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INTRODUCTION 

The A l a s k a  D i s t r i c t ,  Corps o f  Eng ineers  p l a n s  t o  c o n s t r u c t  a 

h y d r o e l e c t r i c  f a c i l i t y  on t h e  s o u t h e r n  Kena i  Pen insu la ,  A laska.  The p r o j e c t  

i n v o l v e s  damming B r a d l e y  Lake, wh ich  i s  l o c a t e d  i n  t h e  Kena i  Mounta ins  a t  an 

e l e v a t i o n  o f  1,090 f e e t ,  and f e e d i n g  t h e  w a t e r  t h r o u g h  a  t u n n e l  t o  a  power 

p l a n t  a t  sea l e v e l .  I n  t h i s  r e g i o n  of t e c t o n i c  i n t e r a c t i o n  between t h e  

P a c i f i c  and N o r t h  American p l a t e s  ( F i g u r e  I ) ,  t h e  p o t e n t i a l  f o r  s t r o n g  

ear thquakes needs t o  be addressed so t h a t  t h e  hazards t h e y  c o u l d  pose can be 

m in im ized .  The most  i m p o r t a n t  e f f e c t  o f  ear thquakes on man-made s t r u c t u r e s  i s  

s t r u c t u r a l  damage due t o  s t r o n g  shak ing.  O the r  p o t e n t i a l l y  damaging aspec ts  

o f  ear thquakes i n c l u d e  s u r f a c e  f a u l t i n g  as w e l l  as shak ing- induced e f f e c t s  

such as l i q u e f a c t i o n ,  l a n d s l i d e s ,  d i f f e r e n t i a l  s e t t l i n g ,  and se iches.  

The Corps o f  Eng ineers  has asked t h e  U.S. G e o l o g i c a l  Survey, O f f i c e  o f  

Ear thquake S t u d i e s  (USGS-OES) t o  i n v e s t i g a t e  t h e  p rob lem of se i sm ic  hazards  i n  

t h e  B r a d l e y  Lake r e g i o n .  T h i s  e n t a i l s  c o l l e c t i n g  and a n a l y z i n g  ea r thquake  

d a t a  i n  t h e  r e g i o n  o f  t h e  proposed B r a d l e y  Lake H y d r o e l e c t r i c  P r o j e c t  i n  o r d e r  

t o  deve lop  a  more d e t a i l e d  model f o r  t h e  t e c t o n i c  f ramework.  P a r t i c u l a r  

emphasis i s  b e i n g  p l a c e d  on t h e  d i s t r i b u t i o n  of s h a l l o w  c r u s t a l  ea r thquakes  

and t h e i r  r e l a t i o n s h i p  t o  mapped o r  i n f e r r e d  f a u l t s .  

The purpose o f  t h i s  r e p o r t  i s  t o  summarize t h e  work comple ted t o  da te ,  

i n c l u d i n g :  e s t a b l i s h i n g  a  network  of f i v e  s e i s m i c  s t a t i o n s  around B r a d l e y  

Lake i n  October  1980 t o  augment t h e  p r e v i o u s l y  e x i s t i n g  USGS-OES network  on 

t h e  Kena i  Pen insu la ;  d e v e l o p i n g  a p p r o p r i a t e  techn iques  f o r  p r o c e s s i n g  t h e  d a t a  
- 

f r o m  t h e  B r a d l e y  Lake r e g i o n ;  r e v i e w i n g  t h e  a v a i l a b l e  USGS-OES s e i s m i c  d a t a ,  
-. 

i n c l u d i n g  one month d u r i n g  wh ich  t h e  B r a d l e y  Lake network  was o p e r a t i n g ;  and 

c l a r i f y i n g  t h e  prob lems t h a t  w i l l  be addressed as more d a t a  i s  c o l l e c t e d .  



GENERAL NATURE AND SCOPE OF STUDY 

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

H y d r o e l e c t r i c  P r o j e c t  w i l l  b e  augmented w i t h  a more a c c u r a t e  and comple te  s e t  

o f  ea r thquake  l o c a t i o n s  d e r i v e d  f r o m  t h e  expanded ne twork  o f  seismograph 

s t a t i o n s  now o p e r a t i n g  on t h e  s o u t h e r n  Kena i  P e n i n s u l a .  S p e c i f i c  o b j e c t i v e s  

o f  t h e  work t o  be under taken  f o r  t h e  Corps of Eng ineers  i n c l u d e :  

1.) U s i n g  d a t a  f rom t h e  l o c a l  seismograph network,  d e r i v e  l o c a t i o n s  and 

magni tudes f o r  ear thquakes w i t h i n  t h e  r e g i o n  o f  t h e  P r o j e c t .  

2 . )  Assess t h e  r e l a t i o n s h i p ,  i f  any, between t h e  s h a l l o w  ear thquakes and 

mapped f a u l  t s  . 
3 . )  D e r i v e  a more a c c u r a t e  e s t i m a t e  o f  t h e  depth  and c o n f i g u r a t i o n  o f  

t h e  p r i n c i p a l  t h r u s t  f a u l t  zone which  i s  a c t i v a t e d  by g r e a t  

ear thquakes such as o c c u r r e d  i n  1964. 

4.) P repare  f o c a l  mechanism s o l u t i o n s  t o  a i d  i n  i n t e r p r e t i n g  t h e  

t e c t o n i c  processes a c t i v e  i n  t h e  r e g i o n .  

5 . )  Compi le  and e v a l u a t e  f requency  ve rsus  magni tude r e l a t i o n s h i p s  f o r  

se i sm ic  a c t i v i t y  w i t h i n  and a d j a c e n t  t o  t h e  s t u d y  area.  



METHODS AND RATIONALE OF SEISMIC DATA COLLECTION AND ANALYSIS 

I n s t a l l a t i o n  o f  t h e  B r a d l e y  Lake network  

The U.S. G e o l o g i c a l  Survey has been engaged i n  a program o f  t e l e m e t e r e d  

se i sm ic  r e c o r d i n g  i n  t h e  r e g i o n  i n c l u d i n g  B r a d l e y  Lake s i n c e  1971. The 

l o c a t i o n s  and i n s t a l l a t i o n  d a t e s  o f  s e i s m i c  s t a t i o n s  a r e  summarized i n  

F i g u r e  2. 

