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G L A C I E R - G E N E R A T E D  EARTHQUAKES FROM P R I N C E  W I L L I A M  SOUND, ALASKA 

Lorra ine  W .  Wolf and John N .  Davies 

ABSTRACT 

Analysis  of s e i smic  r eco rds  from s t a t i o n s  near t h e  P r ince  William Sound 

s u p p o r t s  t h e  a s s o c i a t i o n  of monochromatic, low-frequency s i g n a l s  w i t h  

t i d e w a t e r  g l a c i e r s  i n  t h e  a r e a .  T h i r t y - t h r e e  of t h e  l a r g e r ,  b e t t e r  recorded 

s i g n a l s ,  wi th  corresponding ear thquake  magnitudes of ML 1.5 t o  2.5,  were 

l o c a t e d  us ing  r o u t i n e  se i smolog ica l  techniques .  Epicenters  f o r  t h e s e  

t l g l ac i e rquakes t l  c l u s t e r e d  i n  t h e  v i c i n i t y  of t h e  Harvard, Columbia, Yale and 

Barry g l a c i e r s .  Monthly counts  from one s t a t i o n  f o r  1975, 1979 and p a r t  of 

1976 r a n g e  from l e s s  than 4 t o  248 even t s .  A sudden dec rease  i n  t h e  number of 

e v e n t s  per  month i n  mid-1979 r a i s e s  t h e  p o s s i b i l i t y  of a  s i n g l e  source  o r  a  

common source  mechanism f o r  t h e s e  g l a c i e r - r e l a t e d  s i g n a l s .  The monochrmat ic ,  

non-d ispers i  ve waveforms which c h a r a c t e r i z e  t h e s e  1-2 Hz s i g n a l s  may r e s u l t  

from harmonic resonance of t h e  g l a c i e r s  i n  t h e  e p i c e n t r a l  r eg ion .  We 

s p e c u l a t e  t h a t  a  v a r i e t y  of source  mechanisms wi th in  o r  near  t h e  g l a c i e r s  may 

provide  t h e  i n i t i a l  impulse f o r  t h e s e  even t s .  However, t h e  c h a r a c t e r i s t i c  

observed  waveform is  most l i k e l y  t h e  r e s u l t  of se i smic  energy which is  

i n t e r n a l l y  r e f l e c t e d  wi th in  t h e  i c e  a t  fundamental r e sonan t  f r equenc ie s .  

Boundary cond i t i ons  a s s o c i a t e d  w i t h  t i d e w a t e r  g l a c i e r s  may a l s o  al low t h e  i c e  

body t o  a c t  a s  a  waveguide f o r  shea r  o r  s u r f a c e  waves. The s i g n a l  we obse rve ,  

t h e r e f  o r e ,  appears  t o  be a  sou rce - s i  t e  phenomenon. 



I N T R O D U C T I O N  

A d i s t i n c t  c l a s s  of low-frequency seismic s i g n a l s  has been rou t ine ly  

observed on records  from s t a t i ons  near the  Prince William Sound area  i n  

Alaska. Van Worzer and Berg ( 1 9 7 3 )  i d en t i f i ed  t he  Harvard Glacier as a  

possible source f o r  these  unusual seismic s i g n a l s .  Weaver and Malone ( 1  979 )  

i d en t i f i ed  s im i l a r  s i gna l s  i n  records from s t a t i o n s  monitoring Washington 

Cascade volcanoes and r e l a t e d  these s i gna l s  t o  g l a c i e r  movement. Since t he  

time of Van Wor~er  and Berg's s tudy,  the  seismic network i n  southcentral  

Alaska has been expanded, making it  worthwhile t o  reexamine the  question of 

the  source f o r  s i gna l s  from t h i s  g lacia ted area .  Our preliminary s tudy of 

seismic records  from s t a t i o n s  i n  the  Prince William Sound a rea  involved 1 )  

t a l l y ing  events on hel icorder  records from t h r e e  years t o  examine frequency of 

occurrence, 2) loca t ing  some of the l a r g e r ,  b e t t e r  recorded events t o  i den t i f y  

an ep icen t ra l  r eg ion ,  and 3)  d ig i t i z i ng  t yp i ca l  events t o  determine t h e i r  

r e l a t i v e  spec t r a l  power dens i t i e s  and dominant f requencies .  Results from the  

study support the  assoc ia t ion  of t h i s  c l a s s  of low-frequency s i gna l s  with 

tidewater g l ac i e r s .  

EVENT DESCRIPTION 

Although the  events re fe r red  t o  as glacierquakes i n  t h i s  s tudy a r e  

somewhat var ied  i n  t h e i r  seismic s igna tures ,  they a l l  sha re  some common 

fea tu res :  1 )  an eaers ive  onset lacking a  d i s t i n c t  f i r s t  a r r i v a l ,  2 )  a  weakly 

developed P-phase, 3) an obscured S-arr i  val followed by a  non-dispersive 

wavetrain, and 4 )  a  monochromatic, low-frequency ( 1 - 2  Hz) s ignature  associa ted 

w i t h  both the  P- z?d S-phases. Figure 1 i l l u s t r a t e s  t yp i ca l  events,  recorded 

on the  Universi ty of Alaska Sheep Creek Mountain s t a t i o n  (SCM) , which appear 



t o  have o r i g i n a t e d  near t idewater  g l a c i e r s  i n  t h e  Prince William So.m.d s r e z .  

