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ABSTRACT

The a n a l y s i s  o f  g ro u p  v e l o c i t i e s  and a t t e n u a t i o n  c o e f f i c i e n t s  

f o r  R a y l e i g h  Waves in  t h e  p e r i o d  range  50 t o  600 seconds p r o v i d e s  

i n f o r m a t i o n  on t h e  a v e ra g e  e l a s t i c  and a n e l a s t i c  p r o p e r t i e s  o f  t h e  e a r t h  

a t  uppe r  m a n t l e  d e p t h s .  The D i r e c t  F i l t e r i n g  Method has been d e v e lo p e d  

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

t i m e s ,  t h e i r  s t a n d a r d  e r r o r s  and s p e c t r a l  a m p l i t u d e s  f r o m  Gauss ian  

f i l t e r e d  se ism ogram s.  E s t i m a t e s  o f  t h e  p e r i o d  a t  t h e  e n v e lo p e  maximum 

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

a r r i v a l  t i m e .

The D i r e c t  F i l t e r i n g  Method has been a p p l i e d  t o  se ismograms 

o f  4 K u r i l e  I s l a n d s  e a r t h q u a k e s  r a n g i n g  i n  m a g n i tu d e  f r o m  6 . 6  t o  8 . 3 *

These e v e n t s  a r e  l o c a t e d  w i t h i n  a s m a l l  r e g i o n  so t h a t  R a y l e i g h  waves 

f r o m  a l l  e v e n t s  t r a v e r s e  t h e  same g r e a t  c i r c l e  p a t h s .  G rea t  c i r c l e  

g r o u p  v e l o c i t i e s  f o r  t h e  p e r i o d  range  100 t o  600 seconds have been 

d e t e r m i n e d  f o r  t h e  m a g n i tu d e  8 . 3  e v e n t  by a v e r a g i n g  o f  g r o u p  v e l o c i t i e s  

o f  R a y l e i g h  phases a r r i v i n g  a f t e r  R^. A t t e n u a t i o n  c o e f f i c i e n t s  f o r  p e r i o d s  

between 100 and 450 seconds have been d e t e r m i n e d  f r o m  s p e c t r a l  a m p l i t u d e s  

d e t e r m i n e d  ( l )  f r o m  th e  r a t e  o f  decay  o f  e n v le o p e  maxima o f  Gauss ian 

f i l t e r e d  R a y l e i g h  phases and (2)  f r o m  t h e  r a t e  o f  decay  o f  s p e c t r a l  

a m p l i t u d e s  t a k e n  as t h e  sum o f  t h e  p r o d u c t s  o f  a pu re  s i n e  wave w i t h  

segments o f  each R a y l e i g h  phase w i t h i n  a g r o u p  v e l o c i t y  w indow.  Both 

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

Group v e l o c i t i e s  and s p e c t r a l  a m p l i t u d e s  d e t e r m i n e d  f o r  3 o t h e r  

K u r i l e  I s l a n d s  e a r t h q u a k e s  have e x tende d  t h e  range  o f  a c c u r a t e  measurements 

t o  p e r i o d s  as s h o r t  as 50 seconds .  These measurements t a k e n  w i t h  t h o s e  f o r  

t h e  l a r g e r  e v e n t  p r o v i d e  a v e ra g e s  f o r  g r o u p  v e l o c i t i e s  and a t t e n u a t i o n  

c o e f f i c i e n t s  f o r  9 g r e a t  c i r c l e  p a t h s  w h ic h  a r e  e v e n l y  d i s t r i b u t e d  in  

a z i m u t h  a t  t h e  s o u r c e  r e g i o n .  A v e r a g i n g  o f  p a t h  g r o u p  v e l o c i t i e s  and
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a t t e n u a t i o n  c o e f f i c i e n t s  over a i l  pa ths  p ro v id e s  a r e l i a b l e  e s t i m a te  o f  

g lo b a l  average group v e l o c i t i e s  f o r  p e r io d s  between 50 and 600 seconds 

and a t t e n u a t i o n  c o e f f i c i e n t s  f o r  p e r io d s  between 50 and 450 seconds.

Global  average phase v e l o c i t i e s  have been c a l c u l a t e d  by i n t e g r a t i n g  

g lo b a l  average gorup  v e l o c i t i e s .  Global  average group  v e l o c i t i e s  and 

e q u i v a l e n t  s p h e ro id a l  o s c i l l a t i o n  p e r i o d s  d e r i v e d  f rom the  g lo b a l  average 

phase v e l o c i t i e s  a re  in poor agreement w i t h  those  c a l c u l a t e d  f o r  most  

recen t  e a r t h  models,  i n c l u d i n g  QM2, o f  H a r t  e t _ a l .  (1977b).  In f u t u r e  

i n v e r s i o n s  o f  da ta  se ts  f o r  ave rage  e a r t h  models e q u i v a l e n t  f r e e  

o s c i l l a t i o n  p e r io d s  on s u r f a c e  wave phase or  group  v e l o c i t i e s  in t h e  p e r io d  

range 50 t o  150 seconds a re  necessa ry  s in c e  body wave t r a v e l  t im e s  t o g e t h e r  

w i t h  f r e e  o s c i l l a t i o n  data f o r  p e r io d s  in excess o f  140 seconds do not  

a d e q u a te l y  c o n s t r a i n  upper m a n t le  s t r u c t u r e  o f  such models .

Upper m an t le  shear v e l o c i t i e s  and q J have been de te rm ined  f rom
p

g lo b a l  average g roup  v e l o c i t i e s  and a t t e n u a t i o n  c o e f f i c i e n t s  f o r  p e r io d s  

between 50 and 300 seconds. Shear v e l o c i t y  models de te rm ined  f rom  g lo b a l  

average group  v e l o c i t i e s  a lone  show t h a t  the  average  t h i c k n e s s  o f  the  

l i t h o s p h e r e  cannot  be de te rm ined  w i t h  p r e c i s i o n .  Global  average models 

f o r  shear wave s p e c i f i c  a t t e n u a t i o n  ( Q ^ )  i n d i c a t e  t h a t  a zone o f  h igh  

a t t e n u a t i o n  is  c o i n c i d e n t  w i t h  the  low v e l o c i t y  zones b eg inn ing  a t  

dep ths  ra ng ing  f rom 70 to  100 km. Average Q̂, f o r  the  l i t h o s p h e r e ,  lo w -  

v e l o c i t y  zone and su b - low  v e l o c i t y  l a y e r  1 a s the n osp h e re )  a r e  a p p r o x im a t e l y  

200, 85 t o  110 and 170 to  200 r e s p e c t i v e l y .

Pure Path averages f o r  g roup  v e l o c i t i e s  and s p e c i f i c  a t t e n u a t i o n  

have been c a l c u l a t e d  f rom i n d i v i d u a l  o b s e r v a t i o n s  and f rom  path  averages  f o r  

2 r e g i o n a l i z a t i o n s ,  one o r i g i n a l  t o  t h i s  s tudy  and the  o t h e r  dev ised  by Wu 

(1972).  Both a re  based on 4 upper m an t le  p r o v in c e s :  ocean b a s in s ,

c o n t i n e n t ,  i s l a n d  a rc  and mid-ocean  r i d g e .  Pure path  g roup  v e l o c i t i e s  and 

s p e c i f i c  a t t e n u a t i o n  have a l s o  been c a l c u l a t e d  f o r  c o m b in a t io n s  o f  re g io n s  

and p r o v id e  w e l l  separa ted  r e g io n a l  measurements f o r  such compos i te

r e g i o n s .



Shear v e l o c i t y  models f o r  pure and combined re g io n s  i n d i c a t e  

t h a t  a low v e l o c i t y  zone i s  r e q u i r e d  beneath th e  oceans,  but  i s  no t  

r e q u i r e d  beneath c o n t i n e n t s ,  A r e g io n a l  s tudy  o f  group  v e l o c i t y  d i s p e r s i o n  

> t h r u s t  f a u l t i n g  in e a s te rn  A u s t r a l i a  shows t h a t  a low v e l o c i t y  zone 

is  r e q u i r e d  a t  dep ths  g r e a t e r  than lAO and p ro b a b ly  g r e a t e r  than  180 km 

in o r d e r  to  f i t  observed fundamenta l  and h ig h e r  mode Love and R a y le ig h  

wave group  v e l o c i t i e s  and ScS t r a v e l  t im e s .

Q. \ de te rm ined  f rom pa th  average  group  v e l o c i t i e s  and 

a t t e n u a t i o n  c o e f f i c i e n t s  has been r e g i o n a l i z e d  s u c c e s s f u l l y  f o r  2 and 3 

re g io n  c o m b in a t io n s .  The r e s u l t i n g  pure  path Q. ^ f o r  c o n t i n e n t s  i s  much 

lower than t h a t  f o r  ocean b as ins  and o c e a n - r i d g e  p r o v in c e s .  I n v e r s i o n

o f  Q \ f o r  o c e a n - r i d g e  p r o v in c e s  shows t h a t  t h e  average 0o f o r  t h e  
R p

upper 200 km o f  these  re g io n s  i s  between 85 and 100.
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CHAPTER 1 

INTRODUCTION

S in c e  1912 when A l f r e d  Wegener (1929) proposed  t h e  t h e o r y  o f  

c o n t i n e n t a l  d r i f t ,  ou r  knowledge o f  t h e  dynamics o f  c o n t i n e n t a l  and o c e a n i c  

p l a t e s  and t h e  i n t e r n a l  s t r u c t u r e  o f  t h e  e a r t h  has i n c r e a s e d  m a n y f o l d .  Our 

u n d e r s t a n d i n g  o f  t h e  n a t u r e  o f  t h e  ocean f l o o r  and i t s  r e l a t i o n  t o  t h e  

m o t i o n  o f  t h e  l i t h o s p h e r i c  p l a t e s  was g r e a t l y  advanced d u r i n g  t h e  1 9 6 0 ' s  

and e a r l y  1 9 7 0 ' s  by Hess ( 1 9 6 2 ) ,  V in e  and Mat thews  ( 1 9 6 3 ) ,  W i l s o n  ( 1 9 6 5 ) ,  

McKenzie and P a r k e r  ( 1 9 6 7 ) ,  Morgan ( 1 9 6 8 ) ,  Le Pichon  (1968) and o t h e r s .

The o b s e r v a t i o n  and m o d e l l i n g  o f  s e i s m i c  wave t r a v e l  t im e s  and 

a m p l i t u d e s  p r o v i d e  d i r e c t  e v id e n c e  on th e  s t a t e  o f  m a t e r i a l  in  r e g i o n s  

o f  t h e  e a r t h ' s  i n t e r i o r  w h ic h  a r e  n o t  o t h e r w i s e  r e a d i l y  a v a i l a b l e  t o  o u r  

i n v e s t i g a t i o n .  Of th e  body phases ,  n e i t h e r  c o m p r e s s i o n a 1 (P) o r  sh e a r  (S) 

waves w i l l  b o t t o m  in a pronounced low v e l o c i t y  zone .  The a d d i t i o n a l  

p r o p e r t y ,  t h a t  body phases do n o t  a v e ra g e  l a t e r a l l y  o v e r  l a r g e  p o r t i o n s  

o f  t h e  e a r t h ' s  m a n t l e ,  makes them l e s s  s u i t a b l e  th an  s u r f a c e  waves f o r  

s t u d i e s  o f  t h e  a v e rage  r e g i o n a l  p r o p e r t i e s  o f  t h e  e a r t h ' s  up p e r  m a n t l e .  The 

s t u d y  o f  t h e  g r a v e r  f r e e  o s c i l l a t i o n  modes l eads  t o  p rob lem s  i n  t h e  o p p o s i t e  

s e n s e ,  namely  t h a t  o f  a v e r a g i n g  o v e r  e x t e n s i v e  p o r t i o n s  o f  t h e  e a r t h ' s  

i n t e r i o r .  T h u s ,  t he  most  s u i t a b l e  method f o r  th e  i n v e s t i g a t i o n  o f  t h e  

a v e rage  r e g i o n a l  e l a s t i c  and a n e l a s t i c  p r o p e r t i e s  o f  t h e  e a r t h  a t  uppe r  

m a n t l e  d e p th s  i s  t h e  s t u d y  o f  t h e  d i s p e r s i o n  and a t t e n u a t i o n  o f  l ong  p e r i o d  

s u r f a c e  waves.

Adequa te  methods o f  f i l t e r i n g  and m o d e l l i n g  o f  s u r f a c e  wave t r a i n s  

have been p o s s i b l e  o n l y  s i n c e  t h e  a d v e n t  o f  d i g i t a l  c o m p u te r s .  However ,  even 

w i t h o u t  t h e  a i d  o f  com pu te r  m o d e l l i n g ,  P r e s s ,  in  1959,  r e a l i z e d  t h a t  a l ow  

v e l o c i t y  zone must be p r e s e n t  in  t h e  u p p e r  m a n t l e  o f  t h e  P a c i f i c  Ocean and 

benea th  c o n t i n e n t a l  p a th s  p a s s in g  t h r o u g h  th e  B e r i n g  Sea t o  Pasadena,  t h e
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inference being based on S-wave travel times from explosions and on G wave 

group velocities. Toksoz and Anderson (1966) demonstrated that the upper 

mantle structure is laterally heterogenous. Shear velocity models derived 

from pure path phase velocities (Toksoz, et_ al_. I967) indicated that a 

pronounced low velocity zone exists beneath the oceans and tectonic regions. 

This was the first indication that mantle shear velocities beneath continents,

oceans and tectonic regions were genuinely different.
The motion of the oceanic lithosphere, whether by mantle

convection (Ringwood and Green 1966, Ringwood 1969, McKenzie 1969b) or by 

gravity sliding (Hales 1969) requires flow in some region of mantle and 

probably, therefore, zones of low viscosity. These low viscosity regions 

are generally thought to coincide with regions of high seismic wave atten

uation and low shear velocity (Anderson 1966). Recent studies show that the 

shear wave low velocity zone is present beneath the oceans beginning at 

depths of 30 to 90 km, depending on the age of the oceanic lithosphere 

(Forsyth 1977), and beneath the continents at depths of 100 km or more 

(Knopoff 197^)- Such low velocity /high attenuation zones are thought to 

be caused by partial melting of mantle material (Walsh 1968) from which 

basaltic magmas are formed by processes of partial fusion and fractional 

crystallization (Green and Ringwood 1967). Whether low viscosity is 

restricted to zones of high attenuation has, however, been questioned 

recently by O'Connell (1977).

Studies of attenuation of surface waves have only recently begun 

to provide information on attenuation in the crust and upper mantle. 

Kanamori's (1970a)estimates of attenuation for great circle Rayleigh and 

Love waves pioneered the study of attenuation in the upper mantle. More 

recent studies have provided information on attenuation for surface waves 

which sample the crust and the uppermost mantle but do not sample to 

depths great enough to augment Kanamori's (1970a) data.
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I t  i s  t h u s  t h e  i n t e n t i o n  o f  t h i s  s t u d y  t o  p r o v i d e  g l o b a l  a v e r a g e  

and r e g i o n a l  e s t i m a t e s  o f  a t t e n u a t i o n  f o r  R a y l e i g h  waves w h ic h  t r a v e r s e  t h e  

c r u s t  and upper  m a n t l e .



Sec. 1.1 SURFACE WAVE INVESTIGATIONS OF THE ANELAST1C1TY OF THE UPPER 

MANTLE,

Surface waves which sample the crust and upper mantle to depths of 

several hundred kilometers provide information on anelasticity not 

available through body wave studies, since measurements of body wave 

attenuation require pure phases (Kanamori 1367)- S-wave arrivals which 

sample the low velocity zone appear as late arrivals and do not bottom in 

the low velocity zona Consequently measurements of attenuation in this zone 

are at best difficult.

