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Lamont-Doherty G e o l o g i c a l  O b s z r v a t o r y  o p e r a t e d  a  s m a l l  s e i s m i c  

n e t w o r k  on U n a l a s k a  I s l a n d  f o r  p e r i o d s  o f  t ime  d u r i n g  t h e  y e a r s  1 9 8 0 ,  

1 9 8 1 ,  and 1 9 8 2 .  ' R e  c u m u l . ~ t i v e  e f f e c t i v e  t ime  of  m o n i t o r i n g  t h e  s e i s -  

m i c i t y  d u r i n g  t h e  p e r i o d  o f  ne twork  deployment  atnounts  t o  a b o u t  o n e  

y e a r ,  d u r i n g  . h i , z h  s e v e r a l  h u n d r e d  e a r t h q u a k e s  were d e t e c t e d  w i t h i n  t h e  

r e g i o n .  O f  t h e s e  e v e n t s  148 e a r t h q u a k e s  were l o c a t a b l e .  They  r a n g e  i n  

8 
rnang i tude  5 e t g e e n  mb = 1 . 2  and 6 . 1 .  d u r i n g  t h e  F e r i o d  o f  n e t w o r k  o p e r a -  

A 
t i o n  o n l y  18 ? v e n t s  i n  t h i s  r e g i o n  were r 2 p o r t e d  t e l e s e i s r n i c a l l y .  

The s e i s m i c  h y p o c e n t e r s  d e r i v e d  from t h e  n e t w o r k  d a t a  d e f i n e  

b e n e a t h  U n a l a s k a  I s l a n d  a  n o r t h w e s t w a r d  d i p p i n g  Y a d a t i - B e n i o f f  zone 

which  is ( d u r i n g  t h i s  p e r i o d )  r e s t r i c t e d  t o  d e p t h s  o f  a t  most  150 b. 

y o s t  o f  t h e  s h a l l o w  s e i s m i c i t y  ( l e s s  t h a n  30 !a d e e p )  o c c u r s  i n  t h e  

p o r t i o n s  o f  t h e  E a r t h ' s  c r u s t  b e n e a t h  Una l a ska  I s l a n d  c l o s e s t  t o  t h e  

A l e u t i a n  Trench, and a t  t h e  c o n t a c t  o f  t h e  f o r a - a r c  s t r u c t u r e s  w i t h  t h e  

s u b d u c t i n g  P a c i f i c  p l a t e .  

No l o c a t a S l e  s e i s m i c i t y  was d e t e c t e d  w i t h i n  15 'm o f  t h e  2 0 3 6 3  

h i a h  :?akushin Vo lcano  and i t s  f i e l d s  of  a s s o c i a t e d  f u m a r o l i c  a c t i v i t y .  



. . .  
~ o l j e v - . r ,  a c € i t . ~ > ~ : ~ ~ t y  i o m p ~ 7 ~ ~ d  o f  1 1 ~ 1 3 r l y  50 e7; - .ncs  was 

d e t e c t e d  more than  1 5  la E S E  or' Yakushin v o l c a n o ,  n e a r  t h e  Na:e:!kin 

R i v e r  v a l l e y .  T h i r t e e n  e v e n t s  were l o c a t a b l e  and weakly d e f i n e  a  

na r row,  3 - ! a  wide zone o f  s 2 i s n i c i t y  t h a t  d i p s  v e r y  s t e e p l y  from n e a r  

t h e  s u r f a c e  t o  about  8  km d e p t h .  The t r u e  t e c t o n i c  n a t u r e  of  t h i s  

t i g h t l y  c l u s t e r e d  s e i s m i c  f e a t u r e  i s  not  known. P-wave f i r s t  mot ions  

and P-SV a m p l i t u d e  r a t i o s  c o n s t r a i n  t h e s e  e v e n t s  t o  r e p r e s e n t  e i t h e r  

l e f t - l a t e r a l  mot ion on a s t e e p l y  d i p p i n g  ENE t r e n d i n g  f a u l t  o r  r i g h t  

l a t e r a l  mot ion on a  s t e e p l y  d i p p i n g  NW t r e n d i n g  f a u l t .  The a s s o c i a t e d  

s h a l l o w  c l u s t e r  o f  s e i s m i c i t y  a p p r o x i m a t e l y  a l i g n s  w i t h  a n  e x t e n s i o n  o f  

a  s u r f a c e  l ineament  t h a t  c u t s  ESE t h r o u g h  Makushin Volcano .  O n  t h e  NW 

f l a n k  o f  t h e  v o l c a n o ,  t h i s  f a u l t  l ineament  h a s  no t  been  s e i s m i c a l l y  

a c t i v e  d u r i n g  t h e  o b s 2 r v a t  i o n  ~ e r i o d ,  b u t  a p p a r e n t l y  h a s  c o n t r o l l e d  

s i n c e  about 800 y . b  . p .  t h e  n e a r - s u r f a c e  emplacement o f  magma by forming 

a  row of  r e c e n t  v o l c a n i c  v e n t s  e x t e n d i n g  towards  P o i n t  Kadin  head ing  

i n t o  t h e  Ber ing  Sea.  A Q u a r t e r n a r y  v o l c a n i c  ven t  t h a t  a p p a r e n t l y  a l s o  

l i e s  on t h i s  l ineament  h a s  been  mapped about  18 km ESE o f  Makushin 

Volcano.  It is l o c a t e d  between t h e  newly d e t e c t e d  s e i s m i c  c l u s t e r  and 

t h e  t i p  o f  C a p t a i n ' s  Bay. Because  o f  i t s  l o c a t i o n  on o r  n e a r  t h e  l i n e a -  

ment ,  and because  of  i t s  s h a l l o w  d e p t h  r a n g e ,  we s u g g e s t  t h a t  t h e  a c t i v e  

s t r u c t u r e  a s s o c i a t e d  w i t h  t h e  s e i s m i c i t y  c l u s t e r  i s  of p o t e n t i a l  impor- 

t a n c e  f o r  p o s s i b l e  f u t u r e  v o l c a n i c  a c t i v i t y  a t  t h e  p e r i p h e r y  o f  Makushin 

Volcano .  Also i t  shou ld  be t h o r o u g h l y  i n v e s t i g a t e d  f o r  i t s  geo the rmal  

p o t e n t i a l  a t  d e p t h s  betw2en 0 . 5  and 7 . 5  b. 
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S i n c e  1969 Lamont-Doherty G e o l o g i c a l  O b s e r v a t o r y  h a s  o p e r a t e d  

i n t 2 m i t t e n t l y  a  s i n g l e  s e i s m i c  s t a t i o n  a t  Dutch Harbor  on Amaknak o f f  

Unalaska  I s l a n d .  I n  1 9 8 0 ,  a s  p a r t  of  NOAA-BLM's O u t e r  C o n t i n e n t a l  She l f  

Environmental  Assessment Program (OCSEAP) which had t h e  m i s s i o n  t o  

e v a l u a t e  s e i s m i c  and v o l c a n i c  h a z a r d s ,  Lamont e n l a r g e d  i t s  s e i s m i c  

m o n i t o r i n g  program t o  a  f i v e - s t a t i o n  s e i s m i c  ne twork .  Thus ,  f o r  t h e  

f i r s t  t ime i t  became p o s s i b l e  t o  l o c a t e  e a r t h q u a k e s  more a c c u r a t e l y  i n  

t h e  v i c i n i t y  of Una laska  t h a n  i s  p o s s i b l e  by t e l e s e i s m i c  means. The 

sudden t e r m i n a t i o n  o f  OCSEAP i n  1983 f o r c e d  t h e  d i s m a n t e l i n g  of t h e  

network and l e f t  most o f  t h e  c o l l e c t e d  network d a t a  u n i n t e r p r e t e d .  A t  

t h e  same t ime  t h e  S t a t e  of  Alaska  th rough  i t s  Power A u t h o r i t y  and 

D i v i s i o n  o f  G e o l o g i c a l  and Geophys ica l  Surveys  (DGGS)  became i n t e r e s t e d  

i n  a s s e s s i n g  t h e  g e o t h e r m a l  power p o t e n t i a l  of Xakushin  Volcano and 

a s s o c i a t e d  fumarol  i c  f i e l d s  f o r  p r o v i d i n g  an economic l o c a l  ene rgy  

s o u r c e  t o  t h e  expand ing  i n d u s t r i a l  b a s e  a t  Unalaska  and Dutch Harbor and 

i t s  communi t ies .  S i n c e  m i c r o e a r t h q u a k e  d a t a  have been  r e p e a t e d l y  proven 

h e l p f u l  i n  a s s e s s i n g  p r o d u c t i v e  s t r u c t u r e s  i n  g e o t h e r m a l  r e g i o n s ,  DGGS 

commissioned a  s t u d y  t o  p r o c e s s  and a n a l y z e  t h e  e x i s t i n g  network d a t a  t o  

r e v e a l  any h idden  o r  b u r i e d  a c t i v e  f a u l t s ,  e s p e c i a l l y  n e a r  geothermal  

p r o s p e c t s ,  on Unalaska  I s l a n d .  The f o l l o w i n g  r e p o r t  i s  t h e  r e s u l t  o f  

t h i s  a n a l y s i s  e f f o r t  c o n c e n t r a t i n g  on t h e  ne twork  d a t a  o n l y .  A 

c o r o l l a r y  paper h a s  been p r e p a r e d  f o c u s s i n g  m o s t l y  on t h e  t e l o s e i s m i c  

d a t a  and h i s t o r i c  s e i s m i c i t y  of  t h e  l a r g e  Una laska  r e g i o n  ( ~ o y d  and 

J a c o b ,  1985) That second paper r e v i e w s  t h e  s e i s m i c  poten-  

t i a l  of t h e  "Unalaska  Se i smic  Gap". T h i s  gap may no t  have r u p t u r e d  



r2centLy in a r i a lo r  ~ 3 r t h q  1 3 4 3  v h i t e  , I ~ ' T P C  I -  o f  t h e  p l a t e  

boundary  t o  t h e  e a s t  a n d  west nay have d o n e  so  d u r i n g  t h e  g r e a t  

e a r t h q u a k e s  o f  1946 and 1957,  r e s p e c t i v e l y .  The s e i s m i c  p o t e n t i a l  Eor a  

f u t u r e  g r e a t  ea r thquake  a t  t h e  Unalaska  p o r t i o n  o f  t h e  e a s t e r n  A l e u t i a n  

a r c  h a s  been  p r e v i o u s l y  d i s c u s s e d  e x t e n s i v e l y  i n  t h e  l i t e r a t u r e  ( s y k e s  

e t  a l . ,  1981; House e t  a l . ,  1981;  J a c o b ,  1 9 8 3 ) .  

SEISMIC NETWORK 

S t a r t i n g  i n  1978 an e f f o r t  was made t o  improve s e i s m i c  m o n i t o r i n g  

from t h e  s i n g l e  s t a t i o n  o p e r a t e d  i n  Dutch Harbor ,  t o  a  ne twork  o f  t e l e -  

me te red  s t a t i o n s .  The i n t e n t  was t o  l o c a t e  s e i s m i c  e v e n t s  r a t h e r  t h a n  

o n l y  r e g i s t e r i n g  t h e i r  o c c u r r e n c e  i n  t ime .  A f u n c t i o n a l  ne twork  w i t h  

c e n t r a l  a u t o m a t i c  event  d e t e c t i o n  and magne t i c - t ape  a n a l o g - r e c o r d i n g  d i d  

n o t  become o p e r a t i v e ,  however,  u n t i l  1980.  The new r e c o r d i n g  sys tem 

u s i n g  a  c o m o n ,  a c c u r a t e  t ime  b a s e ,  improved t h e  r e l a t i v e  t i m i n g  between 

s t a t i o n s  ( t o  b e t t e r  t h a n  .O1 s e c o n d s )  t o  e n a b l e  t e c t o n i c a l l y  m e a n i n g f u l  

l o c a t  i o n s  of  t h e  s e i s m i c  i t  y .  The 1  imi ted  a p e r t u r e  o f  t h e  f i v e - s t a t  ion  

ne twork  ( F i g u r e  1  and T a b l e  1 )  m e a s u r e s ,  however,  o n l y  abou t  55  km a l o n g  

s t r i k e  of  t h e  a r c ,  and b a r e l y  30 lan normal t o  t h e  a r c .  T h i s  s p a t i a l  

l i m i t a t i o n  t h e r e f o r e  r e s t r i c t s  t h e  r e l i a b l e  h y p o c e n t e r  l o c a t i o n s  t o  t h e  

immediate  v i c i n i t y  of Unalaska  I s l a n d .  

Only two s t a t i o n s  were l o c a t e d  on Unalaska  I s l a n d  p r o p e r  ( F i g u r e  

1): USR a t  t h e  upper h e a d v a t e r s  of S h a i s n i k o f  R i v e r ,  and MAK a t  t h e  

w e s t e r n  end o f  Makushin V a l l e y  e n r o a c h i n g  on t h e  r i d g e  t h a t  c o n n e c t s  

~ a k u s h i n  volcano wi th  T a b l e t o p  Younta in  n o r t h  of  Makushin V a l l e y .  The 

o t h e r  two remote s t a t i o n s  were SDK on Sedanka I s l a n d  j u s t  o f f  SE 



Unal 1s; - i . ~ d ,  q r ! l  iY4  n , > l r  ih.2 d t 2 5 t ~ r n  S! ) p .  7 ~f -\kilt 3 7  I s 1 3 q d .  nI? 
ci. r a d i o  r e p e a t e r  s i t e  SLH, S a l l y h o o ,  and t h e  : + n t r a l  r c 0 r d i r . g  s i t e  DUT, 
4 

Dutch  H a r b o r ,  a r e  l o c a t ~ d  on Amaknlk,  an  i s l e t  i n  Una la ska  Say .  

A l l  r emote  s t a t  i o n s  c o n s i s t e d  o f  s  i ng l e - componen t  v e r t i c a l  1  -Hz 

geophones  (Geospace  H s L O )  w i t h  a m p l i f i e r  - VCOs. T h e i r  o u t p u t  FM a u d i o  

c a r r i e r  was modu la t ed  o n t o  an  VHF r a d i o - c a r r i e r  whose waves were  beamed 

by  y a g i  a n t e n n a s  t o  t h e  r a d i o  r e l a y  s i t e ,  BLH, a t o p  Nount B a l l y h o o .  

From t h e r e ,  t h e  s i g n a l s  were r e t r a n s m i t t e d  on  a  s i n g l e  F'M c a r r i e r  t o  t h e  

c e n t r a l  s t a t i o n  DUT a t  Dutch  H a r b o r .  The o n l y  e x c e p t i o n  t o  t h i s  r e l a y  

scheme i s  s t a t i o n  ?lAK whose r a d i o  s i g n a l  c o u l d  be  beamed w i t h  d i r e c t  

l i n e  o f  s i g h t  t o  DUT and r e c e i v e d  t h e r e .  