The r a t i o n a l e  f o r  i n c r e a s i n g  t h e  s t a t i o n  d e n s i t y  i n  t h e  B r a d l e y  Lake 

r e g i o n  i s  t w o f o l d :  

1.) To decrease t h e  magni tude t h r e s h o l d  f o r  l o c a t a b l e  e v e n t s  so t h a t  a  

l a r g e  number o f  ear thquakes can be l o c a t e d  i n  j u s t  a few  y e a r s  t i m e .  

2.) To i n c r e a s e  t h e  accuracy  o f  t h e  ea r thquake  l o c a t i o n s  so t h a t  t h e  

B e n i o f f  zone e v e n t s  can be c l e a r l y  d i f f e r e n t i a t e d  f r o m  t h e  s h a l l o w  

c r u s t a l  e v e n t s  and so t h a t  t h e  p o s s i b l e  c o r r e l a t i o n  o f  ear thquakes 

w i t h  mapped o r  i n f e r r e d  f a u l t s  i n  t h e  r e g i o n  can be t e s t e d .  

D u r i n g  Oc tober  1980, an a r r a y  o f  f i v e  s e i s m i c  s t a t i o n s  was i n s t a l l e d  

around B r a d l e y  Lake. BRLK, t h e  s t a t i o n  n e a r e s t  t h e  l ake ,  has t h r e e  components 

( v e r t i c a l ,  n o r t h - s o u t h ,  and eas t -wes t )  . Three o f  t h e  f o u r  o u t  l y i n g  v e r t i c a l  

component s t a t i o n s  a r e  r a d i o e d  t o  BRLK where t h e  s i g n a l s  a r e  combined and 

t e l e m e t e r e d  t o  t h e  Whi te  A l i c e  microwave f a c i l i t y  above Homer. The f i f t h  

s t a t i o n ,  BRSW, i s  r a d i o e d  d i r e c t l y  t o  t h e  microwave f a c i l i t y .  

A t  t h e  microwave f a c i l i t y  t h e  seven s i g n a l s  a r e  f i l t e r e d  and m u l t i p l e x e d  

by  equipment i n s t a l  l e d  f o r  t h i s  network .  S ince  l a t e  November 1980 t h e  
- 

m u l t i p l e x e d  s i g n a l  has been t r a n s m i t t e d  on t o  t h e  NOAA A l a s k a  Tsunami Warning 

Cen te r  i n  Palmer f o r  r e c o r d i n g  on magne t i c  t a p e  and f i l m .  Two o f  t h e  s t a t i o n s  

a r e  a l s o  reco rded  on a  paper  m o n i t o r  r e c o r d .  A t  t h e  t i m e  o f  t h i s  r e p o r t  

(m id -Februa ry  1981) a l l  o f  t h e  B r a d l e y  Lake s t a t i o n s  a r e  w o r k i n g  w e l l ,  

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



D a t a  p r o c e s s i n g  t e c h n i q u e s  

The d a t a  reco rded  f r o m  USGS-OES se ism ic  s t a t i o n s  i n  t h e  B r a d l e y  Lake 

r e g i o n  i s  m a i l e d  week ly  f r o m  Palmer, A laska,  t o  Menlo Park,  C a l i $ o r n i a ,  where 

i t  i s  processed u s i n g  t h e  f o l l o w i n g  m u l t i - s t e p  r o u t i n e :  

. 1. P r e l i m i n a r y  Scanning:  The paper  r e c o r d s  o f  BRLK and BRSW a r e  

scanned t o  i d e n t i f y  and n o t e  t i m e s  o f  se i sm ic  e v e n t s  w i t h i n  t h e  

B r a d l e y  Lake network  and t h e  s u r r o u n d i n g  area.  

2. F i n a l  Scanning:  The e v e n t s  no ted  i n  p r e l i m i n a r y  scann ing a r e  found  

on t h e  Deve loco rde r  f i l m  r e c o r d  and any e v e n t  w i t h  a P -  t o  S-phase 

i n t e r v a l  l e s s  t h a n  o r  equa l  t o  10 seconds a t  one o f  t h e  B r a d l e y  Lake 

s t a t i o n s  i s  no ted  f o r  subsequent t i m i n g .  

3. T iming:  F o r  each o f  t h e  i d e n t i f i e d  e v e n t s  t h a t  has been r e c o r d e d  on 

t h e  16-mm f i l m s  a t  f o u r  o r  more s t a t i o n s  i n  t h e  B r a d l e y  Lake r e g i o n  

t h e  f o l l o w i n g  d a t a  a r e  r e a d  from each s t a t i o n :  P- and S-phase 

a r r i v a l  t imes ;  d i r e c t i o n  o f  f i r s t  m o t i o n  o f  t h e  P-wave; d u r a t i o n  of 

s i g n a l  i n  excess o f  one c e n t i m e t e r  t h r e s h o l d  amp l i t ude ;  and p e r i o d  

and amp1 i t u d e  o f  maximum r e c o r d e d  s i g n a l .  

4 .  I n i t i a l  computer p r o c e s s i n g :  The d a t a  read  f r o m  t h e  f i l m s  i s  b a t c h  

processed b y  computer  u s i n g  t h e  program HYPOELLIPSE (Lahr ,  1980) t o  

o b t a i n  t h e  o r i g i n  t ime,  hypocenter ,  magnitude, and f i r s t - m o t i o n  p l o t  

f o r  each ear thquake.  

5. Review o f  i n i t i a l  computer  r e s u l t s :  Each h y p o c e n t r a l  s o l u t i o n  i s  

checked f o r  l a r g e  t r a v e l - t i m e  r e s i d u a l s  and f o r  a  p o o r  s p a t i a l  

d i s t r i b u t i o n  o f  s t a t i o n s .  A r r i v a l  t i m e s  t h a t  p roduce l a r g e  

r e s i d u a l s  a r e  r e - r e a d .  F o r  shocks w i t h  a p o o r  a z i m u t h a l  

d i s t r i b u t i o n  of s t a t i o n s ,  r e a d i n g s  f r o m  a d d i t i o n a l  s t a t i o n s  a r e  

sought .  



6. F i n a l  computer  p r o c e s s i n g :  The d a t a  f o r  t h o s e  e v e n t s  w i t h  p o o r  

h y p o c e n t r a l  s o l u t i o n s  a r e  r e r u n  w i t h  c o r r e c t i o n s  and t h e  new 

s o l u t i o n s  a r e  checked once more f o r  l a r g e  r e s i d u a l s  t h a t  m i g h t  be 

due t o  r e m a i n i n g  e r r o r s .  