As early as 1958, Sato calculated attenuation from G wave spectral 

amplitudes. For each spectral component, the amplitude of a surface wave 

decays as exp (-ttAQ. V tU) , where T is the period, A the epicentral distance,

U the group velocity and Q.  ̂ the specific attenuation. Since Q.  ̂ is defined 

as the ratio of energy lost per cycle to energy stored in the wave, Q.  ̂ is 

a direct measure of anelasticity. At least two measurements of the amplitude 

of a surface wave along its path of propagation, as well as a measurement of 

the group velocity for that segment of the path between the stations, are 

needed to compute Q  ̂ for the path. This measurement of the specific 

attenuation is an average of Q  ̂ for Love waves and Q. ^ and Q g for Rayleigh 

waves weighted by the surface wave amplitudes as a function of depth. Q  ̂

can be measured from seismograms recorded at two or more stations along a 

great circle path or from a single seismogram which contains multiple passages 

of a surface wave phase which travels two or more full circuits of the earth.

The precision of Q.  ̂ measurements is dependent upon the precision 

of both group velocity and spectral amplitude measurements. For accurate 

determination of Q. \  paths must be long enough to provide decrements in

amplitude over the path length which are large enough for accurate calculation 

of the amplitude ratio and yet short enough so that amplitudes of the phase 

recorded at the second station are relatively uncontaminated by noise. For
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a p a t h  w i t h  a Q o f  200 measured a t  a p e r i o d  o f  300 seconds ,  a 10 pe r  c e n t  

dec rem en t  in  a m p l i t u d e  r e q u i r e s  a p a th  l e n g t h  o f  7500 km, a 25 per  c e n t  

d e c r e m e n t ,  a p a t h  l e n g t h  o f  20500 km, and a 5 0  pe r  c e n t  dec rem en t  a p a th  

l e n g t h  o f  49500 km. Pure p a th s  o f  such l e n g t h s  a r e  d i f f i c u l t  t o  f i n d  e i t h e r  

between s t a n d a r d  s e i s m i c  s t a t i o n s  o r  between s e i s m i c  zones in  w h i c h  l a r g e  

e a r t h q u a k e s  o c c u r  and s t a n d a r d  s t a t i o n s .  A t  a p e r i o d  o f  50 seconds and a 

Q. o f  100 t h e s e  p a th  l e n g t h s  cause  dec rem en ts  o f  7 0 ,  9 5 .3  and 99 -97  pe r  c e n t ,  

r e s p e c t i v e l y .  For  one f u l l  c i r c u i t  o f  t h e  e a r t h  t h e  dec rem en t  in  a m p l i t u d e  

a t  50 seconds f o r  a Q o f  100 i s  99 -84  per  c e n t .  S in c e  t h e  amount o f  e n e r g y  

a r r i v i n g  pe r  u n i t  o f  t im e  g e n e r a t e d  by a l a r g e  e a r t h q u a k e  on t h e  a v e r a g e  

d e c r e a s e s  w i t h  t i m e ,  so a l s o  t h e  n o i s e  l e v e l  ( i . e .  o t h e r  modes e x c i t e d  by 

t h e  e a r t h q u a k e )  d e c re a s e s  w i t h  t i m e .  For  t h i s  reason  measurement  o f  

h e a v i l y  a t t e n u a t e d  s u r f a c e  waves i s  s t i l l  p o s s i b l e  even a f t e r  a t t e n u a t i o n  by 

f a c t o r s  as g r e a t  as two hund re d .

S in c e  S a t o ' s  (1958)  e a r l y  i n v e s t i g a t i o n  o f  t h e  a t t e n u a t i o n  o f  G 

waves ,  a number o f  advances have been made in  b o th  t h e  d e t e r m i n a t i o n  o f  

g r o u p  and phase v e l o c i t y  as w e l l  as s p e c t r a l  a m p l i t u d e s  ( e . g .  A l e x a n d e r  

1963,  P i l a n t  and K n o p o f f  1964, Ben-Menahem 1965,  Landisman e t  a l . 1969,  

D z iew ons k i  and H a les  1972,  F o r s y t h  1975a ) .  These t e c h n i q u e s  have p r o v i d e d  

methods f o r  a c c u r a t e  measurements o f  s u r f a c e  wave v e l o c i t i e s  and have been 

a p p l i e d  t o  p a th s  o v e r  many p o r t i o n s  o f  t h e  e a r t h ' s  s u r f a c e .  A summary o f  

v e l o c i t y  o b s e r v a t i o n s  and c r u s t - u p p e r  m a n t l e  shear  v e l o c i t i e s  measured p r i o r  

t o  1972 has been c o m p i le d  by K n o p o f f  ( 1 9 7 2 ) .  S in c e  t h a t  t i m e  i m p o r t a n t  

c o n t r i b u t i o n s  have been made in  t h e  d e t e r m i n a t i o n  o f  shea r  v e l o c i t i e s  and 

t h e  t h i c k n e s s  o f  t h e  l i t h o s p h e r e  in  t h e  oceans ( F o r s y t h  1975b, Kausel  

e t  a l .  1974, Leeds e t  a 1. 1974, Y o s h i i  1975 ) -  A d d i t i o n a l  o b s e r v a t i o n s  

e x t e n d i n g  t o  p e r i o d s  o f  as g r e a t  as a few hund reds  o f  seconds have a l s o  

i n c r e a s e d  o u r  know ledge  o f  t h e  c r u s t  and upper  m a n t l e  s t r u c t u r e  benea th  t h e  

c o n t i n e n t s  (Gupta e t  a 1. 1977 ~ s o u t h e r n  A s i a ,  K n o p o f f  and Fouda 1975 ~
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A r a b i a ,  Goncz 197^ -  A u s t r a l i a ,  Sherburne 1975 -  South Amer ica ,  Biswas 

and Knopof f  197A -  Nor th  A m er ica ) .  These o b s e r v a t i o n s  complement 

o b s e r v a t i o n s  o f  g re a t  c i r c l e  phase and group v e l o c i t i e s  made by Kanamori 

(1970a), Dziewonski  (1971a) and Wu (1972) wh ich  have produced pure path  

v e l o c i t i e s  a t  p e r io d s  between 160 and 360 seconds f o r  3 o r  A d i f f e r e n t  

k inds  o f  r e g ion s  t h a t  can be d e s c r ib e d  as e i t h e r  s h i e l d ,  ocean,  t e c t o n i c  

or_ c o n t i n e n t , deep ocean b a s in ,  a r c ,  and r i d g e .  The ma jo r  d i f f e r e n c e  

between these  r e g i o n a l i z a t i o n s  i s  a m a t t e r  o f  i n t e r p r e t a t i o n :  Kanamori (1970a)

and Dziewonski  (1971a) based t h e i r  t e c t o n i c  r e g i o n a l i z a t i o n  on Umbgrove's 

(19^7) g lo b a l  c l a s s i f i c a t i o n  o f  Cenozoic f o l d i n g  b e l t s ,  whereas Wu1s (1972) 

c l a s s i f i c a t i o n  is  based on g lo b a l  t e c t o n i c  reg imes.

The s tudy  o f  the  average a n e l a s t i c  p r o p e r t i e s  o f  the  e a r t h  has not  

p rogressed  as q u i c k l y  as the s tudy  o f  the  e l a s t i c  p r o p e r t i e s .  A summary o f  

Q 1 o b s e r v a t i o n s  measured p r i o r  t o  1972 has been compi led  by Smith (1972) .

S ince  1972 measurements o f  a t t e n u a t i o n  have been made in N o r th  Amer ica by S o l 

omon (1972) and M i t c h e l l  (1973b,  1975a, 1975b) f o r  p e r io d s  as g r e a t  as 80 sec 

onds.  S i m i l a r  measurements have a l s o  been made to  110 seconds f o r  P a c i f i c  Ocean 

paths by M i t c h e l l  e t  a 1. (1975) and have been i n v e r t e d  by M i t c h e l l  (1977) .

Other measurements o f  Q  ̂ f o r  R ay le igh  waves have been made and i n v e r t e d  by 

Bur ton (197A, 1977) and appear t o  r e p re s en t  an average Q.  ̂ f o r  mixed 

o cean ic  and c o n t i n e n t a l  p a th s ,  many o f  wh ich  c ross  the  Euras ian  c o n t i n e n t .

Q.  ̂ o b s e r v a t i o n s  f rom fundamental  and h ig h e r  mode t o r s i o n a l  and s p h e ro id a l  

o s c i l l a t i o n  modes f o r  p e r io d s  between 100 and 600 seconds have a l s o  been 

re p o r te d  by R o u l t  (197A, 1975) and J o b e r t  and R ou l t  (1976).  These 

measurements employ many o f  the  tech n iq ue s  used in long p e r io d  s u r f a c e  wave 

ana ly ses  developed by P i l a n t  and Knopof f  (1964) and Cara (1973) and a re  

comparable t o  Q.  ̂ de te rm ined  f rom long p e r io d  s u r fa c e  waves.

The im portance  o f  a c c u r a te  long p e r io d  measurements o f  Q  ̂ has 

o n l y  r e c e n t l y  been recogn ized  (Randa l l  1976, L iu  ejt  ̂ aj_. 1976) a l t h o u g h



Jeffreys (1965, 1967) had made the point that the anelasticity of the 

mantle would cause shifts in free oscillation periods which could lead to 

errors in earth modelling. Anderson and Archambeau (1964) and Anderson 

et a 1. (1965) presented a method for calculating observed free oscillation

and surface wave Q  ̂ from a and Q. ̂  model. Liu e_t_ aj_- (1976) have 

formulated corrections for free oscillation periods and surface wave phase 

velocity measurements caused by anelasticity. Recently these corrections 

have been incorporated into average earth models derived from free 

oscillation periods and body wave travel times (Hart et a 1. 1977a, 1977b). 

However, little high quality average earth or regional Q.  ̂ data exist for 

surface wave or free oscillation periods which sample the upper mantle - 

the region in earth models most affected by attenuative dispersion. Such 

set of data for Rayleigh waves is provided in this thesis.
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Sec. 1.2 SCOPE OF THIS THESIS

A new method o f  a n a l y s i s  f o r  the  d e te r m i n a t i o n  o f  s u r f a c e  wave 

group v e l o c i t i e s  and s p e c t r a l  a m p l i t u d e s  has been developed (Chapter  2) 

wh ich  p r o v id e s  o b j e c t i v e  e s t im a te s  o f  e r r o r  in group v e l o c i t y  measurements.  

These methods have been a p p l i e d  t o  4 K u r i l e  I s la nd s  ear thquakes  o f  s u r f a c e  

wave magni tude 6 .6  t o  8 .3  (Chapters  3 and 4 ) .  A n a l y s i s  o f  the  l a r g e s t  

even t  y i e l d s  group v e l o c i t i e s  f o r  p e r io d s  between 150 and 600 seconds 

and a t t e n u a t i o n  c o e f f i c i e n t s  between 150 and 450 second p e r io d s  f o r  7 g r e a t  

c i r c l e  pa ths .  A n a l y s i s  o f  the  s m a l le r  3 even ts  extend the  range o f  

each o f  these  types o f  measurements to  p e r iod s  as s h o r t  as 50 seconds f o r

each o f  the  7 paths and f o r  2 a d d i t i o n a l  pa ths .  Global  average group

v e l o c i t i e s  a re  s low compared w i t h  a l l  recen t  e a r t h  models f o r  p e r io d s  

between 70 and 200 seconds. Phase v e l o c i t i e s  and e q u i v a l e n t  f r e e  o s c i l l a t i o n  

p e r io d s  are  c a l c u l a t e d  by i n t e g r a t i n g  g lo b a l  average group  v e l o c i t i e s .

Average e a r t h  models genera ted  by c o n t r o l l e d  Monte C a r lo  i n v e r s i o n  (Chapte r  5) 

o f  g lo b a l  average group v e l o c i t i e s  c o r r e c t e d  f o r  a n e l a s t i c  d i s p e r s i o n  show 

t h a t  average l i t h o s p h e r i c  t h i c k n e s s e s  o f  70 km and 100 km a re  both p o s s i b l e  

Models f o r  in d ica ' te  t h a t  the  mean C^of  the  l i t h o s p h e r e  i s  about  200

w h i l e  a h igh  a t t e n u a t i o n  zone a t  dep ths  o f  100 to  200 km w i t h  a between 

85 and 110 produces s a t i s f a c t o r y  models f o r  observed a t t e n u a t i o n  f o r  p e r i o d s  

between 50 and 300 seconds. f o r  the  man t le  beneath 400 km exceeds 180.

Regional  models f o r  shear v e l o c i t y  have been d e r i v e d  by

c o n t r o l l e d  Monte Car lo  i n v e r s i o n  o f  pure path group v e l o c i t i e s  c o r r e c t e d  

f o r  a n e l a s t i c  d i s p e r s i o n  (Chapter  7 ) -  Pure path  o cean ic  group  v e l o c i t i e s  

r e q u i r e  a low v e l o c i t y  zone b eg in n ing  a t  dep ths  o f  70 o r  100 km. Pure path  

c o n t i n e n t a l  group v e l o c i t i e s  do no t  r e q u i r e  the  presence o f  a low v e l o c i t y  

zone.  A re g io n a l  s tudy  o f  group v e l o c i t y  d i s p e r s i o n  and t h r u s t  f a u l t i n g  

in e a s te rn  A u s t r a l i a  (Chapte r  6 ) ,  however,  shows t h a t  a low v e l o c i t y  zone 

is  r e q u i r e d  a t  dep ths o f  g r e a t e r  than 140 km and p ro b a b ly  g r e a t e r  than



3

180 km in order to fit both ScS travel times and observed fundamental 

and higher mode group velocities for both Love and Rayleigh waves. Surface 

wave group velocities, alone, do not require the presence of a pronounced 

low velocity zone with a high velocity lid but preclude its presence at 

depths shallower than ] k 0  km. Pure path attenuation models have been 

produced for both continental and oceanic upper mantle structures (Chapter 7) • 
A summary of the results of this study appears in Chapter 8.
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CHAPTER 2

DETERMINATION OF GROUP VELOCITY AND SPECTRAL AMPLITUDE 

BY NARROW-BAND FILTERING

Sec. 2.1 INTRODUCTION

Group v e l o c i t y  d i s p e r s i o n  o f  s u r f a c e  waves i s  a measure o f  t h e  

average e l a s t i c  p r o p e r t i e s  o f  the  e a r t h .  The ra te  o f  decay o f  a m p l i tud e s  

o f  s u r f a c e  waves i s  a measure o f  the average a n e l a s t i c  p r o p e r t i e s  o f  t h e  

e a r t h  and is  commonly expressed as the  a t t e n u a t i o n  c o e f f i c i e n t  y  o r  the  

s p e c i f i c  a t t e n u a t i o n  Q. \  For two s t a t i o n s  on the  same g r e a t  c i r c l e  as 

the  source

(2 . 1)

where A i s  the  s t a t i o n  s e p a r a t i o n  in k i l o m e t e r s ,  U the  i n t e r s t a t i o n  g roup  

v e l o c i t y ,  A  ̂ the  s p e c t r a l  a m p l i t u d e  measured a t  the  s t a t i o n  c l o s e s t  t o  

the  source and A^ the  s p e c t r a l  a m p l i t u d e  measured a t  the  s t a t i o n  most 

d i s t a n t  f rom  the  source .  T h e r e fo re  the  measurement o f  both  group 

v e l o c i t y  and a m p l i t u d e  decrement a long  a path  are necessary  f o r  the  

d e t e r m i n a t i o n  o f  the  s p e c i f i c  a t t e n u a t i o n ,  Q. \  The method o f  band-pass 

f i l t e r i n g  (A le xande r  1963) has been used t o  de te rm ine  both  group a r r i v a l  

t ime and s p e c t r a l  a m p l i t u d e .  In l a t e r  c h ap te rs  the  techn iques  developed 

here w i l l  be a p p l i e d  t o  m u l t i p l e  passage Ray le ig h  phases ( R^, R^, R , e t c .  