Although t h e  waveforms of t hese  events  d i f f e r  s i g n i f i c a n t l y  from com3n 

earthquake s i g n a t u r e s ,  onse t s  were t r e a t e d  a s  P- and S-phase a r r i v a l s  i n  6- ta  

a n a l y s i s  because t h i s  approach y i e lded  r e a l i s t i c  body wave ve1oc:ties ( s e e  

r e s i d u a l s  i n  Table 1 ) .  Larger events  have magnitudes of M L  1 . 5  t o  2.5 and 

a s s o c i a t e d  e n e r g i e s  of 1 05-1 o7 j ou le s .  These e n e r g i e s  were ca l cu la t ed  

accord ing  t o  t h e  r e l a t i o n  

Log E = 9.9 + 1.9 ML - 0.024 ML ( R i c h t e r ,  1958) (1)  

where E is  energy ( i n  e r g s )  and ML is t h e  l o c a l  magnitude. Magnitudes were 

determined by measuring the  amplitudes of even t s  seen  on 1975 SCH f i l m  

r eco rds .  

Three even t s  from two d i f f e r e n t  g l a c i a t e d  a r e a s  were d i g i t i z e d  f r a n  the 

o n s e t  of t h e  f i r s t  a r r i v a l  through t h e  h igh  ampl i tude  por t ion  of t h e  

waveform. D i g i t i z e d  waveforms inc luded  a t  l e a s t  2/3  of t h e  e n t i r e  

s i g n a t u r e .  The power spectrum f o r  each c l e a r l y  i n d i c a t e s  a monochrmat ic  

s i g n a l  a t  roughly 1.65 Hz ( F i g .  2 ) .  Sonograms f o r  each event  show a 

predominant f requency range of 1-2 Hz f o r  both t h e  P- and S-phases (F ig ,  8) .  

Frequency of Occurrence 

Events appear ing  on he l i co rde r  r e c o r d s  from SCM, a  seismograph s t a t i o n  

l o c a t e d  approximately 80 km from Pr ince  William Sound, were t a l l i e d  t o  

determine t h e  frequency of g lac ie rquakes  on a  monthly b a s i s  (F ig .  3 ) .  SCM 

h e l i c o r d e r  r e c o r d s  were a v a i l a b l e  f o r  o n l y  parts of 1975 and 1976, and f o r  a l l  

of 1979. Only even t s  with amplitudes g r e a t e r  t han  4 mm on retorts ob ta ined  

wi th  a  h e l i c o r d e r  a m p l i f i e r  s e t t i n g  of  -1  8 db (corresponding t o  WL > 1 .0 )  v e r e  



used i n  t h e  t a l l i e s .  Adjustments t o  t h e  raw counts  of even t s  were made t o  

accocmodate f o r  v a r i a b l e  a m p l i f i e r  s e t t i n g s  du r ing  d i f f e r e n t  time periods.  As 

many a s  248  of t h e s e  low-frequency events  were recorded  i n  one month 

(February ,  1979).  The average  monthly count f o r  a l l  t h r e e  years  was 

approximately 100 even t s .  

A marked i n c r e a s e  i n  t h e  number of events  occurred  du r ing  t h e  f i r s t  ha l f  

of 1979, followed by a  sudden decrease  i n  t h e  second h a l f  of t h a t  year .  

Average monthly coun t s  i n  1979 drop from 189 even t s  be fo re  J u l y  1 ,  t o  l e s s  

than  four  events  t h e r e a f t e r .  No instrument  change o r  m a l f  unc t ion  a s soc i a t ed  

with t h e  r eco rd ing  s t a t i o n  has been discovered which might be r e s p o n s i b l e  f o r  

s o  r a d i c a l  a  change. The magn i f i ca t ion  of t h e  SCM h e l i c o r d e r  system, back 

c a l c u l a t e d  from t h e  r eco rded  ampli tudes of t e c t o n i c  ea r thquakes ,  does not 

appear  t o  change s i g n i f i c a n t l y  dur ing  197.9. The abrupt  dec rease  i n  t h e  number 

of even t s  s imul taneous ly  throughout  t h e  e n t i r e  r e g i o n  s u g g e s t s  t h e  p o s s i b i l i t y  

of a s i n g l e  s o u r c e  f o r  t h e s e  g lac ie rquakes  (such a s  a t e c t o n i c  source  o r  a  

s i n g l e  a c t i v e  g l a c i e r  a t  a  given t i m e ) ,  or perhaps a common s o u r c e  mechanism 

which might be s e a s o n a l l y  dependent.  Weaver and Malone (1979) observed an 

annual cyc le  a s s o c i a t e d  w i t h  mountain g l a c i e r s  which was c h a r a c t e r i z e d  by 

increased  a c t i v i t y  between A p r i l  and September, fol lowed by a n  annual low 

between December and February.  We observed a  vaguely s i m i l a r  t r e n d  on our 

1975 records  only .  

Location of Events 

Th i r ty - th ree  of t h e  l a r g e r ,  b e t t e r  recorded even t s  (ML > 1 .4) ,  producing 

peak-to-peak d e f l e c t i o n s  2 10 mm on SCM h e l i c o r d e r  r e c o r d s ,  were timed from 

f i l m s  ob ta ined  through t h e  U.S. Geological  Survey ' s  Nat iona l  Center f o r  

Earthquake Research i n  Menlo P a r k ,  C a l i f o r n i a .  Epicenter  de te rmina t ions  were 



based on s igna l s  received a t  s t a t i ons  i n  the Prince i4illiam Sound area 

(Fig .  4 )  and were ca lcu la ted  using the University of Alaska's version of the 

program HYPOELLIPSE (Lahr , 1 9 8 0 ) .  