A n a l y s i s  o f  h y p o c e n t r a l  q u a l i t y  

Two t y p e s  o f  e r r o r s  e n t e r  i n t o  t h e  d e t e r m i n a t i o n  o f  hypocen te rs :  

s y s t e m a t i c  e r r o r s  l i m i t i n g  t h e  accu racy  and random e r r o r s  l i m i t i n g  t h e  

p r e c i s i o n .  Sys temat i c  e r r o r s  a r i s e  p r i n c i p a l l y  f r o m  i n c o r r e c t  mode l i ng  o f  t h e  

s e i s m i c  v e l o c i t y  w i t h i n  t h e  e a r t h .  Random e r r o r s  r e s u l t  f r o m  e f f e c t s  such as 

random t i m i n g  e r r o r s ,  and t h e i r  e f f e c t  on each ea r thquake  i s  e s t i m a t e d  t h r o u g h  

t h e  use o f  s t a n d a r d  s t a t i s t i c a l  t e c h n i q u e s .  

The magni tude o f  t h e  s y s t e m a t i c  e r r o r s  can be g r e a t l y  reduced by  c l o s e  

spac ing  o f  se ismograph ic  s t a t i o n s  w i t h i n  t h e  a r e a  o f  i n t e r e s t ,  as t h e  

h y p o c e n t r a l  s o l u t i o n  i n  t h i s  s i t u a t i o n  i s  much l e s s  s e n s i t i v e  t o  t h e  v e l o c i t y  

model assumed f o r  t h e  e a r t h .  F o r  t h i s  reason,  t h e  ear thquakes l o c a t e d  i n  t h e  

B r a d l e y  Lake r e g i o n  s i n c e  t h e  i n s t a l l a t i o n  o f  t h e  a d d i t i o n a l  f i v e  s t a t i o n s  i n  

l a t e  1980 are expec ted  t o  have s m a l l e r  s y s t e m a t i c  o f f s e t s  t h a n  t h o s e  l o c a t e d  

w i t h  t h e  l e s s  dense r e g i o n a l  ne twork .  

F o r  each ea r thquake  t h e  l e n g t h s  and o r i e n t a t i o n s  o f  t h e  p r i n c i p a l  axes  o f  

t h e  j o i n t  c o n f i d e n c e  e l l i p s o i d  a r e  c a l c u l a t e d .  The o n e - s t a n d a r d - d e v i a t i o n  

con f idence  e l l i p s o i d  d e s c r i b e s  t h e  r e g i o n  o f  space w i t h i n  wh ich  one i s  68 

p e r c e n t  - c o n f i d e n t  t h a t  t h e  hypocen te r  l i e s ,  assuming t h a t  t h e  o n l y  source o f  

e r r o r  i s  t h e  e s t i m a t e d  random r e a d i n g  e r r o r .  A l t h o u g h  t h e  e l l i p s o i d  i s  a  -- 

f u n c t i o n  of t h e  s t a t i o n  geometry, i t  i s  n o t  v e r y  s e n s i t i v e  t o  t h e  s t a t i o n  

geometry f o r  ear thquakes w i t h i n  t h e  network .  

To f u l l y  e v a l u a t e  t h e  q u a l i t y  o f  a  hypocen te r  b o t h  t h e  s i z e  and 

o r i e n t a t i o n  o f  t h e  c o n f i d e n c e  e l  l i p s o i d ,  t h e  r o o t  mean square ( R M S )  r e s i d u a l  

f o r  t h e  s o l u t i o n  and t h e  s t a t i o n  geometry must be cons ide red .  

6 



SCIENTIFIC RESULTS AND DISCUSSION 

Se ismo- tec ton ic  f ramework - -cu r ren t  s t a t e  o f  knowledqe 

The B r a d l e y  Lake r e g i o n  i s  l o c a t e d  i n  t h e  t e c t o n i c  zone o f  i n t e r a c t i o n  

between t h e  N o r t h  American p l a t e  and t h e  r e l a t i v e l y  northwestward-moving 

P a c i f i c  p l a t e  ( F i g u r e  1 ) .  The average r a t e  of convergence near  t h e  sou the rn  

Kenai  P e n i n s u l a  o v e r  t h e  p a s t  3 m.y. i s  6.5 c m l y r  ( M i n s t e r  and Jordan, 1978). 

D i r e c t  ev idence f o r  c o n t i n u e d  convergent  m o t i o n  comes f r o m  s t u d i e s  o f  r e c e n t  

l a r g e  ear thquakes a l o n g  p o r t i o n s  o f  t h e  P a c i f i c - N o r t h  American p l a t e  boundary 

a d j a c e n t  t o  t h e  G u l f  o f  A laska.  The 1958 ear thquake on t h e  F a i r w e a t h e r  f a u l t  

- was accompanied by  r i g h t  l a t e r a l  s t r i k e - s l i p  m o t i o n  o f  as much as 6.5 m 

(Tocher,  1960).  The 1964 A laska  ear thquake r e s u l t e d  f r o m  d i p  s l i p  m o t i o n  of 

about 12 m ( H a s t i e  and Savage, 1970) on t h e  p o r t i o n  o f  t h e  A l e u t i a n  megathrust  

e x t e n d i n g  f r o m  P r i n c e  W i l l i a m  Sound t o  sou the rn  Kodiak  I s l a n d  and d i p p i n g  

nor thwestward beneath t h e  c o n t i n e n t .  The 1979 S t .  E l i a s  ear thquake i n v o l v e d  

low-ang le  n o r t h - n o r t h w e s t  o r i e n t e d  t h r u s t i n g  o f  about 2 m (Hasegawa and 

o the rs ,  1980; Stephens and o t h e r s ,  1 9 8 0 ~ ) .  

The 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  processes o f  convergent  p l a t e  m o t i o n  i n  

A laska  may g e n e r a l l y  be d i v i d e d  i n t o  f i v e  s p a t i a l l y  d i s t i n c t  groups:  

1 )  Ear thquakes which occur  on t h e  g e n t l y  d i p p i n g  A l e u t i a n  mega th rus t  ( t h e  

i n t e r f a c e  between t h e  P a c i f i c  and N o r t h  American p l a t e s ) .  