o r  R2 > e t c . )  t o  produce e s t im a te s  o f  group v e l o c i t y  and a t t e n u a t i o n



for periods between 50 and 600 seconds. These measurements will, in turn, 

be used to derive the regional and global average shear velocity and 

variation of Q. , the specific attenuation for Rayleigh waves, as a function 

of depth.
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Sec. 2 * 2 GAUSSIAN FILTERS AND THE DETERMINATION OF GROUP ARRIVAL TIMES 

AND SPECTRAL AMPLITUDES

Severa l  r e f in e m e n ts  t o  the  techn ique  in t ro du c e d  by A lexander (1963) 

have r e c e n t l y  been made by P i l a n t  and Knopo f f  (1964) -  Time V a r i a b le  

F i l t r a t i o n ,  Dziewonski  e t  a l . (1 9 69 ) “  M u l t i p l e  F i l t e r  Techn ique and,

Levsh in  e t  a 1♦ (1972) -  Frequency Time A n a l y s i s .  The more recen t  o f  these  

tech n iq ue s  use Gaussian f i l t e r s  o f  the  form

F(co,co ) o exp ( 2 . 2)

in  the  f re qu e ncy  domain,  and

J r T  co /  co t  2\
f  (t,co ) = ------- -- cos (co t ) exp ( -  (— ------) ) ( 2 .3 )

in the  t im e  domain (Dz iewonski  e t  a 1. 1969). Gaussian f i l t e r s  a l l o w  o p t im a l  

f requency  and t im e  r e s o l u t i o n  t o  be ach ieved  ( P a p o u l i s  1962) in  the  sense 

t h a t

D D = v4 t /  2
t  co (2 .4 )

where D and D are the  t im e  and f requency  d u r a t i o n  o f  t h e  f i l t e r :t CO M 7

Dt 2 =  J  t 2 1 f  ( t  ,coQ)|2 dt

and

D
co

OO

( 2 .5 )

2

— CO

co2 | f (co,coq) I 2 dco
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For other types of non-band-1 i mi ted filters, is always greater than

vfi72. Other filters thus provide poorer frequency-time resolution than the 

Gaussain filter. In practice such filters are always truncated and, hence, 

band-1imited. As Dziewonski et al. (1969) pointed out

"The highest possible energy concentration of the impulse response 

corresponding to a band-limited filter is achieved when the filter 

is a truncated prolate spheroidal wave function of zero order (see 

also Papoulis, 1962, sec k~5) • If, however, the Gaussian function 

is truncated at a value of the order of 30 db down from the maximum, 

the energy concentration of its impulse response is only 0.1 per 

cent lower than that of the corresponding prolate spheroidal wave 

function."

More recently, several authors have discussed the optimization of 

filter resolution in terms of the determination of the value of the filter 

parameter (a in the case of the Gaussian filter described in Equation 2.2 

and 2.3) which produces the sharpest filter which "rings" least (Inston 

et al. 1971, Cara 1973, Denny and Chin 1976, Canitez 1977). The effect of 

choosing a filter parameter which is not optimal results in the loss of 

resolution in the time domain. The choice of such an optimal value of the 

filter parameter is dependent upon the dispersive character of the signal 

being analyzed. Errors in estimation of group velocity are systematic 

when group velocity changes rapidly with frequency (Dziewonski et a 1. 1972).

An alternative method for minimizing error in group velocity 

estimation is the Residual Dispersion Measurement of Dziewonski et al. (1972). 

This technique requires cross-correlation of a synthetic seismogram, which 

approximates the dispersion of the signal to be analyzed within a few 

percent, with the original seismogram. The analysis of the resulting cross- 

correlogram gives the differences in dispersion between the two signals.

The rate of change of group velocity with frequency in the cross-correlogram



should be very small compared to the original seismogram and errors in 

estimation of the group velocity difference (residual dispersion) are 

consequently much smaller. If the residual dispersion is large, then a 

new synthetic should be produced and the process repeated.

Dziewonski et al. (1972) noted that the maximum amplitude of 

a Gaussian filtered seismogram does not, in general, coincide with the group 

arrival time. The errors in determination of the group arrival time 

caused by Gaussian filtering depend on second and higher order derivatives 

(with respect to frequency) of the amplitude spectrum and wave number of the 

seismic signal. Second and third order derivatives of the wave number are 

related to the slope and curvature of the group velocity dispersion curve. 

However, errors of this kind can be suppressed by increasing the frequency 

resolution and sacrificing time resolution. This, of course, also 

sacrifices precision in the group velocity measurement. With this approach, 

a narrower band estimate of the spectral amplitude is obtained which is 

more suitable for spectral amplitude estimation.

It was clear from the analysis carried out at the time that the 

"residual dispersion" paper (Dziewonski et a 1. 1972) was written, that 

errors in the determination of group velocity by any of the multiple filter 

methods (e.g. Dziewonski et al. 19&9, Levshin et al. 1972) tended to be 

large when the amplitude of the seismic signal varied rapidly with frequency 

so that the change in amplitude between successive center frequencies was 

large. In such cases the frequencies at which amplitudes are large leak 

through into adjacent low amplitude frequencies (see Figure 2.1) unless 

the filter parameter a is sufficiently large. The use of sufficiently 

large a's avoids errors in both group velocity and spectral amplitude 

estimation at the expense of time (group velocity) resolution.

The approach adopted in this thesis is to use filters with large 

a and verify directly that the difference between the frequency at the



F ig u re  2.1 PURITY OF FILTERED RAYLEIGH PHASES -

R, recorded  a t  HNR has been f i l t e r e d  w i t h  a Gaussian f i l t e rA
o f  t h e  fo r m  shown in  E q u a t i o n  2 . 3  w i t h  A d i f f e r e n t  v a l u e s  

o f  t h e  f i l t e r  p a ra m e te r  a .  Each f i l t e r e d  t r a c e  i s  shown 

s t a r t i n g  a t  1027 GMT on 13 O c tobe r  19&3 w i t h  r e l a t i v e  

a m p l i t u d e s  o f  each peak in  each t r a c e  shown in l a r g e  

numbers and e f f e c t i v e  p e r i o d s  ( i n  seconds)  measured 

f r o m  a d j a c e n t  z e r o  c r o s s i n g s  shown in  s m a l l  numbers benea th  

each z e r o  c r o s s i n g .  Note t h a t  peak a m p l i t u d e s  o f  R^ 

f i l t e r e d  w i t h  a  = 20 and AO o c c u r  a t  p e r i o d s  c o n s i d e r a b l y  

d i f f e r e n t  f r o m  th e  c e n t e r  p e r i o d  o f  t h e  f i l t e r  (3A0 s e c o n d s ) .  

A m p l i t u d e s  o f  peaks a d j a c e n t  t o  t h e  maximum decay  more 

s l o w l y  as l a r g e  v a l u e s  o f  a  a r e  used f o r  f i l t e r i n g .
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maximum o f  the  enve lope  o f  the  f i l t e r e d  s ig n a l  and the  c e n te r  f requency  o f  

the  f i l t e r  i s  much less  than the  s e p a r a t i o n  between c e n te r  f r e q u e n c i e s .

Since a lmost  a l l  pa ths used in t h i s  s tudy  ( w i th  the  e x c e p t io n  o f  the  

P ic to n  ea r thquake  d iscussed  in Chapter  6) were o f  l e n g th s  g r e a t e r  than 

10,000 km, the  lo ss  o f  t ime r e s o l u t i o n  was n o t  s e r io u s  and was more than  

o f f s e t  by the  g a in  in  p u r i t y  o f  the  s p e c t r a l  a m p l i t u d e s .

I t  i s  p ro b a b le  t h a t  a " r e s i d u a l  d i s p e r s i o n / r e s i d u a l  a m p l i tu d e  

a n a l y s i s "  u s ing  a s y n t h e t i c  seismogram w i t h  an a m p l i t u d e  f u n c t i o n  o f  s p e c t r a l  

c o n te n t  wh ich is  the in v e rs e  o f  the  a m p l i t u d e  spect rum o f  the  s e ism ic  s i g n a l  

t o  be ana lysed would produce a c r o s s - c o r r e l o g r a m  w i t h  minimal  v a r i a t i o n  w i t h  

f re qu e ncy .  T h is  wou ld ,  in e f f e c t ,  be an in v e rs e  f i l t e r  tech n iq ue  and 

should e l i m i n a t e  e r r o r  in measured d i s p e r s i o n  due to  v a r i a t i o n  o f  the  

s i g n a l ' s  a m p l i t u d e  w i t h  f requency  as w e l l  as d i s p e r s i o n .  In a d d i t i o n ,  

t h i s  techn iq ue  s h o u ld ,  w i t h  the  i n c l u s i o n  o f  source phase s h i f t  in the  

s y n t h e t i c ,  a l l o w  the  d i r e c t ,  a c c u r a te  and s im u l taneous  d e te r m i n a t i o n s  o f  

phase v e l o c i t y ,  group v e l o c i t y  and s p e c t r a l  a m p l i t u d e .  Such c r o s s -  

co r re log ram s  can a l s o  be s tacked  w i t h o u t  w e ig h t i n g  s in c e  each c r o s s -  

c o r re lo g r a m  w i l l  be o f  u n i t  a m p l i t u d e .  Path averages can be c a l c u l a t e d  f rom 

a number s i n g l e  s t a t i o n  o b s e r v a t i o n s ,  i f  c ro s s - c o r r e lo g r a m s  f o r  a l l  s e i s 

mograms recorded on a path  a re  " e q u a l i z e d "  to  the  same e f f e c t i v e  e p i c e n t r a l

d i s t a n c e .



Sec. 2.3 THE DIRECT FILTERING METHOD AND THE ANALYSIS OF LONG PERIOD

SEISMIC DATA

Sec. 2.3.1 Computers

The routine processing and analysis programs used in this thesis 

were developed for use on a small computer. Most were used on one of two 

computers: a Datacraft 6024/4 with 32k (lk = 1024 words) of 750 nanosecond 

24 bit core memory and a Scientific Arithmetic Unit (floating point 

arithmetic hardware unit), or a Uni vac 1108 with 256k of 750 nanosecond 36 

bit words (eventually upgraded to a Uni vac 1100/42 dual arithmetic processor 

system). In general it was found that both the 6024/4 and 1108 computers 

ran programs at comparable speeds, and that only programs for calculating 

phase or group velocity partial derivatives were required to be run in 

double precision on the 1108-1100/42 system. Approximately equal amounts 

of time were used on both computers due to heavy usage of the 6024/4 and 

availability of the 1108-1100/42 systems.

Sec. 2.3-2 Data, Digitization, Decimation and Detrending

All seismograms processed in this study were recorded by the 

World Wide Standard Seismograph Network (WWSSN) or the High-Gain, Long- 

Period Network (HGLP). Other data used in the focal mechanism determination 

for the Picton earthquake of 9 March 1973 are listed in Chapter 6.

WWSSN long-period seismograms used for surface wave group 

velocity determination were digitized using a DMAC digitizer at the 

Commonwealth Scientific and Industrial Research Organization, Division of 

Computing Research, Canberra, and later at the Division of Land Use 

Research, Canberra. These seismograms were sampled at a variable rate 

depending upon the complexity of the seismic trace, and interpolated to 

a constant sample interval of 1 sample per second. Only the seismograms
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of the 13 October 1963 Kurile Islands earthquake (M̂  = 8.3) were low 

pass filtered and decimated to 1 sample per b seconds. All records were 

processed to remove linear trend and the mean.

Sec. 2.3.3 Fi1 tering

Since almost all of the programs used in this study were designed 

to be run on a small computer the most direct (although sometimes somewhat 

pedestrian) methods were employed which would require only a modest amount 

of memory. For this reason filtering was performed in the time domain 

using the filter described by Equation 2.3 truncated at 30 db amplitude 

level of the envelope. Values of the filter parameter, a, were determined 

in accordance with the philosophy described in Section 2.2 (see Figure 2.1). 

Values of 40, 80, and 160 were found to produce adequately pure spectral 

amplitudes for the period ranges 5 to 80, 60 to 200 and 100 to 600 

seconds respectively. Center-frequencies, 03q , were chosen at 5 second 

intervals in period for periods shorter than 100 seconds, at 10 second 

intervals for periods between 100 and 200 seconds, and at 20 second 

intervals for periods greater than 200 seconds. This ensured that any 

particular frequency is passed by two or three filtrations since filters 

have half amplitude filter widths of approximately two to four times the 

interval between adjacent center periods for filtration. Redundancy in 

the group velocities and spectral amplitude estimates was thus achieved.

Early versions of the filtering program were designed as a 

single program, however, in later versions the functions of the Direct 

Filtering Method program were combined with the filtering program so that 

only selected group velocity windows in the time series were filtered. All 

Rayleigh phases from one seismogram were filtered at one time with 

repeated runs for different frequencies or series of frequencies.
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Sec. 2 . 3 . ^  The D i r e c t  F i l t e r i n g  Method

For  t h e  d e t e r m i n a t i o n  o f  g ro u p  v e l o c i t i e s ,  t h e  D i r e c t  F i l t e r i n g  

Method ( F i g u r e  2 . 2 )  l o c a t e s  maxima in  t h e  e n v e lo p e  o f  a f i l t e r e d  

se ismogram by l o c a t i n g  s u c c e s s i v e  maxima and min ima w i t h i n  a s p e c i f i e d  

g r o u p  v e l o c i t y  w in dow .  E s t i m a t e s  o f  g r o u p  a r r i v a l  t i m e  a r e  made by 

l e a s t - s q u a r e s  f i t t i n g  a p a r a b o l a  t o  a s p e c i f i e d  number o f  maxima and 

min ima abou t  each r e c t i f i e d  e n v e lo p e  maximum. U s u a l l y  between 5 and 11 

p o i n t s  a r e  used in  t h e  l e a s t  s qua res  f i t .  S tanda rd  e r r o r s  o f  g roup  

a r r i v a l  t i m e s  a r e  c a l c u l a t e d  f r o m  ( l )  r e g r e s s i o n  s t a t i s t i c s  f o r  each 

p a r a b o l a  and (2) t h e  h a l f - a m p l i t u d e  w i d t h  o f  each e n v e lo p e  maximum ( a l s o  

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

w indow.  Group t r a v e l  t im e s  a r e  c a l c u l a t e d  as t h e  d i f f e r e n c e  between t h e  

U n i t e d  S t a t e s  Coast  and G e o d e t i c  S e r v i c e  (USCGS) o r i g i n  t i m e  and t h e  

g roup  a r r i v a l  t i m e  c o r r e c t e d  f o r  i n s t r u m e n t a l  g ro u p  d e l a y  by H a g i w a r a ' s  

1958) f o r m u l a e .  For  t h i s  c o r r e c t i o n  t h e o r e t i c a l  v a l u e s  f o r  c o n s t a n t s  f o r  

t h e  WWSSN long p e r i o d  s e is m og raph  sys te m  were  assumed.

