------------------

Service 

Proj ect Chi ef John Derr 
----------------------------------------------------------------

Mai l ing Address and Phone N o . u . S .  Geological Survey , Branch o f  G lobal 

Seismo logy , Stop 9 6 7 , Box 2504 6 , Denver Federal Center , 

Denver , CO 80225 (303)  234- 3 9 94 

Report P eri od October 1 ,  197 7 t o  March 31 , 1 97 8  

1 .  Invest igat ions and Resul t s : 

The NEl S  has completely eliminated i t s  work backlog , and all Preliminary Det er­
mina tion of Epicenter bull e t ins cover ing ear thquakes in 1 9 7 7  have been pub l i shed . 
This work was accomplished by the NEl S  staff us ing a contract computer . The 
work was completed ahead o f  schedule and on co s t , thanks to a number of employees 
who worked evenings and weekend s to take advantage of lower comput er rates . 
During this t ime , the ent ry o f  1978  earthquake data has proceeded on schedule and 
is mai ntained in a current s tatus . We now ant ic ipate a short delay before we can 
resume pub licat ion of formal PDE bul let ins , because the new programs on the 
Honeywel l  Mul t ic s  are not ready . In the meant ime , we will cont inue to pub l ish 
provisional hypocent ers us ing data from our U . S . Network and o ther stat ions wh ich 
report rapidly . 

The new PDE syst em wil l  publish mos t  epicenters within two weeks of  the eart hquake . 
Thi s  wil l be possible because o f  the interactive nature o f  the sof tware , and because 
o f  the rapid flow of data into the NElS . New arrangement s continue t o  be mad e to 
receive more data by telegram and d irect computer l ink . In the lat ter area , we 
are embarking on a program to rep lace dome s t ic telegrams wher ever possib l e  wi th 
d irect computer entry , via the nat ional computer network system Tymnet . A pilot 
program with Weston Ob servatory , Mas sachusett s , has shown that this method resul t s  
i n  significant labor saving f o r  all involved , and increases the speed and accuracy 
of dat a rece ived . At the same t ime , computer costs rema in essent �al ly constant 
for this method of data entry . 

Tymnet is al so used ext en s ively now to reduce the workload on the Denver Mult ic s  
during prime t ime . A number o f  t ime-consuming ut ility programs are availab le on 
a l l  three computers , and users are encouraged to u se Reston and Menlo for 
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hypocenter data f ile searche s and rapid locat ion o f  epicenters whenever the 
Denve r  load is heavy . The se o ther comput ers also now funct ion as alternate 
re sources for our rap id hypocenter determinat ion service .  

The internat ional d irec t ory of seismograph stat ions has been completely 
overhauled . Now a USGS c ir cular ent i t led "Catalog of Global Seismograph 
S t a t i on Codes and Character i s t ic s , "  it contains more s tat ion s , more informat ion , 
bet t er organ ization ,  and more exten s ive cross-indexing . Virtually all o f  it 
i s  wr i t t en on the Mul t i c s , and should be ready for publ icat ion within a few 
month s . 

We c ont inue t o  provide publ ic informat ion services on recent earthquakes ,  in 
re sponse to increa s ing d emands from the general public . 

2 .  Repor t s : 

"Pre l iminary Determinat ion o f  Ep icenter s Monthly List ing , "  10 issues , March 1 9 7 7 
through December 1 97 7 . Comp iler s : John S .  Derr , Dav id Gordon , W.  Leroy Irby , 
Re ino Kanga s ,  John Minsch , Waverly J .  Person , Bruc e Pres grave . 

3 .  Goal s : 

Provide rapid and c omprehens ive hypocenter locat ion service s  to the government 
and the sc ien t i f i c  communi ty . 

Provide rap id no t i f icat ion o f  s ignif ic ant or d amag ing earthquakes to  r elief 
agenc ies , pres s ,  the s c ien t i f ic community , and t he general pub l ic . 

Improve t he content o f  our sc ient i f ic pub l icat ions . 
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S E M I - A N N U A L  S U M M A R Y  
G . e .  

B r a n c h  o f  G l o b a l  S e i s m o l o g y 

D a t e : A p r i l 4 ,  1 9 7 8  

P r o j e c t  N o . 9 9 2 0 - 0 1 2 0 4 T i t l e  S e i s m i c R e v i e w a n d D a t a  S e r v i c e s  

P r o j e c t  C h i e f R o b e r t  P .  M c C a r t hy 

M a i l i n g A d d r e s s a n d P h o n e N o . U .  S .  G e o l o g i c a l  S u r v ey , B r a n c h  o f  
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1 .  I n v e s t i g a t i o n s  a n d R e s u l t s : 

T h e  q u a l i ty c o n t r o l  a n d  t e c h n i c a l  r e v i e w  o f  o v e r  1 1 2 , 0 0 0  s e i s m o g r a m s 
( 6 1 0  s t a t i o n - m o n t h s ) g e n e r a t e d  by t h e 1 1 0  s t a t i o n  W o r l d - W i d e  S t a n d ­
a r d i z e d  N e t wo r k  ( W W S S N ) w a s c a r r i e d  o u t .  