2 )  Ear thquakes which occur  i n  t h e  wedge o f  c r u s t  above t h e  a c t i v e  megathrust  

zone. 
- 

3)  Ear thquakes which occur  w i t h i n  t h a t  p o r t i o n  o f  t h e  P a c i f i c  p l a t e  which has 
-. 

- been t h r u s t  beneath A laska  ( B e n i o f f  zone e v e n t s ) .  

4 )  Earthquakes w i t h i n  t h e  P a c i f i c  p l a t e  seaward o f  t h e  A l e u t i a n  megathrust .  

5 )  Shal  low ear thquakes near  t h e  a c t i v e  volcanoes.  

The B r a d l e y  Lake r e g i o n  i s  most d i r e c t l y  a f f e c t e d  by t h e  f i r s t  t h r e e  t ypes  of 

events .  
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Review o f  c u r r e n t l y  a v a i l a b l e  USGS se ismic  d a t a  

F i g u r e  3 p r e s e n t s  a summary of t h e  magni tude and t i m e  o f  occurrence o f  t h e  

earthquakes i n c l u d e d  i n  t h i s  r e p o r t .  Each even t  i s  shown as a p ~ i n t  a t  t h e  

co r respond ing  t i m e  and magni tude p o s i t i o n .  

. F o r  t h e  t i m e  p e r i o d  January 1972 th rough  December 1980, 986 earthquakes 

have been r o u t i n e l y  processed and l o c a t e d  by t h e  USGS-OES i n  t h e  B r a d l e y  Lake  

r e g i o n  (Lahr  and o thers ,  1974; Fogleman and o thers ,  1978; Stephens and o thers ,  

1979; Stephens and o thers ,  1980a, 1980b; and unpubl ished d a t a ) .  I n c l u d e d  a r e  

90 earthquakes o c c u r r i n g  s i n c e  t h e  b e g i n n i n g  o f  t h e  o p e r a t i o n  o f  t h e  Brad ley  

Lake network on 27 November 1980 t h a t  are  s m a l l e r  than  those  r o u t i n e l y  

processed i n  t h e  p a s t .  

I n  F i g u r e  3 t h e  t i m e  i n t e r v a l s  i n  which d a t a  have n o t  been processed a r e  

q u i t e  apparent.  These gaps have r e s u l t e d  p r i m a r i l y  f r o m  vacancies on our  

s t a f f  o f  d a t a  a n a l y s t s  which a t  t imes  have been hard  t o  f i l l .  T h i s  s i t u a t i o n  

i s  made more d i f f i c u l t  by t h e  e x t e n s i v e  t r a i n i n g  p e r i o d  r e q u i r e d  b e f o r e  a new 

d a t a  a n a l y s t  i s  ab le  t o  make a  p o s i t i v e  c o n t r i b u t i o n  t o  t h e  d a t a  process ing.  

The minimum magni tude t h r e s h o l d  o f  l o c a t e d  events  v a r i e s  c o n s i d e r a b l y  w i t h  

t ime.  T h i s  has been a f u n c t i o n  o f  o u r  c r i t e r i a  f o r  s e l e c t i n g  which even ts  t o  

l o c a t e  and does n o t  r e f l e c t  any tempora l  change i n  ear thquake a c t i v i t y .  



S e i s m i c i t y  p a t t e r n s  

The e p i c e n t r a l  d i s t r i b u t i o n  o f  e v e n t s  i s  d i s p l a y e d  i n  F i g u r e  4. 

Ear thquakes f r o m  a l l  depths  a r e  i n c l u d e d  so c r u s t a l  even ts  a r e  n o t  

d i s t i n g u i s h e d  f rom t h e  deeper Ben io f f  zone s e i s m i c i t y .  Note t h a t  t h e  

a p p r o x i m a t e l y  one-month sample o f  even ts  l o c a t e d  s i n c e  t h e  B r a d l e y  Lake 

ne twork  was i n s t a l l e d  has made a  s u b s t a n t i a l  c o n t r i b u t i o n  t o  t h e  t o t a l  number 

o f  ear thquakes a v a i l a b l e  f o r  t h e  s o u t h e r n  Kena i  P e n i n s u l a  r e g i o n ,  as compared 

w i t h  an aggregate  o f  5.9 y e a r s  of comp le ted  d a t a  p r o c e s s i n g  shown i n  t h e  upper 

p o r t i o n  o f  F i g u r e  4. 

I n  o r d e r  t o  show t h e  depth  r e l a t i o n s h i p  o f  t h e  ear thquakes i n  F i g u r e  4, 

t h e  even ts  a r e  a l so  shown i n  c r o s s  s e c t i o n  ( F i g u r e s  5 and 6) .  An 

i n t e r p r e t a t i o n  o f  t h e s e  c r o s s  s e c t i o n s  i n  te rms  o f  geo logy and t h e  

u n d e r t h r u s t i n g  P a c i f i c  p l a t e  i s  shown i n  F i g u r e  7. The n o r t h w e s t - d i p p i n g  s l a b  

o f  hypocen te rs  t h a t  ex tends  t o  more than  100 km depth,  te rmed t h e  B e n i o f f  

zone, i s  assumed t o  l i e  w i t h i n  t h e  upper  20 km of  t h e  P a c i f i c  p l a t e .  These 

events  f i x  t h e  p o s i t i o n  and d e p t h  o f  t h e  P a c i f i c  p l a t e  n o r t h w e s t  o f  B r a d l e y  

Lake. The P a c i f i c  p l a t e  i s  assumed t o  have an a p p r o x i m a t e l y  c o n s t a n t  d i p  

between B r a d l e y  Lake and t h e  A l e u t i a n  t r e n c h  where t h e  mega th rus t  o u t c r o p s  

( F i g u r e  1 ) .  These assumpt ions p l a c e  t h e  upper s u r f a c e  o f  t h e  P a c i f i c  p l a t e ,  

and t h e r e f o r e  t h e  A l e u t i a n  mega th rus t ,  a t  a  d i s t a n c e  o f  29 km f r o m  B r a d l e y  

Lake u s i n g  t h e  o l d e r  d a t a  ( F i g u r e  7, u p p e r )  and a t  a  d i s t a n c e  o f  35 km based 

on ear thquakes l o c a t e d  w i t h  t h e  B r a d l e y  Lake ne twork  ( F i g u r e  6, l o w e r ) .  T h i s  

d i s t a n c e  i s  i m p o r t a n t  i n  te rms o f  e s t i m a t i n g  t h e  ground m o t i o n  a t  B r a d l e y  Lake 

f rom l a r g e  ear thquakes on t h e  A l e u t i a n  mega th rus t .  The 35-km e s t i m a t e  i s  

p r o b a b l y  more a c c u r a t e  because o f  t h e  improved network  coverage,  b u t  f u r t h e r  

r e f i n e m e n t  w i l l  be p o s s i b l e  as:  

1 )  more d a t a  i s  c o l l e c t e d ,  and 

2 )  an improved v e l o c i t y  model i s  de te rm ined  s p e c i f i c a l l y  f o r  t h i s  

r e g i o n .  