A t  t h e  c e n t r a l  r e c o r d i n g  s i t e  DUT, a  3-component s e t  o f  1-Hz Baby- 

B e n i o f f  s e i s m o m e t e r s  was o p e r a t e d  and  t h e i r  a m p l i f i e d  s i g n a l s  were  M- 

m o d u l a t e d  and mixed f o r  m u l t i p l e x e d  FM r e c o r d i n g  w i t h  t h e  FM s i g n a l s  

f rom t h e  r emote  s t a t i o n s  on a  TEAC 4 - t r a c  t a p e - r e c o r d e r .  T h a t  r e c o r d e r  

was o p e r a t e d  o n l y  d i s c o n t i n u o u s l y  when t r i g g e r e d  by an e v e n t .  The  

t r i g g e r  s y s t e m  c o n s i s t e d  o f  a n a l o g  STA/LTA r a t i o  d e t e c t i o n  o f  t h e  l e v e l s  

o f  t h e  d e m o d u l a t e d  incoming s e i s m i c  s i g n a l s  and s e a r c h  f o r  c o i n c i d e n c e  

f o r  h i g h  STA/LTA r a t i o s  a t  more t h a n  o n e  s t a t i o n .  If s u c h  a  c o i n c i d e n c e  

o c c u r r e d  an e v e n t  was d e c l a r e d .  E v e n t  d e c l a r a t  ion prompts  t h e  t r a n s f e r  

of t h e  FM s e i s m i c  s i g n a l s  f rom a  s e c o n d ,  c o n t i n u o u s l y  r e c o r d i n g  TEAC 

t a p e  r e c o r d e r  t o  t h e  e v e n t - o n l y - r e c o r d i n g  TEAC u n i t .  The 

c o n t i n u o u s - r e c o r d i n g  u n i t  had b e e n  m o d i f i e d  t o  o p e r a t e  o n  an  e n d l e s s  

t a p e l o o p .  T h i s  m o d i f i c a t i o n  a l l o w s  t o  r e t r o a c t i v e l y  r e c o v e r  s e i s m i c  

s i g n a l s  a t  l e a s t  some 20 s e c o n d s  p r i o r  t o  e v e n t  d e c l a r a t i o n .  T h i s  

p r e - e v e n t  r e c o v e r y  e n s u r e s  c o v e r a g e  o f  f i r s t  a r r i v a l s ,  t h a t  a r e  t o o  

E a i n t  t o  d e c l a r e  an  e v e n t  b y  t h e m s e l v e s .  

I n  a d d i t i o n  t o  t h e  a n a l o g  r e c o r d i n g  o f  d i s t i n c t  e v e n t s ,  H e l i c o r d e r  



r e c o r d  i n ~ s  p r a ( i t i i ? d  3 ~ n l i t  L i . >  1s V L S  i b L 2  ~ r i t  :ng  of t h ~  si3is;lic s i g n a l s  

o f  a t  l e a s t  one  n e t ~ o r k  s t a t i o n  t o  c h e c k  on b a c k g r o u n d  m i c r o s e i s . ; l s ,  

f r e q u e n c y  o f  e v e n t s  i n  t i m e ,  and on  t h e  r e l i a b i l i t y  o f  t h e  e v e n t  t r i g g e r  

s y s t e m .  A GEOS s a t e l l i t e  r e c e i v e r  c l o c k  i n s e r t e d  a code  of  U n i v e r s a l  

Time (UCT)  i n t o  t h e  a n a l o g  d a t a s t r e a m ,  w i t h  a n  a c c u r a c y  o f  b e t t e r  t h a n  

one  t h o u s a n d s t  o f  a s e c o n d .  

The a n a l o g  t a p e s  were s h i p p e d  t o  Lamont .  T h e r e  t h e  a n a l o g  e v e n t -  

d e t e c t e d  s i g n a l s  were  s e m i - a u t o m a t i c a l l y  d i g i t i z e d  and t r a n s f e r r e d  t o  

c o m p u t e r - c o m p a t i b l e  t a p e  and t h e n  p r o c e s s e d  on L a m a n t ' s  s e i s m o l o g y  

c o m p u t e r  ( P D P - 1 1 / 7 0 ) .  P- a n d ,  whe re  a p p l i c a b l e ,  S - a r r i v a l  t i m e s  were  

p i c k e d  i n t e r a c t i v e l y  from t r a c e s  on a CRT s c r e e n ,  t o g e t h e r  w i t h  maximum 

body-wave ampl i t u d e s  f o r  m a g n i t u d e s  d e t e r m i n a t  i o n .  The P- and S -phase  

d a t a  a r e  Eed i n t o  t h e  HYPOINVERSE c o m p u t e r  r o u t i n e  ( K l e i n ,  19781 ,  us ing  

t h e  v e l o c i t y  s t r u c t u r e  of  T a b l e  2 ,  t h a t  i s  a l s o  used  a t  Lamont f o r  t h e  

Shumagin I s l a n d s  s e i s m i c  ne twork  ( R e y n e r s  and C o l e s ,  1 9 8 2 ) .  A s a m p l e  

r e c o r d  of an  e v e n t  i n  t h e  Una la ska  a r r a y  w i t h  phase  p i c k s  i s  shown i n  

F i g u r e  2 ,  and a  s a m p l e  o u t p u t  from t h e  l o c a t i o n  r o u t i n e  HYPOINVERSE f o r  

an e v e n t  i s  shown i n  F i g u r e  3 .  

SEISMIC LTY 

R e g i o n a l  P a t t e r n .  A t o t a l  o f  1 4 8  e a r t h q u a k e s  were l o c a t a b l e  f rom 

t h e  g a t h e r e d  n e t w o r k  d a t a .  They a r e  shown i n  map v i e w  i n  F i g u r e  4 ,  i n  

s e c t i o n  a l o n g  a p r o f i l e  AB s t r i k i n g  no rma l  t o  t h e  a r c  i n  F i g u r e  5 ,  and  

a r e  t a b u l a t e d  i n  T a b l e  A1 ( s e e  Appendix  1 ) .  The f o l l o w i n g  main p a t t e r n s  

o f  t h i s  s e i s m i c i t y  e m e r g e :  

The s h a l l o w  s e i s m i c i t y ,  t a k e n  h e r e  a s  t h a t  w i t h  d e p t h s  l e s s  t h a n  50 



km, i s  [nos: prd :n in?nt  1 y i t  r I :  ~t 3 b.tncl c,?n: 1 i.Ln5 xwi t h ,  .ind 

p a r a l l e l i n g ,  t h e  1 0 0 0 ~ 1 1  ba thy:n t . t r . i c  c o n t o u r  t h a t  s t r . l c ! ! e s  t h e  i s l a n d s  

o f  Unimak, U n a l a s k a ,  and L'nnak ( F i g u r e  4). Only  3n U n a l a s k a  do;.s t h i s  

a c t i v i t y  e n c r o a c h  o n t o  t h e  c h ~ i n  o f  i s l a n d s  i t s e l f .  T h e r e  i t  c u i n c i d ~ s  

w i t h  t h e  n o r t h e a s t e r n m a s t  down-dip e x t e n t  of t h e  1957 a f t e r s h o c k  zone 

and i n f e r r e d  r u p t u r e  zone of t h i s  ; na jo r  even t  (!-tw = 9 . 1 ) .  E a s t  o f  

l o n g i t u d e  1 6 5 ' ~  and wes t  o f  167"W, t h e  s h a l l o w  s e i s m i c i t y  e x t e n d s  

t owards  t h e  t r e n c h ,  i n  a p p r o x i m a t e  a c c o r d a n c e  w i t h  t h e  r u p t u r e  z o n e s  oE 

t h e  1946 and 1957 g r e a t  e a r t h q u a k e s ,  r e s p e c t i v e l y ,  o u t l i n e d  i n  F i g u r e  

4 .  A s i n g l e  e v e n t  n e a r  t h e  s o l ~ t h z r n  t e r m i n u s  oE p r o f i l e  .4B, s e a w a r d  o f  

t h e  t r e n c h ,  i s  p r o b a b l y  a  n o r m a l - f a u l t i n g  e v 2 n t  a s s o c i a t e d  w i t h  t h e  

f l e x u r e  o f  t h e  P a c i f i c  p l a t ?  forming  t h e  o u t e r  r i s e .  

Q u i e s c e n t  Zone .  There  i s  a  c o n s p i c u o u s  p a u c i t y  o f  s h a l l o w  e a r t h -  

quakes  be tween  t h e  1000-XI bath,vnt?t r i c  c o n t a u r  and t h e  A l e u t i a n  T r e n c h  

n e a r  t h e  Una l a ska  3 a s i n  and some 100 k n  t o  t h e  YE of  i t ,  c o i n c i d i n g  

c l o s e l y  w i th  what h a s  been  te rmed t h e  U n a l a s k a  S e i s a i c  Gap b a s e d  on  

h i s t o r i c ,  t s u n a m i ,  and  i n s ~ r u m e n t a l  t e l e s e i s m i c  d a t a .  The r e l a t i o n s h i p  

o f  t h e  l o c a l  and t e l e s e i s m i c / h i s t o r i c  p a t t e r n s  o f  s e i s m i c i t y  a s s o c i a t e d  

w i t h  t h e  Una l a ska  S e i s s i c  Gap a r e  d i s c u s s e d  i n  d e t a i l  by 3oyd and J a c o b  

(1985) .  

Wadat i -Ben io  f f Zone .  The i n t e r m e d i a t e - d e p t h  s e i s m i c  i t  y  (>50km 

d e e p )  is c l e a r l y  v i s i b l e  i n  c r o s s  s e c t i o n  ( F i g u r e  5 )  t o  form a  r e a s o n -  

a b l y  we L 1  d e f i n e d  Wadat i - S ? n i o f E  zone t h a t  p r s s ~ m a b l y  o u t  1  i n e s  t h e  p a t h  

of d e s c e n t  o f  t h e  s u b d u c t i n g  P a c i f i c  l i t h o s p h e r e  t o  d e p t h s  o f  a t  l e a s t  

150 !a, The a c t u a l  maxinum s e i s m o g e n i c  d e p t h  i n  t h e  d e s c e n d i n g  s l a b  i s  

p r o b a b l y  c l o s e  t o  2 5 0  'm a s  i n f e r r e d  from t h e  d e e p e s t  e v e n t s  i n  a d j a c e n t  

s egmen t s  ( R e y n s r s  and Co;.?s,  1982) and from t e l e s 2 i i n i c  i1at.a ( J a c o b  ? t  



a l . ,  1 9 7 7 ;  D,ivi.?s and  'ial!;,., 1 9 .  3 u t  \ l ~ ~ r i n ;  t5rt l i . n i c e < J  ?~r:l,)rl o f  

o b s e r v a t i o n  no eventls d e e p e r  t h a n  . lbo t l t  150 v;.r? 1 , ) c a t e d .  The \ i i p  o f  

t h e  s h a l l o w  p o r t i o n  o f  t h e  p l . s t e  i n t e r f a c e  i n  t h e  s u b d a c t  i o n  zone  i s  

i n f e r r e d  t o  be  about  1 2  degr t2es  b e t , ~ ~ e n  t h e  t r ? n c h  and a  d e p t h  o f  30 k m ,  

b e l o w  which t h e  d i p  o f  t h e  V a d a t i - S e n i o E f  zone i n c r e a s e s  t o  a b o u t  48 

d e g r e e s  ( ~ o y d  and J a c o b  [ 19851 ,  and F i g t ~ r e  5 ) .  

T h e r e  is  a  . j b s z n c e  o f  e a r t h q u a k e s  i n  t h e  ' J a d q t i - 9 ; l n i o f f  

zone a t  d e p t h s  from abou t  90 t o  130 k m ,  d i r e c t l y  b e n e a t h  t h e  l i n e  o f  

a c t i v e  v o l c a n o e s .  A zone  o f  r e d u c e d  a c t i v i t y  i n  t h e  B e n i o f f  zone is 

o f t e n  o b s z r v e d  b e n e a t h  v o l c a n i c  a r c s  w o r l d w i d e .  I t  may b e  a n  i n h 2 r e n t  

p r o p e r t y  o f  s e i s m i c i t y  i n  most  s u b d u c t i n g  s l a b s  a t  d e p t h s  o f  a b o u t  100 

km. The c a u s e  f o r  t h i s  r e d u c e d  s 2 i s m i c i t y  i s  no t  known b u t  one  c a n  

s p e c u l a t e  t h a t  i t  i s  r e l a t 2 d  t o  t h e  m o b i l i z a t i o n  o f  v o l a t i l e s  f rom t h e  

u p p e r  s u r f a c e  o f  t h e  d e s c ? n d i n g  s l a b .  The v o l a t i l e s  may i n  t u r n  g i v e  

r i se  t o  the p a r t i a l  m e l t  i n  t h e  o v s r l y i n g  m a n t l e .  U p w e l l i n g  o f  t h e  

magmas t h e n  £ o m s  t h e  v o l c a n i c  a r c .  The v o l c a n i c  a r c  ( s e e  c r o s s  s e c t i o n  

o f  F i g u r e  5 )  i s  l o c a t e d  above  a n  i m a g i n a r y  d e p t h  c o n t o u r  o f  t h e  uppe r  

e n v e l o p  o f  t h e  S e n i o f f  zone whe re  i t  i s  a p p r o x i m a t ? l y  110 'un d e e p .  

A number o f  s c a t t e r e d  e v e n t s  a r e  l o c a t e d  a t  a b o u t  50 !an d e p t h  

b e n e a t h  t h e  v o l c a n i c  l i n e .  They a r e  e i t h e r  r n i s l o c a t e d  ? v e n t s  d u e  t o  

r e f r a c t e d  a r r i v a l s  from t h e  s l a b  s i n c e  t h e y  b e l o n g  m a s t l y  t o  e v e n t s  n e a r  

t h e  p e r i p h e r y  o f  t h e  n e t ~ ~ o r k ;  o r  t h e  e v e n t s  would be  h i g h l y  u n u s u a l  

s i n c e  t h e y  a r e  l o c a t e d  i n  what  e l s e v h e r e  i s  c o n n o n l y  known a s  t h e  

I I a s e i s m i c  wedge". I t s  l e a d i n g  edge  t o w a r d s  t h e  t r e n c h  d l r n a r c a t e s  t h e  

I I  a s e i s m i c  f r o n t " ,  a n o t h e r  g l o b a l l y  o b s e r v e d  f z a t u r e  o f  s u b d u c t  i o n  

z o n e s .  The a s e i s l n i c  f r o n t  p r s s u r n ~ b l y  d e f i n e s  t h e  l o c u s  o f  a  c h a n g e  i n  

r h e o l o g y  a t  t h e  ? l ~ t e  i n t ? r : ' a c ? .  r Jpdip  from t h e  s i c  f r o n t  t h e  



d e f o r n a t i o n  a t  t h e  p l a t e  i n t e r f a c e  i s  e l a s t i c - b r i t t l e  dnd seisaog?nic, 

w h i l e  downdip from i t  d ~ f o r r n a t l o n  a p p e a r s  t o  occur b y  a s e i s m i c  c r e e p  

i m p l y i n g  t h a t  a l l  deeppr  o b s e r v e d  s e i s m i c  i t y  o c c u r s  w i t h i n  t h e  s l a b  

r a t h e r  t h a n  a t  i t s  i n t e r f a c e  w i t h  t h e  y i e l d i n g  o v e r l y i n g  m a n t l e .  From 

t h e  s e c t i o n  i n  F i g u r e  5 we i n f e r  t h a t  t h e  d e p t h  a t  which t h i s  t r a n s i t i o n  

i n  t h e  r h e o l o g y  o f  t h e  p l a t e  i n t e r f a c e  o c c u r s  benea th  Una laska  I s l a n d  i s  

a b o u t  30 !a. 