S t a t i o n  p e r f o rm a n c e  r e p o r t s  d e t a i l i n g  i n s t r u m e n t a l o c c u r a c i e s , t i m i n g  
p r e c i s i o n ,  n o i s e  p a t t e r n s , r e c o r d q u a l i ty ,  r e c o r d s r e v i e w e d  e t c . w e r e  
s e n t  t o  a l l b u t  n i n e ( 9 )  o f  t h e  s t a t i o n s . O v e r a l l q u a l i ty w a s h i g h . 

T w o  s t a t i o n s  ( N i l o r e , P a k i s t a n  ( N I L ) , a n d  B u l a w a y o , R h o d e s i a  ( B U L ) 
e x p e r i e n c e d  s e v e r e  f l o o d i n g a n d  a r e o u t  o f  o p e r a t i o n s  t e m p o r a r i l y .  

C o n t a c t  t h r o u g h  t h e  A i r A t t a c h e i n  P a r i s ,  F r a n c e  by  W i l l i a m G r e e n  o f  
t h e  O E S h a s  b e e n  r e e s t a b l i s h e d  w i t h  L o rm e s  ( L O R ) . T h e  l a s t  t i m e s e i s ­
m o g r a m s  w e r e  r e c e i v e d  f r o m L O R  w a s o v e r 3 y e a r s  a g o  a n d  t h e s e  w e r e  
s p a r s e  i n  n u m b e r s  a n d  s u b s t a n d a r d i n  q u a l i ty .  

M o n t h l y c o m p u t e r i z e d  l i s t i n g s  w e r e  r o u t i n e l y p r o v i d e d  t o  U S G S  a n d N O A A / 
E D S s c i e n t i s t s a n d o f f i c a l s c o v e r i n g s t a t i o n  m a g n i f i c a t i o n s , s e i s m o g r a m s  
r e c e i v e d , a n d t h e  d a t e t h e s e w e r e r e c e i v e d .  

A l l s e i s m o g r a m s w e r e  u s u a l l y  p r o c e s s e d a n d  r e v i e w e d  w i t h i n t h e  w e e k 
r e c e i v e d  a n d t h e n  s e n t  t o  t h e  m i c r o - f i l m i n g f a c i l i ty i n  B o u l d e r , 
C o l o r a d o . C o n s t a n t  l i a i s o n  d a y - t o - d a y i s  m a i n t a i n e d w i t h  t h i s  
D e p a r t m e n t  o f  C o mm e r c e , N O A A  f a c i l i t y .  

M a i n t e n a n c e  o f  f i l m  f i l e s a n d r e a d e r - v i e w e r s  f o r u s e r s  w a s c a r r i e d 
o u t .  S t u dy i s  u n d e r w a y  f o r a p p r o p r i a t e r e a d e r - p r i n t e r  a n d f i l m i n g 
f a c i l i t i e s f o r m i c r o f i c h e f o r m a t  o f  t h e  f i l m e d  s e i s m o g r a m s . A r c h i v e d 
r e c o r d s  a t  t h e  N a t i o n a l  A r c h i v e s  a n d  R e c o r d s C e n t e r  i n  t h e  D e n v e r  
F e d e r a l C e n t e r  w e r e  m a d e  a v a i l a b l e t o  i n t e r e s t e d  r e s e a r c h e r s  i n  t h e  
U S G S  a n d C I R E S  t h r o u g h  t h i s  p r o j e c t . E l e c t r o s t a t i c c o p i e s o f  c u r r e n t  
W W S S N  s e i s m o g r a m s  c o v e r i n g e v e n t s  o f  s p e c i a l  i n t e r e s t w e r e  a l s o  
p r o v i d e d  t o  r e s e a r c h e r s . 
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O t n e r  a r e a s o f  a s s i s t a n c e  w a s t o  a d m i n i s t r a t o r s  i n  t h e  U S G S  a n d 
o t h e r  a g e n c i e s i n  s t a t i o n a s s e s s m e n t s , d a t a a v a i l a b i l i ty ,  s u i t ­
a b i l i ty ,  r e l i a b i l i ty ,  i n s t r u m e n t a l c h a r a c t e r i s t i c s  a n d r e s p o n s e s , 
a l o n g  w i t h  c o n s u l t a t i o n s  o n  o t h e r  a s p e c t s  o f  s e i s m o l o g i c a l  d a t a . 

2 .  R e p o r t s : N A  

3 .  G o a l s :  

P r o v i d e a n  A D P  f o r m a t f o r r e v i e w d a t a c o v e r i n g h i s t o r i c a l  a n d  c u r r e n t  
p h a s e s . 