I t  i s  n o t a b l e  t h a t  t h e  B e n i o f f  zone a c t i v i t y  d i e s  o u t  nea r  B r a d l e y  Lake, 

t h a t  c r u s t a l  a c t i v i t y  i s  c o n c e n t r a t e d  seaward o f  Cook I n l e t ,  and t h a t  t h e r e  i s  

n o t  a  c o n c e n t r a t i o n  o f  e v e n t s  a l o n g  t h e  A l e u t i a n  mega th rus t .  The e s t i m a t e d  

landward l i m i t  o f  t h e  1964 r u p t u r e  o f  t h e  A l e u t i a n  mega th rus t  ( H a s t i e  and 

Savage, 1970) i s  n o t e d  i n  F i g u r e  7, l ower .  The c u r r e n t  p a t t e r n  o f  s e i s m i c i t y  

may be s t r o n g l y  a f f e c t e d  by  t h e  s t r e s s  r e d i s t r i b u t i o n  i n  1964, and t h i s  

p a t t e r n  may change s l o w l y  o v e r  t e n s  o f  y e a r s  as s t r e s s e s  b u i l d  p r i o r  t o  

ano the r  l a r g e  ear thquake.  The p o s s i b i l i t y  o f  l o n g - t e r m  c y c l i c  changes i n  

s e i s m i c i t y  w i l l  be addressed i n  f u t u r e  work, as t h e y  c o u l d  i n v a l i d a t e  

c o n c l u s i o n s  based on a  s h o r t  p e r i o d  o f  o b s e r v a t i o n s .  



R e l a t i o n s h i p  o f  s h a l l o w  ear thquakes t o  mapped f a u l t s  

Severa l  m a j o r  f a u l t s  have been mapped i n  t h e  B r a d l e y  Lake r e g i o n  ( F i g u r e s  

2 and 7 ) .  Sha l l ow  ear thquakes do o c c u r  i n  t h e  r e g i o n ,  b u t  t h e r e , i s  no 

unequ ivoca l  g e o l o g i c  o r  h i s t o r i c a l  se i sm ic  ev idence  f o r  r e c e n t  a c t i v i t y  on any 

o f  t h e s e  f a u l t s  (see,  f o r  example, Woodward-Clyde Consu l tan ts ,  1980, 

p .  17-22.) ,  One e x p l a n a t i o n  f o r  t h e  l a c k  o f  recogn ized  ground d i sp lacemen t  on 

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

s e i s m i c i t y  may be b r o a d l y  d i s t r i b u t e d  on numerous unrecogn ized (and  p o s s i b l y  

b u r i e d )  f a u l t s .  An a l t e r n a t e  e x p l a n a t i o n  f o r  t h e  l a c k  o f  observed 

d i sp lacemen ts  on t h e  m a j o r  f a u l t s  i s  t h a t  movement may n o t  be c o n s i s t e n t l y  i n  

t h e  same d i r e c t i o n ,  so t h a t  t h e  c u m u l a t i v e  d i sp lacemen t  o f  many ear thquakes i s  

n o t  v e r y  g r e a t ,  One o f  t h e  o b j e c t i v e s  o f  c o n t i n u e d  se i sm ic  m o n i t o r i n g  i n  t h e  

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

observed s e i s m i c i t y .  

Sha l l ow  c r u s t a l  ear thquakes can be d i s t i n g u i s h e d  e a s i l y  f rom B e n i o f f  zone 

e v e n t s  n o r t h w e s t  o f  B r a d l e y  Lake where t h e  B e n i o f f  zone b e g i n s  t o  d i p  s t e e p l y  

i n t o  t h e  m a n t l e  ( F i g u r e  5, u p p e r ) .  As t h e  B e n i o f f  zone approaches c r u s t a l  

dep ths  beneath  B r a d l e y  Lake t h e  r e s o l u t i o n  between t h e  zone o f  s h a l l o w  c r u s t a l  

a c t i v i t y  and deeper e v e n t s  becomes l e s s  d i s t i n c t .  A c l e a r  v e r t i c a l  s e p a r a t i o n  

between t h e s e  two zones i s  apparent ,  however, i n  t h e  d i s t r i b u t i o n  of 

hypocen te rs  determined u s i n g  t h e  B r a d l e y  Lake se i sm ic  s t a t i o n s  ( F i g u r e  5, 

l o w e r ) ,  t h u s  emphas iz ing  how c r i t i c a l  t h e s e  s t a t i o n s  a r e  f o r  r e s o l v i n g  t h e  

r e g i o n a l  s e i s m o - t e c t o n i c  s t r u c t u r e .  E a s t  and sou theas t  o f  B r a d l e y  Lake n e a r l y  
- 

a l l  o f  t h e  se i sm ic  a c t i v i t y  i s  c o n f i n e d  t o  s h a l l o w  depths ,  b u t  i t  i s  n o t  c l e a r  

whether  t h e  ear thquakes a r e  o c c u r r i n g  w i t h i n  t h e  o v e r l y i n g  wedge o f  

c o n t i n e n t a l  m a t e r i a l ,  a t  t h e  t h r u s t  c o n t a c t  between t h e  two p l a t e s ,  o r  w i t h i n  

t h e  P a c i f i c  p l a t e .  Based on b o t h  o f  t h e  c r o s s  s e c t i o n s  i n  F i g u r e  5, 

ea r thquakes  s h a l l o w e r  t h a n  20 km a lmos t  c e r t a i n l y  occu r  w i t h i n  t h e  c r u s t .  I n  



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

o n l y  t h e  e v e n t s  t h a t  o c c u r r e d  i n  t h i s  d e p t h  range a r e  cons ide red .  E p i c e n t e r s  

o f  t h e  s h a l l o w  e v e n t s  a r e  shown i n  F i g u r e s  8 t h r o u g h  11. 