L o c a l  P a t t e r n s .  To show more c l o s e l y  any p o t e n t i a l  r e l a t i o n s h i p  

between s h a l l o w  s e i s m i c  i t y  and g e o l o g i c a l l y  mapped s u r f a c e  o r  n e a r -  

s u r f a c e  F e a t u r e s  we super impose t h e  l o c a t e d  e a r t h q u a k e s  o n t o  a  

s i m p l i f i e d  g e o l o g i c  map of Unalaska  I s l a n d  ( F i g u r e  6 ) .  With t h e  excep-  

t i o n  o f  a t i g h t  c l u s t e r  of s e i s m i c i t y  about  18 lan ESE of  t h e  summit o f  

Makushin Volcano ,  v i r t u a l l y  a l l  r e m a i n i n g  s h a l l o w  s e i s m i c i t y  i s  n e a r  t h e  

s o u t h e r n ,  mounta inous ,  and c o a s t a l  p o r t i o n s  o f  t h e  I s l a n d .  A d i s t i n c t  

l i n e a r  c l u s t e r  o f  e v e n t s  i s  l o c a t e d  b e n e a t h  t h e  w e s t e r n  beach  l i n e  o f  

Usof Bay which forms t h e  most p r o m ~ n e n t  f j o r d - l i k e  i n c i s i o n  i n t o  t h e  

S h a l e r  P l u t o n .  While t h i s  f j o r d  is  a lmos t  c e r t a i n l y  c a r v e d  by i c e  

d u r i n g  t h e  Last  l o c a l  g l a c i a t i o n ,  i t s  l o c a t i o n  may we l l  be t e c t o n i c a l l y  

c o n t r o l l e d .  However, no mapped f a u l t  i s  a t  p r e s e n t  known t o  be  a s s o c i -  

a t e d  wi th  t h i s  s e i s m i c  and morphologic  l i n e a m e n t .  Nor were we a b l e  t o  

d e r i v e  a f a u l t  p lane  s o l u t i o n  f o r  t h e  s e i s m i c  c l u s t e r  b e c a u s e  o f  poor  

a z i m u t h a l  c o v e r a g e  on t h e  f o c a l  s p h e r e  by t h e  s p a r s e  ne twork .  

A mere f o u r  e v e n t s  a r e  l o c a t e d  on t h e  SW limb o f  Una laska  I s l a n d  

t h a t  s r e t c h e s  f o r  about 60 lan from S h a l e r  P l u t o n  t o  Konets Head f a c i n g  

Umnak Passage .  Given the  u n c e r t a i n t i e s  i n  t h e  l o c a t i o n s  f a r  o u t s i d e  t h e  

ne twork ,  t h e s e  e a r t h q u a k e s  cou ld  be l o o s e l y  a s s o c i a t e d  w i t h  a  mapped 

l i n e a r  f e a t u r e  more than  20 km long  ( p l a t e  7 7 ,  Drewes e t  a l . ,  1961) ;  



c h i s  l i n e a m e n t  a l s o  shows n t  o n  a  S L A X  :n;lp of t h e  T s l 3 n d  

( U n a l a s k a ,  1981) .  It  s t r ik , : ;  YS'd a s  a rndr?hologi :  f e a t ~ ~ r ?  w i t h i n  t h e  

U n a l . ~ s k a  F o r m a t i o n  whose rocks  make up t h e  s p i n e  of  t h i s  p c ~ r t i o n  oE 

U n a l a s k a .  Except  f o r  s c a t t e r e d  e v e n t s  t h a t  p l o t  i n  mapview on t h *  

e x p o s u r e s  o f  S h a l e r  P l u t o n  ,?nd C a p t a i n s  3 a y  P l u t o n ,  t h e  r s n a i n d e r  o f  

. . 
Una la ska  I s l a n d  is  v i r t u a l l y  d e v o i d  o f  s h a l l o w  c r u s t a l  s ? i s i n ~ c ~ t y  d r l r i n g  

t h e  p e r i o d  o f  o b s e r v a t i o n .  

S e i s m i c  Q u i e s c e n c e  o f  Yakushin  Vo lcano  and  F u m a r o l i c  F i e l d s .  The -- 

p e n i n s u l a r  p r o t r u s i o n  o f  Unalaska  I s l a n d  e x t e n d i n g  n o r t h w e s t w a r d  i n t o  

t h e  B e r i n g  Sea i s  domina t ed  b y  t h e  2 0 3 6 3  h i s h ,  g l a c i a t e d  Hakush in  

V o l c a n o .  The NE h a l f  o f  t h i s  p o r t i o n  o f  U n a l a s k a  i s  made up o f  

u n a l t e r e d  r e c e n t  v o l c a n i c  r o c k s ,  w h i l e  i t s  r e m a i n d e r  i s  composed o f  

r o c k s  o f  t h e  U n a l a s k a  Fo rma t ion  of  uppe r  O l i g o c e n e  t o  m i d d l e  Y i o c s n e  

a g e .  T h i s  e n t i r e  a r e a  NE of  t h e  l and  n a r r o w s  t h a t  c o n n e c t  C a p t i a n s  w i t h  

P o r t a g e  Bay i s  - d u r i n g  t h e  p e r i o d  o f  o b s e r v a t i o n  w i t h  one  d i s t i n c t  

e x c e p t i o n  - c o m p l e t e l y  f r e e  o f  s h a l l o w  c r u s t a l  e a r t h q u a k e s  ( ~ i g u r e  6 ) .  

T h i s  is r e m a r k a b l e ,  s i n c e  t h e  v i c i n i t y  o f  Wakushin  Volcano  and r e l a t e d  

s e c o n d a r y  v o l c a n i c  c e n t e r s  i s  known t o  be t r a v e r s e d  by Ho locsne  f a u l t s ,  

some w i t h  s c a r p s  as  h i g h  a s  5 w t e r s  ( ~ e e d ? r ,  1 9 8 4 ) .  %ny o f  t h e  s u b 4 i -  

d i a r y  c o n e s  and t h e  f u m a r o l i c  f i e l d s  s e e n  t o  be  a l i g n e d  w i t h  some o f  t h e  

f a u l t s ,  p r e s u m a b l y  u s i n g  t h e s e  ~ 9 n e s  o f  weaknes s  as  a  p a t h  o f  a s c e n t  o f  

nagma o r  t h e r m a l  w a t e r s  and s t e a m .  The a p p a r e n t  s z i s m i c  q u i e s c e n c e  

c o u l d  be  e i t h e r  a  t e m p o r a r y  o n e ,  o r  may s i z n i f y  t h a t  any s t r a i n s  i n  t h e  

v i c i n i t y  of  t h e  a c t i v e  v o l c a n i c  s t r u c t u r e  a r e  r ? l e a s ? d  a s ~ i s m i c a l l y  

b e c a u s e  of  t h e  h i g h  t 2 m p e r a t l ~ r . s  ev?n a t  n e a r - ; u r f a c e  d e p t h s .  

C l u s t e r  o f  S e i s m i c i t y  n + a r  V ~ t e e k i n  R i v e r  V a l l e y .  The o n l y  5 2 i s a i -  

c a l l y  a c t i v e  E z a t u r e  d ~ t e c t + d .  i n  t h e  'Z p o r t i o n  o f  C n z l 3 s i a  I s l a n d  i s  a 



c l u s t e r  o f  s i na l l  a : ;  i s  L : I  53' 5 0 ' ~  < ~ n d  156"  h ? '  W 

( I n s e r t  t o  F i g u r e  6 ) .  I t  o z c ~ ~ r r s c i  .ls n s w . ; r m  o v e r  a r - 3 l a t  i v e l y  s h o r t  , 

p e r i o d  of  t i m e ,  f rom .4ugtl.;t 6 t h r o u 2 h  1 1  o f  1981 .  The c l u s t e r  o f  e v e n t s  

is l o c a t s d  a b o u t  17  h ESE o f  t h e  siltiirnit o f  Hakush in  V o l c a n o ,  s p p r ; j x i -  

m a t e l y  on t h e  E S E  2 x t e n s i o n  o f  a s y s t e m  of  s t e e p l y  d i p p i n g  d i p - s l i p  

( p r o b a b l y  n o r m a l )  f a u l t s  th .? t  s t r i k e  abou t  N 7 0  W; t h e y  s t a r t  i n  t h e  NW 

a t  P o i n t  Kad in ,  c u t  t n r s ~ l g h  t h e  YE f l a n k  o f  t h e  u a k u s h i n  summit c a l d e r a  

r i m ,  and p r o c e e d  ESE a s  a s 2 t  of t i io p a r a l l e l  f a u l t s  t o w a r d s  C a p t i a n s  

Bay P l u t o n  ( ~ e e d e r ,  1 9 8 4 ) .  The n o r t h e a s t e r n  o n e  o f  t h e  two f a u l t s  

a p p e a r s  t o  have  p r o v i d e d  t h e  l o c u s  of  a s c e n t  o f  magrna t h a t  Eorns a  Quar -  

t e r n a r y  v o l c a n i c  v e n t  on t h e  s o u t h e r n  v a l l e y  s l o p e s  o f  t h e  N a t e e k i n  

R i v e r ,  abou t  4 'm e n s t  o f  t h e  SV t i p  of  C a p t a i n s  Ray. The i s o l a t e d  v e n t  

i s  t h e  most d i s t a n t  v e n t  from "akush in  sumxi t  t h a t  a p p e a r s  t o  b e  r e l a t e d  

t o  t h e  o n g o i n g  phase  o f  v o l c a n i s n  on U n a l a s k a  I s l a n d  as  p r e s e n t l y  

mapped.  

F i g u r e  7 shows t h e  c l u s t e r  oE s ? i s r n i c i t y  i n  more d e t a i l  b o t h  i n  map 

v i e w  and i n  two c r o s s  s e c t i o n s ,  .4A1 s t r i k i n g  SE and B B '  s t r i k i n g  N W .  

Compar i son  o f  t h e  two s e c t i o n s  shows a  t i g h t e r  c l u s t e r i n g  of  t h e  1 3  

l o c a t a b l e  h y p o c e n t e r s  a p p a r e n t l y  fo rming  a  s t e e p l y  S i l - d i ~ p i n g  " f a u l t "  on 

s e c t i o n  B B ' .  The h y p o c e n t e r s  when p r o j e c t 2 d  on s e c t i o n  .%A' a p p e a r  t o  n o t  

f a l l  a s  r e a d i l y  on a  s i n g 1 2  p l a n e ,  a l t n o l ~ g h  t h e  d i s t r i b u t i o n  o f  hypocen-  

t e r s  d o e s  n o t  c l e a r l y  d i s c o u n t  a  SE d i p p i n g  s t r u c t l r r e .  The c o m p o s i t e  

f o c a l  mechanism d e r i v e d  from f i r s t  n o t i o n  d a t a  and ?-S 'J  x a p l i t u d a  r a t i o s  

( A p p e n d i s  B ;  f i g u r e s  31 and 8 2 )  o f  a l l  t h e  w e l l  l o c a t e d  ? v e n t s  i n  t h e  

s w a m  i n d i c a t e  t h a t  t h e  a c t i v e  f a u l t  i s  e i t h e r  !a o r  S E  d i p p i n g .  S i n c e  

c r o s s - s e c t i o n  B B '  c l e a r l y  d i s c o c ~ n t s  t h e  p o s s i b i l i t y  o f  r u p t u r e  a l o n g  a  

YE d i p p i n 5  E c l l t  l C J  E l   lip o c c u , r r i n g ,  on a SE d i p p i n g  



, . 
, <  , t  i on  .\A' . ~ n d  t h e  c o , n ? ~ j i t e  toc.31 ? 1 - 1 n ~  i s  - . l ~ : r  c ~ [ ~ ; L ; L  ':I: x1:n  i r ) s ; - - , > , -  

~ n e c h n n  i sm. 

Only 13 e v e n t s  oE t h i s  s ~ a m - l i k e  c l u s t e r  were loca tab!?  from t h e  

e v e n t - t r i g g e r e d  t a p e - r e c o r d e d  a r r l y  d a t a .  A s y s t e m a t i c  s c r e e n i r l g  o f  t h e  

Hel  i c o r d e r / c o n t  i n u o u s l y - m o n i t o r 2 d  r e c o r d i n g s  f o r  s t a t  i o n  USR showed t h a t  

a  t o t a l  o f  48 e v e n t s  w i t h  v i r t u a l l y  i d e n t i c a l  S-P t i m e s  and s i g n a l  

c h a r a c t e r s  may have  o r i g i n a t e d  from t h e  same g e n e r a l  s o u r c e  o r  a c t i v e  

s t r u c t u r e .  A t  l e a s t  t h e  13 l o c a t a b l e  e v e n t s  a r e  c o n f i n e d  t o  d e p t h s  from 

a t  l e a s t  . l 5  t o  7 . 5  h. 

DISCUSSION 

I n  t h e  c o n t e x t  o f  a s s e s s i n g  t h e  p o t e n t i a l  f o r  geo the r -na l  e n e r g y  

r e s o u r c e s  on Gna la sk  I s l a n d ,  t h e  c l u s t e r  o f  s ~ i s a i c i t y  n e a r  t h e  X a t e e k i n  

R i v e r  V a l l e ; ~  i s  t h e  o n l y  d e t 2 c t e d  s e i s a o g e n i c  f e a t u r e  o f  i n t e r e s t ,  s i n c e  

t h e  r m a i n i n g  v i c i n i t y  of  Yakush in  Volcano behaved  a s e i s m i c a l l y .  

S e v e r a l  c h a r a c t e r i s t i c s  o f  t h i s  s e i s m i c  c l u s t e r  arc? u n u s u a l .  Their geo- 

m e t r i c  a s p e c t  r a t i o  o f  w i d t h  ( 3  kn)  t o  d e p t h  (8  km) o f  t h e  a c t i v a t e d  

s o u r c e  a r 2 a  make f o r  a  v e r y  s k i n n y ,  a l m o s t  t i n s e l -  o r  p e n c i l - l i k e  s t r u c -  

t u r e .  I f  mo t ion  on an a c t i v e  f a u l t  s t r u c t u r e  o c c u r s  s e i s m i c a l l y ,  i t  i s  

d i f f i c u l t  t o  u n d e r s t a n d  how i t  c a n  be c o n f i n e d  t o  a s t r i p  s o  n a r r o w ;  o r  

i f  s l i p  i s  not  c o n f i n e d  t o  t h e  3-!m wide s t r i p ,  why would i t  o c c u r  s 2 i s -  

m i c a l l y  o n l y  a t  t h e  na r row s t r i p ,  and a s e i s m i c a l l y  beyond i t ?  Tne b e s t  

f i t  t o  t h e  A v a i l a b l e  d a t a  a s  J e s c r i b e d  above i s  c o r n p a t i 5 l e  w i t h  a 

s t r i k e - s l  i p  s o l u t i o n  i x p l y i n g  l e f t - l a t ? r a l  s l i p  on a  N E - s t r i k i n g  p l a n e .  

T h i s  f a u 1 ~ - ? l a n e  s o l u t i o n  i s  howeve r ,  i s  no t  f u l l y  c o m p a t i b l e  w i t h  t h e  

s y s t e m  3 f  .napped E S E - s t r i k i n g  - ~ o r . n a l  f a u l t s  t h a t  s t r e t c h  from ? o i n t  



f l  Kadin  t h r d u g h  -nc3i11s? i n  i ~ 1 ~ i ~ ~ t - a  and :he ;e i - ; - ; f  1: c!u ; t? r  t o  t h e  i s o i 3 t e . l  
A 

v o l c a n i c  e v e n t  W of C a ~ t i a n s  3 a y .  