The geometry of t he  s t a t i o n  arrangement, i n  combination w i t h  emergent P- 

and S-a r r iva l s ,  contr ibuted t o  uncer ta in t i es  i n  event loca t ions .  Most events 

were only recorded a t  th ree  s t a t i o n s  and gaps i n  azimuthal coverage exceeded 

1800. Because these  glacierquakes are  presumed t o  be shallow and the  s t a t i o n  

arrangement i s  l e s s  than i d e a l ,  the depth f o r  each event was f ixed a t  0.1 km 

f o r  the purpose of da t a  reduction.  The r e s u l t i n g  hor izonta l  ax i s  of the e r ro r  

e l l i p s e  and RMS a r r i v a l  time res idual  were usually l e s s  than 4.0 km and 1 . 0  

s ec ,  r espec t ive ly ,  suggesting a location accuracy of * 10 km desp i te  t h e  poor 

s t a t  ion geometry and t he  l i m i  ted number of recordings ava i l ab le  f o r  individual  

events (Table 1 1. 

The ep icen te r s  of these  33 glacierquakes a r e  seen i n  Figures 5 and 6. 

Fourteen events c l u s t e r  i n  the  Harvard-Yale Glacier  a rea ,  a d i s t r ibu t ion  

s imi lar  t o  t ha t  observed by Van Wormer and Berg (1973). A 3-event c l u s t e r  

occurs near the  terminus of the  Columbia Glacier ,  and another grouping of 

th ree  epicenters  is loca ted  i n  the  Barry Glacier  a rea .  Six epicenters which 

could be r e l a t e d  t o  g l ac i e r  a c t i v i t y  l i e  i n  the  a rea  between the Barry and 

Columbia g l ac i e r s .  Other epicenters  a r e  s ca t t e r ed  throughout and beyond the 

f i g u r e  and a r e  e i t h e r  unrelated t o  the g lac ia ted  a reas  or  a r e  incor rec t ly  

located as  the  r e s u l t  of poor s igna l  qua l i ty  o r  i n s u f f i c i e n t  data. 

POSSIBLE SOURCE MECHANISMS 

Possible source mechanisms f o r  these glacierquakes a r e  r e s t r i c t e d  by t h e  

subs tan t ia l  energy r e l ea se  associated w i t h  l a rge r  events ( l o 5  t o  lo7  J, and 

t h e i r  frequency of occurrence. Ice cravassing and cracking,  though w m o n  



e3ough t o  be c o n s i d e r e d  a s  p a s s i b l e  s o u r c e  mechanisms,  do n o t  i n v o l v e  enough 

e n e r g y  t o  a c c o u n t  f o r  t h e  z a g n i t u d e s  o b s e r v e d .  Neave and Savage ( 1 9 7 0 )  

c a l c u l a t e d  o n l y  a  o n e - j o u l e  e n e r g y  r e l e a s e  f o r  c r e v a s s i n g  o n  t h e  Athabasca  

G l a c i e r .  C a l v i n g  p robab ly  i n v o l v e s  c o n s i d e r a b l y  more e n e r g y  t h a n  c r a v a s s i n g  

o r  c r a c k i n g  and o c c u r s  f r e q u e n t l y  enough i n  t i d e w a t e r  g l a c i e r s  t o  be 

c o n s i d e r e d  a s  a  p o s s i b l e  s o u r c e  mechanism f o r  s m a l l e r  e v e n t s .  

S t .  Lawrence and Qmzr (1975)  a t t r i b u t e d  t h e  s i g n a l s  t o  h y d r a u l i c  

t r a n s i e n t s  g e n e r a t e d  by a k r u p t  c h a n g e s  i n  wa te r  f l o w  t h r o u g h  s u b g l a c i a l  

c o n d u i t s .  According t o  t k e i r  model,  r a p i d  c l o s u r e  o f  a  l a r g e  c o n d u i t  r e s u l t s  

i n  i n c r e a s e d  p r e s s u r e  w i t h i n  t h e  g l a c i a l  " p i p e t t .  O s c i l l a t o r y  p r e s s u r e ,  

s i m i l a r  t o  t h a t  which g e n e r a t e s  t h e  tvwate r  hammertv e f f e c t  i n  plumbing s y s t e m s ,  

d i s p l a c e s  t h e  c o n d u i t  w a l l ,  p r o v i d i n g  a n  impulse  f o r  t h e  ha rmonic  t y p e  of  

s i g n a l  obse rved .  I n  o r d e r  t o  p roduce  a n  e n e r g y  r e l e a s e  c o r r e s p o n d i n g  t o  t h e  

l a r g e r  magni tudes  n o t e d ,  t h e i r  mechanism r e q u i r e s  a  c o n d u i t  2 0 0  m i n  l e n g t h  

3 and 11.3  m i n  d i a m e t e r ,  wi th  a  f l o w  r a t e  o f  1000 m s-'. Al though c o n d u i t s  o f  

t h e s e  d imens ions  a r e  p o s s i b l e  i n  t i d e w a t e r  g l a c i e r s ,  t h e y  p r o b a b l y  are n o t  

common i n  mounta in  g l a c i e r s  (C. Benson and M. Sturm, p e r s o n a l  

communicat ion) .  F u r t h e r m c r e ,  f l o w  r a t e s  f o r  t h e  l a r g e r  t i d e w a t e r  g l a c i e r s  i n  

t h e  P r i n c e  Wil l iam Sound a r e a  r a n g e  f rom 500 m 3  s-I f o r  s h o r t  d u r a t i o n ,  f l o o d -  

i n d u c e d  f l o w ,  t o  a  w i n t e r  r a t e  o f  1 0  m3  s-' (L. Mayo, USGS, p e r s o n a l  

communicat ion) .  I t  is c o n c e i v a b l e  t h a t  f l o w  r a t e s  of  t h e  magni tude  o r d e r  

r e q u i r e d  may occur  o c c a s i o n a l l y ,  b u t  n o t  a s  f r e q u e n t l y  a s  r e q u i r e d  by o u r  