I m p r o v e  s t a t i o n p e r fo r m a n c e  a t  t h o s e  s t a t i o n s  w i t h  l o w e r  c a p a b i l i t i e s 
t h r o u g h  i n f o r m a l n o t e s  a n d g u i d e l i n e s . K e e p  l i n e s  o p e n  t o  t h o s e  
i n a c t i v e s t a t i o n s  w h e r e r e a c t i v a t i o n  r e m a i n s p o s s i b l e . 

R e d u c e  f l o w - t i m e o f  t h e  WW S S N  s e i s m o g r a m s  i n  t h e  s y s t e m . 
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Bran ch of G l ob a l  S e i smol ogy 

Dat e : 

Proj e c t  No . ___ 9_9_2_0_-_0_1_2_2_2 _________ Ti t l e  United S tates Ear thquakes 

Proj e c t  Chi ef Carl W . S tover 

Ma i l ing Addre s s  and Phone N o . u . S .  Geo logical Survey 

G . C .  

B ranch o f  Global Seismol ogy , S top 9 6 7 , B ox 2 5046 , DFC 

Denver , CO 80 2 25 303- 234-399 4  

Report P e r i od Oc tob er 1 ,  1 9 7 7  t o  Mar ch 3 1 , 1 9 7 8  

1 .  Inves tigation and Results : 

S ixty-four ear thquakes in 1 7  s tates were canvass ed for fel t and damage 
da ta by means o f  a ques tionnaire . The ques tionnaires plus addi ti ona l  
data have b een eva lua t ed for intens i ty . United Stat es ear thquake da t a  
o n  location , magni t ud e ,  in tens i ty ,  damage , and o ther appropr ia t e  para­
me t ers have b een proces s ed for 1 9 7 7  and ar e b eing prepared for pUb lica­
tions in quarterly c ir culars . 

Th e maximum intens i ty as signed to an ear thquake for th is p er iod was 
VII I  for an event on Novemb er 2 7 , 1 9 77 , loca t ed near Wi ll i t s , Ca l i f . 
at 39 . 4 50 N . , 1 2 3 . 26 0 W . , origin t ime 21 1 5  52 . 5  UTC , depth 5 krn , 
magni tude 4 . 8  ML ( B erkel ey ) . In Wi llits , 6 5  chimneys were damaged , 
s ome thrown down , o thers shi f t ed o r  twi sted at th e roof l ine , windows 
were broken , and ob j ec ts were thrown from shelves , especial ly in gro c ery 
s tores . An open-file repor t on this earthquake is in preparation by 
R. B .  Simon and o th ers . 

We are moving ahead w i th the compilat ion o f  his torical ear thquake data 
by s tate in prepara tion for the pub l ic at ion of s ta t e  s ei smi c i ty maps . 
We are current ly focus ing on th e New England s tates and adj ac ent ar eas 
o f  Canada . 

Intensi ty VI was ass i gned to s ix earthquakes during th is per i od , four 
in Cal i fornia , and one ea ch in Idaho , New Hampshi re , Utah , and Wa sh ington . 
Th i s  intens i t y  was primari ly based on repor t s  o f  cracked p laster or 
dry wall , cra cked and b roken windows , or cra cked masonry . 
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2 .  Repor ts : 

S imon ,  R .  B . , C .  W .  S tover , W .  J .  P erson , and J .  H . Hinsch , 1 9 7 8 ,  Earth� 
quakes in the Uni ted S t ates , January-�rch 1 976 : GS C ircular 766-A , 
33 p .  

Person , W .  J . , 1 9 7 7 , Earthquakes March-Apri l 1 9 77 : Ear thquake Info 
Bul l . ,  vol .  9 ,  no .  5 ,  p .  25-26 . 

Perso n ,  W .  J . , 1 977 , Ear thquakes May-June 1977 : Earthquake Info Bull . ,  
vo l .  9 ,  no . 6 ,  p .  26-27 . 

Person , W .  J . , 1977 , Earthquakes July-Augus t 1977 : Earthquake Info 
Bul l . ,  vo l .  10 , no . 1 ,  p .  26-27 . 

Person , W .  J . , 1 9 7 7 , S eismolog ical No tes , March-April 1 9 7 6 :  Bull . 
S eismo l . Soc . Am . , vol . 67 , no . 6 ,  p .  1 671-1673 . 

3 .  Goal s :  

Co l l ec t , evalua t e ,  and pub li sh U , S .  earthquake loca t ions , felt and 
damage informa t ion , and o th er ear thquake rela t ed da ta for the 50 s ta t es . 
Pub l ish s ei smic ity maps of earthquake a c t i�i ty on a wor ld-wide basis . 
Distr ibute earthquake data to the pub lic , s cien t is t s , eng ineers , and 
o thers int er es t ed in such data . 
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