I f  t h e  mapped E S E  s t r i k i n g  n o r q a l  f a u l t s  e x i s t  and a c t i v e l y  

p a r t i c i p a t e  i n  a  r i f t i n g  o r  o p e n i n g  n o m a l  t o  t h e i r  s t r i k e ,  and i f  t h e  

c o n f i n e d  c l u s t e r  i s  r e l a t e d  t o  t h i s  mode of  r e g i o n a l  r i f t i n g  

d e f o r m a t i o n ,  t h e n  t h e  s e i s m i c  c l u s t s r  would b e  most r e a d i l y  e x p l a i n e d  a s  

a c t i v i t y  o n  a  r i g h t - s t e p p i n g  o f f s e t  b e t w e e n  two r i f t  z o n e s ,  much l i k e  on 

a  r i d g e - r i d g e  t r a n s f o r m  f a u l t  t h a t  i s  a c t i v e  o n l y  be tween  t h e  two o f f s e t  

r i d g e s ,  b u t  n o t  beyond them. I n  t h a t  c a s e  t h e  a c t i v e  t r a n s f o r m  m u l d  

s t r i k e  NNE, d i p  more o r  l e s s  v e r t i c a l l y ,  and have  a  l e f t - l a t e r a l  s e n s e  

o f  s t r i k e s l i p  m o t i o n ,  which i s  c o m p a t i b l e  w i t h  t h e  s o l u t i o n  shown i n  

F i g u r e  B1 (Append ix  B); dnd l e s s  c o m p a t i b l e  w i t h  t h e  o p t i m a l  e v e n t  

a l i g n m e n t  t o  a  N E - s t r i k i n g ,  SW-dipping p l a n a r  f e a t u r e  a s  i n f e r r e d  f rom 

F i g u r e  7 and d i s c u s s e d  e a r l  i e r .  D e s p i t e  t h e s e  i n c o n s i s t e n c i e s  w e  o f f e r  

t h i s  model d e p i c t e d  i n  a  s c h e m a t i c  s k e t c h  ( F i g u r e  8 ) ,  t o  e x p l a i n  t h e  

p e c u l  i a r l y  n a r r o w ,  penc i l - l  i k e  g e o m e t r y  o f  t h e  c l u s t e r  t h a t  is  p r o b a b l y  

i t s  b e s t  d e t e r m i n e d  p r o p e r t y .  N e i t h e r  t h e  f o c a l  mechanism n o r  t h e  d i p  

and s t r i k e  o f  a p l a n e  f i t t e d  t o  t h e  h y p o c e n t e r s  a r e  a s  e q u a l l y  w e l l  

c o n s t r a i n e d  a s  t h e  g e n e r a l  shape  o f  t h e  c l u s t e r .  

The o c c u r r e n c e  of  t h e  e v e n t s  i n  a  s i n g l e  e p i s o d i c  swarm and t h e  

s m a l l  m a g n i t u d e s  r a n g i n g  from mb = 1 t o  2 . 6 ,  a r e  r e m i n i s c e n t  o f  s e i s m i c  

e v e n t s  a s s o c i a t e d  w i t h  v o l c a n i c  e p i s o d e s ;  however t h e  b - v a l u e  o f  1 . 1 + 0 . 4  

( s e e  Appendix  C) i s  n o t .  V o l c a n i c  e a r t h q u a k e s  o f t e n  h a v e  b - v a l u e s  

e x c e e d i n g  2 . 0  ( e . g . ,  Yinakami ,  1 9 6 0 ;  Xinakami  e t  a l .  1 9 6 9 ) ,  w h i l e  v a l u e s  

n e a r  1 .0 - a s  o b s e r v e d  h e r e  - a r e  more t y p i c a l  f o r  t e c t o n i c  e v e n t  

s e q u e n c e s .  To r e c o n c  i l e  t h e s e  o b s e r v a t  i o n s  w i t h  t h e  model d e p i c t e d  i n  

F i g u r e  8 ,  one  c o u l d  s p e c u l a t e  a b o u t  a  v o l c a n i c a l l y  d r i v e n ,  a s e i s m i c  



e x t e n s i o n  o f  t h e  ESE s t r i i i - , g  i f -  r o r - 1  s ; i s ~ ~ a ,  i.-tii:h 

c a u s 2 s  s e i sLn ic  ( t e c t o n i c )  2venis on t h e  a s s . 3 ~  i a t e d  r i g h t - ~ t ? ~ ? i n g  

t r a n s f o r m  f a u l t  s e g m e n t .  T h i s  s c e n a r i o ,  f a r  from p r o v a b l e  by t h e  

p r e s e n t  d a t a ,  would b e  c o m p a t i b l e  b o t h  w i t h  t h e  v o l c a n i c  t e m p o r a l  b u t  

t e c t o n i c  b - v a l u e  c h a r a c t e r i s t i c s  o f  t h i s  e v e n t  s e q u e n c e .  

t 

The i m p l i c a t i o n s  o f  t h e  b r o a d e r  p a t t e r n s  o f  s e i s m i c i t y  a t  and  

a round  U n a l a s k a  I s l a n d  and t h e i r  p o s s i b l e  r e l a t i o n s  t o  t h e  p o t e n t i a l  f o r  

a  f u t u r e  g r e a t  e a r t h q u a k e  i n  t h e  U n a l a s k a  S e i s m i c  Gap a r e  d i s c u s s e d  i n  

Boyd and J a c o b  ( 1 9 8 5 ) .  Some d e t a i l s  a b o u t  t h e  r a n g e  o f  m a g n i t u d e s  

d e t e c t e d  by t h e  n e t w o r k ,  c o m p l e t e n e s s  o f  d e t e c t i o n ,  an  m a g n i t u d e  - f r e -  

quency  o f  o c c u r r e n e  r e l a t i o n s h i p s  a r e  d e f e r r e d  t o  t h e  Appendix C o f  t h i s  

r e p o r t .  

CONCLUSIONS 

Dur ing  a  t h r e e - y e a r  p e r i o d  from 1980 t o  1982 a t e m p o r a r y  s e i s m i c  

n e t w o r k  was o p e r a t e d  i n  t h e  v i c i n i t y  o f  U n a l a s k a  I s l a n d .  D u r i n g  moni-  

t o r i n g  t i m e s  c u m u l a t i v e l y  amoun t ing  t o  a b o u t  one  y e a r ,  s e v e r a l  h u n d r e d  

e v e n t s  were  d e t e c t e d  and r e c o r d e d ,  o f  which  a b o u t  150 e v e n t s  were  

l o c a t e d .  By-and- l a rge ,  t h e  h y p o c e n t e r  d i s t r i b u t i o n  mimics t h e  t e l e -  

s e i s m i c  p a t t e r n s  w i t h  a w e l l  d e f i n e d  Wadat i - B e n i o f  f  z o n e ,  s h a l l o w  s e i s -  

m i c i t y  a s s o c i a t e d  w i t h  t h e  p l a t e  i n t e r f a c e  o f  t h e  main t h r u s t  zone  o f  

t h e  s u b d u c t i o n  complex .  T h i s  s i m i l a r i t y  a l s o  e x t e n d s  t o  t h e  r e g i o n  o f  

t h e  p r e v i o u s l y  d e f i n e d  "Una la ska  S e i s m i c  Gap" t h a t  i s  r e l a t i v e l y  q u i e s -  

c e n t .  Some s h a l l o w  s e i s m i c i t y  i s  s c a t t e r e d  t h r o u g h o u t  t h e  s o u t h e r n ,  

t r e n c h w a r d  p o r t i o n s  o f  t h e  i s l a n d ,  t h a t  a r e  made up o f  t h e  U n a l a s k a  

Fo rma t ion  ( o f  u p p e r  O l i g o c e n e  t o  m i d d l e  X iocene  a l t e r e d  r o c k s )  and o f  



t h e  11 t o  13 m i l l i o n  y-2ar p l l ~ r . , ~ l s ,  .cds: ? r ~ i n i : l . : l ~  ~ 7 r a Z n g s :  t h e n  :he 

S h a l e r  and C a p t a i n s  Bay ? l  u ~ o n .  The r e g i o n  s u r r ~ u n d i n ~  Yakush in  Volcano  

and  o t h e r  v o l c a n i c  c o n 2 s  a n d  v e n t s  on n o r t h e r n  U n a l a s k a  which a r e  

l a r g e l y  made o f  Q u a r t s r n a r y  t o  Rec2nt  v o l c a n i c  r o c k s ,  i s  v i r t u a l l y  

a s e i s n i c  d e s p i t e  t h e  e v i d e n c e  o f  Holocene  f a u l t i n g .  A s i n g l e  c l u s t e r  o f  

some 50 s m a l l  s e i s m i c  e v e n t s  was d e t e c t e d  and 13  e v e n t s  l o c a t e d  t o  form 

a  p e n c i l - 1  i k e  a c t i v e  s t  r c ~ c  t ~ i r e  n e a r  a s e t  o f  E S E - t r e n d i n g  (no rma l  ? )  

f a u l t s  and a  n e a r b y  i s o l a t e d  Q u a r t e r n a r y  v o l c a n i c  v e n t  a  few k i l o m e t e r s  

wes t  o f  C a p t a i n s  Bay. The e x a c t  t e c t o n i c  n a t u r e  o f  t h i s  e v e n t  s e q u e n c e  

c o u l d  n o t  be d e d u c e d  f rom t h e  l i m i t e d  d a t a ;  i t s  l o c a t i o n  and g e o m e t r y ,  

howeve r ,  make i t  - i f  n o t  l i k e l y  - s o  a t  l e a s t  c o m p a t i b l e  t o  b e  

a s s o c i a t e d  w i t h  a  s y s t m  o f  ESE t r e n d i n g  f a u l t s .  E l s e w h e r e  - c l o s e r  t o  

t h e  summit o f  X a k u s h i n  - and a t  e a r l i e r  t i m e s ,  t h e  mapped f a u l t s  h a v e  

p r o v i d e d  a v e n u e s  f o r  magma a s c e n t  and h y d r o t h e r m a l  c  i r c u l a t  i o n  and 

p r o v i d e  a t  p r e s e n t  some o f  t h e  c o n d u i t s  f o r  a c t i v e  f u m a r o l e s  on t h e  

s l o p e s  o f  Makushin  and s e c o n d a r y  v o l c a n i c  c o n e s .  B e c a u s e  o f  t h e s e  

a s s o c i a t i o n s  w e  s u g g e s t  t h a t  t h e  c l u s t e r  o f  s e i s m i c i t y  d e t e c t e d  d u r i n g  

t h i s  s t u d y  may b e  a  p o t e n t i a l  t a r g e t  f o r  f u t u r e  g e o t h e r m a l  s t u d i e s .  I n  

o t h e r  g e o t h e m a l  p r o s p e c t s  o f  t h e  wor ld  s h a l l o w  s e i s m i c i t y  d e t e c t e d  

f a u l t s  have  S e e n  p r o v e n  t o  b e  e x c e l l e n t  g e o t h e r m a l  p r o d u c e r s .  F o r  

i n s t a n c e  d u r i n g  a m i c r o e a r t h q u a k e  s u r v e y  o f  t h e  Ahuachapan  g e o t h e r m a l  

f i e l d  i n  E l  S a l v a d o r ,  Ward and J a c o b  ( 1 9 7 1 )  i d e n t i f i e d  a  s e i s m i c  f a u l t  

a t  d e p t h  whose s u r f a c e  p r o j e c t i o n  i n t e r s e c t e d  a  known f i e l d  o f  a c t i v e  

f u m a r o l e s ;  s u b s e q u e n t  d r i l l i n g  i n t o  t h i s  b u r i e d  f a u l t  y i e l d e d  s e v e r a l  

p r o d u c t i v e  s t e a m  w e l l s ,  s t  i l l  used f o r  e l e c t r i c  power g e n e r a t i o n  more 

t h a n  a  decade  l a t e r .  Whi l e  no f u m a r o l e s  a r e  known t o  be  a c t i v e  i n  t h e  

immed ia t e  v i c i n i t y  o f  t h e  d e t e c t e d  c l u s t e r  o f  s e i s m i c i t y  n e a r  t h e  



3 h : , ' I  . I?.! i t s  l , ,wr . r  e 1 c . v ; ~  i on  . y 7 j : . ; .  ;L  a l o ~ i  .;L i z a l l ; ~  

inor? f 2 a s i S l e  t a r g e t  t h . ~ n  :;am? l e s s  , ~ c c e s s l b l e  s i t e s  on  :he s l o p e s  o f  

Ynkush in  Volcano .  C l e a r l y  n o r e  g e o p h y s i c a l  ;rork ( f L ) r  i n s t . n n c e  r e s i s t  i -  

v i t y  s u r v e y s  and h e a t  flow s u r v e y s )  7 ~ o u l d  b e  r s q u i r e d  i n  a d d i t i o n  t o  m d r e  

f o c u s s e d  m i c r u e a r t h q u a k ?  s u r v e y s ,  b e f o r e  a mur? d e f i n i t i v e  a s s 2 s s n e n t  o f  

t h i s  f e a t u r e  f o r  g e o t h - . r . ~ ~ L  purposc.5 c a n  be g i v e n .  

APPENDICES 

Acknovledgernent s .  T h i s  work was s u p p o r t e d  b y  t h e  D i v i s i o n  of  

G e o l o g i c a l  and G e o p h y s i c a l  S u r v e y s  ( D G G S )  o f  t h e  Depa r tm2n t  o f  N a t u r a l  

? Z S ~ I J ~ C ~ S ,  S t a t e  o f  . 4 l a s k a .  We t h a n k  Dr. John  Reeder  f o r  p r o d u c t i v e  

c o o p e r a t i o n  d u r i n g  t h e  s t u d y ,  i n  t h e  f i e l d ,  an f o r  p r o v i d i n g  p r 2 p r i n t s  

of p a p e r s  p r i o r  t o  p u b l i c a t  i o n .  The s e i s m i c  ne twork  was i n i t i a l l y  

i n s t a l l e d  w i th  fiinds f r o n  OCSEAP whose a s s i s t a n c e  we g r a t e f u l l v  acknow- 

l e d g e .  Yany i n d i v i d u a l s  f r o a  Lalnont ( f o r r n 2 r l y  o r  now) h e l p e d  i n  t h e  

f i e l d  and i n  t h e  2 a r l y  s t a g e s  of  d a t a  p r e p a r a t i o n ,  amongs t  them E g i l l  

R a u k s s c n ,  L a s z l o  S k i n t a ,  J o h n  D a v i e s ,  and Yary - inn  Luckman, R o s e n a r i e  

Bong io rno  typed  t h e  m a n u s c r i p t  and Kazuko Nagao p r e p a r e d  soms o f  t h e  

d r a w i n g s .  Lamont-Doherty G e o l o g i c a l  O b s e r v a t o r y  C o n t r i b u t i o n  Number 

0000. 



Boyd,  T. and K .  J a c o b ,  198A. S e i s m i c i t y  o f  t h e  U n a l l s k a  r e g i o n ,  . \ l a s k a ,  

i n  p r s p a r a t  i o n .  

D a v i e s ,  J .  and L.  House,  1 9 7 9 ,  Ale-r~t i ? n  subduc t  i o n  zone s e i s m i c i t y ,  

v o l c a n o - t r e n c h  s s p a r < l t i o n  2nd t h 2 i r  r e l a t i o n  t o  g r e a t  t h r u s t - t y p e  

e a r t h q u a k ? ~ ,  J .  G e o p h v s .  -- - - - R s s . ,  - - -- 8 4 ,  4583-4591.  

Drewes, H . ,  G. F r a s e r ,  G .  S n y d e r ,  and H.  B a r n e t t ,  1 9 6 1 .  Geo logy  o f  

U n a l a s k a  I s l a n d  and ~ d j a c e n t  i n s u l a r  s h e l f ,  A l 2 u t i a n  I s l a n d s ,  

A l a s k a ,  G e o l o g i c a l  S u r v e v  - ~ S u l l e t i n  -- 1028-S,  583-676 .  