~ 0 n t h l y  e v e n t  c o u n t s  ( F i g .  3 ) .  Theory S u g g e s t s  an  i n v e r s e  r e l a t i o n s h i p  

between f l o w  r a t e  and p r e s s u r e ,  making c o l l a p s e  of s u b g l a c i a l  c o n d u i t s  and 

s u b s e q u e n t  b u i l d u p  of h igh  u a t e r  p r e s s u r e s  most l i k e l y  t o  o c c u r  i n  w i n t e r ,  
- 

when d i s c h a r g e  i s  low ( R o t h l i s b e r g e r ,  1972). C o l l a p s e  of c o n d u i t s  is  l e a s t  

l i k e l y  t o  occur  d u r i n g  t i g e s  of h i g h  w a t e r  f low.  If a I1water hammerM t y p e  



mechanism were responsible  f o r  the observed s i g n a l s ,  we n igh t  expect 23 ancual 

increase  i n  the frequency of t h e i r  occurrence during the l a t e  s m e r  a d  eznly  

autumn, when discharge drops.  Our data  a r e  not suggestlve of a seasonal 

pat tern  of t h i s  s o r t ;  however, the  behavior of g l ac i e r s  i s  not e a s i l y  

predicted.  

Weaver and Malone ( 1979)  a t t r i b u t e d  the low-frequency character  of 

g lac ie r - re la ted  events t o  a path e f f e c t  increasing w i t h  d i s tance  between 

source and receiver .  Their f i e l d  experiments i n  t h e  Washington Cascades 

showed t ha t  events near seismic s t a t i o n s  yielded higher f requencies  and more 

impulsive a r r i v a l s ,  while d i s t a n t  s t a t  ions yielded lower f requencies  and more 

obscured a r r i va l s .  The conclusion drawn from these  experiments was t ha t  the 

monochromatic, low-frequency character  of the  waveform was an e f f e c t  of the 

seismic path and not of t he  source ,  f o r  which they proposed s t i c k - s l i p  motion 

a t  the  base of the  g l a c i e r .  

Inferred boundary condit ions associated w i t h  t idewater  g l a c i e r s  support 

the  pos s ib i l i t y  of s l i p  a t  t he  base of the  g lac ie r  a s  the  o r i g i n a l  source of 

s i gna l s  observed on seismic records from the Prince William Sound area .  Shear 

s t r e s s e s  having average values of l o 5  Pa ( 1  bar)  a r e  present  i n  t he  basal 

region ( W .  S. Paterson, 1981 1. St r a in  energy might r e l e a s e  according t o  the 

formula used by Van Wormer and Berg (19731, 

where Es is the  rad ia ted  seismic energy, e  is the  s e i s ~ i c  e f f i c iency ,  Sb is 

t he  shear basal s t r e s s ,  A b  i s  the  s l i p  a rea ,  and d is the  displacement. The 

s t i c k - s l i p  mechanism would requ i re  a .Olm displacement of a 1000 m 2  a rea ,  

assuming an e f f i c iency  of 1 %  (Weaver and Malone, 1979). t o  produce an energy 



r e l e a s e  o f  l o 5  J .  A b u i l d u p  o f  s t r e s s  i n  d i s c r e t e  a r e a s  o n  t h e  b a s a l  s u r f a c e  

c o u l d  b e  t h e  r e s u l t  of pressure-me1 t i n g  e f f e c t s ,  which may c a u s e  f r o z e n  

p a t c h e s  on i ce-bedrock i n t e r f a c e s  (Goodman, King and M i l l e r ,  1979) .  We 

s p e c u l a t e  t h a t  a  sudden s l i p  o n  sane segment of  t h e  b a s a l  s u r f a c e  c o u l d  

g e n e r a t e  s h e a r  waves which p r o p a g a t e  n e a r  v e r t i c a l l y  t h r o u g h  t h e  g l a c i e r  a t  

fundamenta l  r e s o n a n t  f r e q u e n c i e s .  

B a s a l  s l i d i n g  is though t  t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  g l a c i e r  m o t i o n  

and  is p r i m a r i l y  i n f l u e n c e d ,  a t  l e a s t  i n  g l a c i e r s  w i t h  t e m p e r a t e  beds ( n e a r  

O 0  C), by t h e  g l a c i e r ' s  d r a i n a g e  s y s t e m .  Knowledge of b a s a l  s l i d i n g  a n d  t h e  

r e l a t i o n s h i p  of mot ion t o  s e i s m i c  a c t i v i t y  is  t a k e n  from s t u d i e s  d e a l i n g  w i t h  

d i f f e r e n t  t y p e s  o f  g l a c i e r s  and i t  is  n o t  n e c e s s a r i l y  s a f e  t o  assume t h a t  

o b s e r v a t i o n s  made w i t h  r e s p e c t  t o  o n e  t y p e  a r e  a p p l i c a b l e  t o  o t h e r s .  S t u d i e s  

made o n  s u r g i n g  g l a c i e r s  (Kamb and o t h e r s ,  1985) s u g g e s t  h i g h  b a s a l  s l i p  i s  

c a u s e d  by h i g h  w a t e r  p r e s s u r e s  i n  i n t e r c o n n e c t e d  s u b g l a c i a l  c a v i t i e s .  The 