R e s u l t s  o f  a n a l y s e s  f o r  each e n v e l o p e  maximum a r e  d i s p l a y e d  in  

l i n e  p r i n t e r  o u t p u t  as shown in  F i g u r e  2 . 3 .  P a r t  1 o f  t h e  o u t p u t  d i s p l a y s  

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

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

t h e  r e s u l t i n g  g roup  v e l o c i t y  e s t i m a t e .  c o r r e c t e d  f o r  i n s t r u m e n t a l  g ro u p  

d e l a y s ,  and th e  two s t a n d a r d  e r r o r  e s t i m a t e s  ( f r o m  r e g r e s s i o n  s t a t i s t i c s  

and e n v e lo p e  maximum h a l f - w i d t h ) .  P a r t  2 i s  a g r a p h i c a l  d i s p l a y  o f  

r e c t i f i e d  maxima (+) and min ima ( - )  a b o u t  t h e  maxima o f  t h e  e n v e lo p e  o f  t h e  

f i l t e r e d  se ismogram. P a r t  3 i s  a g raph  o f  t h e  e f f e c t i v e  p e r i o d  a t  each 

maximum o r  minimum, c a l c u l a t e d  as t w i c e  t h e  t im e  i n t e r v a l  between t h e  two 

z e r o  c r o s s i n g s  a d j a c e n t  t o  th e  maximum o r  minimum. A f t e r  a l l  e n v e lo p e  

maxima w i t h i n  t h e  s p e c i f i e d  g ro u p  v e l o c i t y  w indow f o r  each phase a r e  d i s 

p l a y e d ,  a summary t a b l e  ( F i g u r e  2 . A) o f  phase i n d e x ,  g ro u p  a r r i v a l  t i m e  and



DIRECT FILTERING METHOD

The f l o w  d iagram d e s c r ib e s  the p rocesses  invo lved  in the  

D i r e c t  F i l t e r i n g  Method f o r  d e t e r m in in g  group a r r i v a l  

t imes and group v e l o c i t i e s .
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F ig u re  2.3 DIRECT FILTERING METHOD DISPLAY OF ENVELOPE MAXIMUM -

(1) Least  squares pa rabo la  r e s i d u a l s  and f i t  t o  the  

enve lope  maximum are  shown w i t h  the  p o s i t i o n  o f  the 

maximum (XMAX) and two e s t im a te s  o f  the  s tandard  

e r r o r  o f  the  maximum, c o e f f i c i e n t s  o f  the  parabo la  and 

t h e i r  s tandard  e r r o r s  ( C ) , maximum o f  the  envelope 

e s t im a te d  f rom the  parabo la  (YHAX) and f rom the  l a r g e s t  

peak (ACTUAL MAX). Es t im a tes  o f  group v e l o c i t y  and i t s  

s tandard  e r r o r s  c a l c u l a t e d  f rom the  two e s t im a te s  o f  

s tandard  e r r o r  o f  the  p o s i t i o n  o f  the  maximum,

(2) The enve lope maximum is  p l o t t e d  w i t h  " + "  and 

i n d i c a t i n g  the  p o s i t i o n  (sample number) and h e ig h t  o f  

each r e c t i f i e d  maximum o r  minimum.

(3) The e f f e c t i v e  p e r io d  is  p l o t t e d  c o r respond ing  to  

tw ic e  the  i n t e r v a l  between ze ro  c r o s s in g s  a d ja c e n t  t o

each maximum o r  minimum.
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F i g u r e  Z.b  DIRECT FILTERING METHOD SUMMARY TABLE -

A l a b e l ,  p e r i o d  o f  f i l t e r ,  number o f  samples in t h e  r e c o r d  

(N) ,  number  o f  p o i n t s  used in  t h e  Gauss ian  f i l t e r  ( N F I L T ) ,  

f i l t e r  p a ra m e te r  (ALPHA), o r i g i n  t i m e  t o  b e g i n n i n g  o f  

r e c o r d  t i m e  d i f f e r e n c e ,  i n s t r u m e n t a l  g ro u p  d e l a y  

c a l c u l a t e d  f o r  t h e  p e r i o d  o f  th e  f i l t e r ,  f i l t e r  h a l f  

w i d t h  and g roup  v e l o c i t y  w indow and number o f  maxima 

p roc es s ed  a r e  l i s t e d  a t  t h e  t o p  o f  t h e  t a b l e .  The 9 

co lumns in  t h e  t a b l e  c o n t a i n  t h e  s u r f a c e  wave phase i n d e x ,  

e s t i m a t e d  sample number o f  t h e  e n v e lo p e  maximum, t h e  

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

s q u a re s  f i t t e d  p a r a b o l a  c o e f f i c i e n t s  and h a l f - a m p l i t u d e  

w i d t h .  A m p l i t u d e  o f  t h e  e n v e lo p e  maximum, e f f e c t i v e  p e r i o d  

a t  t h e  maximum, t h e  g r o u p  v e l o c i t y  o f  th e  maximum and 

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

f r o m  t h e  two s t a n d a r d  e r r o r  e s t i m a t e s  o f  t h e  g ro u p  a r r i v a l

t i m e  o f  t h e  maximum.
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DIRECT FILTERING M ETHOD  
SU M M A R Y TABLE

ALQ 1 3 V i  V S M S = 6 . 6  1 7 : 5 B : 1 3 * 1  BGRT = - 5 9 9 . 7  VRTCL PER ■ 80 »QC CONVL
N * 2  32 0 7 N F I L T  = 8 H 7 ALPHA = BO*OQCU<3

O R I G I N  T i h e  t o  b e g i n  OF KEc ORd T i m e  = - 5 9 9 . 7 L I N S T R U M E N T a L GROUP DELAY *  1 9 . 9 H Ü 1
HALF F I L T E R  « I 0 T h *  4 2 4

NUMBER OF P OI NT S  TO A D D  = -  1 u 4 3 
3 • j  Ü 0 < U < 5 » 0 0 0

l
3 1 M A X I M A  P L O T T E D  

J 3 8 v  ♦ 2 9 7 . 7 4 1 7 8 . 7 5 J 2 2 . 8 t 84 «1 3 . 6 5 7 4 • 0 1 2 1 • 2 7 9 6

2 7 6 2 6 . ” 8 . 3 » 1 8 2 * 3 8 1 3 . 6 2 8 9 8 1 4 . 7 8 1 2 • 0 0 6 0 • 1 3 2 4

2 0 4 6 3 * 8 8 2 2 * 9 8 1 8 9 . 3 3 1 2 . 1 1 3 1 7 8 4 . 2 4 2 1 • 0 1 3 1 • 1 0 8 2

2 B 7 9 b  , I 2 2 2 . 8 1 2 1 3 . 6 0 7 . 8 4 1 2 7 2 4 . 0 6 0 3 . 0 1 1 9 • 1 1 1 9

2 9 3 6 8 . 9 5 2 3 * 0 4 1 8 3 . 6 8 1 C . 7 C  2 4 8 2 3 . 7 8 Q 9 . 0 1  0 5 • 0 8 3 4

2 9 9 9  i  . 2 5 6 . 9 8 1 4 4 . 5 8 5 . 8 3 9 1 7 9 3 . 5 1 8 0 . 0 0 2 7 • 0 5 6 8

2 1 8 0 5 . 6  8 7 5 . 5 3 2 9 2 • 0  3 3 . 4 4 6 4 «1 3 . 2 2 4 5 . 0 2 4 9 • 0 9 6 5

2 1 1 0 7 5 , 3 6 3 3 . 3 9 2 4 4 .  1 3 3 . 7 6 0 2 8 0 3 .  1 3 7 9 . 0 1 0 4 • 0 7 6 4

3 1 1 5 3 V . 1 0 1 6 . 8 6 1 3 2 * 2 3 3 . 8 9 3 1 ÖQ 4 . 6 3 2 3 . 0 0 7 4 • 0 5 8 4

3 1 2 0 9 v . 2 9 6 8 * 1 5 1 6 4 . 6 9 2 . 2 7 9 2 7 9 4 . 3 9 7 4 • 0 2 7  1 • 0 6 5 6

3 1 2 6 5 9 . 8 y 4 3 . 1 6 2 5 2 . 9 7 4 . 0 1 9 7 «1 4 . 1 8 1 8 • 0 1 5 5 • 0  9 1 1

3 1 2 8 ^ 3 . 3 0 B . ? l 2 9 5 . 4 2 3 . 9 8 5 5 8 2 4 . 1 1 6 8 . 0 0  2  8 • 1 0 3  1

3 t 3 2 2 6  * 4 5 6 7 . 2 7 1 4 9 . 6 5 1 . 9 5 8 2 7 5 3 . 9 8 7 3 . 0 2 2 0 • 0 4 9 0

3 I 3 4 9 9 . 9 8 4 9 . 1 5 1 5 7 . 1 6 1 . 4 3 4 4 B. j 3 . 8 9 9 8 . 0 1 5 4 • 0 4 9 2

3 1 3 8 2 1 . 3 6 5 . 1  7 1 0 4 .  J l 1 .  3 c.-1 9 7 8 3 . 8 0 1 7 • 0 0 1 5 • 0 3 o 9

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

3 1 4 5 2 a . 3 4 2 4 . 4 6 1 6 8 . 2 8 1 . 7 3 0 0 7 4 3 . 6 0 2 4 . 0 0 6 5 • 0 4 5 0

3 1 4 9 7  1 , 2 5 4 5 . 3 o 1 8 7 . 8 1 2 . 5 8 2 3 7 8 3 . 4 8 7 8 • 0 1 1 3 • 0 4 7 0

3 1 5 4 2 * ;  .  8 6 3 8 . 0 3 1 8 3 . 3 5 3 . 8 1 3 2 7 8 3 . 3 7 8 8 • 0 0 8 9 • 0 4 3  1

3 1 b U C ' 5 . 8  0 1 4 * 4L 1 3 u . 3 3 1 . 5 7 5 1 7 7 3 . 2 4 6 7 . 0 0 3 1 • 0 2 a 2
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3 1 7 1 5 9 . 2 1 3 6 * 7 1 2 3 2 . 9 2 4 . 1 9 6 3 8 1 3 . 0 1 4 3 . 0 0 6 9 • 0 4 3 6
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standard error estimates, effective period at the envelope maximum, 

amplitude, and group velocity and its standard error estimates are displayed. 

In practice, the largest maxima for each phase are selected from the summary 

table, and the display and statistics for those peaks are inspected.

Sec. 2.3.5 Tests and Comparison with the Multiple Filter Technique

Although the Direct Filtering Method may appear to be a pedestrian 

method of group velocity analysis it is the only one known to the author 

which provides an objective measure of the quality of each estimate. The 

two estimates of error usually are a reasonable set of bounds on the real 

error in group velocity estimation. This method also provides a check 

on purity of the filtered signal which is not available through other 

techniques of display, although they may be considerably more convenient.

In Figure 2.5 the analyses of two synthetic seismograms by the 

Direct Filtering Method and the Multiple Filter Technique are shown with 

circles and indicating the actual group velocities used to general the 

synthetics. Horizontal and vertical bars indicate the group velocities 

and standard errors, respectively, estimated from Direct Filtering Method 

regression statistics fit (of the parabola) at each period. The Multiple 

Filter Technique display in each case is the linear normalized display 

with positions of the ridge maximum displayed as diamonds and the range 

of the maximum value in a column shown by or n/\" and "V". The 

synthetic in parts (a) and (b) corresponds to a vertical seismogram recorded 

at an epicentral distance of 40°. A filter with a equal 40 was used 

in the analyses of both cases. In part (a) the beginning of record time 

corresponds to 850 seconds after origin time so that the first sample 

corresponds to a group velocity of 5-23 km/s. In part (b) the synthetic 

time series begins 1050 seconds after origin time so that the first 

recorded sample corresponds to a group velocity of 4.2A km/s. Both the



F ig u re  2 .5  ANALYSIS OF TWO SYNTHETIC SEISMOGRAMS BY THE DIRECT 

FILTERING METHOD AND THE MULTIPLE FILTER TECHNIQUE -

Seismograms in (a) and (b) were s y n th e s ize d  f o r  an 

e p i c e n t r a l  d i s t a n c e  o f  b 0°  w i t h  group v e l o c i t i e s  (shown 

as c i r c l e s ) .  The s y n t h e t i c  in (a) beg ins 850 seconds 

a f t e r  o r i g i n  t im e  and (b) beg ins  1050 seconds a f t e r  

o r i g i n  t im e .  E r r o r  bars f o r  D i r e c t  F i l t e r i n g  Method 

e s t im a te s  i n d i c a t e  s tandard  e r r o r s  e s t im a te d  f rom 

r e g re s s io n  s t a t i s t i c s  o f  the  l e a s t - s q u a r e s  f i t t e d  

p a rab o la .  D i f f e r e n c e s  in measured d i s p e r s i o n  are  

caused by f i l t e r  ramping.
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Direct Filtering Method and the Multiple Filter Technique give comparable 

results for both seismograms in the period range 26 to 80 seconds. Errors 

at short periods, 20 to 26 seconds, in the Direct Filter Method group 

velocity estimates may be caused by wide spacing of frequencies used in 

generation of the synthetics. As is shown later (Figure 2.6), results 

from the Multiple Filtering Method are comparable in this short period 

range.

The difference between results shown in Figure 2.5(a) and (b) is 

caused by the effect of filter ramping and can be a major pitfall in 

the analysis of time series. At each end of a record the equivalent of a 

half a filter length of the time series is ramped after the application 

of the filter. For this reason it is necessary to digitize a long enough 

segment of the seismogram to allow for the loss at long periods for which 

filter lengths are longest. Truncation of the time series or addition of 

zeros to the trace constitutes a change in the character of the noise.

When filters are applied in the time domain these losses are easily 

recognized. The situation is more complex in frequency domain filtering, 

however, because the time domain effects are not so readily apparent. 

Half-widths in seconds of Gaussian filters of the type shown in Equations 

2.2. and 2.3 for a filter parameter of AO are listed as a function of 

period for the length of the time domain filter to decay to a given 

percentage of its peak amplitude. This corresponds to the half filter 

length at which the envelope of the time domain filter would achieve 25, 

12.5, and 3 per cent of its maximum amplitude if a delta function were 

filtered. These percentages determine how closely the band-limited 

Gaussian filter approximates the non-band-1imi ted Gaussian filter. An 

arrival travelling with a group velocity of 3-9 km/s (as in the synthetics 

in Figure 2.5 for periods greater than 60 seconds) will arrive about llAO.5 

seconds after origin time. Such an arrival will appear 290.5 seconds 

after the beginning of the first synthetic (Figure 2.5(a)) and 90.5 seconds



F ig u re  2 .6  RAYLEIGH WAVE DISPERSION FROM THE P1CTON EARTHQUAKE

(9 MARCH 1373) RECORDED AT CHARTERS TOWERS, QUEENSLAND -  

Fundamental mode R a y le ig h  waves recorded  by the  lo w -g a in  

ana logue  v e r t i c a l  HGLP in s t ru m e n t  a t  CTA which have 

been processed us ing  the  D i r e c t  F i l t e r i n g  Method (DFM) 

( b la c k  do ts  w i t h  v e r t i c a l  e r r o r  bars)  a re  superimposed 

on the  M u l t i p l e  F i l t e r  Techn ique (MFT) l i n e a r  a m p l i tu d e  

m a t r i x  contoured  a t  an i n t e r v a l  o f  10 a m p l i tud e  u n i t s . 

Open c i r c l e s  show maxima in the  enve lope picked 

by the  MFT a n a l y s i s .  For both  methods a f i l t e r  parameter  

v a lu e  o f  bO was used.  A l l  a r r i v a l s  p icked by DFM a re  

shown in F ig u re  4 ,8 .
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after the beginning of the second synthetic (Figure 2.5(b)). Consequently 

filter ramping will be a problem for filters truncated at the 30 db level, 

as Dziewonski et_ aj_. (1969) recommended, for periods greater than 80 seconds 

for the synthetic in Figure 2.5(a) and at less than kO seconds for the 

synthetic in Figure 2.5(b). This effect becomes increasingly more acute 

at longer periods (see Table 2.1).