Hous? ,  L . ,  L. S y k s s ,  J .  Davi2s  and K .  J a c o b ,  1981.  I d e n t i f i c a t i o n  o f  a  

p o s s i 5 l e  s e i s m i c  gap  n e a r  Unal .3ska I s l a n d ,  E a s t e r n  A l e u t i a n s ,  

A l a s k a ,  i n  Ear thquak- .  P r s d i c  t i o n ,  .h I n t s r n a t  i o n a l  S e v i z w ,  Yaur i c e  

Ewing S e r i e s ,  4 ,  D . W .  S i a p s o n  and P . G .  X i c h a r d s  ( e d s ) ,  . X U ,  

Wash ing ton  D.C, 81-92.  

J a c o b ,  K . ,  1983.  E s t i m a t e s  of  l o n g - t s r m  p r o b a b i l i t i e s  f o r  f u t u r e  g r e a t  

e a r t h q u a k e s  i n  t h e  A l e u t i a n s .  Geophvs .  Res . ,  L e t t e r s ,  1 1 ,  295-298. 

J a c o b ,  K . ,  K. Nukamura and J .  D a v i e s ,  1 9 7 7 .  T r e n c h - v o l c a n o  gap  a l o n g  

t h e  A l a s k a n - A l e u t i a n  a r c :  F a c t s ,  and s p r c u l ~ t i o n s  on t h e  r o l e  o f  

t e r r i g e n e o u s  s e d i m e n t s ,  i n  I s l a n d  A r c s ,  Deep S e a  T r e n c h s ,  and 

Buck-Arc B a s i n s ,  Y a u r i c e  Ewing S e r . ,  v o l .  1 ,  Y .  T a l w a n i  and W . C .  

P i tman  111 ( e d s . ) ,  A G U ,  Wash ing ton ,  D . C .  243-258.  

K l e i n ,  1978. H y p o c z n t e r  l o c a t  i o n  program H Y P O I N I I S X S E ,  P a r t  1:  U s e r s  

g u i d e  t o  v e r s i o n s  1 ,  2 ,  3 ,  and $ :  ? a r t  2 :  S o u r c e  l i s t i n g s  and 

n o t e s ,  U.S. G e o l .  S u r v .  Open-F i l e  R p t .  78-294,  114 pp .  

R e e d e r ,  J . ,  1984.  F a u l t  and v o l c a n i c  d i k e  o r i e n t a t i o n s  f o r  t h e  Yakushin  

V3l:ano r ? ~ i . ~ n  o f  t h e  . 4 1 2 - ~ t i a n  . k c ,  b y a l  S o c i ? t y  o f  Yew Zealqnd 

3 u l : e t i n ,  i n  p r z s s .  



, . 
zone and subt i t lc t  i , ~ n  r : ~ ~ ~ . : i c i n ~ ~ ~  i n  t h e  Shurnjzin T.; lar ids,  a J .  - 

Geophys .  Rss . , 8 7 ,  756-366. 

S y k e s ,  L . ,  J .  K i s s 1 i r 1 g c . r ~  I,. Y o ~ l s e ,  J .  D a v i e s ,  and  K .  J , ? c o b , d  1981.  

R u p t u r e  z o n e s  and r . ? p ? a t  r i m e s  o f  g r e a t  e a r t q h u a k e s  a l o n g  t h e  

. 4 l a s k a - a l e r l t  i n n  a r c ,  1785-1980,  i n  E a r t h q u a k e  P r e d i c t  i o n ,  An I n t e r -  

n a t i o n a l  R e v i e s ,  Y a l l r i i e  Ewing S e r i e s ,  4 ,  D.W. Simpson and P.G. 

R i c h a r d s  ( e d s ) ,  A G U ,  ;dash ington  D . C . ,  73-80.  

U n a l a s k a ,  1981 .  S y n t h e t i c - a p e r t u r e  r a d a r  image ry  n e a r  r ange  X-band, 

N o r t h w e s t  l o o k ,  e x p e r i n e n t a l  e d i t i o n ,  A l a s k a n  Geology  Branch ,  531 

Ward, P. and K .  J a c o b ,  1 9 7 1 .  H i c r o e a r t h q u a k e s  i n  t h e  Ahuachapan 

G e o t h e r m a l  f i ? l d ,  E l  S a l v . ~ d o r ,  C e n t r a l  Amer i ca ,  S c i e n c e ,  1 7 3 ,  

328-330. 

H i n a k a m i ,  T . ,  1960 .  Fun,! l x e n t a l  r e s e a r c h  f o r  p r e d i c t  i n g  v o l c a n i c  

e r u p t  i o n s  ( I )  - E a r  ~ h i ; , l a k e s  and c r u s t a l  d e  for inat  i o n s  o r  i g i n a t  i n g  

f rom v o l c a n i c  a c t i v i t i e s .  B u l l .  E a r t h q u a k e  R e s .  I n s t . ,  3 8 ,  

497 -544 .  

Y i n a k a n i ,  T . ,  S .  H i r u g a ,  T .  H i ~ a z a k i ,  and S .  U t  i b o r i ,  1969 .  F u n d o q e n t a l  

r e s e a r c h  f o r  p r e d  i c :  i n g  v o l c a n i c  2 r u p t  i o n s  ( P a r t  2 ) .  B u l l .  

E a r t h q u a k e  R e s .  I n s c . ,  $ 7 ,  - 843-950. 

Habermann,  R . ,  1983 .  Tz!es+islnic  d e t e c t i o n  i n  t h e  A l e u t i a n  I s l a n d  A r c ,  

J .  G e o p h y s .  Res .  , 8 8 ,  5056-5064. 6 



Table 1 
Una laska  N e t w o r k  Station Character is t ics  

I s ta t ion  1 Location I Operat ional  Date I Seisrnorne t e r  
53' 53.9' N 166' 32.2' iY / 8/79 3 B  

7/60 N 
SDK 1 53' 50.3' .V 166' 09.4' W 7/80 1 N 
U S R  I 53' 46.0' N 166' 11 .9 '  W 6/8 1 I N 

x=Single s h o r t  p e r i o d  seisinorneter (Sorsar  ES-10) 
3E3=Orthogonal s e t  of sho r t  pe r iod  seismometers  (Baby Benioffs) 



Table 2 
Flat-Layered P-Velocity Model for the  Unalaska Island Array 

P-Wave Velocity of Leiyer Depth t o  Top of Layer 
( k m  's " C  ) (krn) 

3.44 0.00 
5.56 1.79 
6.06 3.65 
6.72 10.18 
7.61 22.63 
7.90 38.51 
8.26 90.19 

A ratio of  P-wave velocity t o  S-wave velocity of 1.73 w a s  adopted  for  all layers .  



F i g u r e  1. U n a l a s k a  I s l a n d  . b r a y ,  C a s t e r n  A l e u t i a n s ,  and z e o g r a p h i c  

place-name p o s i t i o n s  r e f e r e n c e d  i n  t h e  t e x t .  The a r r a y  c o n s i s t e d  

o f  f o u r  r emo te  s t a t i o n s ,  W, USR,  SDK, and .%A w i t h  s h o r t - p e r i o d ,  

v e r t i c a l  s e i s i nome t2 r s .  A t  t h e  c e n t r a l  r e c o r 8 i i n g  s i t e ,  DUT, a  t h r e e  

component  s e t  o f  s e i s m o m ? t e r s  was o p e r a t e d .  BLH i s  a r e p e a t e r  

s t a t i o n  f a r  s i ~ n a l s  t h a t  a r e  t 2 l ; l m e t e r e d  from t h e  i s m o t e  s t a t i o n  

and r e c o r d 2 d  a t  t h e  c 2 n t r n l  i i t e .  



F i g u r e  2 .  Sarople  s e i s i n o g r  17s f a r  an e v e n t  o c c u r r i n g  on  August  6 ,  1981 

f rom s t a t i o n s  DUT and S D K .  The d i s t a n c e  be tween  t i c k m a r k s  is  1 

s e c o n d .  .41so shown a r e  t h e  P and S a r r i v a l  t i m e s  p i c k e d  by t h e  

d a t a  a n a l y s t .  



1 8 . 3 2  I a o d  r 3 , i  a . 2 1  -3 



F i g u r e  3 .  S t a n d a r d  l o c a t  i o n a l  o u t p u t  from HYPOLNVERSE ( t o p  p o r t  i o n  o f  

f i g u r e )  and a  d a t a  d i s p l a y  program w r i t t e n  b y  C .  N i c h o l s o n  ( l o w e r  

p o r t i o n  of  f i g u r e ) .  The HYPOLNVERSE s o l u t i o n  c o n t a i n s ;  h y p o c e n t e r  

p a r a m e t e r s  and e r r o r  ? s t i m a t e s ,  and P and S a r r i v a l  t i m e  r e s i d u a l s ,  

e s t i m a t e d  t a k e o f f  a n g l e s ,  d i s t a n c e s ,  and azumuths  f o r  e a c h  s t a t i o n .  

The d i s p l a y  o u t p u t  i n c l u d e s  a  Wadat i  d i a g r a m  ( u p p e r - l e f t ) ,  a 

R i z n i c h e n k o  d i a g r a m  ( l o w e r - l e f t ) ,  a  map w i t h  t h e  e s t i m a t e d  e p i c e n -  

t e r  ( u p p e r - r i g h t ) ,  and a  u p p e r  h e m i s p h e r e  f o c a l  mechanism p l o t  

( l o w e r - r  i g h t  ) . 





F i g u r e  4. S e i s m i c i t y  l o c a t 2 d  b y  t h e  [ i n a l a s k a  s e i s m i c  ne twork .  Ba thy -  

m e t r y  i s  i n  m e t e r s  3nd h a t c h e d  zone  r e p r 2 s e n t s  t h e  t r e n c h .  X f t e r -  

s h o c k  z o n e s  o f  t h e  g r s a t  1 9 5 7  and 1946 e a r t h q u a k e s  a r e  r ? p r e s ? n t e d  

by t h e  d o t - d a s h e d  a n d  t h e  d a s h e d  l i n e s  p r e s p e c t i v e l y .  C i r c l e s  a r e  

e v e n t s  whose c a l c u l a t e d  f o c a l  d e p t h s  a r e  l e s s  t h a n  50 cm w h i l e  

squa re s  a re  e v e n t s  d e 2 p e r  t h a n  50 'm. 





F i g u r e  5 .  V e r t i c a l  c r o s s - s 2 c t i o n  o f  t h e  s e i s m i c i t y  i n  F i g u r e  4 t h r o u g h  

l i n e  A B .  Y i d t h  o f  c r o s s - s e c t i o n  i s  150 'a on e i t h e r  s i d e  o f  A B .  

T r e n c h  p o s i t i o n  i s  d e s i g n a t e d  by a T on t h e  t o p  h o r i z o n t a l  a x i s  

w h i l e  t h e  b a r  above  t h i s  a x e s  r e p r e s e n t s  the  ~ r o j e c t i o n  o f  t h e  

n e t w o r k  d i m e n s i o n s .  





F i g u r e  6 .  G e o l o g i c  and s e i s m i c  map o f  U n a l a s k a  I s l a n d .  C i r c l e s  a r e  

e v e n t s  s h a l l o w e r  t h a n  3 5  km w h i l e  s q u a r e s  a r e  d e s p e r  t h a n  35 h. 

Open t r i a n g l e s  show t h e  p o s i t i o n  of  f o u r  s t a t i o n s  of  t h e  U n a l a s k a  

s e i s m i c  a r r a y .  The  inm marked a r e a s  o f  t h e  map a r e  where  t h e  

U n a l a s k a  E o m a t  i on  o u t c r o p s ,  t h e  d o t t e d  a r e a s  a r e  o u t c r o p s  o f  

p l a t o n i c  r o c k s ,  and t h e  s t i p p l z d  a r e a s  a r e  t h e  r e c e n t  v o l c a n i c s .  

F a u l t s  a re  d e n o t e d  b y  dashed  l i n e s .  All t h e  f a u l t s  shown a r e  h i g h -  

a n g l e  no rma l  f a u l t s .  Geology i s  from Drewes e t  a l .  ( 1 9 6 1 ) .  
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F i g u r e  7 .  E p i c e n t r a l  d  i s t r i b r l t  i on  o f  t h e  N a t e e k i n  R i v e r  s e i s m i c  c l u s t e r .  

L i n e s  A%' and B B '  d e n o t e  l i n e s  t h r o u g h  which c r o s s  s e c t i o n s  o f  t h e  

s e i s m i c i t y  have  b e e n  p r o j e c t e d .  I n  c r o s s - s e c t i o n ,  open  symbo l s  

i n d i c a t e  e v e n t s  w i t h  poo r  d e p t h  c o n t r o l .  





F i g u r e  8. I n t e r p r e t a t i o n  o f  t h e  N a t e e k i n  R i v e r  s e i s m i c  c l u s t e r  d e p i c t -  

i n g  t h e  s u g g e s t e d  r e l a t  i o n s h i p  b e t w e e n  t h e  ESE t r e n d  i n g ,  a s e  i s m i c  

a o m a l  f a u l t s ,  s e c o n d a r y  v o l c a n i c  v e n t s ,  Yak i l sh in  summit c a l d e r a ,  

a n d  t h e  s e i s m i c  c l u s t e r  ( 8 1 8 1 ) .  



XPPENDLX A 

T a b l e  of N e t w o r k - L o c a t e d  E v e n t s  



Table . A 1  

a i l  6 / 2 0  
D l /  6 / 2 1  
a l /  6 / 2 1  
D l /  6 / 2 1  
8 1 /  6 / 2 1  
0 1 /  6 / 2 2  
D l /  6 / 2 2  
0 1 /  6 / 2 5  
0 1 /  5 / 2 6  
8 l /  6 / 2 7  
8 1  / 6 / 2 7  
0 1 /  6 / 2 8  
0 1 /  6 / 2 9  
8 1 /  7 /  1  
8 1 /  7 /  2  
3 1 /  7 / 2 1  
8 1 /  7 / 2 2  
a l l  7 / 2 2  
0 1 /  7 / 2 7  
8 1 /  7 / 2 7  
8 1 /  7 / 2 8  
8 1 /  7 / 3 1  
D l /  7 / 3 1  
3 1 1  a /  1  
8 1 /  3 /  2  
a i l  3 1  2  
3 1 1  a /  3  
3 1 /  8 /  6  
8 1 1  a /  6  
a i /  3 1  6  
8 1 1  a /  7  
8 1 1  a /  7  
8 1 /  8 /  7  
8 1 /  8 /  7  
a l l  81 7 
8 1 1  a /  a 
8 1 /  8 /  8  
8 1 /  8 /  8  
8 1 /  8 1  8  
a 1 /  8 /  9  
8 1 /  8 / 1 0  
8 1 /  8 / 1 1  
8 1 1  8 / 1 1  
8 1 /  8 / 1 1  
8 2 /  2 /  6  
8 2 /  2 /  7  
8 2 /  2 /  9  
02/ 2 /  9  
0 2 /  2 / 1 8  
8 2 /  2 / 1 0  
8 2 /  2 / 1 1  
8 2 /  2 / 1 1  
8 2 /  2 / 1 5  
8 2 /  2 / 1 6  
a 2 1  2 / 1 7  
a 2 1  2 / 1 9  
8 2 /  2 / 1 9  
0 2 /  2 / 1 9  
a 2 1  2 / 1 9  
3 2 i  3; ' !5 
3 2 /  3 / 1 5  

h r  rnn s e c  13t 
0 '  

- - - - - - - - 

2 3  1 9  3 8 . 4 8  5 Z n 1 9 . 2 1  
0 1 3  2 6 . 5 9  5 3 n  7 . 1 1  
3  4  2 2 . 2 3  5 3 n 5 1 . 5 9  
8  9  1 6 . 3 2  5 2 n 1 5 . 7 1  

2 2  5 7  5 2 . 6 3  5 2 n 3 7 . 6 1  
1 5  4 6  7 . 2 3  5 3 n 2 Q . 3 3  
1 6  3 0  5 2 . 9 3  5 3 n 3 i . 9 2  