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

f ew main c o n d u i t s  r a t h e r  t h a n  w i t h  a n  i n t e r l o c k i n g  system. I n  e i t h e r  c a s e ,  a 

h y d r a u l i c  b u i l d u p  of w a t e r  p r e s s u r e s  o c c u r r i n g  d u r i n g  t h e s e  times of low f l u x  

would i n c r e a s e  t h e  p o s s i b i l i t y  of  s l i p .  Weaver and M a l o n e t s  o b s e r v a t i o n  of  an  

a n n u a l  i n c r e a s e  i n  t h e  number of low f r e q u e n c y  e v e n t s  o n  mounta in  g l a c i e r s  

d u r i n g  A p r i l  t h r o u g h  September does  n o t  q u i t e  f o l l o w  t h e  e x p e c t e d  p a t t e r n  f o r  

p r e s s u r e  b u i l d u p  and s u b s e q u e n t  d i s c h a r g e .  One might e x p e c t  t o  s e e  t h e  

maximum b u i l d u p  o c c u r r i n g  s h o r t l y  b e f o r e  s p r i n g  o r  e a r l y  summer, f o l l o w e d  by 

a n  i n c r e a s e  i n  d i s c h a r g e  and c o r r e s p o n d i n g  d e c r e a s e  i n  p r e s s u r e  d u r i n g  t h e  

summer months .  Our 1975 d a t a  s u g g e s t  a  t r e n d  i n  e v e n t  f r e q u e n c y  similar t o  

t h a t  o b s e r v e d  by Weaver and Malone,  b u t  o u r  1979 d a t a  do n o t .  T h i s  l a c k  o f  

c o n s i s t e n t  p a t t e r n  may s u g g e s t  c o m p l i c a t i o n s  w i t h  a proposed s t i c k - s l i p  



mechanism or may simply r e f l e c t  d i f f e r e n c e s  and complexi t ies  i n  t h e  mechanics 

of s l i p  f o r  su rg ing ,  t idewater  and mountain g l a c i e r s .  

Shallow t e c t o n i c  events  occu r r ing  c l o s e  t o  t h e  base o f  t h e  g l a c i e r  may 

a l s o  provide poss ib l e  sou rces  f o r  t h e  even t s  we see .  Although i n i t i a l l y  

comprising a  spectrum of f r e q u e n c i e s ,  t h e  energy r e l eased  from a t e c t o n i c  

event  may be f i l t e r e d  b y  t h e  i c e  body. Higher f r equenc ie s  would a t t e n u a t e  

qu ick ly  wh i l e  f requencies  near t h e  fundamental mode of t h e  g l a c i e r  a r e  

enhanced. Given c e r t a i n  boundary c o n d i t i o n s  , t h e  g l a c i e r  may a l s o  c o n s t i t u t e  

a  waveguide f o r  shear  o r  s u r f a c e  waves o r i g i n a t i n g  from t h e s e  sha l low t e c t o n i c  

e v e n t s .  

Allowable Resonant Frequencies 

To t e s t  t h e  hypothes is  t h a t  t h e  monochromatic waveform r e p r e s e n t s  a 

fundamental harmonic mode of t h e  I t r ingingv1 i c e ,  we c a l c u l a t e d  a l lowable  

r e sonan t  f r equenc ie s  f o r  two models by apply ing  s p e c i f i c  boundary c o n d i t i o n s  

t o  t h e  equa t ions  governing e l a s t i c  waves i n  an incompressible  s o l i d .  We then  

compared t h e s e  s o l u t i o n s  t o  what is a c t u a l l y  seen  on our s e i s m i c  r e c o r d s .  

If we assume t h e  i n i t i a l  impulse i s  caused by basa l  s l i p ,  we can consider  

a  model which involves only t h e  nea r  v e r t i c a l  propagat ion of h o r i z o n t a l  shea r  

waves through t h e  i c e  body. I n  t h e  s i m p l e s t  c a s e ,  t h e  equa t ions  of motion 

y i e l d  a  one-dimensional wave equa t ion  f o r  a g l a c i e r  of i n f i n i t e  l e n g t h  and 

width ,  bu t  wi th  f i n i t e  t h i ckness .  We o r i e n t  t h e  axes such  t h a t  o n l y  

h o r i z o n t a l  shear  waves a r e  propagated a long  t h e  z  a x i s ,  wi th  p a r t i c l e  motion 

i n  t h e  x -d i r ec t ion  (F ig .  7 ) .  

To o b t a i n  t h e  a l lowable  r e sonan t  f r equenc ie s  we have chosen t o  cons ider  

o n l y  two p o s s i b i l i t i e s .  The t o p  boundary of t h e  g l a c i e r  is  assumed t o  be a  



f r e e  su r f  ~ c e  i n  both c a s e s .  The lower boundary, however, poses s e v e r a l  

op t ions  and could e a s i l y  involve bedrock, sediment  o r  pockets of water o r  a i r .  

The f i r s t  ca se  involves  f r e e  s u r f a c e s  a t  both t h e  t o p  and bottom, making 

t h e  fundamental wavelength equal  t o  tw ice  t h e  g l a c i e r ' s  t h i ckness .  The 

a l lowable  r e sonan t  f r equenc ie s  a r e  

where L is g l a c i a l  t h i c k n e s s  and c  is  shea r  wave v e l o c i t y .  