Filter ramping causes group arrival time estimates within a half 

filter width of the beginning or end of the filtered record to migrate 

away from the ends of the filtered trace. If we consider the effect of 

noJt_ including the contribution of one wing of a Gaussian filter for points 

beyond some fraction of the maximum amplitude of the envelope, we find that 

the output of the filter will be diminished by a factor corresponding to 

the ratio of the area enclosed by the neglected part of the envelope to 

the area enclosed by the complete envelope. These ratios have been 

listed in Table 2.2 as percentages of the total filter output. The 

effect of filter ramping may be a serious problem in the analysis of 

Goncz (197*0 who filtered 1024 second time series to periods as great as 

200 seconds (see Chapter 6 for a comparable eastern Australian study of 

group velocity dispersion.

The problem of filter ramping is avoided in the Direct Filtering 

Method because no arrivals which are ramped are considered in the analysis. 

A special version of the analysis program which did not exclude filter 

ramped arrivals was used to generate group velocities that are shown in 

Figure 2.5.

Figure 2.6 compares group velocity determinations for Rayleigh 

waves generated by the Picton earthquake of 9 March 1973 recorded at 

Charters Towers, Queensland (CTA) analyzed by the Direct Filtering Method 

(black dots with vertical error bars) with the contoured matrix of the 

Multiple Filter Technique. Only Direct Filtering Method determinations 

for the fundamental mode are shown. A complete dispersion analysis
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HALF-WIDTHS OF GAUSSIAN FILTERS ( IN  SECONDS) COMPUTED FOR A 

FILTER PARAMETER OF AO

P e r c e n t a g e  o f  Maximum A m p l i t u d e

25 12.5 3

68 95 150

8A 119 188

101 1 b 2 225

118 166 262

135 190 300

151 21A 337

168 238 375

202 285 AA9

235 332 52A

269 380 599

302 A27 679

336 ^75 7^9



TABLE 2 . 2  DECREMENT IN FILTERED AMPLITUDES CAUSED BY 

FILTER TRUNCATION

T r u n c a t i o n  A m p l i t u d e »  Decrement in  F i l t e r  O u tp u t

n 0 . 3 %

5% 2 . 0 %

}0% b . 3 %

15% 0 . 0 %

20% 1 2 . 02 ;

25% 2 0 . 1 %

*  P e r c e n t a g e  o f  maximum a m p l i t u d e



30

w i t h  h ig h e r  mode and l a t e r a l l y  r e f r a c t e d  a r r i v a l s  is  inc luded  in Chapter  6 

(F ig u re s  6 .7  and 6 . 8 ) ) .

Sec. 2 . 3 - 6  Amp l i tudes  and D e te r m in a t i o n  o f  Q ^

Ewing e t  a 1. (1957) and Brune (1962) have p o in ted  ou t  t h a t  the  

d i s p lac e m e n t  f o r  a g iven s u r f a c e  wave mode can be w r i t t e n  in the  fo rm

co
1 r  A(w) U)t

u ( X , t )  = —  /  ■ .........  e x p [ -  — ] cos (ü3t-kX-7r/^-mTr/2)dw (2 .6 )
2tt J / s i r»0 2Q.

o

and t h a t  the  a p p l i c a t i o n  o f  the  s t a t i o n a r y  phase a pp ro x im a t io n  g i v e s  r e s u l t s  

f o r  n o n - A i r y  phases

“Ko’V
W t r,

A 2 ( ^ o ) e x p [ -  ~ | q - 3

AinO ( x l "~y  [ )  
\  do) o /

- cos(w  t - k  X 
]/2  o o o -TrA-miT/2+TrA) (2.7)

2 2and f o r  p e r io d s  in the  v i c i n i t y  o f  A i r y  phases (when d w/dk  is

u (X , t  ) a o o

Ü) t

A3 ( 'V )e x p [ -  ^

/s  i nO ■/. d \
^— r r - r  cos (to t  - k  X -Tr/^-mTT/2) 3 , \ 1/3 o o o o

V

sma1 1)

. (2 . 8)

These two e q u a t io n s  imp ly  t h a t  a wave packe t  shou ld  decrease  in a m p l i t u d e  

a t  l e a s t  as f a s t  as X ^ ^  and u s u a l l y  as f a s t  as X ^ ^ . In S e c t io n  

3 .2 . 2  t h e  r e s u l t s  o f  an e x p e r i m e n t  a r e  p r e s e n t e d  w h i c h  was 

des igned t o  d e te rm ine  which o f  these  e x p re s s io n s  shou ld be used f o r  R a y le ig h  

waves in the  p e r iod  range 100 t o  275 seconds.  T h is  p e r io d  range r e p r e s e n t s  

a broad minimum in group v e l o c i t y  in wh ich  v a r i a t i o n s  as a f u n c t i o n  o f  

p e r io d  a re  s low. When a group v e l o c i t y  window was used (which spreads 

f a s t e r  than  e i t h e r  o f  the  above cases and hence in c lu d e s  s u ccess ive  

passages o f  a R ay le igh  wave t r a i n  f i l t e r e d  f o r  a p a r t i c u l a r  f re q u e n c y )  f o r  

c r o s s - c o r r e l a t i o n  w i t h  a s in e  o r  c o s in e  wave i t  was found t h a t  a decay in 

s i g n a l  a m p l i t u d e  s i m i l a r  t o  t h a t  f o r  nar row-band f i l t e r e d  phases o c c u r r e d .
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The m a jo r  reason f o r  t h i s  e f f e c t  appears to  be t h a t  in  choos ing  f i l t e r s  

as sharp as have been used in the  d e t e r m i n a t i o n  o f  group v e l o c i t i e s  in  

t h i s  t h e s i s ,  the  t im e  domain f i l t e r  i s  long enough t o  i n c lu d e  a l l  ene rgy  

in t h e  wave t r a i n  in the  pass-band o f  the  f i l t e r  even a t  passages as l a t e  

as R^ genera ted by the  s m a l le r  even ts  d iscussed  in Chapter  h and much 

l a t e r  a r r i v a l s  d iscussed  in Chapter 3- For these  reasons ,  maximum 

f i l t e r e d  a m p l i t u d e s  o f  success ive  passages o f  the same R a y le ig h  phase 

have been used w i t h o u t  a c o r r e c t i o n  f o r  s p re a d in g ,  and the  d e t e r m i n a t i o n  

o f  Q ^ f o r  each c i r c u i t  has been made us ing  a m p l i t u d e s  o f  enve lope  maxima 

o f  the  f i l t e r e d  seismogram in Equa t ion  2 . 1 .
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C H AP T E R  3

GREAT C I R C L E  R A Y L E I G H  WAVE A T T E N U A T I O N  AND GROUP V E L O C I T Y ,

O B S E R V A T I O N S  FOR P E R I O D S  BETWEEN 150 AND 600 SECONDS 

FOR 7 GREAT C I R C L E  PAT HS

Sec.  3 .1 INTRODUCTION

S in c e  Anderson and Archambeau (1964) and Anderson e t  a l  .

(1965)  p r e s e n t e d  a t h e o r y  f o r  t h e  i n v e r s i o n  o f  s u r f a c e  wave 

a t t e n u a t i o n  measu rem en ts ,  few  a d d i t i o n a l  measurements o f  a t t e n u a t i o n  o f  

m a n t l e  s u r f a c e  waves have been a t t e m p t e d  ( e . g .  Kanamori  1970a ) .  The 

im p o r t a n c e  o f  a t t e n u a t i o n  in  t he  upper  m a n t l e  was r e c e n t l y  d e m o n s t ra te d  by 

R a n d a l l  (1976)  who showed t h a t  J e f f r e y s  was c o r r e c t  in s u g g e s t i n g  t h a t  

d i s p e r s i o n  caused by t h e  e a r t h ' s  a n e l a s t i c i t y  wou ld  cause s h i f t s  in f r e e  

o s c i l l a t i o n  p e r i o d s  o f  as g r e a t  as 1 p e r c e n t .  R a n d a l l  showed a l s o  t h a t  t h e  

e f f e c t  was s i g n i f i c a n t  f o r  t h e  d i s s i p a t i o n  models  proposed  by F u t te rm an  

( 1 9 6 2 ) ,  J e f f r e y s  (1965)  and Jackson  (1971)  and was h i g h l y  dependen t  on t h e  

p a r t i c u l a r  Q model used .  L iu  et_ a_l_ (1976)  computed t h e  a b s o r p t i o n  and 

d i s p e r s i o n  u s i n g  t h e  c o n c e p t  o f  a r e l a x a t i o n  s p r e c tu m .  They showed t h a t  

a broad a b s o r p t i o n  band c o u ld  be o b t a i n e d  by t h e  s u p e r p o s i t i o n  o f  

a b s o r p t i o n  peaks o f  i n d i v i d u a l  r e l a x a t i o n  m e c h a n ic s .  H a r t  e t  a l .

(1977a ,  1977b) have shown t h a t  when t h e  e f f e c t  o f  Q. on t h e  p e r i o d s  o f  t h e  

f r e e  o s c i l l a t i o n s  i s  t a k e n  i n t o  a c c o u n t  in  t h e  i n v e r s i o n  o f  t h e s e  da ta  in  

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

s h e a r  v e l o c i t i e s  in t h e  upper  m a n t l e  r e l a t i v e  t o  t h e i r  s t a r t i n g  m ode l ,  C2. 

T h i s  dev e lop m e n t  le n d s  added i m p o r t a n c e  t o  t h e  d e t e r m i n a t i o n  o f  Q. f o r  t h e  

f u l l  range  o f  s u r f a c e  waves w h ic h  have t h e i r  maximum a m p l i t u d e s  in t h e  uppe r

m a n t 1e.
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In t h i s  c h a p t e r  measurements o f  g ro u p  v e l o c i t i e s  and a t t e n u a t i o n  

c o e f f i c i e n t s  a r e  p r e s e n t e d  w h ic h  a r e  a p p r o p r i a t e  f o r  d e t e r m i n i n g  Q. f o r  

R a y l e i g h  waves in  t h e  uppe r  m a n t l e .  By u s i n g  long  r e c o r d s  ( T a b le  3 - 0  

c o n t a i n i n g  many passages o f  t h e  same R a y l e i g h  p h a s e , t h e  p r e c i s i o n  o f  

a t t e n u a t i o n  e s t i m a t e s  i s  improved  a t  lo ng  p e r i o d s  and the  range o f  t h e s e  

measurements i s  e x tende d  t o  p e r i o d s  as g r e a t  as 500 seconds .  N in e  g r e a t  

c i r c l e  p a t h s  were s e l e c t e d  w h ic h  p r o v i d e  an even a z i m u t h a l  c o v e r a g e  o f  most

r e g i o n s  o f  t h e  e a r t h  ( F i g u r e  3 - 1 ) -  Of t h e s e  9 p a t h s ,  r e s u l t s  f o r  7 a r e  

p r e s e n t e d  in  t h i s  c h a p t e r .  The r e m a i n i n g  2 p a t h s ,  p r i m a r i l y  sample s t a b l e  

c o n t i n e n t s  and ocean b a s i n s  and w i l l  be i n c l u d e d  in an a n a l y s i s  o f  s e v e r a l  

s m a l l e r  m a g n i tu d e  K u r i l e  I s l a n d s  e a r t h q u a k e s  in C h a p t e r  4 .  The u l t i m a t e  

g oa l  o f  t h i s  p r o j e c t  i s  t o  d e t e r m i n e  a v e r a g e  and r e g i o n a l  e a r t h  models  f o r  Q..

The K u r i l e  I s l a n d s  e a r t h q u a k e  o f  13 O c to b e r  1963 (M =8. 3) was 

s e l e c t e d  f o r  t h i s  s t u d y  because i t  was one o f  t h e  l a r g e s t  e a r t h q u a k e s  

re c o r d e d  by t h e  Wor ld  Wide S ta n d a rd  Se ismograph  N e tw o rk  (WWSSN) in  t h e  

p e r i o d  o f  t i m e  d u r i n g  w h ic h  t h e  lo n g  p e r i o d  se is m o g ra p h s  were  o p e r a t e d  a t  

a f r e e  p e r i o d  o f  30 s econds .  O p e r a t i o n  o f  t h e s e  i n s t r u m e n t s  a t  t h i s  f r e e  

p e r i o d  p r o v i d e d  a s e n s i t i v i t y  t o  l ong  p e r i o d  waves w h ic h  i s  f o u r  t i m e s  

g r e a t e r  th a n  t h a t  a l l o w e d  by t h e i r  sub s e q u e n t  o p e r a t i o n  ( f r e e  p e r i o d s  o f  a l l  

WWSSN long  p e r i o d  se is m o g ra p h s  were a d j u s t e d  t o  15 seconds b e g i n n i n g  e a r l y  

in  1304) .  The m a jo r  d i s a d v a n t a g e  in  c h o o s in g  an e a r t h q u a k e  o f  l a r g e  

m a g n i tu d e  f o r  t h i s  s t u d y  i s  t h a t  in  most cases  th e  a m p l i t u d e s  o f  R a y l e i g h  

phases e a r l i e r  th a n  R^ a r e  t o o  l a r g e  f o r  r e c o r d i n g  on s t a n d a r d  WWSSN p h o t o 

g r a p h i c  r e c o r d e r s  o p e r a t e d  a t  m a g n i f i c a t i o n s  g r e a t e r  t han  750.  For  t h i s  

reason  t h i s  s t u d y  does n o t  e x te n d  t o  p e r i o d s  s h o r t e r  than  100 seconds s i n c e  

t h e  e n e rg y  a t  t h e s e  p e r i o d s  has been h i g h l y  a t t e n u a t e d  b e f o r e  R^ a r r i v e s .  In 

C h a p t e r  4 ,  a s e p a r a t e  s t u d y  o f  s e v e r a l  K u r i l e  I s l a n d s  e a r t h q u a k e s  o f  

m a g n i tu d e s  6 t o  7 ,  measurements o f  a t t e n u a t i o n  and d i s p e r s i o n  w i l l  be 

p r e s e n t e d  f o r  a l l  9 p a th s  shown in  F i g u r e  3*1 f o r  p e r i o d s  between 50 and 200

s e c o n d s .



F ig u re  3.1 GREAT CIRCLE PATHS -

Equal area p r o j e c t i o n s  o f  two hemispheres o f  the  e a r t h  

are  shown w i t h  the  K u r i l e  I s la nd s  ea r thquake  (M^ = 8.3) 

o f  13 October 1963 lo ca te d  a t  one p o le .  Azimuth windows 

f o r  9 g r e a t  c i r c l e  paths are  numbered in both hemispheres.  

Az imuth windows not  used in t h i s  s tudy  a re  dashed.  

C o a s t l i n e s  and c o n t i n e n t a l  marg ins are  shown f o r  a l l  

c o n t i n e n t s .  S ta t i o n s  re c o rd in g  th e  13 October  1963 

even t  o f  0 3 :17 :52  GMT which  were used in t h i s  s tudy  a re

shown as boxes.
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A focal mechanism for the 13 October 1963 Kurile Islands 

earthquake has been presented by Stauder and Bollinger (1966). Kanamori 

(1970b) has refined the Stauder and Bollinger solution by modelling long 

period Rayleigh waves. Both solutions indicate that the sense of motion 

at the source is dip-slip. These solutions are important since the 

amplitudes of Rayleigh waves are affected by source orientation (see 

Ben-Menahem 1951).
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Sec. 3.2 DATA AND PROCESSING METHODS

WWSSN long-period vertical seismograms from each station listed 

in Table 3-1 were digitized using a DMAC digitizer at the Commonwealth 

Scientific and Industrial Research Organization, Division of Computing 

Research, Canberra. These digitized seismograms were interpolated to a 

constant sample interval of 1 sample per second, low-pass filtered, 

decimated to one sample per 4 seconds and processed to remove the linear 

trend.