1 3 6  3 0 . 7 5  5 5 n  1 . 3 5  
8  6  2 5 . 4 7  5 3 n 1 0 . 4 4  

2 0  2 8  3 3 . 8 2  53,123.49 
2 2  5 9  4 5 . 4 0  5 3 n 2 3 . 6 3  

0 4 7  3 8 . 4 3  5 2 n 2 4 . 1 7  
1 1  5 4  2 6 . 5 3  5 2 n 3 5 . 2 6  

9  1 0  0 . 5 7  5 3 n 5 1 . 6 7  
6 1 6  5 4 . 7 6  5 2 n  4 . 6 5  

1 5  1 5  1 6 . 6 3  5 3 n  1 . 4 7  
1 0  2 7  4 . 3 9  5 2 n 3 9 . 3 4  
2 3  5 3  1 5 . 6 7  531145.78 

2 4 1  1 2 . 9 6  5 3 n  3 . 7 4  
1 0  2 7  4 5 . 2 1  5 3 n 3 3 . 3 0  
2 2  5 1  3 . 2 5  5 J n 1 7 . 7 4  

2  1 4  8 . 7 0  5 3 n i 9 . 3 4  
2 3 1  2 7 . 9 4  5 4 n  1 . 3 1  

1 8  4 6  1 7 . 4 8  5 Z n 3 7 . 2 2  
6  4 3  2 3 .  1 1  5 2 n 3 4 .  7 8  

1 3  4 4  5 1 . 2 4  5 3 n 2 3 . 3 2  
8 3 2  3 6 . 4 1  5 3 n 2 1 . 7 9  
6 6  4 4 . 3 7  5 3 n 5 0 . 1 2  

1 4  5 9  3 5 . 6 5  5 3 n 5 8 . 2 2  
1 7  3 1  4 6 . 7 1  5 3 n 4 1 . 3 1  
1 7  5 5 8 . 6 9  5 3 n 5 d . 4 7  
1 7  6  1 0 . 0 7  5 3 n 4 8 . ? 9  
2 1  4 5  4 9 . 2 1  5 3 n 5 0 . 1 2  
2 1  4 6  3 1 . 4 1  5 3 n i J . 1 6  
2 2  3 2  9 . 9 6  5 3 n 5 5 . 3 1  
2 1  4 4  3 2 . 6 3  5 3 n 5 d . 3 7  
2 1  4 4  5 3 . 9 7  5 3 n i d . 2 5  
2 2  5 5  2 6 . 5 1  5 3 n 5 2 . 1 1  
2 3  1 0  1 7 . 6 ~ 7  5 3 n 4 9 . 5 2  
1 9  5 4  3 5 . 3 3  5 1 n 3 9 . 0 3  
2 2  5 5  1 1 . 1 1  5 1 n 4 1 . 3 8  

8 4 5  2 7 . 7 f f  5 3 n 4 9 . 9 6  
9  4  2 . 4 8  5 3 n 5 3 . 2 3  
9  2 6  2 7 . 3 8  5 3 n 5 d . 2 3  

1 1  3 0  6 . 4 2  5 3 n 4 5 . J Z  
6 7 1 7 . 1 6  5 1 n 4 4 . 9 2  
9  4 6  9 . 9 2  5 2 n 3 3 . 5 3  

1 3  1 3  5 5 . 2 3  5 3 n  3 . 7 6  
4  4 1  5 9 . 1 3  5 3 n i i . 7 5  
6  5 5  4 3 . 1 5  5 3 n j 3 . ' 1  

1 2  1 1  4 7 . 6 8  5 3 n 3 1 . ! J  
2 4  1 6  4 ' 3 . 32  5 3 n 1 3 . 5 7  
1 3  5 9  3 7 . 1 8  5 3 n 4 9 . 5 J  

5  2 3  4 9 . 4 9  5 3 n l a . 5 2  
2 2  3 1  5 3 . 6 1  5 1 n 3 7 . ! 9  

2  5 d  5 6 . 9 4  5 i n ' 3 . : i  
3  4 3  3 3 . 1 6  5 3 ? 5 2 . ! 5  
4  3 4  3 3 . 3 2  5 ? ? 4 2 . 5 !  

1 1  J 1  3 5 . 3 ;  521 3 . ! 2  
1 1  5 3  1 5 . 5 ;  5<-- !?.5? 
1 5  3 3 3 . 3 J  5 3 ~ 4 ' 3 . 5 7  

1 o n  d e p t h  
0 k rn 

- - - - -- - - - 

173 , , 418 .  7 2  2 9 .  5 8  
1 6 6 ~ 3 3 . 3 6  1 1 . 5 8  
1 5 3 - \ 4 9 . i 7 2  9 8 . 5 9  
1 5 6 ~ 5 0 .  6 6  5 . 7 5  
1 5 5 ~ 3 7 . 2 3  1 4 . 5 2  
l 5 5 , 4 8 . 9 i l  2 1 . 0 4  
i s j w  2 . 8 5  1 8 . 2 4  
1 5 3 ~ 4 8 . 9 2 !  1 2 5 . 8 3  
1 6 6 ~ 1 7 . 5  1  3 4 . 2 6  
1 6 3 ~ 1 6 . 8 8  9 . 7 4  
1 6 3 w  6 . 4 4  2 5 . 0 4  
1 6 6 ~ 5 0 . 8 7  2 5 . 0 0  
1 6 3 ~ 1 0 . 4 6  1 0 . 3 6  
1 6 4 . 4 2 7 . 5 6  5 2 . 0 9  
1 6 5 ~ 3 9 . 2 3  1 4 . 7 8  
1 6 7 ~ 5 7 . 0 3  7 4 . 7 9  
1 5 8 w  0 . 8 2  2 5 . 0 2  
1 6 3 , d 2 5 . d 2  7 . 4 3  
1 6 4 ~ 2 5 . 8 1  3 . 1 8  
1 6 6 ~ 3 8 . 6  1 8  1 . 4 2  
1 6 2 \ ~ 5 7 . 3 2  1 5 .  1 5  
1 6 7 w  4 . 3 8  1 3 2 . 9 1  
1 6 4 ~ 1 8 . 2 4  1 3 . 8 7  
1 6 7 w  9 . 9 9  1 9 . 8 0  
1 6 9 ~ 1 4 . 3 7 1  2 8 . 3 1  
1 6 5 ~ 3 5 . 9 7  1 9 . 7 6  
1 6 5 ~ 3 6 . 2 5  5 . 4 5  
1 6 6 ~ 4 2 . 3 4  5 . 7 3  
1 6 6 ~ 4 2 . 0 2  4 . 6 0  
1 6 5 w  1 . 9 5  3 4 . 0 8  
1 6 6 ~ 4  1 . 5 7  0 . 5 3  
1 6 6 ~ 3 7 . 2 6  3 . 7 9  
1 6 6 ~ 4 1  . 8 0  4 . 0 5  
1 5 6 ~ 4 ? .  1 3  3 . 7 5  
1 6 6 ~ 4 2 . 3 5  1  . 7 0  
1 6 6 ~ 4 1  . 9 3  5 . 4 0  
165 ; , , 40 .79  1 2 .  1 2  
i 6 6 ~ 4  1  . 7 0  3 . 6 3  
1 6 6 t c 1  1  . 2 2  7 . 1 0  
1 7 1 \ ~ . 5 0 . 6 0  3 5 . 5 0  
1 6 9 i d 4 1 . 4 9  2 1 . 5 1  
165:,4 1  . 3 6  7 . 5 4  
i 6 ~ 1 2 . 1 7 0  3 . 8 6  
1 6 6 ~ 4  1  . a 9  2 . 1 4  
1 6 5 4 5 8 . 1 4  1 0 . 3 0  
176- . , ,3d . . t31  5 9  . 9 8  
1 6 7 \ ~ 4 3 . 1 3  1 8 . 5 4  
165,4-14  . 5 5  1 2 . 9 5  
1 6 5 n i 5 . 5 4  1 7 . 0 8  
1 6 6 ~  4 . 2 9  3 1 . 0 3  
;55 . . : .17 .92  1 1  . 8 4  
1 6 5 ; , 5 9 . 1 5  6 1 . 4 2  
1 6 7 i ~ 1 3 . 3 3  1 4 5 . 4 7  
1 6 6 , 4 4 4 . 9 0  5 7 . 6 0  
1 7 7 . ~ 4 7  . a ?  I 6 4 . 7 3  
1 6 5 !  5 . 4 0  
1 6 4 , / 2 9 .  2 8  5 . 8 8  
1 5 5 ~ 5 3 . 3 7  8 7 . 2 7  
!69 , . ,37  . ? 2  1 2 . 2 4  
3 . 7  3 . 9 9  
3 .--  1 3 3 , : 7 3 . 5 ' ?  4 . 1 5  

E R H I +  E2.Z: 
krn k m  
- - - - -- - - - - 

3 1 . 6 1  3 1 . 6 1  
1 . 4 1  1 . 7 8  
3 . 8 3  6 . 8 9  
2 . e 3  3 1 . 6 1  
2 . 5 1  3 1 . 6 1  
8 . 3 3  1 . 5 2  
3 . 1 0  3 1 . 6 1  

3 1 . 5 1  3 1 . 6 1  
0 . 5 7  2 . 3 0  
3 . 7 6  3 1 . 6 1  
4 . 3 0  3 1 . 6 1  
4 . 4 3  3 1 . 6 1  

1 4 . 3 9  3 1 . 6 1  
2 . 6 6  3 . 4 3  
4 . 2 2  3 1 . 6 1  
8 . 2 2  3 1 . 6 1  

1 7 . 6 3  3 1 . 6 1  
9 . 9 2  3 1 . 6 1  
2 . 4 2  3 1 . 6 1  
2 . 6 5  1 . 9 1  
8 . 4 7  3 1 . 6 1  
5 . U 6  3 1 . 6 1  
6 . 4 4  3 1 . 6 1  
3 . 5 2  3 1 . 6 1  

1 6 . 6 5  3 1 . 6 1  
0 . 9 2  8 . 9 4  
4 . 0 8  3 1 . G 1  
0 . 1 7  3 . 9 0  
0 . 1 5  1 . 2 6  
1 . 4 9  7 . 6 0  
0 . 2 5  6 . 5 4  
0 . 4 d  3 1 . 6 1  
0 . 1 5  3 1 . 6 1  
0 . 2 2  3 1 . 6 1  
0 . 1 9  6 . 3 1  
0 . 2 1  1 . 1 7  
0 . 9 1  2 . 3 5  
0 . 1 5  0 . 8 3  
0 . 3 8  1 . U 8  

3 1 . 6 1  3 1 . 6 1  
3 1 . 6 1  3 1 . 6 1  

0 . 2 3  a . 9 3  
0 . 2 3  3 1 . 5 1  
0 . 1 3  0 . 7 3  
0 . 4 3  1 . 2 7  

3 1 . 6 1  3 1 . 6 1  
2 . 8 5  3 1 . 6 1  
0 . 9 6  1 . 1 5  
1 . a ~  2 .  i s  
0 . 5 6  1  . - I3 
0 . 3 3  3 1 . 5 1  



h r  mn s e c  13t 1 o n  d e p t h  Mb dn XIC(S 
0 '  o k m o  k m  sac  

~ - - - - -  . -~ - 

a 6 5 3 . 3 3  5 3 n 3 4 . 8 1  155. , , :8.13 1 1 . 1 7  2 . 5  3 d 6  3 7  . 2 8  
6  5 d  1 7 . 5 6  5 3 n 3 5 . 3 9  166. .56.85 1 3 . 8 8  2 . 9  3 3 3  3 7  . 1 5  

1 1  3 7  2 5 . 2 2  5 2 n 3 3 . 4 9  1 3 i . 3 3 . 1 7  1 1 . 6 8  2 . 7  3 1 2  4 0  . 3 4  
Z d  1 3  3 5 . 5 ;  5 1 . 0  1 5 '  5 1 1  . 3 1  3 . 5  3 3 8  7 4  . 2 4  
1 2  2 3  2 3 . 5 3  5 3 n Z 5 . 7 7  l 5 i \ . , 1 9 . 3 i  5 . 4 2  2 . 9  3 3 4  6 4  . 1 7  
2 3  2 3  ' 9 . 5 2  5 3 n . I J . J ' I  1 5 :  , . 3 3 . ? 0  3 . 1 . 4 4  3 . 8  3.13 1  . 6 1  
2 3  3 6  1 5 . 2 7  5 . l n L 6 . 2  1 1 6 1 ;  1 . 1 7  1 5 . 3 5  3 . 4  ? ? 3  1 1 9  . 3 2  

1  3 3  1 6 . 1 7  5 3 1 7 2 7 . 9 1  165, . :51 .27  1,:'.38 2 . 4  3 1 7  5 0  . 3 1  
2  4 9  7 . 0 3  5 3 n 3 5 . 1 3  165\ , ,21J .73  1 1 . 2 7  3 . 3  ?:3 6.g . 1 6  
3  1  5 . 7 6  5 3 n 2 9 . 3 5  167:,,29.7U 2 5 . 2 0  2 . 8  3 3 8  6 6  . a 3  
5 3 3  Zg.2?3 5 3 n 3 1 . 5 3  1 6 7 \ + ? 8 . 3 9  3 7 . 9 5  2 . 9  3 3 8  5 2  . 2 3  
6  1 4  3 1 . 2 3  5 3 n 1 2 . 5 2  l G d : / l J . i 7 1  1 . T . 0 8  3 . 1  3 4 4  1 4 5  . 4 0  
a 5 7  2 3 . 1 ' 5  5 3 n 1 7 . 7 5  15! , /33. . !g 1 1 . 1 9  4 . 1  3 4 2  1 2 5  . 4 6  
9  4  4 5 . 8 3  3 3 n 1 1 . 5 7  1 6 J . i  8 . 1 5  9 . 1 6  4 . 1  3 1 5  1 5 2  . 2 1  

1 0  6  4 1 . 0 6  5 3 n  3 . 2 1  1GC 3 5 . 3 1  5 . 7 6  3 . 0  3 3 2  8 3  . 1 4  
1 3  5 5  1 5 . 1 7  5 3 n 1 7 . 2 3  16. :  , 1 8 . a 7  5 . 4 0  3 . 4  3 5 5  1 1 4  . 3 3  

5  5 1  Z 9 . 7 L  5 3 n 1 3 . 3 7  1 5 5 , ~  7 .  1 1  4 3 . 2 5  3 . 4  3 3 4  6 9  . 1 8  
1 5  2 7  3 5 . 3 !  5 3 1 ) Z L . l ;  1 6 7 . . 2 8 . 7 5  9 . 5 3  3 . 2  3 3 8  7 5  . 2 3  
2 3  5 7  1 7 . 6 9  5 3 n 1 6 . 0 7  1 6 4 . . 5 8 . 3 1  9 . 7 3  2 . 5  3 2 9  7 3  . 2 3  

5 1 3  4 1 . 3 3  5 3 n 3 2 . . : '  1 6  5 f i .7 .1  8 . 3 0  2 . 2  3 1 2  4 2  . 2 5  
8  4 2  53.U2 5 3 n 3 3 . 7 3  155 : ! 5 .23  4 . 2 6  2 . 3  1636 4 0  . 1 4  
9  3 1  4 7 . 7 1  5 3 n 3 2 . 5 7  1 6 G . . i 7 . O G  5 . 6 6  1 . 9  2 8 9  4 1  . l l  