The second c a s e  invo lves  a  f r e e  s u r f a c e  a t  t h e  t o p  and a  f i x e d  su r f  ace  a t  

t h e  bottom of t h e  g l a c i e r .  The fundamental wavelength is then  four  t imes t h e  

g l a c i e r ' s  t h i c k n e s s ,  making the  a l lowable  r e s o n a n t  f r equenc ie s  

If we assume t h a t  t h e  low frequency s i g n a l s  r e s u l t  from a waveguide 

e f f e c t ,  we can cons ider  a second model such  a s  t h a t  proposed by Crary (1954)  

i n  h i s  s t u d y  of  F l e t c h e r ' s  Ice I s l a n d ,  T-3. Crary observed low f requency ,  

f a i r l y  monochromatic s i g n a l s  showing l i t t l e  d i s p e r s i o n  and l a r g e  ampli tudes on 

long  d i s t a n c e  r e c o r d s .  He a t t r i b u t e d  t h e s e  s i g n a l s  t o  m u l t i - r e f l e c t e d  S V  

waves and r e l a t e d  r e sonan t  f r equenc ie s  t o  t h e  t h i c k n e s s  of  i c e  on t h e  

i s l a n d .  Given an a i r - i c e  upper i n t e r f a c e  and a  water - ice  lower i n t e r f a c e ,  t h e  

r e l a t i o n s h i p  f o r  t h e  fundamental mode is 

L =  8 
f  cos 0 



where 8 i s  t h e  s h e a r  wave v e l o c i t y ,  f i s  t h e  frequency and 0 i s  t h e  i n c i d e r :  

ang le  of an SV wave given t o t a l  r e f l e c t i o n  ( P r e s s  and Ewing, 1951) .  The 

c r i t i c a l  a n g l e  f o r  t o t a l  r e f l e c t i o n  i s  given by 

- 1  0 0 = s i n  .--- 
Y 

Assuming compressional and shear  wave v e l o c i t i e s  of 3.6 k m s - '  and 1.8 kms", 

r e s p e c t i v e l y ,  t h e  o r i t i c a l  a n g l e ,  8 ,  i s  approximately 30 degrees.  

Frequencies  observed on t h e  1975 SCM f i l m  reco rds  of t h e  33 even t s  

l o c a t e d  i n  t h e  Pr ince  William Sound a r e a  f a l l  i n t o  a  1 .0 -2.0 Hz range and a r e  

l i s t e d  i n  Table  1 .  Ind iv idua l  values do no t  appear  t o  be a s s o c i a t e d  w i t h  any 

p a r t i c u l a r  g l a c i e r  or  e p i c e n t r a l  c l u s t e r ,  sugges t ing  e i t h e r  a  s i m i l a r i t y  i n  

t h e  t h i c k n e s s e s  of major t idewater  g l a c i e r s  i n  t h e  a r e a  o r  a  path e f f e c t  which 

might y i e l d  f r e q u e n c i e s  a s soc i a t ed  wi th  t h e  ave rage  th i ckness  of a  g l a c i e r .  

Sonograms f o r  t h e  t h r e e  d i g i t i z e d  even t s  show t h a t  t h e  observed f r equenc ie s  

a r e  c l o s e  t o  t h e  fundamental mode and t h a t  h ighe r  modes a r e  not  seen.  The 

l ack  of energy p a r t i t i o n e d  i n t o  higher  modes may be r e l a t e d  t o  t h e  i n i t i a l  

impulse i t s e l f  o r  t o  t h e  d i s t a n c e  from s o u r c e  t o  r e c e i v e r .  

Applying observed f requencies  t o  s o l u t i o n s  f o r  a l lowable  resonant  

f r e q u e n c i e s  sugges ted  by our two models, we can compare computed g l a c i a l  

t h i cknesses  t o  what l i t t l e  i s  known about t h e  a c t u a l  t h i cknesses  of t i dewa te r  

g l a c i e r s  i n  t h e  P r ince  William sound a rea .  Few d i r e c t  measurements of t h e s e  

g l a c i e r s  have been made, wi th  t h e  excep t ion  of s t u d i e s  made on Columbia 

G l a c i e r ,  which has  a  maximum average t h i c k n e s s  of 1 .0  km (L. Mayo, U.S.G.S., 

personal  communication). Using s l o p e s  measured f ran topographic maps, 

however, we can e s t i m a t e  t h i ckness  f o r  o t h e r  t y p i c a l  t idewater  g l a c i e r s  by t h e  

r e l a t i o n  



3 = spg ( s i n  Y )  

where lb i s  t h e  b a s a l  shear  s t r e s s ,  p i s  d e n s i t y ,  g i s  t h e  g r a v i t a t i o n a l  

c o n s t a n t ,  T i s  t h e  s u r f a c e  s l o p e  and s i s  a  shape f a c t o r  ( P a t e r s o n ,  1981 ) . 
Equation 5 y i e l d s  average maximum th icknesses  of approximately 0.5 t o  1.0 

km. Applying t h e s e  va lues  f o r  t h i ckness  t o  our  f i r s t  model, which involves 

near  v e r t i c a l  propagat ion of h o r i z o n t a l  shear  waves through t h e  i c e  body, u e  

g e t  fundamental r e s o n a n t  f r equenc ie s  of 0.9 t o  1.8 Hz f o r  our  f i r s t  case  

(Equat ion  3 )  and 0.45 - 0.9 Hz f o r  t h e  second (Equat ion  4 ) .  I f  we apply 

observed f r equenc ie s  t o  t h e  Crary model, Equation 6 y i e l d s  an average  maximum 

t h i c k n e s s  of 1 .3  km,  a  va lue  t o o  l a r g e  f o r  most t i d e w a t e r  g l a c i e r s .  