Sec. 3-2.1 Measurement of Group Velocity

Group velocities were determined using the Direct Filtering Method 

(DFM) as described in Chapter 2. Values of the Gaussian filter parameter 

a (equations 2.2 and 2.3) of 160 or greater were required to ensure an 

adequately narrow bandpass for accurate group velocity determinations at 

periods greater than 300 seconds (Figure 2.1 in Chapter 2). Values of a 

smaller than 160 gave filters sufficiently broad for envelope maxima of the 

filtered seismograms to occur sometimes at frequencies substantially 

different from the centre angular frequencies, U)̂ , of the filters. Group 

travel times were calculated as the difference between USCGS origin time and 

group arrival time corrected for instrumental group delay by Hagiwara's (1958) 

formulae, assuming theoretical values for WWSSN seismograph constants. Group 

velocities of individual Rayleigh phases were calculated as the total path 

length, corrected for ellipticity, divided by the group travel time. This 

method oF determining group velocities gives independent and more precise 

estimates than the differential measurement of arrival times of successive odd 

or even Rayleigh wave trains, since uncertainties in arrival times are a much 

smaller fraction of total time. In the DFM method, the only large uncertainty 

arises from the group arrival time estimate, whereas in the differential 

arrival time method there are uncertainties associated with both group arrival
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time estimates. Group velocity error estimates by the method of differences 

in arrival times are also larger because the path length is one earth 

circumference, as compared with at least one and a half earth circumferences 

by the direct method.

the first column of graphs in Figures 3-2 to 3-5 the centerpoint of each x 

indicates the mean of all estimates for each period; vertical error bars 

indicate the standard deviation of all estimates for that period. It is not 

strictly accurate to use the estimates for R^ group velocity and the later 

passages as estimates of the great circle group velocity, but it can be 

shown that the errors are small (in general considerably smaller than the 

errors in determination of the corresponding group arrival times on the 

filtered records). Since the error changes sign with successive Rayleigh 

phases, the error in the mean of determinations for several successive 

passages is even smaller.

group velocities by no more than 0.15 km/s. At the worst, for BUL at an

Great circle group velocities were calculated by averaging all

To first order the measured group velocity of the phase R. deviates

from the great circle group velocity by

,for even i

ÛR. “ UCG* (3.1)

,for odd i

where £ is the R path length divided by the circumference of the great

circle path and 6 U is the difference between R. and great circle group

velocities. At 150 seconds R group velocities differ from great circle



F i g u r e  3 - 2 GROUP VELOCITY AND ATTENUATION COEFFICIENTS FOR STATIONS

CTA AND SBA ~

Means and s t a n d a r d  d e v i a t i o n s  o f  a l l  g ro u p  v e l o c i t y  

e s t i m a t e s  a t  each p e r i o d  a r e  shown as x ' s  and e r r o r  ba rs  

in t h e  f i r s t  column o f  g r a p h s .  A t t e n u a t i o n  c o e f f i c i e n t s  

(GAMMA) a r e  c a l c u l a t e d  f r o m  t h e  s l o p e  o f  t h e  l e a s t  

s qua res  s t r a i g h t  l i n e  f i t t i n g  t h e  l o g a r i t h m  o f  t h e  

s p e c t r a l  a m p l i t u d e  o f  t h e  s u c c e s s i v e  odd o r  even R a y l e i g h  

phases as a f u n c t i o n  o f  e p i c e n t r a l  d i s t a n c e .  S p e c t r a l  

a m p l i t u d e s  e s t i m a t e d  f r o m  e n v e lo p e  maxima o f  R a y l e i g h  

phases in  each f i l t e r e d  se ismogram a r e  used in  c a l c u l a t i o n  

o f  a t t e n u a t i o n  c o e f f i c i e n t s  shown in  t h e  second co lumn o f  

g r a p h s ,  w h i l e  m o noc h rom a t i c  e s t i m a t e s  o f  s p e c t r a l  a m p l i t u d e  

f o r  a g roup  v e l o c i t y  window a r e  shown in t h e  t h i r d  co lum n 

o f  g r a p h s .  Note t h a t  t h e  s c a l e s  f o r  t h e  p l o t s  a r e  n o t  a l l

t h e  same.
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F i g u r e  3 - 3  GROUP VELOCITY AND ATTENUATION COEFFICIENTS FOR STATIONS

TOL AND HNR -

See c a p t i o n  f o r  F i g u r e  3 - 2 .
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F ig u r e  3 -^  GROUP VELOCITY AND ATTENUATION COEFFICIENTS FOR STATIONS 

BUL, DUG AND ADE -  

See c a p t i o n  f o r  F i g u r e  3 - 2 .
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F ig u re  3-5 GROUP VELOCITY AND ATTENUATION COEFFICIENTS FOR STATIONS 

A F I , 1ST AND AQU -  

See c a p t i o n  f o r  F ig u re  3 .2 .
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150 seconds at least k Rayleigh phases were used in calculating average 

group velocities. Differences between R] and great circle group 

velocities are much smaller at longer periods and as more arrivals later 

than R̂  are averaged, this difference decreases further. Averaging of 

equal numbers of group velocities for successive Rayleigh phases also 

averages out the effect of a propagating source.

Clearly, the method of averaging described above cannot be used 

to determine great circle group velocities from measurements for paths such 

as R| and R£ (as shown in Chapter 4). Instead, the group travel times of 

Rj and R£ must be added to give one estimate of the great circle group 

velocity while others can be obtained by taking the difference of the group 

travel times for R̂  and Rj and the sum of travel times for R£ and R^.

As an added check, auto-correlograms of seismograms for stations 

AFI and 1ST were summed and group velocities determined from single and 

double passage arrivals were found to agree well with group velocities 

determined as described above and averaged for the two stations (Figure 3-^). 

The group velocity and attenuation coefficient measurements averaged for 

overlapping 20 second windows for station 1ST are shown in Figure 3-7.

Only half of the points in each graph are independent.

Sec. 3-2.2 Measurement of Relative Spectral Amplitudes and Attenuation 

Coefficients

Attenuation measurements have appeared in many different forms in 

recent articles. In Figure 3-8 attenuation measurements for station AQU 

are presented in three different formats -

(a) Q as a function of period (T),

(b) attenuation coefficient (y) as a function of period (T), and

(c) attenuation coefficient (y) as a function of angular frequency (w).



F i g u r e  3 . 6  GROUP V E L O C I T I E S  COMP UT ED FROM T H E  SUM OF  A UT OC OR R EL OG R A MS  F OR

STATIONS A F I  AND 1ST.

R e s u l t s  d e r iv e d  by t h i s  method a r e  comparable  t o  averaged  

group v e l o c i t i e s  f o r  on l y  s t a t i o n  1ST as  shown in F i gu r e  3*8.
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Figure 3-7 AVERAGED GROUP VELOCITY AND ATTENUATION COEFFICIENTS FOR

STATION 1ST -

Group v e l o c i t i e s  and a t te n u a t io n  c o e f f i c i e n t s  f o r  

s t a t i o n  1ST appear ing in Figure 3.5 have been averaged 

over  20 second windows centered a t  10 second i n t e r v a l s .  

Not a l l  po in ts  are independent.
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Figure 3-3 ATTENUATION COEFFICIENTS AND Q's ARE DISPLAYED IN THREE ------------------  K

DIFFERENT FORMATS -

(a) Q ' s  are d isp layed  as a fu n c t io n  o f  pe r iod ,

(b) A t tenua t io n  c o e f f i c i e n t s  are d isp layed as a 

f u n c t io n  o f  per iod ,

(c) A t tenua t ion  c o e f f i c i e n t s  are d isp layed as a 

fu n c t io n  o f  angula r  f requency.
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In t h e  f i r s t  g r a p h ,  F i g u r e  3 . 8 ( a ) ,  t h e  e s t i m a t e s  o f  QR a r e  s c a t t e r e d  because

sm a l l  changes in  t h e  a m p l i t u d e  r a t i o  (Ar / A  ) appea r  as l a r g e  changes in
i i+2

Q s i n c e  
R

TT

ÜTy ( 3 . 2 )

t h e  a t t e n u a t i o n  c o e f f i c i e n t  ( y )  b e in g  d e f i n e d  as

Y ( 3 . 3 )

where c i s  t h e  c i r c u m f e r e n c e  o f  t h e  e a r t h  and U t h e  g r o u p  v e l o c i t y  a t  

p e r i o d  T.  Q a l s o  i n c l u d e s  t h e  u n c e r t a i n t i e s  in  t h e  g r o u p  v e l o c i t y  as w e l l  

as t h o s e  a s s o c i a t e d  w i t h  t h e  a m p l i t u d e  r a t i o .  S in c e  e r r o r s  in  a m p l i t u d e  

due t o  i n t e r f e r e n c e  between m u l t i p a t h  a r r i v a l s  can be l a r g e  th e  a t t e n u a t i o n

c o e f f i c i e n t  (y)  w i l l  be d i s p l a y e d  and used f o r  a v e r a g i n g  r a t h e r  th an  Q .
R

F i g u r e  3-8 (b)  and 3 . 8 ( c )  show t h e  AQU a t t e n u a t i o n  d a ta  as y ( T )  and y (w )  

r e s p e c t i v e l y .  S in c e  t h e  measurements were made a t  a c o n s t a n t  i n t e r v a l  in  

p e r i o d ,  y ( T )  r a t h e r  th a n  y(u)) has been d i s p l a y e d  in  t h e  r e m a i n i n g  f i g u r e s .

In F i g u r e s  3 -2  t o  3 -5  measurements o f  t h e  a t t e n u a t i o n  c o e f f i c i e n t  

(y  o r  GAMMA) w h ic h  have been c a l c u l a t e d  f r o m  s p e c t r a l  a m p l i t u d e  e s t i m a t e s  by 

two d i f f e r e n t  methods a r e  p r e s e n t e d .  In t h e  f i r s t  m e thod ,  maximum a m p l i t u d e s  

o f  g r o u p  a r r i v a l s  in  each f i l t e r e d  se ismogram were used as smoothed s p e c t r a l  

a m p l i t u d e s .  In t h e  second m e th od ,  v a l u e s  o f  t h e  sum o f  t h e  p r o d u c t s  o f  a 

p u re  s i n e  wave w i t h  segments o f  each se ismogram w i t h i n  a g r o u p  v e l o c i t y  

w indow were used as a m o n o c h ro m a t i c  e s t i m a t o r  o f  s p e c t r a l  a m p l i t u d e s  o f  t h e  

s u c c e s s i v e  R a y l e i g h  phases in each se ismogram . The g r o u p  v e l o c i t y  w indow
_ i  j  _ i j

s p reads  f a s t e r  than  r  3 o r  r  2, t h e  t h e o r e t i c a l l y  p r e d i c t e d  r a t e s  o f  

s p r e a d i n g  f o r  A i r y  and n o n - A i r y  phases ,  so t h a t  i f  t h e  f i r s t  R a y l e i g h  phase 

i s  e n t i r e l y  w i t h i n  t h e  g r o u p  v e l o c i t y  w indow a l l  l a t e r  R a y l e i g h  a r r i v a l s  

s h o u ld  be a l s o .  Nar row  and w id e  g r o u p  v e l o c i t y  w indows  were  t r i e d  f o r  each 

se ismogram . W id th s  o f  each n a r r o w  window were chosen t o  i n c l u d e  g ro u p
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velocities up to 0.1 km/sec faster and slower than the measured group 

velocity. Each wide group velocity window was twice the width of the 

corresponding narrow window. In most cases the narrow group velocity 

window was slightly too narrow to include all energy in the earliest 

Rayleigh phase in each seismogram.

In both of these methods, the attenuation coefficient is calculated 

from the slope of the logarithm of successive spectral smplitude estimates 

as a function of epicentral distance. This method provides two independent 

estimates for the attenuation coefficient at each frequency since even and 

odd indexed Rayleigh arrivals are treated separately. The estimates of the 

attenuation coefficient produced in this manner are more immune to noise 

contamination than those calculated from the ratio of the amplitudes in 

successive even or odd Rayleigh trains.

Estimates of the attenuation coefficient using the filtered ampli

tudes appear in the second column of graphs in Figures 3-2 to 3-5. Estimates 

from the second method appear in the third column of the same figures. For

each station used by Kanamori, attenuation coefficients calculated from 0 1sK
and group velocities (Kanamori 1970a, Tables 5a and 7a) are shown as solid 

dots. Open circles with crosses appear for values of attenuation 

coefficients calculated from Kanamori's Q for which no corresponding group 

velocity appears in his Table 5a. Good agreement is found between values of 

attenuation coefficients produced by both methods and with those calculated 

from Kanamori's (1970a) Q's where available.



49

Sec. 3-3. DISCUSSION

The measurements of group velocity and attenuation coefficients 

for 10 stations on 7 great circle paths are in good agreement with similar 

measurements by Kanamori (1970a), but provide new information (l) over a 

substantially increased period range and (2) with 3 more great circle paths.

These measurements can be used to describe the average elastic and 

anelastic properties of the earth. In Figure 3*9, attenuation coefficients 

and group velocities for all stations have been averaged over 20 second 

overlapping windows. Averages of attenuation coefficients and group 

velocities by paths are given in Table 3-2. A comparison of global mean 

group velocities is also made with group velocities determined by the Residual 

Dispersion Measurement technique of Dziewonski et a 1. (1972, Table 1) 

and with group velocities derived by differentiation of the Gilbert and 

Dziewonski fundamental spheroidal mode data (1975, Table 4). It is note

worthy that all three data sets shown in Figure 3*9 tend to show changes 

in slope at periods of 420 seconds. These are also prominent in the difference 

between observed and computed spheroidal oscillation periods (residuals) 

for models IO66A and IO66B (Gilbert and Dziewonski 1975) and C2 (Anderson 

and Hart 1976). The roughness and larger error bars for our data between 

310 and 370 seconds also appear as a break in slope in spheroidal 

oscillation period residuals near QS20 for the above mentioned models.

It is probable that these changes are too abrupt to be represented by any 

physically plausible model. It is, however, possible that these effects 

are the result of interference between adjacent modes. The roughness of 

the derivatives of the free oscillation periods for periods of less than 

250 seconds leads to poor estimates of group velocity from these data.

For this reason, accurate surface wave dispersion measurements at periods 

shorter than 250 seconds can contribute substantially to the data required 

for accurate earth modelling, especially in the upper mantle. The global



TABLE 3 .2

G lo b a l  a v e r a g e  a t t e n u a t i o n  c o e f f i c i e n t s  and g r o u p  v e l o c i t i e s .

T T T., At  t e n u a t i o n
Lower Upper C o e f f i c i e n t  

(Km 1 )

110. 100. 120. 4 . 1 884E-05
120. 110. 130. 4 .2 4 6 0 E -0 5
130. 120. 140. 4 .2550 E -05
140. 130 . 150. 4 . 1408e -05
150. 140. 160. 3 .9269 E -05
160. 150. 170. 3 .3152E-05
170. 160. 180. 3 .2653 E -05
180. 170. 190. 3 . 2 3 1 2E-05
190. 180. 200. 2 . 9 1 1 1 E-05
200. 190. 210. 2 .9 9 8 2 E -0 5
210. 200. 220. 2 .5 1 0 9 E -0 5
220. 210. 2 3 0 . 2 .4 0 1 4 E -0 5
230. 220. 240. 2 .2 4 2 5 E -0 5
240. 230. 2 5 0 . 2 . 1659E-05
2 5 0 . 240. 260. 1 .8847E-05
260. 250. 2 7 0 . 1 . 8 1 73E-05
2 7 0 . 260. 280. 1 .4244E-05
280. 270. 290. 1 .5902E-05
290. 280. 300. 1 .5042E-05
300. 290. 310. 1 . 4 5 7 1 E-05
3 1 0 . 3 0 0 . 3 2 0 . 1 . 3 3 8 1 E-05
3 2 0 . 3 1 0 . 330. 1 .3033E-05
330. 3 2 0 . 340. 1 . 2 0 7 1 E-05
340. 330. 350. 1 .2692E-05
350. 340. 360. 1 . 1 5 1 3E-05
360. 350. 370. 9 .8 8 0 8 E -0 6
370. 360. 380. 1 .1 370E-05
380. 370. 390. 8 . 9 0 2 8 E -0 6
390. 380. 400. 1 .0260E-05
400. 390. 410. 8 .9 4 4 8 E - 0 6
410. 400. 420. 9 .2 8 2 7 E -0 6
420. 410. 430. 8 . 4 5 0 4 E -0 6
430. 420. 440. 7 .9 2 8 9 E - 0 6
440. 430. 450. 6 . 9 4 3 2 E -0 6
450. 440. 460. 6 .8 7 0 4 E -0 6
460. 450. 470.
470. 460. 480.
480. 470. 490.
490. 480. 5 0 0 .
500. 490. 510.
5 1 0 . 500. 5 2 0 .
5 2 0 . 510. 530.
530. 520. 540.
540. 530. 550.
550. 540. 560.
560. 550. 570.
570. 560. 580.
580. 570. 590.
590. 5 8 0 . 600.
600. 590. 610.