The d i s t r i b u t i o n  of s h a l l o w  a c t i v i t y  can b e s t  be d e s c r i b e d  as d i f f u s e  w i t h  

a- g e n e r a l  n o r t h e a s t - s o u t h w e s t  t r e n d  e v i d e n t  i n  F i g u r e  11, l ower .  A l t h o u g h  t h e  

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

e v e n t s  i n  each d a t a  s e t  a r e  l o c a t e d  w i t h i n  10 km o f  a  f a u l t  t r a c e ,  

C o n s i d e r i n g  t h e  u n c e r t a i n t y  i n  t h e  hypocen te r  l o c a t i o n s  and t h e  p r o b a b l e  

n o n - v e r t i c a l  d i p  o f  t h e  f a u l t s ,  i t  i s  p o s s i b l e  t h a t  many o f  t h e  ear thquakes 

a r e  o c c u r r i n g  on downdip e x t e n s i o n s  o f  t h e  mapped f a u l t s .  The improved 

accu racy  and g r e a t e r  number o f  hypocen te r  l o c a t i o n s  p r o v i d e d  by  t h e  B r a d l e y  

Lake s t a t i o n s  a r e  expected t o  he lp  r e s o l v e  th i s  q u e s t i o n  as more ear thquakes 

a r e  l o c a t e d .  

Many s h a l l o w  ear thquakes were l o c a t e d  away f r o m  t h e  mapped f a u l t s .  

E p i c e n t e r s  o f  some o f  t h e s e  e v e n t s  a r e  i n  t h e  Kena i  Lowlands west  of t h e  

Borde r  Ranges f a u l t  ( F i g u r e  8, upper ) .  The T e r t i a r y  sediments o f  t h i s  a r e a  

a r e  deformed by n o r t h e a s t - s o u t h w e s t  t r e n d i n g  f o l d s  and f a u l t e d  a n t i c l i n a l  

s t r u c t u r e s  t h a t  s t i l l  may be g row ing  i n  response t o  a  r e g i o n a l  n o r t h w e s t -  

d i r e c t e d  t e c t o n i c  compress ion ( K i r s c h n e r  and Lyon, 1973; Tysda l ,  1976).  Some 

o r  a l l  o f  t h e  s h a l l o w  ear thquakes l o c a t e d  i n  t h i s  area may be a s s o c i a t e d  w i t h  

t h e s e  s t r u c t u r e s .  



The n a t u r e  o f  t h e  s h a l l o w  ear thquakes o c c u r r i n g  e a s t  o f  t h e  Eag le  R i v e r  

f a u l t  i s  n o t  c l e a r .  The most p rominen t  f e a t u r e  i n  t h e  d i s t r i b u t i o n  o f  these  

even ts  i s  t h e  h i g h  r a t e  o f  a c t i v i t y  near  t h e  sou the rn  end of t h e i K e n a i  

l ineament  and t h e  P l a c e r  R i v e r  f a u l t  ( F i g u r e  8, upper) .  T h i s  c l u s t e r  of 

a c t i v i t y  i s  l o c a t e d  w i t h i n  an area where a number of o b s e r v a t i o n s  sugges t ing  

c r u s t a l  f a u l t i n g  were made f o l l o w i n g  t h e  1964 P r i n c e  W i l l i a m  Sound 

ear thquake.  The a rea  l i e s  a t  t h e  southwest c o r n e r  o f  an a b r u p t  d i s c o n t i n u i t y  

i n  t h e  d i s t r i b u t i o n  o f  a f t e r s h o c k  a c t i v i t y  f r o m  t h e  1964 ear thquake noted by 

Page (1969) .  P l a f k e r  (1969) a t t r i b u t e d  observed ground breakage a long  t h e  

Kenai  l ineament  and d i s l o c a t i o n s  deduced f r o m  t r i a n g u l a t i o n  measurements a f t e r  

- t h e  1964 ear thquake e i t h e r  t o  c r u s t a l  warp ing o r  t o  l e f t - l a t e r a l  movement on a  

b u r i e d  n o r t h - s o u t h  t r e n d i n g  f a u l t .  

The l a r g e s t  of a l l  t h e  s h a l l o w  ear thquakes t h a t  occu r red  s i n c e  1972 i n  t h e  

B r a d l e y  Lake r e g i o n  was a magni tude 5.0 even t  on February  5, 1976 l o c a t e d  near  

t h e  sou the rn  end o f  t h e  Kenai  l ineament .  T h i s  ear thquake d i d  n o t  have a 

s i g n i f i c a n t  a f te rshock  sequence, an o b s e r v a t i o n  t h a t  would be c o n s i s t e n t  w i t h  

a  s u b c r u s t a l  o r i g i n  f o r  t h e  event  (Page, 1968). A more d e t a i l e d  s t u d y  o f  t h i s  

a r e a  i s  p lanned  i n  o r d e r  t o  de te rm ine  whether t h e  se ism ic  a c t i v i t y  i s  

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



Magnitude d i s t r i b u t i o n  and recu r rence  r a t e s  

The da ta  processed b y  t he  USGS-OES s i n c e  1972 inc ludes  s i x  events of 

magnitude 5 and l a r g e r ,  t h e  l a r g e s t  hav ing  a magnitude o f  5.3. The 

OES-determined magnitudes f o r  these  events  are genera l  l y  w i t h i n  a few t e n t h s  

o f  a u n i t  o f  t h e  body-wave magnitudes (mb) r e p o r t e d  i n  t h e  U.S.G.S. 

P r e l i m i n a r y  De te rmina t ion  o f  Ep icen te rs  ( P D E )  n o t i c e s .  A rev iew o f  t h e  PDE 

data, which i s  p robab l y  complete f o r  events o f  magnitude 5 and l a r g e r  s ince  

1972, i n d i c a t e s  t h a t  no events  i n  t h i s  magnitude range occur red  i n  the  t ime  

pe r i ods  f o r  which t h e  r e g i o n a l  network da ta  has n o t  y e t  been completed. F i v e  

o f  t h e  s i x  l a r g e s t  events t h a t  occu r red  between 1972 and 1981 were l oca ted  a t  

subcrus ta l  depths; f o u r  occur red  beneath I l i a m n a  vo lcano a t  depths r a n g i n g  

f r om about 90 t o  160 km, and one occur red  w i t h i n  t he  B e n i o f f  zone beneath t he  

Kenai Lowlands a t  a depth o f  about 50 km. The o n l y  sha l low magnitude 5 event  

i s  t h e  one d iscussed i n  t he  p rev ious  s e c t i o n  t h a t  occur red  near t h e  southern 

end o f  t h e  Kenai 1 ineament, about 90 km eas t -no r t heas t  o f  B rad ley  Lake. 