1 8  5 6  3.9.7 5 3 1 i 2 5 . 7 1  157.,+1 1  . 9 5  6 . 2 6  3 . 1  3 3 8  6 0  . 3 2  
12  3 9  5 6 . 2 5  5 2 n 3 5 . 9 1  1 5 7 ~ 2 1 . 2 0  1 C . 6 9  3 . 8  3 1 4  1 5 1  . 1 5  
1 3  2 3  3 9 . 1 2  5 3 n 3 8 . 7 2  1 5 1 : + 5 5 . 9 3  2 1 . 5 9  3 . 9  3 5 3  2 8 0  . 4 1  
1 5  2 6  Z Z . 3 8  5 3 n 2 0 . 6 3  167:."0.72 3 . 7 2  3 . 7  3 3 8  7 9  . 3 2  

6 3 3  3 3 . 2 7  5 3 n 3 2 . 3 6  1 5 6 \ , , 5 7 . 5 3  4 . 7 6  2 . 8  3 8 9  4 2  . 0 7  
2 0  4 1  1 7 . 9 2  5 3 n 2 9 . 0 3  1 6 6 . ; 4 8 . 1 2  5 . 8 5  2 . 8  3 1 3  4 6  . I 9  
2 0  4 9  4 1 . 3 5  5 3 n 3 1 . 7 U  1 6 6 . ; 4 8 . 1 8  5 . 0 2  2 . 9  3 1 8  4 3  . 1 0  
1 1  3 8  3 3 . 3 3  5 3 n 1 7 . 5 3  1 6 6 ~  8 . 3 9  1 C . 3 8  3 . 5  3 2 6  6 1  . 2 6  
1 6  6  -16 .22  5 2 n 3 9 . 2 1  166: :35 .30  5 2 . 7 5  3 . 0  2 8 3  2 7  . 1 5  

7  1 9  2 2 . 9 3  5 2 n i 9 . 9 7  155 : ; 47 .59  1 ' 3 . 0 7  2 . 7  3 1 2  4 6  . 1 3  
2 1  5 a  1 1 . 4 3  5 3 n 3 J . 5 3  1 6 E  . 1 7 . 7 9  5 . 8 1  2 . 6  3 1 1  4 5  . 0 9  
: a  l a  5 3 . 7 5  j 3 n Z d . 7 2  1 6 5 . t 9 . 3 2  5 . 0 9  Z . 9  3 2 3  6 3  . I 9  
2 1  2 6  3 3 . 4 6  5 3 n i 5 . 5 3  l 6 6 , . + 3 2 . 2 6  1 7 . l a  2 . 1  1 1 7  3  . 2 2  
1 5  5 2  3 9 . 9 2  5 3 n 1 3 . 2 5  1 6 6 . ~ 2 5 . 1 5  3 3 . 3 2  3 . 4  3 2 9  7 1  . 2 4  
2 1  5 6  1 . 5 3  5 3 n 3 1 . 3 5  1 5 6 , . 2 7 . 8 1  1 8 . 8 2  3 . 5  3 3 5  4B . 1 7  
1 8  2 7  2 7 . 1 U 3 n 3 7 . 3 5  166 . . : 23 .35  1 4 .  1 2  2 . 7  2 9 1  2 9  . 2 3  
1 7  3  5 3 . 7 8  5 1 n 5 3 . 2 5  1 7 C \ d t 3 . 2 7 !  2 3 . 9 8  5 . 3  3 5 4  3 8 3  . 9 7  
1 7  1 3  9 . 3 1  s z ~ ' n 3 2 . 3 3  17:,2 1 . 7 9 1  1 3 . 1 2  5 . 1  35; 5 1 8  . j 3  
1 1  3 9  2 7 . 6 1  5 1 ~ 3 3 . 5 7  ! 6 5 . 5 3 . 3 7  5 . 0 5  2 . 7  3 1 9  7 3  . 8 8  

3  l a  4 3 . 9 3  5 3 n 2 9 . 3 , j  1 5 5 . / . ? 8 .  73 1 4 . 9 7  2 . 9  3 1 3  4 7  . 2 5  
4 2 7  5 1 - 2 3  5 3 n 3 7 . 5 ,  1 5 5 . . 5 8 . 5 5  1 . 7 5  2 . 9  3 1 2  4 5  . 1 7  
5 2 9  5 6 . 3 9  3 3 n 1 2 . 3 3  1 6 5  :.!J.J6 2 3 . 8 2  4 . 0  3 1 3  3 1  . 2 3  
9 1 6  1 9 . 7 9  5 3 n 2 9 . 7 3  1 6 5 . . : 6 . 9 7  3 . 4 5  2 . 8  3 1 3  J 6  . 0 8  

2 1  2 1  2 . 7 6  5 3 n 2 1 . 6 1  1 6 5 ~ 5 3 . 6 3  8 . 8 2  2 . 8  3 2 1  5 1  . 3 3  
1 5  5 3  3 7 . D 9  5 3 n 3 8 . 1 3  ! 5 5 w 3 8 . 1 7 !  6 7 . 7 8  4 . 8  3 2 0  4 1  . 2 3  

8  ,T 5 5 . 3 3  5 3 n 3 3 . 2 7  1 6 5 \ + 5 1  . 3 5  1 5 . d 0  2 . 6  3 1 4  4 6  . 1 9  
1 J  5 5  1 7 . 1 9  5 1 n l 9 . 9 9  1 7 6 . . $ l 0 . 5 G !  5 2 . 3 8  5 .6 .  3 5 8  6 7 1  . 5 2  

6  3 7  1 9 . 3 9  5 3 n 3 5 . a J  1 5 5 ; ? 7 . 6 7 1  3 3 . 4 1  3 . 1  3 4 3  1 1 5  . 1 8  
1 4  5 2  2 1 . 5 6  5 4 n 1 5 . 3 . 1  1 5 3  , 5 3 . 3 3  2 3 . 1 9  3 .  1  3 1 8  1 3 7  . 3 1  

5 1 2  5 5 . 3 1  5 3 3 2 5 .  1 9  135. .+31 .03 2 5 . 6 9  3 . 0  3 2 8  5 3  . d 9  
1 9  3 3  ? 2 . 2 3  5 3 n Z 3 . 9 ' 3  1 6 5 . : 1 9 . 3 6  4 2 . 0 0  3 . 5  3 1 9  4 5  . I 3  
1 6  1 3  5 2 . 3 2  5 3 n 3 4 . 2 9  1 6 6 . .  : 9 . 4 9  1 . 8 0  3 . 2  3 0 7  3 8  . I 7  

3  3 3 ? . 5 7  5 4 n 5 5 . ! Z  1 6 3 . , 5 3 . 5 5  1 5 2 . 2 5  5 . 2  3 5 1  1 5 5  . ? 4  
9  2 7  1 9 . 1 1  5 3 n i 3 . 7 1  1 5 G d  3 . 9 1  7 3 . d 7  3 . 3  3 3 3  6 3  . 2 4  

2 2  5 4  7 . 2 7  S Z n S 3 . 3 ' :  1 5 !  , S i . ! ?  5 . 9 4  4 . 6  3 5 2  2 9 7  . 2 6  
13 3 2  1 2 . 2 1  5 3 n 2 J . Y I  1 5 5  . 1 2 . 5 !  3 3 . 3 7  4 . 1  3 3 4  8 4  . 1 9  - - 6  z 1 5 . 2 7  5 .  3 I .  3 . 2  2 . 5  2 7 1  3 3  . i s  

: . j i J , i  3 . 3 -  1 5 ! d  5. 1 2  1 1  1 . 5 5  3 . 5  3 1 7  1 2 3  . & f a  
j 2 . . 3  1 5 . 3 3  2 . J  3 1 7  5 3  . 2 3  

i R U f  E?,Z# 
k m  krn 

- - -- - 
2 . 5 9  1 4 . 5 8  
1 . 7 2  3 1 . 6 1  
2 . 3 1  3 1 . 6 1  
2.5,: 2 . 3 5  
2 . 1 1  3 1 . 6 1  

1 1 . 4 1  3 2 . 3 2  
Z . E 5  3 1  . t i 1  
3 . 5 1  3 L . 5 1  
1  . 6 4  2 . 6 6  
1 . 4 5  3 1 . 5 1  
2 . 2 5  1 . 5 9  
6 . 7 2  3 1 . 6 1  
9 . 8 1  3 1 . 6 1  
3 . C T  31.1;1 
1 . 2 7  3 1 .  ; 1  
5 . 5 5  3 1 . 6 1  
1 . 9 1  4 . U 8  
2 . 9 7  3 . G 7  
1 . 7 5  3 1 . G 1  
1  .56 3 1 . 6 1  
d . 9 2  1 . 3 1  
0 . 7 5  2 . 2 5  
2 . 7 2  3 1 . 6 1  
2 . 6 1  3 1 . 6 1  

lS .L?Z 3 1 . 6 1  
4 . 2 2  5 . 3 3  
8 . 5 :  0 . 5 4  
1 . 3 7  3 . 9 0  
0 . 6 9  0 . 8 7  
2 . P 5  3 1 . 6 1  
1 . 7 1  1 . 7 1  
0 . 9 1  d . 6 1  
0 . 8 2  1 . 3 7  
1 . E J  3 1 . 6 1  
1 . 0 8  1 . ! 5  
2 . 5 5  1  . ( I 6  
1 . 6 8  7 . 3 8  
2 . 3 7  6 . 2 5  

3 1 . 6 1  3 1 . 6 1  
3 1 . 5 1  3 1 . 6 1  

6 . C ?  3 1 . 6 1  
? . I d  3 1 . 6 1  
1 . 7  4 . 3 0  
2 . 5 3  4 . 4 5  
8 . 5 3  1 . 7 1  
2 . 3 3  3 1 . 6 1  
2 . 3 3  4 . 3 2  
1 . 3 3  3 1 . 6 1  

3 1 . 6 1  3 1 . 6 1  
3 . 5 3  3 1 . 6 1  

1B.LJ7 3 1 . 6 1  
1 . 2 4  31 . .61  
1 . 2 6  2 . 7 5  
1 . 8 4  3 . 1 3  
6 . 9 1  3 1 . 5 1  
3 . 0 1  4.116 
8 . 1 8  3 1 . 6 1  
3 . Z 3  8 . ! 8  
1 . 6 5  4 . 2 7  
2 . 5 5  2 . 1 6  
J . 7 1  3 1 . 5 1  



h r  mn s e c  l a t  1 o n  d - - 0 t h  
0 0 k rn 
- - -- - - - - - - - -- 
5 3 n 1 1 . 5 d  1 6 6 > q 1 7 . 6 9  3 3 . 5 6  
5 3 n J 3  .:J 1 5 6 , 9 1 4 . 2 3  9 1 . 1 6  
5 Z n 5 1  .37 154 , d l .  15  2 9 . 8 1  
5 3 n 2 3 . L !  1 6 5 g 3 . 3 5  2 0 . 1 1  
5 3 n 1 2 . 9 J  1 5 5 9 1 8 . 2 8  4 9 . 7 4  
5 3 r i 4 . 7 9  1 6 7 \ i 3 6  45  4 1 . 8 8  
5 3 n 3 3 .  15 166  . ? 4 . 6 5  8 . 9 1  
5 3 n 3 d .  52 1 6 5 1 ~ 5 6 . 9 9  55.. 6 1  
5 2 ~ 5 3 .  I S  1 7 ! r ~ 3 5 . 2 9 1  1 6 - 9 3  
5 3 n  5 .  11 156  3 2 . 5 H  5 . 9 6  
5 J n Z 1 .  33 153.+ 3 . 8 D  ! 9 . 8 4  
5 J n 1 3 . 5 3  1 6 1 t + 3 1 . 9 1 1  1 5 5 . 4 5  
5 3 n 1 8 . 5 5  163,d 5 . 9 2 1  2 5 . 0 8  
5 3 n 1 7 . 6 5  1 6 5 ~ 1 8 . 0 2  6 1 . 1 9  
5 3 n 3 5 . 4 1  1 6 6 ~ 3 6 . 8 1  0 . 5 2  
5 3 n  4  . a 6  1 6 6 ~ 4 0 . 8 8  3 4 . 8 7  
5 3 n 2 6 . 5 3  165w 0 . 8 0  i 2 . 2 8  
5 3 n l i 3 . 3 5  1 7 3 9 3 4 . 6 7 1  2 3 . 5 8  
5 3 n 2 9 . 5 5  1 5 6 ~ 4 7 . 4 6  2 . 7 0  
5 1 n Z 5 . 3 6  1 7 0 ~ 2 2 . 4 4  4 9 . 9 8  
5 3 n Z 8 . 1 7  1 6 4 ~ 1 0 . 6 6  1 8 . 5 0  
5 3 n 4 3 . 5 9  1 6 7 ~ 1 4 . 3 5  1 0 . 5 0  
5 3 n 4 3 . 7 3  1 6 7 ~ 1 4 . 4 2  1 0 . 5 1  
5 ? q 2 ? .  9 3  1 6 5 \ q 1 2 . 4 0  8 . 8 5  
5 2 n  5 . 7 6  1 6 3 , $ 4 5 . 9 6 1  8 - 5 3  
5 2 n  6 . 6 5  1 6 8 ~ 5 2 . 5 4 1  2 7 . 0 9  
5 2 n 4 7 . 8 7  1 6 7 ~ 2 9 . 6 1  1 5 . 4 5  
5 3 n 2 7 . 3 5  1 6 5 ~ 1 0 . 0 4  1 0 . 8 1  
5 2 n 2 2 . 2 5  1 6 9 ~ 1 5 . 3 3  5 4 . 8 9  
5 2 n Z 4 . 2 2  1 6 6 ~ 4 2 . 8 2 1  2 5 . 8 8  
5 2 n 3 4 . 3 5  1 6 6 ~ 1 4 . 8 5  4 . 8 1  
5 3 n 2 5 . 2 0  1 6 4 ~ 5 3 . 7 4  25.01 
S 3 n 2 5  4 2  1 6 4 ~ 5 8 . 7 2  1 5 . 2 7  

bib ;3p d n  ? : IS  E ? - ;  E ? - 2  
d krn s e c  krn kin 

-- - -- -- - - --  - - 

3 . 7  2 3 7  1 4  . 2 0  1 .94 1  . '6 
3 . 0  1 9 8  6 . a s  I .  a .  7 4  
3 . 2  3 3 7  9 5  . I 4  1 . 3 1  3 1 . 6 1  
3 . 6  3 3 8  8 7  . I 2  1 . ~ 3  3 1 . 5 1  
2 . 6  3 3 1  6 9  . I 1  1 . 5 1  7 . ? 6  
3 . 0  3 3 9  5 3  . 2 5  5 . 9 :  4 . 7 2  
2 . 2  3 1 7  2 4  . I 0  6 . 7 5  a .  ? d  
3 . 2  307 3 9  . 1 9  2 . a ~  4 . 6 1  
4 . 6  3 5 7  3 4 1  . I 3  3 1 . 3 1  3 1 . 6 1  
3 . 3  3 3 6  7 6  . 1 8  1 . 3 9  3 1 . 6 1  
4 . 0  3 5 2  2W0 . 3 1  1 2 . 3  3 1 . 6 1  
5 . 3 "  3 5 4  2 9 5  . 4 5  3 1 . 6 1  3 1 . 6 1  
3 . 9  3 4 7  2 1 0  . S 0  1 8 . 5 5  3 1 . 5 1  
3 . 1  3 2 5  5 9  . 3 1  3 . 3 5  7 . 8 1  
1 . 7  2 6 9  6  . 3 0  1 . 5 3  1  . I 6  
3 . 8  3 3 8  7 8  . 2 4  2 . e l  3 1 . 6 1  
3 . 4  3 3 1  8 7  . 8 6  0 . 6 5  0 . 8 1  
4 . 5  3 5 8  2 6 5  . 2 5  3 1 . 6 1  3 1 . 6 1  
3 . 4  3 3 3  9 8  . 2 5  3 . 3 4  3 1 . 6 1  
4 . 4  3 5 7  3 5 9  . 7 0  3 1 . 6 1  3 1 . 6 1  
3 .7  3 4 1  1 3 7  . 3 0  6 . 3 0  3 1 . 6 1  
2 . 8  3 4 5  3 6  . 0 4  1 . 1 0  3 1 . 6 1  
2 . 8  3 4 4  3 6  . 0 6  1 . 2 5  3 1 . 6 1  
3 . 7  3 4 8  1 5 7  . 4 0  1 9 . F 4  3 1 . 6 1  
4 . 8  3 5 5  2 3 1  . 9 5  3 1 . 5 1 3 1 . 6 1  
4 . 8  3 5 5  2 3 5  . 0 4  3 1 . 6 1  3 1 . 6 1  
3 . 9  3 4 9  1 2 0  . 0 6  2 . 8 3  3 1 . 6 1  
3 . 2  3 2 7  7 8  . 2 1  2 . 2 9  3 1 . 6 1  
4 . 4  3 5 5  2 3 1  . 2 8  3 1 . 6 1  3 1 . 6 1  
4 . 2  3 4 7  1 5 2  . I 2  4 . 6 5  3 1 . 6 1  
3 . 8  3 4 4  1 3 6  . 0 7  1 . 7 7  3 1 . 6 1  
3 . 4  3 3 2  9 5  . 0 9  1 . 1 4  3 1 . 6 1  
3 . 2  3 3 1  9 0  . 2 1  1 . 4 5  0 . 9 6  