Energy T r a 3 s ~ i s s i o n  

I f  t h e  nonochromatic s i g n a l  observed i s  t h e  r e s u l t  o f  r e sona t ing  i c e ,  we 

would r e q u i r e  t h e  lower g l a c i a l  boundary t o  provide  a n  impedance c o n t r a s t  such 

t h a t  a  c e r t a i n  amount of energy i s  r e f l e c t e d  i n t o  t h e  i c e .  If we assume t h a t  

t h e  o r i g i n a l  i upu l se  gene ra t e s  a  v e r t i c a l l y  propagat ing  SH wave, then  almost 

a l l  energy w i l l  be r e f l e c t e d  a t  t h e  t o p  su r f  ace .  Using Z o e p p r i t z ' s  equa t ions ,  

( T e l f o r d ,  1980),  we can  approximate t h e  amount of r e f l e c t e d  energy a t  t h e  

lower i n t e r f a c e  based on t h e  impedance c o n t r a s t  of t h e  adjacent l a y e r s .  The 

a c o u s t i c  impedance, Z i ,  is t h e  product of d e n s i t y ,  pi, and v e l o c i t y ,  vi. The 

r e f l e c t i o n  mef f f  c i e n t ,  ER, is  given by t h e  r e l a t i o n  



where 6 = Z /Z is t h e  impedance c o n t r a s t .  The t r ansmis s ion  c o e f f i c i e n t ,  ET, 
1 2  

A r eg iona l  shear  wave v e l o c i t y  f o r  bedrock of approximately 2 .9  km s-I 

(Davies ,  i n  p r e s s )  and a  1.8 km s-' v e l o c i t y  f o r  tempera te  i c e ,  with 

corresponding d e n s i t i e s  of 2500 kg m-3 and 900 kg m-3, y i e l d  a  r e f l e c t e d  

f r a c t i o n  of i n c i d ~ . i t  energy enough t o  al low f o r  s e v e r a l  o s c i l l a t i o n s  within 

t h e  i c e  body. The number of o s c i l l a t i o n s  we s e e  on o u r  r e c o r d s ,  however, may 

a l s o  be inf luenced  by f i l t e r i n g  and disper8sion.  I f  t h e  g l a c i e r  is a c t i n g  as a 

waveguide f o r  i n c i d e n t  SV waves, almost a l l  energy would be r e f l e c t e d  

i n t e r n a l l y  (Crary , 1954).  

CONCLUSIONS 

Recent e p i c e n t e r  l o c a t i o n s  confirm t h a t  s o u r c e s  f o r  a  d i s t i n c t  c l a s s  of 

monochromatic, low-frequency s i g n a l s  l i e  predominantly i n  heavi ly  g l a c i a t e d  

a r e a s  near  Pr ince  William Sound. Energies a s s o c i a t e d  wi th  t h e s e  events  are 

s i g n i f i c a n t l y  l a r g e r  t h a n  t h o s e  r e l a t e d  t o  i c e  c r evass ing  o r  c racking ,  and 

the re f  o r e  o t h e r  s o u r c e  mechanisms appear more p l a u s i b l e .  Calving and 

hydrau l i c  t r a n s i e n t s  a s s o c i a t e d  wi th  s u b g l a c i a l  condui t  systems may be sources  

f o r  smal le r  e v e n t s ,  bu t  n e i t h e r  involves enough energy t o  account f o r  t h e  

l a r g e r  even t s  s een .  Although s p e c i f i c  boundary c o n d i t i o n s  a t  t h e  base of  

t idewater  g l a c i e r s  a r e  c u r r e n t l y  unknown and most probably vary from p lace  t o  

p lace  on each g l a c i e r ,  shea r  s t r e s s e s  on t h e  o r d e r  of l o 5  Pa i n  t h e  basa l  

r e g i o n ,  once r e l e a s e d ,  would provide a  l a r g e  enough s o u r c e  of energy t o  al low 

t h e  r equ i r ed  s e i s m i c  r a d i a t i o n  of approximately 1 o5 J .  Shallow t e c t o n i c  



e v e n t s ,  occur r ing  c l o s e  t o  t h e  base of t h e  g l a c i e r ,  could a l s o  provide t h e  

amount of energy r equ i r ed .  The t e c t o n i c  s e t t i n g  i n  s o u t h c e n t r a l  Alaska and, 

i n  p a r t i c u l a r ,  t h e  Prince William Sound a r e a  make t h e s e  e v e n t s  1 ike ly  t o  occur 

f r e q u e n t l y .  Therefore a v a r i e t y  of s o u r c e  mechanisms may p rov ide  t h e  i n i t i a l  

impulse f o r  t he  even t s  we s e e ;  however, t h e  monochromatic, high-ampli tude,  

low-frequency s i g n a t u r e  common t o  a l l  t h e s e  even t s  is most l i k e l y  a  source-  

s i t e  phenomenon. Higher f r e q u e n c i e s  a s s o c i a t e d  wi th  t h e  i n i t i  a1  impulse 

qu ick ly  d i e  out whi le  t h o s e  f r e q u e n c i e s  nea r  t h e  fundamental mode of t h e  

g l a c i e r  a r e  enhanced. Thus t h e  s i g n a l  we s e e  may be a t t r i b u t e d  t o  resonance 

w i t h i n  o r  t o  waveguide e f f e c t s  of t h e  i c e  body. 
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Table Caption 

Table 1 .  Event parameters .  (RMS = r o o t  mean squa re  e r r o r ;  ERH and E R Z  = 

h o r i z o n t a l  and v e r t i c a l  e r r o r  e l l i p s e  axes ;  CAP = azimuthal gap i n  
s t a t i o n  arrangement ; Epicen t r a l  c l u s t e r s :  ( C L )  Columbia, ( H Y )  
Harvard-Yale, (B) Barry, ( 0 )  o t h e r . )  



Event  
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
2 3 
2 4 
25 
2 6 
2 7 
28 
29 
30 
3 1 
3 2 
3 3 

Date 

75041 4 
750326 
750820 
751 128 
751 122 
751 21 3 
75041 7 
75051 2 
75051 2 
750823 
750203 
750203 
750208 
750207 
750208 
75031 6 
75051 3 
75051 3 
75051 5 
750527 
750527 
750527 
750726 
750801 
750807 
750908 
75091 3 
75091 5 
750920 
751114 
751116 
751 1 1  7 
751 121 

O r i g i n  

10 1 44.06 
2 0 15.11 

1732 6.58 
822 36.09 

1318 15.07 
13 5 59.04 
21 22 52.24 
1813 35.22 
651 36.32 
948 49.98 
2 3 59.50 

2147 55.94 
1212 36.95 
2232 0.18 
1626 19.02 
1134 4.13 
1938 1.27 
2228 59.23 
1345 9.75 
5 1 30.05 
515 5.73 
542 54.77 
8 8 11.67 
120 12.14 

1050 51.43 
223 48.46 

1211 20.02 
1 4 4  15.73 
8 6 6.77 

1954 56.53 
729 24.30 

1433 39.44 
559 35.38 

L a t .  N .  