As ment ioned e a r l i e r ,  a sharp c o n t r a s t  i n  t h e  r a t e  o f  se ismic  a c t i v i t y  

above and below a depth o f  about 20 km i s  c l e a r l y  e v i d e n t  i n  t h e  upper c ross  

s e c t i o n  i n  F i g u r e  5. Because t h i s  c o n t r a s t  p robab l y  r e f l e c t s  a d i f f e r e n c e  i n  

t h e  mechanical o r  t e c t o n i c  processes t h a t  c o n t r o l  earthquake occurrence, t h e  

f requency-magnitude d i s t r i b u t i o n s  o f  t he  two depth ranges are cons idered 

sepa ra te l y  ( F i g u r e  12).  For  magnitudes above t h e  t h r e s h o l d  where t h e  da ta  s e t  

i s  complete, t he  f requency-magnitude d i s t r i b u t i o n  i s  descr ibed  by t he  

Gutenberg-Richter r e l a t i o n s h i p  l o g  N ( M )  = A - bM where N ( M )  i s  t h e  number o f  

events  o f  magnitude M o r  g r e a t e r  and A and b are constants .  A l though t h e  r a t e  



o f  occu r rence  o f  t h e  deeper e v e n t s  i s  c o n s i d e r a b l y  h i g h e r  t h a n  i n  t h e  

o v e r l y i n g  wedge o f  c o n t i n e n t a l  m a t e r i a l ,  tPe  b -va lue  f o r  b o t h  d a t a  s e t s  i s  n o t  

s i g n i f i c a n t l y  d i f f e r e n t  f r o m  1.0, a  v a l u e  commonly o b t a i n e d  f o r  ear thquakes 

t h r o u g h o u t  t h e  w o r l d .  The i m p l i e d  r e t u r n  t i m e  f o r  ear thquakes o f  magni tude 5 

and l a r g e r  i s  one y e a r  f o r  e v e n t s  be low 20-km depth,  and i s  35 y e a r s  f o r  

s h a l l o w e r  events .  

Care must  be t a k e n  i n  e x t r a p o l a t i n g  magni tude r e c u r r e n c e  d a t a  e i t h e r  i n  

t i m e  o r  t o  l a r g e r  magni tudes.  F o r  example, l a r g e  tempora l  f l u c t u a t i o n s  i n  

s e i s m i c i t y  r a t e  a r e  known t o  occur ,  so t h e  l o n g - t e r m  average r a t e  o f  a c t i v i t y  

may be s i g n i f i c a n t l y  d i f f e r e n t  f r o m  what has been observed o v e r  a  r e l a t i v e l y  

s h o r t  i n t e r v a l  o f  t i m e .  Other  c o m p l i c a t i o n s  a r i s e  i n  d e c i d i n g  whether  o r  n o t  

t o  i n c l u d e  ear thquakes o f  d i f f e r e n t  t e c t o n i c  o r i g i n  i n  t h e  same d a t a  sample. 

I n  a d d i t i o n ,  t h e  r e c u r r e n c e  r e l a t i o n s h i p  f o r  ear thquakes i n  a g i v e n  r e g i o n  may 

n o t  be 1  i n e a r  o v e r  t h e  magni tude range f r o m  mic roear thquakes  (magni tudes l e s s  

t h a n  about  3 )  t o  t h e  l a r g e s t  e v e n t s  p o s s i b l e .  O b v i o u s l y  a  breakdown w i l l  

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

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

ea r thquakes  i t  i s  necessa ry  t o  t a k e  a  b roader  v iew  i n  b o t h  space and t ime ,  and 

a l t h o u g h  t h e  m ic roear thquake  d a t a  c o l l e c t e d  f r o m  t h e  B r a d l e y  Lake a r r a y  a l o n e  

i s  n o t  expec ted  t o  r e s o l v e  t h i s  problem, t h e  v a r i o u s  e s t i m a t e s  o f  t h e  r e t u r n  

r a t e  of l a r g e  ear thquakes w i l l  be rev iewed  and d i scussed  i n  f u t u r e  r e p o r t s .  



RECOMMENDATIONS FOR FUTURE WORK 

A program f o r  d e t a i l e d  se i sm ic  m o n i t o r i n g  o f  t h e  B r a d l e y  Lake r e g i o n  has 

been deve loped and i s  now o p e r a t i n g  e x t r e m e l y  w e l l .  The d a t a  anq lyzed  t o  d a t e  

and d i scussed  i n  t h i s  r e p o r t  demonst ra te  t h e  u t i l i t y  o f  o p e r a t i n g  t h i s  a r r a y ,  

b o t h  i n  te rms o f  i n c r e a s i n g  t h e  r a t e  a t  wh ich  ea r thquake  d a t a  a r e  c o l l e c t e d  

and i m p r o v i n g  t h e  accuracy  o f  t h e  da ta .  The p r i n c i p a l  g o a l s  o f  t h i s  work a re :  

1 )  S tudy  t h e  s h a l l o w  s e i s m i c i t y  i n  d e t a i  1  and de te rm ine  what, if any, 

r e l a t i o n s h i p  e x i s t s  between t h e  ear thquakes and t h e  mapped f a u l t s  and 

l i neamen ts .  

2 )  Determine more a c c u r a t e l y  t h e  c o n f i g u r a t i o n  o f  t h e  A l e u t i a n  mega th rus t  

zone and t h e  c l o s e s t  d i s t a n c e  f r o m  B r a d l e y  Lake t o  t h e  zone, 

3 )  U t i l i z e  b o t h  t h e  p a t t e r n  of s e i s m i c i t y  and t h e  r e s u l t s  of f o c a l  

mechanism d e t e r m i n a t i o n s  t o  deve lop  an improved t e c t o n i c  model f o r  t h e  r e g i o n .  