# E R H  a n d  E R Z  d e i a ~ l t  t o  a v a l u e ' o i  3 1 . 6 1 .  
I E v e n t  also locltsd by P D E  
* i ' l a g n i t u d s  a s  given i n  P D E  
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F o c a l  Hechan i5n  fL)r t!le N ~ t . . e k i n  R i v e r  S z i s : n i c  Clr ls :er  

E a r t h q u a k e  s o u r c e  lIleii~;lni.iiss a r e  commonly d e r i v e d  frdm P-wave f i r s t  

mot i o n  d 'a ta  from a  s i n g l e  e v e n t .  Assuming t h a t  t h e  s o u r c e  proc;.ss c a n  be  

r e p r z s e n t e d  by a  d o u b l e - c o u p l e  f a r c e  s y s t e m  i t  i s  p o s s i 5 l e  t o  d e f i n e  two 

a r t h o g o n a l  p l a n e s  a l o n g  which r u p t u r e  may h a v e  o c c u r r e d .  To c o n s t r a i n  

which p l a n e  i s  t h e  a c t u a l  r u p t u r e  p l a n e  f u r t h z r  e v i d e n c e ,  e i t h e r  s 2 i s m i c  

o r  g e o l o g i c  must  b e  u s e d .  I f  a  g r o u p  o f  e a r t h q u a k e s  a r e  s p a t i a l l y  

r e l a t e d  and i t  i s  b e l i e v o d  t h a t  t h e y  a l l  r e p r e s e n t  r u p t u r e  a l o n g  a 

s i n g l e  f a u l t  p l a n e ,  a composite s o u r c e  mechanism c a n  be  o b t a i n e d  by 

u s i n g  f i r s t  m o t i o n  d a t a  Erom t h e  g r o u p .  

The f o c a l  a e c h a n i s m  f o r  t h e  N a t e e k i n  S e i s m i c  C l u s t e r  i s  shown i n  

F i g u r e  B l  on  a n  u p p e r - h ? n i s p h e r e ,  e q u a l - a r e a ,  s t e r e o g r a p h i c  p r o j e c t  i o n .  

The p o s s i b l e  r u p t u r e  p l a n 2 s  s e p a r a t e  q u a d r a n t s  o f  co rnpes s iona l  an d i l a -  

t a t i o n a l  f i r s t  m o t i o n .  The p o s i t  i on  o f  e a c h  f i r s t  m o t i o n  i s  c o n t r o l l e d  

by  t h e  t a k e - o f f  a n g l e  of  t h e  s e i s m i c  r a y  t r a v e l l i n g  from t h e  s o u r c e  t o  

t h e  s t a t i o n  and t h e  a z i m u t h  o f  t h e  s t a t i o n  w i t h  r e s p e c t  t o  t h e  s o u r c e .  

F i r s t  m o t i o n s  f o r  t e n  o f  t h e  t h i r t e e n  l o c a t e d  e v e n t s  werz uszd i n  

t h i s  c o m p o s i t e  f o c a l  mechanism. The r e m a i n i n g  t h r e e  e v e n t s  had poor , ly  

c o n t r o l l e d  d e p t h  e s t i m a t e s ,  t h e r s b y  ~ r o d u c i n g  p o o r l y  c o n s t r a i n e d  t a k e o f f  

a n g l e  e s t i m a t e s .  F i g u r e  82 shows t h e  l o g  o f  t h e  P t o  SV a m p l i t u d ?  r a t i o  

f o r  a l l  o f  t h e  o b s e r . ~ e d  2 r r i v a l s  which s h o v e d  a  c l e a r  P-wave and an  

u n c l i p p e d  S-wave. T h i s  r a t i o  shou ld  b e  s m a l l  n e a r  t h e  n o d a l  p l a n e s  and  

l a r g e  n e a r  t h e  P  and T a x e s .  T h e r e  i s  good qua1  i t a t i v e  ag reemen t  

be tween  t h e  n o d a l  p l a r l ~ s  J e f l n e d  from t h e  P-wave f i r s t  mot i ons  and t h e  

o S s r r v e d  P t o  SV a n p l i t l 1 d ?  r a t i ~ s .  



Cornp. 8-81 p=13-4 t-106-34 b-277-56 
Equal A r e a  Upper H e m i s p h e r e  

=impuls ive cornpr?ss ion,  C )  =impuls ive di latat ion 

A = e m e r g e n t  compress ion ,  = e m e r g e n t  dilatation. 
F i s u r e  B l .  C o m p o s i t e  first - ? o c i < ~ n  ?!ot o f  e v e n t s  f d r m i n g  t h e  N a t 2 e k i n  

R i v e r  s e q u e n c e .  



Comp. 8-81 P to Sv ra t ios  
Eaual  I A r e a  Upper  H e m i s p h e r e  

f i s t l r e  3 2 .  ? l o t  o f  t h e  r ? l a t i o n s h i p  bet t+ .?en t h ?  I : n p l i e d  f a u l t  p l a n e  

j o l u t i o n  f r u m  f i r s t  ~ o t i ~ n  i i 3 t 3 ,  ~ n d  1.3% ?- to-S 'J  snpl  i t u d e  r a t i o s .  
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Network S t a t i s t i c s  

Usab le  l o c a l  e a r t h q u a k e  d a t a  became a v a i l a b l e  from Unalaska I s l a n d  

i n  1980 with  t h e  i n s t a l l a t o n  o f  t h e  l o c a l  f i v e - s t a t i o n  s e i s m i c  ne twork .  

Due t o  t h e  ex t reme  a l e u t i a n  w e a t h e r  and r e s t r i c t e d  y e a r l y  f i e l d  main te -  

n a n c e ,  s i g n i f i c a n t  o b s e r v a t i o n a l  gaps  o c c u r r e d  d u r i n g  t h e  l i f e t i m e  o f  

t h e  Unalaska  a r r a y  ( F i g u r e  ~ 1 ) .  Due t o  t h i s  s i g n i f i c a n t  amount of  down 

t i m e ,  t h e  a c t u a l  number o f  e v e n t s  o b s e r v e d  d u r i n g  t h e  two and a  h a l f  

y e a r  o p e r a t i o n a l  l i f e t i m e  of  t h e  ne twork  i s  roughly  e q u i v a l e n t  t o  t h a t  

o c c u r r i n g  d u r i n g  a  s i n g l e  y e a r .  

Dur ing t h e  o p e r a t i o n a l  l i f e t i m e  o f  t h e  network t h e  r a t e  of  l o c a l  

s e i s m i c i t y  v a r i e d  from ze ro  e v e n t s  pei- day  t o  o v e r  t e n  p e r  day  d u r i n g  

t h e  N a t e e k i n  swarm ( F i g u r e  C1). The b u l k  o f  t h e  s e i s m i c i t y  o b s e r v e d ,  
I 

however ,  o c c u r r e d  a t  d i s t a n c e s  between 40 and 400 km ( F i g u r e  C1 S-P-5-50 

s e c ) .  The maximum number of  e v e n t s  obse rved  per-day i n  t h i s  d i s t a n c e  

r a n g e  was 32,  on March 2 4 ,  1980. These  e v e n t s  were a f t e r s h o c k s  t o  an  

Ms=6.2 e a r t h q u a k e  l o c a t e d  a t  52.969Ny 167.670'~. 

The r a t e  and magni tude d i s t r i b u t i o n  o f  t h e  s e i s m i c i t y  obse rved  by 

t h e  l o c a l  ne twork  can be compared w i t h  t h a t  obse rved  by t h e  world-wide 

s t a n d a r d i z e d  s e i m i c  network (WWSSN) u s i n g  f requency  and c u m u l a t i v e  s e i s -  

m i c i t y  p l o t s  ( F i g u r e  C 2 ) .  Magnitude bounds overwhich t h e  c u m u l a t i v e  

s e i s m i c i t y  d e c r e a s e s  l i n e a r l y  i n d i c a t e s  l e v e l s  o f  comple te  r e c o r d i n g  

( i . e . ,  t h e  minimum magni tude o f  bound,  r e f e r r e d  t o  a s  t h e  minimum magni- 

t u d e  o f  c o m p l e t e n e s s ,  i s  t h e  magni tude  above which a l l  e v e n t s  t h a t  o c c u r  

a r e  r e c o r d e d ) .  The Lower l i m i t  o f  c o m p l e t e  r e c o r d i n g  f o r  t h e  WWSSN i n  

t h e  Unalaska  r e g i o n  i s  = 5.0 ( H a b e m a n n ,  1981; ~ i ~ u r e ~ 2 - A ) .  The 



l,,v..r l i m i t  o f  compl ,? te  r z i  ) r  i i ; l g  o f  e ' i t 2 : l t . i  ,?r.,~un.i ':!l,i! 1 s X . 1  ( ! l i s t  ini ? y  < 

3 7 5  'm) i s  a b o u t  '$, = 3 . 2  ( F i g u r ?  C2-9). For t h e  N a t z e k i n  srd.2rm, 

e v e n t s  down t o  % = 1 . 0  wer? r i e t s c t p r j ,  b u t  c o r n p l e ~ e  r e c o r d i n g  o f  t h i s  

a c t i v i t y  p r o b a b l y  ex t2 : lds  down t o  = 1 . 2  o r  1 . 4 .  From t h e s e  e s t i -  

[ na t e s  o f  t h e  l e v e l  o f  c o m p l e t e  r e c o r d i n g  i t  c a n  be  s e e n  t h a t  t h e  

. . 
i n s t a l l a t i o n  o f  t h e  l o c a l  S S L S ~ ~ L C  networtrc h a s  r educed  t h e  l e v e l  o f  

c o m p l e t e n e s s ,  w i t h i n  t h e  r e s t r i c t e d  n r t ? a  o f  t h e  n e t w o r k ,  by a f a t o r  o f  

abou t  3 . 5  o v e r  t h a t  a c h i e v e d  by t h e  'JJSSN. 

A l so  i n c l u d e d  on F i g u r e  C 2  a r e  e s t i m a t e s  o f  t h e  s l o p e  o f  t h e  l i n e a r  

p o r t  i on  o f  t h e  c ! ~ m u l a t i v e  n a g n i t u d e - f r e q u e n c y  d i s t r i b u t i o n .  These  e s t i -  

m a t e s  a r e  commonly r e f e r r e d  t o  a s  5 - v a l u e s  and d e s c r i b e  t h e  r a t e  o f  

o c c u r r e n c e  o f  t h e  d i f f e r s n t  m a g n i t u d e  e v e n t s .  The B-value r t h e  

? v e n t s  o b s e r v e d  by t h e  :v7JSSN i s  1 . 1 2  + 0 . 0 9  w h i l e  t h a t  o b s e r v e d  by t h e  - 

l o c a l  a r r a y  is  0 .60  - + 0 . 1 3 .  The B-va lue  d e r i v e d  from t h e  l o c a l  d a t a  

a p p e a r s  t o  b e  s i g n i f i c a n t l y  l e s s  t h a n  t h a t  d e r i v e d  from t h e  'ZIJSSN. T h i s  

d i f f ? r e n c e ,  h o w e v e r ,  may no t  be s i g n i f i c a n t  d u e  t o  t h e  r e l a t i v e l y  few 

e a r t h q u a k e s  o b s e r v e d  by t h e  l o c a l  n e t w o r k .  T h i s  l a c k  o f  d a t a  m a n i f e s t s  

i t s e l f  i n  t h e  ' ' r aggedM a p p e a r a n c e  i n  t h e  m a g n i t u d e - f r e q u e n c y  d i s t r i b u -  

t i o n .  I f  i t  i s  r e p r e s e n t a t i v e  o f  t h e  l o c a l  s e i s m i c i t y ,  howeve r ,  t h e  

d i f f e r e n c e s  i n  B-va lues  o b t a i n e d  by t h e  two n e t w o r k s  may be  i n t e r p r e t e d  

a s  i n d i c a t i n g  t h a t  t h e  d o g i n a n t  mode of  s t r e s s  r e l e a s e  due  t o  s e i s m i c  

p r o c e s s e s  d u r i n g  t h e  i n t e r s e i s m i c  p e r i o d  o c c u r s  a s  e v e n t s  w i t h  m a g i t u d e s  

be tween  4 . 6  and 5 . 8 .  



F i g u r e  C 1 .  Number oE e a r t h q u a k e s  r e c o r d e d  per d a y  by  t h e  U n a l a s k a  

S e i s a i c  a r r a y  i n  1980,  1981, and 1982.  D a t a  are grouped a c c o r d i n g  

to S-P t r a v e l  t i m e .  
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F i g u r e  C 2 .  M a g n i t u d e  f r e q u e n c y  r e l a t i o n s h i p s  f o r ;  A )  e a r t h q n a k s s  

r e c o r d e d  b y  t h e  !WSSN o r i g i n a t i n g  b e t w e e n  1 7 2 " ~ - 1 5 8 " ~ ,  B) 

Z a r t h q u a k e s  r s c o r d e d  by t h e  U n a l a s k a  a r r a y ,  C)  a l l  o b s e r v e d  e v e n t s  

from t h e  N a t e e k i n  s e q u e n c e .  S o l i d  l i n e s  r e p r e s e n t  t h e  number o f  

e v e n t s  o c c u r r i n g  ;ri t h  i n  each  m a g n i t u d e  i n t e r v a l  w h i l e  d a s h e d  l i n e ,  

i n d i c a t e  t h e  c u m u l a t i v e  number o f  e v e n t s  o b s s r v e d .  Bes t  f i t ,  

maximum l i k e l y h o o d  e s t i m a t e s  o f  t h e  s l o p e  o f  t h e  l i n e a r  p o r t i o n  a r e  

a l s o  i n c l u d e d  a s  an  e s t i m a t e  o f  t h e  5 - v a l u e .  
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...... n u m b e r  of q u o k g 3  : 6 5 1  
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l o g N  2 . 7 9  - ( 1 . 0 8  + -  .39>Inb 

n u m b e r  of q u a k s ~  I 2 9 

m a g n i t u d e  r a n g e  11 .26  - 2 . 6 0  