6 1 ~ 1 3 . 8 3  
61N 4.47 
60N58.73 
61N16.78 
61N51.17 
61 N13.42 
61 N35.71 
61N17.30 
61N43.68 
61N 0.67 
61N17.64 
61N10.19 
61N11.74 
61N16.92 
6 1 ~  6.71 
61N15.98 
61N17.19 
61 N17.28 
61N13.29 
61N11 .24 
61N1 5.1 1 
61N15.19 
61N14.19 
61N17.08 
61N 2.07 
61N11.78 
61N 2.02 
61N 4.06 
61N 2.61 
61N16.21 
61 ~1 3.79 
61N 4.24 
61 N56.40 

Long. W . 
147W43.84 
148W30.34 
147W19.02 
147W40.17 
146W 7.30 
148W 6.50 
146W59.15 
147W37.79 
146W10.52 
147W 2.67 
1 47W38.03 
147W29.68 
147W39.91 
147W41.58 
147W39.83 
147W40.87 
147W41 .60 
147W37.56 
147W40.44 
1 47W50.49 
147W43.21 
147W41.53 
148W 4.20 
147W35.12 
147W22.95 
148W 5.68 
147W 4.64 
1 47W22.71 
147W 2.20 
147W42.73 
147W38.53 
147W34.64 
l47W57.30 

P e r i  od-P 

0.51 
0.57 
0.50 
0.58 
0.48 
0.47 
0.52 
0.56 
0.47 
0.52 
0.47 
0.58 
0.63 
0.51 
0.47 
0.45 
0.46 
0.38 
0.53 
0.48 
0.62 
0.83 
0.51 

'0.70 
0.72 
0.57 
0.61 
0.58 
0.48 
0.57 
0.51 
0.60 
0.64 

C l u s t e r  

H Y 
HY 
H Y 
HY 
0 

HY 
0 

HY 
0 
0 

HY 
HY 
HY 
HY 
0 

H Y 
H Y  

B 
HY 

0 
0 

C L 
B 

CL 
0 

CL 
HY 
HY 
0 
0 
0 

HY 
B 

RMS 

1 .og 
1.90 
0.70 
0.43 
0.76 
0.99 
0.50 
0.11 
1.03 
0.59 
0.34 
2.01 
1 .09 
0.29 
0.77 
0.18 
0.36 
0.25  
0.73 
0.82 
0.22 
0.32 
0.71 
0.10 
0.15 
0.49 
0.58 
0.22 
0.36 
0.48 
0.96 
0.19 
0.53 

ERH 

4.8 
4.6 
9 .7  
7.4 

99.0 
4.3 

18.0 
13.6 

5.0 
5.6 
4.7 
2.5 
3.4 
8.2 
6.7 
5.0 
4.2 
2.6 
3 - 3  
3.2 
5.7 
5.3 
3.6 
6.1 
7.9 
6.4 
3.4 

99.0 
5.7 
5 .3  

1 11 . li 
22.6 
31 . 1  

ERZ 



Figure  Captions 

Figure 1 .  Comparison of  t y p i c a l  waveforms f r a n  g l ac i e rquakes  i n  t h e  Pr ince  

William Sound a r e a .  Events 10 and 26 a r e  a s s o c i a t e d  wi th  t h e  

Columbia and Barry g l a c i e r  c l u s t e r s ,  r e s p e c t i v e l y .  Events 1 1 ,  18, 

1 9  and 20 a r e  a s s o c i a t e d  wi th  t h e  Harvard-Yale g l a c i e r  c l u s t e r  

( F i g u r e s  5 and 6 ) .  

Figure  2. Power s p e c t r a  f o r  t h r e e  d i g i t i z e d  1975 even t s  f r m  t h e  v i c i n i t y  of 

t h e  Harvard and Yale g l a c i e r s .  

F igu re  3. Monthly event  coun t s  a t  Sheep Creek Mountain (SCM),  a  Un ive r s i t y  

of Alaska high-gain s t a t i o n  i n  t h e  P r i n c e  William Sound a r e a ,  

F igure  4. Locat ion map f o r  sou the rn  Alaska seismograph s t a t i o n s  used i n  

e p i c e n t e r  de t e rmina t ions .  

F igure  5. Epicenter  l o c a t i o n m a p .  

F igure  6. Epicenter  l o c a t i o n s  i n  v i c i n i t y  of Harvard and  Yale g l a c i e r s .  

(Unshaded a r e a s  r e p r e s e n t  i c e . )  

F igure  7. Coordina te  system of p a r a l l e l - s i d e d  s l a b  model f o r  g l a c i e r .  

F igure  8. Sonogram f o r  a  d i g i t i z e d  event  from t h e  v i c i n i t y  of Harvard 

Claci  e r  , May 1 3, 1975. (Darker a r e a s  r e p r e s e n t  h igher  d e n s i t i e s .  ) 











Epicenter location Map. 



Epicenter locations in vicinity of Harvard 
and Ya le  glaciers. 
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