4 )  Determine an a p p r o p r i a t e  f requency-magni tude r e c u r r e n c e  r e l a t i o n s h i p  

f o r  t h e  p r i n c i p a l  f a u l t s  and nearby  t e c t o n i c  zones, w i t h  p a r t i c u l a r  emphasis 

on t h o s e  ear thquakes which  c o u l d  pose a  hazard  t o  t h e  h y d r o e l e c t r i c  p r o j e c t .  

5 )  I n v e s t i g a t e  t h e  p rob lem o f  l o n g - t e r m  tempora l  and s p a c i a l  v a r i a t i o n s  

i n  t h e  s e i s m i c i t y  and e s t i m a t e  t h e  e f f e c t  t h a t  such v a r i a t i o n s  m i g h t  have on 

t h e  c o n c l u s i o n s  drawn f r o m  a  r e l a t i v e l y  s h o r t  i n t e r v a l  o f  t ime .  

Con t inued  o p e r a t i o n  o f  t h e  B r a d l e y  Lake network  t h r o u g h  f i s c a l  y e a r  1984 

i s  s t r o n g l y  recommended i n  o r d e r  t o  r e c o r d  and ana lyze  a  s u f f i c i e n t  number of 

s h a l l o w  ear thquakes t o  address t h e s e  g o a l s ,  



The possibility of installing a strong-motion instrument at the Bradley 

Lake site was discussed last year. This type of instrumentation operates only 

during the relatively infrequent large earthquakes that produce ground 

accelerations greater than 0.01 g, so a short interval of operation would not 

bIe cost effective. The strong motion instruments now being operated by the 

USGS-OES at Seldovia, Homer and Seward are in jeopardy of removal due to the 

termination of a NOAA-supported seismic monitoring program in fiscal year 

1982. We recommend that the Corps of Engineers, rather than installing 

additional strong motion instruments, fund the continued maintenance of these 

three stations. We further recommend operating the strong motion stations for 

at least 10 years, independent of decisions about when to terminate the 

high-gain network. 
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F i g u r e  1. Upper- Cu r ren t  mot ion  of P a c i f i c  plate w i t h  r espec t  t o  
No r t h  American p l a t e .  P r o j e c t i o n  i s  o b l i q u e  Mercator  us i ng  a p o l e  a t  5 4 ' ~  
and 61 '~ .  R o t a t i o n  o f  t h e  P a c i f i c  p l a t e  w i t h  r espec t  t o  t h e  N o r t h  American 
p l a t e  about t h i s  p o l e  i s  e q u i v a l e n t  t o  v e r t i c a l  t r a n s l a t i o n  i n  t h i s  f i g u r e .  
Ep i cen te r s  o f  t h e  1958, 1964, and 1979 earthquakes a re  shown. 
Lower- Enlargement of t h e  area o u t l i n e d  i n  upper f i g u r e ,  showing t h e  - 
s e t t i n g  of Brad ley  Lake. The l o c a t i o n s  o f  Spurr ,  Redoubt, and I l i a m n a  
volcanoes are i nd i ca ted .  M o d i f i e d  f rom Woodward-Clyde Consu l tan ts  (1979).  



Figure 2 .  Map o f  Bradly Lake region. Upper- Principal f au l t s ,  a f te r  
Beikman ( 1980), Plafker ( 1969), Tysdal and Case ( 1979), and Plafker 
and others ( 1 9 7 7 ) .  - Lower- Seismograph stations funded by the  U. S 
Geological Survey (diamonds) and the Corps of Engineers ( c i r c l e s ) .  
Numbers in parentheses next to  station codes are las t  two d ig i t s  of 
the year  that  the station was instal led.  A l l  of the Bradley Lake 
stations (four l e t t e r  codes) were installed in 1980. 
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F i g u r e  4. Seismicity in t he  B r a d l e y  Lake region. 
Upper- F e b r u a r y  24, 1972 t h r o u g h  November 26, 1980, 887 events p l o t t e d .  
Lower- -- November 27, 1980 t h r o u g h  December 31, 1980, 99 even ts  p l o t t e d .  



D ISTANCE 

Figure 5. Vertical cross sections of the earthquake data within 50 km of 
the plane A-A' noted i n  F i g u r e  4. The locatioq of Bradley Lake (BL) is 
indicated by an arrow. The time intervals o f  Jpper and lower plots are the 
same as for Figure 4. 
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D ISTANCE 

F i g u r e  6, V e r t i c a l  c ross  s e c t i o n s  as p l o t t e d  i n  F i g u r e  5, w i t h  p r o j e c t e d  
one-s tandard -dev ia t ion  c o n f i d e n c e  e r r o r  e l l i p s o i d s .  Upper- To reduce t h e  
d e n s i t y  o f  e r r o r  e l  1  i p s o i d s  f o r  deeper events,  o n l y  e v e r y - n i n t h  event  
below 4 5  km i s  i nc luded .  



F i g u r e  7. The se ismic  da ta  f r om  F i g u r e  5 w i t h  geology and t e c t o n i c  i n t e r -  
p r e t a t i o n  superimposed. BBF - B r u i n  Bay f a u l t ,  BRF - Border Ranges f a u l t ,  
ERF - Eagle R i v e r  f a u l t ,  CF - Contact  f a u l t ,  Czu - u n d i f f e r e n t i a t e d  
Cenozoic, Mzu - u n d i f f e r e n t i a t e d  Mesozoic, Pzs  - Pa leozo ic  metamorphics, 
Mzm - Cretaceous melange, Mzv - upper Cretaceous f lysch, To - Lower T e r t i a r y  
f lysch.  Geology f rom P l a f k e r  and o t h e r s  ( 1977)  and F i s h e r  and Magoon ( 1978). 



Figure 8. Seismicity i n  the Bradley Lake region f o r  events less than 20 km 
deep. The time i n t e r v a l s  o f  upper and lower plots are the same as for 
Figure 4. 



Figure 9. One-standard-deviation error el lipsoids f o r  the s h a l l o w  
seismicity of  t h e  Bradley Lake r e g i o n  shown in Figure 8. 



Figure 10. Shallow seismicity of the Bradley Lake region as plotted 
in Figure 8, but only tne fault lines are shown. 



F i g u r e  11. Shallow s e i s m i c i t y  o f  the Bradley Lake region as plotted 
i n  Figure 8, b u t  no shorelines or f a u l t s  are shown. 
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