S tanda rd Group S tanda rd
D e v i a t i o n V e l o c i t y D e v i a t  ion

(Km/s)

3 . 5 2 1 5E-06 3 .8066 2 . 5 6 0 6 E - 0 2
5 .7 9 0 4 E -0 6 3 .7 4 4 8 2 . 1 600E-02
5 .0 0 4 8 E -0 6 3 .7064 1 .3512E-02
2 .1 2 1 4  E-06 3 .6897 1 .4601E-02
2 .5 6 9 5 E -0 6 3 .6 8 0 2 1 .4778E-02
3 . 3 5 3 1 E-05 3 .6294 1 . 7002E-02
2 . 1226E-06 3 .5 7 8 8 2 .1 9 7 0 E - 0 2
1 .1950E-06 3 -5184 1 . 6999E-02
9 .3976 E -07 3 .5 8 9 5 9 . 1 6 3 9 E -0 3
2 . 7 3 6 8 E -0 6 3-5852 1 .6656E-02
9 .5156 E -07 3 .5 6 5 9 9 .7 7 6 5 E -0 3
3 .3758 E -06 3 . 5 7 8 8 8 . 0 2 5 7 E - 0 3
1 . 0364E-06 3 .5 6 6 5 5 .9 2 1 5 E -0 3
1 . 5234E-07 3-5649 6 . 0 7 0 6 E -0 3
7 .9338E-07 3 .5 7 2 4 6 .3 7 0 4 E - 0 3
2 .1 1 7  9 E-06 3.5871 2 . 0 1 00E-02
2 . 1 383E-O6 3 .6 1 6 2 1 .2972E-02
2 .4 2 9 7 E -0 6 3 .6 5 2 8 1 .1491E-02
1 . 016 7 E-06 3 .6 8 6 3 1 .1765E-02
1 .2497E-06 3.7301 1 . 8 6 1 0E-02
6 .4693 E -07 3 .7 6 9 6 1 .4659E-02
4 .4 5 6 5 E -0 7 3 .8 3 2 9 1 .1498E-02
5 . 1 7 4 1 E-07 3 .8 7 8 7 2 .3 2 3 0 E - 0 2
7 .6455 E -07 3 .9 4 5 9 3 .2 7 1 8 E -0 2
9 .9 965 E-07 3.9041 4 .0 3 4 8 E - 0 2
2 .6912 E -07 4.0471 7 . 3599E-02
1 . 3666E-O6 4 .1 3 0 7 4 . 7 4 7 1 E-02
1 .3201E-06 4 .2 5 7 6 2 . 0 3 7 9 E - 0 2
1 .2632E-06 4 .2 9 8 3 2 . 9 0 6 8 E - 0 2
1 .1425  E-06 4 . 3 9 6 6 3 . 1884E-02
1 . 3 0 6 1 E-06 4 .4 1 4 7 2 .5 0 8 0 E - 0 2
1 . 1 9 1 5E-06 4 .4 4 5 8 2 . 8085E-02
1 . 3 6 1 6E-06 4 . 5 3 1 2 3 . 9 6 0 9 E -0 2
8 . 6 1 99E-07 4 .5 5 9 4 1 .8826E-02
2 .4 2 4 6 E -0 6 4 .6 0 2 2 3 . 4420E-02

4 .6 9 0 0 5 . 5 2 4 7 E - 0 2
4 .8 0 0 3 9 .0 4 0 7 E - 0 2
4 .7 6 8 8 3 • 5355E-02
4.8721 2 . 4 1 0 4 E - 0 2
4 .9 4 9 0 2 . 7 8 4 4 E . 0 2
4 . 9 7 6 6 5-4174  E-02
5 .0 6 1 9 2 . 3595E-02
5 . 0 7 1 5 1 .7015E-02
5 .2073 4 . 8 2 9 1 E-02
5 .3 0 3 8 8 . 1 190E-02
5 .5 2 2 3 3 . 5 2 9 1 E - 0 2
5 .5774 4 . 8023E-02
5 .5 9 2 3 1 .7515 E-02
5 .6 2 5 9 4 - 1 1 8 1 E-02
5 .7 2 9 5 5 .2 3 4 5 E - 0 2



F ig u re  3-9  GLOBAL AVERAGE GREAT CIRCLE GROUP VELOCITIES AND 

ATTENUATION COEFFICIENTS -

Global  mean group v e l o c i t i e s  c a l c u l a t e d  f rom mean group 

v e l o c i t i e s  f o r  each s t a t i o n  averaged over 20 second 

o v e r l a p p i n g  windows and we ighted  i n v e r s e l y  

p r o p o r t i o n a l  t o  the v a r ia n c e  o f  each s t a t i o n ' s  average 

group v e l o c i t y  a re  shown in the  f i r s t  g raph .  In the  

second g raph ,  g lo b a l  means (connected by s t r a i g h t  l i n e s )  

a re  compared w i t h  group v e l o c i t i e s  o f  Dz iewonsk i ,  M i l l s ,  

and Bloch (1972) (do ts )  and w i t h  group v e l o c i t i e s  d e r i v e d  

f rom d i f f e r e n t i a t i o n  o f  s p h e ro id a l  o s c i l l a t i o n  p e r io d s  

o f  G i l b e r t  and Dziewonski  (1975) ( x ' s ) .  E r r o r  bars 

f o r  g lo b a l  means a re  shown a t  20 -  30 second i n t e r v a l s .  

Global  average  a t t e n u a t i o n  c o e f f i c i e n t s  shown in the  t h i r d  

graph were c a l c u l a t e d  as the  20 second window averages o f  

the  a t t e n u a t i o n  c o e f f i c i e n t s  f o r  a l l  s t a t i o n s  es t im a ted  

f rom a m p l i t u d e s  o f  f i l t e r e d  seismograms.
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average  a t t e n u a t i o n  c o e f f i c i e n t s  p resen ted  in F igu re  3 - 9 , when combined 

w i t h  o u t  g lo b a l  average group v e l o c i t i e s  i n d i c a t e  t h a t  Q. f o r  Ray le ig h  

waves (Q ) i s  a p p r o x im a te l y  145 f o r  p e r io d s  o f  140 to  220 seconds and 

in c re ase s  a t  lo nge r  p e r io d s  to  about  200 a t  400 seconds. These a re  

comparab le  w i t h  t h e  lowes t  Q's rep resen ted  in Anderson and Archambeau (1954) 

F ig u r e  2 f o r  R a y le ig h  waves and s p h e ro id a l  o s c i l l a t i o n s .

The group v e l o c i t y  da ta  p resen ted  in t h i s  c h a p te r  do p ro v id e  a 

s u b s t a n t i a l  improvement in  the  150 to  250 second p e r io d  range.  D e v ia t i o n s  

o f  i n d i v i d u a l  path  means f rom the  g lo b a l  mean group  v e l o c i t i e s  in 20 second 

a v e ra g in g  windows ce n t re d  a t  290,  250, 210,  180 and 150 seconds a re  less Than 

0 .0 3 4 ,  0 .0 2 8 ,  0 .0 2 4 ,  0 .0 4 8 ,  and 0.071 k m / s , r e s p e c t i v e l y .  A t  p e r iod s  s h o r t e r  

than  l 80 seconds,  s c a t t e r  in averaged va lu es  o f  group v e l o c i t y  in c reases  

t o  a lm o s t  0 .2  km/s a t  100 seconds.  Measurements o f  the  a t t e n u a t i o n  

c o e f f i c i e n t s  a re  a l s o  o f  much lower  p r e c i s i o n  a t  p e r io d s  s h o r t e r  than 150 

seconds.  The a n a l y s i s  o f  reco rds  o f  the  s m a l le r  magni tude K u r i l e  I s lands  

ea r thquakes  f o r  the  same g re a t  c i r c l e  pa ths  used in  t h i s  s tudy  a re  p resen ted 

in Chapter  4.  T h i s  a n a l y s i s  y i e l d s  r e l i a b l e  g r e a t  c i r c l e  group  v e l o c i t i e s  

and a t t e n u a t i o n  c o e f f i c i e n t s  f o r  p e r io d s  as s h o r t  as 50 seconds and 

p r o v id e s  a d d i t i o n a l  da ta  to improve both  the  g roup  v e l o c i t y  and a t t e n u a t i o n  

e s t i m a te s  in the  p e r io d  range f rom 100 to  150 seconds.
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GREAT CIRCLE RAYLEIGH WAVE GROUP VELOCITY AND ATTENUATION COEFFICIENTS 

OBSERVATIONS FOR PERIODS BETWEEN 50 AND 200 SECONDS 

FOR 9 GREAT CIRCLE PATHS

Sec. INTRODUCTION

Measurements o f  the  group o r  phase v e l o c i t i e s  and a t t e n u a t i o n  o f  

s u r fa c e  waves f a l l  i n t o  two c la s s e s :

1. Regiona l  s t u d ie s  (e .g .  Solomon 1971, Hamada 1972, Madar iaga and Aki  

1972, M i t c h e l l  1975, M i t c h e l l  e t  a l  . 1975) which a re  u s u a l l y  r e s t r i c t e d  to  

p e r io d s  less  than 160 seconds,

and

2. S tud ie s  o f  g re a t  c i r c l e  average v e l o c i t i e s  o f  a t t e n u a t i o n  c o e f f i c i e n t s  

(e .g .  Kanamori 1970a, Dziewonski  1971a, J o b e r t  and R ou l t  1975).

S tud ie s  o f  the  second type  a re  no t  as a r u l e  c a r r i e d  to  p e r io d s  o f  le s s  than 

loO seconds because i n s t r u m e n t a t i o n  in use today  in the  s tandard  seismograph 

ne tworks  WV/SSN, HGLP, and SRO (Se ism ic  Research O bse rva to ry )  do no t  a d e q u a te l y  

record  ground mot ion  o f  the  f i r s t  few passages o f  s u r f a c e  wave t r a i n s  f rom 

ear thquakes  l a r g e r  than magni tude 7• Few o f  these  s t u d i e s ,  i f  any ,  c o n t a i n  

i n f o r m a t i o n  about  the  same g re a t  c i r c l e  pa ths .

In Chapter  3 measurements o f  g r e a t  c i r c l e  R ay le igh  wave group 

v e l o c i t y  and a t t e n u a t i o n  were p resen ted  f o r  7 g r e a t  c i r c l e  pa ths  f o r  p e r io d s  

f rom 150 t o  600 seconds. In t h i s  c h a p t e r ,  the  range o f  such measurements 

is  extended t o  p e r io d s  as s h o r t  as 50 seconds.  F u r t h e r  measurements a re  

a l s o  g iven  f o r  p e r io d s  between 150 and 250 seconds complement ing the  

d e t e r m i n a t i o n s  o f  group v e l o c i t i e s  and a t t e n u a t i o n  c o e f f i c i e n t s  d iscussed  in 

Chapter  3* Measurements f o r  two a d d i t i o n a l  paths (2 and 9 in F ig u re  A.1)  

are  a l s o  p re sen ted .  Global  average group v e l o c i t i e s  and a t t e n u a t i o n  

c o e f f i c i e n t s  are  c a l c u l a t e d  f o r  the  combined data  se ts  in  the  p e r iod

range 50 t o  600 seconds.  Phase v e l o c i t i e s  and e q u i v a l e n t  s p h e ro id a l
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o s c i l l a t i o n  p e r i o d s  were de t ermined  fo r  p e r i o d s  between 50 and 330 seconds 

by i n t e g r a t i n g  group v e l o c i t i e s .  Comparisons of  group and phase v e l o c i t i e s  

and e q u i v a l e n t  s ph e r o i d a l  o s c i l l a t i o n  p e r i o d s  de t e rmined  in t h i s  s tudy 

wi th  o t h e r  s i m i l a r  o b s e r v a t i o n s  and v a l u e s  c a l c u l a t e d  from s ev e r a l  r ec e n t  

e a r t h  models show t h a t  shea r  v e l o c i t i e s  in t he  upper  man t l e s  o f  t h e se  

models a r e  t oo  high t o  f i t  g loba l  ave rage  da t a  in t he  80 to  200 second 

p e r i od  range.
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Sec. 4.2 DATA AND PROCESSING TECHNIQUES

Kurile Islands earthquakes (Table 4.1) with surface wave 

magnitudes (M̂ ) 6.6 to 7.1 were selected for this part of the study.

These events were recorded either by WWSSN stations prior to 1 January 

1964 or by the High-Gain Long-Period (HGLP) seismograph network stations 

(Figure 4.1 and Table 4.1). Long period seismometers at all of these 

stations were operated with natural periods of 30 seconds for each of 

these events. Close proximity of the epicenters of these events to the 

13 October 1963 epicenter discussed in Chapter 3 ensures that the paths 

used in the following analysis do not deviate significantly from those 

used in Chapter 3 (Figure 4.1). The focal mechanism solution for the

12 October 1963 earthquake, determined from P-wave first motions and 

S-wave polarizations by Stauder and Bollinger (1966) indicates predom

inately dip-slip motion. P-wave first motions for the 10 and 13 June 

1975 earthquakes, plotted from data given in the United States Geological 

Survey (USGS) Earthquake Data Report, also yielded predominantly dip-slip 

solutions, which are substantially in agreement with mechanisms 

determined by Stauder and Mauchlin (1975) for earthquakes in the same 

epicentral region (Stauder and Mauchlin, 1975, No. 54 and 55 in Table 2 

and Appendix).

Vertical seismograms for the 12 October 1963 event were obtained 

on 70 mm film chips, printed at full size and digitized using a DMAC 

digitizer at the Commonwealth Scientific and Industrial Research 

Organization, Division of Land Use Research, Canberra. These digitized 

seismograms were interpolated to a constant sample interval of 1 sample 

per second, low-pass filtered and processed to remove linear trend. 

Vertical seismograms for the 10 and 13 June 1975 events were, obtained 

in digital form and only required demultiplexing and linear trend removal.



F i g u r e  k . ]  GREAT CIRCLE PATHS -

Equal area p r o j e c t i o n s  o f  two hemispheres o f  the  e a r t h  are 

shown w i t h  the  K u r i l e  I s la nd s  ea r thquakes  o f  12 October  

1963 (square)  and 10 and 13 June 1975 ( t r i a n g l e )  lo ca ted  

a t  one p o le .  S t a t i o n s  used in t h i s  s tudy  r e c o rd in g  each 

even t  a re  a l s o  shown w i t h  t r i a n g l e s  f o r  HGLP s t a t i o n s  

and squares f o r  WWSSN s t a t i o n s .  Az imuth  windows f o r  9 

g r e a t  c i r c l e  pa ths a re  numbered in both  hemispheres.  Coast 

l i n e s  and c o n t i n e n t a l  marg ins a re  shown f o r  a l l  c o n t i n e n t s .
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Sec. 4.2.1 Measurement of Group Velocity

Group velocities were determined by the Direct Filtering Method 

(described in Chapter 2) for each Rayleigh phase in each seismogram for 

as broad a range of periods as possible. For periods shorter than 80 seconds 

a value of 40 for the filter parameter a, was found to produce a 

sufficiently sharp filter, while for longer periods, a value of 80 for a 

was more suitable. No determinations were attempted for periods shorter 

than 40 seconds since problems of multipathing caused by mid-ocean ridges 

are acute at shorter periods (Capon 1970) and since amplitude data does 

not extend to periods shorter than 50 seconds. Figures 4.2 (a) and 4.2(b) 

show Rj , R^ and R^ group velocities and amplitudes for station ADE (Adelaide, 

South Australia) for the 12 October 1983 earthquake. Each measurement of 

group velocity in Figure 4.2(a) has two sets of error bars. The smaller 

errors are based on the accuracy of the best fitting parabola used for 

estimating the travel time of a group arrival. The larger set indicates 

the uncertainity in group velocity based on the ha 1f-amplitude width of 

the group arrival peak. Of these two estimates of the standard errors, the 

narrower set of error bars probably gives too optimistic an estimate of 

uncertainity in group velocity while the wider set underestimates the 

accuracy of these determinations. Estimates of group velocities for all 

other seismograms are shown in Figures 4.2(e) to 4.2(k).

Sec. 4.2.2 Calculation of Great Circle Group Velocities and their Variances

Great circle group velocities can be calculated in terms of 

combinations of group velocities for individual Rayleigh phases since some 

multiple of a great circle travel time can be formed from the sum or 

difference of travel times for any two Rayleigh phases observed at a 

single station. For R̂  and R^ this relationship can be written



F i g u r e  4 . 2 GROUP VELOCITIES, AMPLITUDES AND ATTENUATION COEFFICIENTS 

FOR STATIONS

(a)  Group v e l o c i t i e s  o f  R a y l e i g h  waves re c o rd e d  a t

A d e l a i d e ,  South A u s t r a l i a  (ADE) a r e  shown f o r  phases R̂  

( c i r c l e s ) ,  R^ ( X ' s )  and R^ ( d ia m o n d s ) .  E r r o r  ba rs  f o r  

each o b s e r v a t i o n  i n d i c a t e  1 s t a n d a r d  d e v i a t i o n  as

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

t o  each f i l t e r e d  g r o u p  a r r i v a l  peak ( n a r r o w  e r r o r  b a r s )  

and 1 s t a n d a r d  d e v i a t i o n  as e s t i m a t e d  f r o m  t h e  ha 1f - a m p l i t u d e  

w i d t h  o f  each f i l t e r e d  g ro u p  a r r i v a l  peak .

(b)  R e l a t i v e  a m p l i t u d e s  f o r  each f i l t e r e d  g ro u p  a r r i v a l  

peak a r e  shown f o r  each R a y l e i g h  phase shown in  4 . 2 ( a ) .

(c )  G rea t  c i r c l e  g ro u p  v e l o c i t i e s  a r e  shown as d e t e r m i n e d  

by c o m b in in g  R̂  and R^ ( X ' s ) ,  Rj and R^ ( b a r s )  and R^ and 

R^ (d iamonds)  g r o u p  v e l o c i t i e s .

(d)  A t t e n u a t i o n  c o e f f i c i e n t s  d e t e r m i n e d  f r o m  r a t i o s

o f  f i l t e r e d  a m p l i t u d e s  o f  Rj and R shown in  F i g u r e  4 . 2 ( b ) .
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F ig u re  4 . 2 ( e )  OBSERVED GROUP VELOCITIES AND ATTENUATION COEFFICIENTS

FOR STATIONS E IL ,  TAU,AND VAL FOR KURILE ISLANDS 

EARTHQUAKES -

The f i r s t  3 c h a r a c t e r s  o f  each 5 c h a r a c t e r  

i d e n t i f i e r  f o r  each a n a l y s i s  i n d i c a t e  the  s t a t i o n  

i d e n t i f i c a t i o n  c a l l  f o r  t h a t  a n a l y s i s ,  w h i l e  the  l a s t  2 

c h a r a c t e r s  a re  the  day o f  the  month o f  the even t  (Tab le  

4 .1 )  ana lysed  (e .g .  EIL 10 is  the  10 J u l y  1970 K u r i l e  

I s la n d s  ea r thquake  recorded  a t  s t a t i o n  E IL ) .

Group v e l o c i t i e s  f o r  R , R^, R^ and R^ a re  

shown as c i r c l e s ,  t r i a n g l e s ,  X ' s ,  and diamonds r e s p e c t 

i v e l y .  The s m a l le r  se t  o f  e r r o r  bars f o r  each measure

ment i s  the  s tandard  e r r o r  o f  the  measurement c a l c u l a t e d  

by the  D i r e c t  F i l t e r i n g  Method f rom  re g re s s io n  s t a t i s t i c s  

f o r  the  pa rab o la  f i t t e d  t o  the  g roup  a r r i v a l  enve lo pe .

The w id e r  se t  o f  s tandard  e r r o r s  bounds are c a l c u l a t e d  

f rom the  h a l f - a m p l i t u d e  w id t h  o f  the  pa rabo la .

A t t e n u a t i o n  c o e f f i c i e n t s  f o r  each a n a l y s i s ,  

shownNas c i r c l e s  and t r i a n g l e s ,  a re  c a l c u l a t e d  f rom 

R j /R^ and R^/R^ amp l i t u de r a t i o s  r e s p e c t i v e l y .
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E I L 1 0  GROUP VELOCITIES

g  3-S

N - - !  r-~
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F i g u r e  4 . 2 ( f )  OBSERVED GROUP VE LO CIT 1$S AND ATTENUATION COEFFICIENTS FOR 

STATIONS K I P ,  AND ZLP -  

see c a p t i o n  t o  F i g u r e  4 . 2 ( e ) .
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K I P 1 3  GROUP

£  3 9
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F i g u r e  4 . 2 ( g )  OBSERVED GROUP VELOCITIES AND ATTENUATION COEFFICIENTS FOR

STATIONS CTA AND ALQ. -

see c a p t i o n  t o  F i g u r e  4 . 2 ( e ) .
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F i g u r e  4 . 2 ( h )  OBSERVED GROUP VELOCITIES AND ATTENUATION COEFFICIENTS FOR

STATIONS KON, KIP AND NA 1 -  

see c a p t i o n  t o  F i g u r e  4 . 2 ( e ) .
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F i g u r e  4 . 2  ( i ) OBSERVED GROUP VELOCITIES AND ATTENUATION COEFFICIENTS FOR

STATIONS STU, ADE AND PTO -  

see c a p t i o n  t o  F i g u r e  A . 2 ( e ) .
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F i g u r e  4 . 2  ( j ) OBSERVED GROUP VELOCITIES AND ATTENUATION COEFFICIENTS FOR

STATIONS CHG AND RAB -

see c a p t i o n  t o  F i g u r e  4 . 2 ( e ) .
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CHG13 GROUP VELOCITIES CHG13 RTTENURT1 ON COEFFICIENTS
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F i g u r e  4 . 2 ( k )  OBSERVED GROUP VELOCITIES FOR ATTENUATION COEFFICIENTS

FOR STATION E I L  -

see  c a p t i o n  t o  F i g u r e  4 . 2 ( e ) .
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UGC ^UR] ’ UR ^

1 2 
-—  + — • (4 .1 )

where £.  is  the  f r a c t i o n  o f  an e a r t h  c i r c u m fe re n c e  t r a v e r s e d  by phase

R. w i t h  group v e l o c i t y  U , An example i s  shown in  F ig u re  4 . 2 ( c )  f o r  t h e  
I K .

I

12 October 1963 event  recorded a t  s t a t i o n  ADE (Tab le  4 . 1 ) .  Cons ider  now 

the  problem o f  c a l c u l a t i n g  the  v a r i a n c e  o f  each g r e a t  c i r c l e  group 

v e l o c i t y  e s t i m a te .

The expansion o f  a f u n c t i o n  F o f  n random v a r i a b l e s ,  x^ , x ^ , 

x^ by T a y lo r  s e r i e s  expansion a c c u r a te  t o  f i r s t  o r d e r  about  some 

e x p e r i m e n t a l l y  dete rm ined  Xq is

F® ■ "V (^) (X. -  X .o ) + 0 ( X , ) .  ( '1.2)

The v a r ia n c e  o f  a l i n e a r  f u n c t i o n  F (X) is

va r [F] var covar  [ X . , X . ]  (4 .3 )

(Jenk ins  and Watts 1963, p , 7 6 ) .  I f  t he  v a lu e  X i s  c o i n c i d e n t  w i t h  t h e  mean 

\i and i f  a l l  v a r i a b l e s  X. are independent ,  then

n ?

va r [ F (X)]  s ^ 2

3X
va r  [ X . ]  • (4 .4 )

i = 1

The v a l i d i t y  o f  t h i s  expansion i s  dependent  upon th e  second and h ig h e r  o r d e r  

p a r t i a l  d e r i v a t i v e s  o f  the  f u n c t i o n  being  small  compared t o  the  f i r s t  o rd e r

p a r t i a l s .



TABLE 4 .2  EXPRESSIONS FOR GREAT CIRCLE GROUP VELOCITY AND THE

VARIANCES DERIVED FROM GROUP VELOCITIES FOR R] ,R2> R^

AND R^ COMBINATIONS

Combinat ion  Great  C i r c l e  Group 
V e l o c i t y

Var ia nce

R1 ,R2

■0 £
1 . 2 --------------+  —

L UR R2 J

UGC 7 ¥ va r  [UR ] + Var [UR 1 

\  ' \

R1 ’ R3
r £

R1 J

l\ £ ^ £ 2
UGC - L - v a r  [U ] + \  v a r  [U ]

UR ,  1 U R j  3

R1 ’
A __  + \

Ri, J

-1 4 2
UGC V  V----------- j -  va r  [U ] + — r- va r  [U ]

4 UD4 K1 UD4 R4
R1 R4

R2 ,R3

£
_ 1 _  + _A

R2 J

-1 M *• O 2 ? 2
UCG ''2 ------— j— va r

i , , 4 t y  + A
h UR 2 UR

R2 R3

R2 ,R4

r Ä ,

r2 j

2 2
-1 , ^

UGC 4* Var tU R  ̂ + “ T  Var tUR  ̂
GC UJ* R2 UdR Ri)

R2 Ril

R1 ’ Rh
r £ 3 l k 1 ->

4 2
UGC % A

[u r ] + A
3 UR3

RkUR
L R3 *vl

------------F  va r

5 \
£ = r a t i o  o f  the  pa th  l e n g th  f o r  phase Rj to  the  c i r c u m fe re n c e  o f  the

g r e a t  c i r c l e .



69

The v a r ia n c e  o f  the  g r e a t  c i r c l e  group v e l o c i t y ,

UGC’ iS

v a r [ U GC]

'3ugc\ 2 / 3Ugc' 2
va r  [U ] +[ -  

R1 \  3U,
va r [U  ] 

R2

4 b
UGC ? UGC .

h  v a r [ U R , ] + - i T  l 2 v a r [ U R2]

R1 R2

(^ - 5 )

To v e r i f y  t h a t  t h i s  e x p re s s io n  f o r  the  v a r ia n c e  o f  U is  indeedGL

v a l i d ,  c o n s id e r  t h e  h ig h e r  o r d e r  p a r t i a l  d e r i v a t i v e s  o f  Ur r  wh ich  wereu L

n e g le c te d  in Equa t ions  b . 3  and b . 5 :

2
3 U,

3ur , 3UR2

2 U

K

2
3U,

2 i UGC /  UGC

1 uh V“., -  1 ( b . 6 )

Ac UGC / UGC
2 SL

2 U, * 2 "  1

Since the  observed va lu es  o f  group v e l o c i t y  in the  p e r iod  range 50 to  350

seconds are  in the  range 3 -0  t o  *+.5 km/s and s in c e  a lways l i e s  between

U and U , assume U -  U -  U , then K, K, bL
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where C is the circumference of the great circle parth and A and A
Ri Ri+2

are the spectral amplitudes for the period T of the Rayleigh phases 

R. and R.^* Maximum amplitudes of Rayleigh phases in narrow-band 

filtered seismograms (also used for the determination of group velocity) have 

been used as estimates of the spectral amplitude. Filtered amplitudes 

and attenuation coefficients for station ADE for the 12 October 1963 event 

are shown in Figure 4.2(b) and 4.2(d). Attenuation coefficients for other 

seismograms are shown in Figure 4.2(e) to 4.2(k). The average attenuation 

for each great circle path shown in Figure 4.1 was calculated by 

averaging all measurements of attenuation coefficients for all stations 

within each azimuth window for overlapping 20 second period ranges. Global 

mean attenuation coefficients (Figure 4.3(c)) were calculated by 

averaging mean path attenuation coefficients for all paths for each 20 

second averaging window, again giving unit weight to each path.

Global mean attenuation coefficients (Figure 4.3(c), Table 4.3) 

for the complete range of periods from 50 to 600 seconds were calculated 

by combining data sets for individual paths used in Chapter 3 (Figure 3-9) 

and this chapter (Figure 4.3(a)) in similar manner to that described in 

Sec. 4.2.2 for the group velocities.



F ig u re  4 .3  GLOBAL AVERAGE GREAT CIRCLE GROUP VELOCITIES AND ATTENUATION

COEFFICIENTS -

Global  mean group v e l o c i t i e s  c a l c u l a t e d  f rom mean group 

v e l o c i t i e s  f o r  each s t a t i o n  averaged over 20 second o v e r 

la p p in g  windows and we ighted  e q u a l l y  f o r  each path  a re  

shown in (b) f o r  o n l y  data  re p o r te d  in t h i s  c h a p te r  and in

(d) f o r  a l l  da ta  f rom t h i s  ch a p te r  combined w i t h  da ta  f rom

Chapter  3. Global  mean a t t e n u a t i o n  c o e f f i c i e n t s  

averaged over  t h e  same 20 second ave rag in g  windows a re  

shown in (a) f o r  o n l y  data  re p o r te d  in t h i s  c h a p te r  and in

(c) f o r  a l l  da ta  f rom t h i s  paper combined w i t h  data f rom

Chapter  3*
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T a b l e  4,3

GLOBAL AVERAGES FOR ALL PATHS -  50 t o  550 SECOND PERIODS

P h a s e V e l o c i t y  (km /s) A t t e n u a t i o n

Tm
(s )

Tlow
(s )

Th i
( s )

Group
V e l o c i t y
(km/s) + / -

No.
o f

P a t h s
f ro m  i n t e g r a t i o n  

S i m p s o n ' s  T r a p e -  
r u l e *  z o i d a l * *

u s i n g

+ / -

C o e f f i c i e n t
( l . / k m )

+ / -

No.
o f

P a t h s
50 40 60 3 .8 8 4 7 0.0031 6 _

r u l e - 9 . 9 ^ - 0 5 4 . 4 E - 0 6 4
60 50 70 3 . 8 3 8 3 0.0031 7 3 . 9 7 2 4 3 .9 5 3 6 .0 2 9 8 9 . 2 E - 0 5 1 . 8 E - 0 5 6
70 60 80 3 .8 0 2 4 0.0044 9 3 .9 9 3 1 3 .9 8 0 3 .0 2 8 7 8 . 5 E - 0 5 1 . 4 E - 0 5 6
80 70 90 3 .7 9 9 8 0.0032 9 4 .0 2 1 1 4 .0 1 0 1 . 0 2 6 5 8 . 2 E - 0 5 1 . 4 E - 0 5 7
90 80 100 3 .7 9 7 4 0.0085 9 4 .0 5 1 2 4 .0 4 2 6 .0 2 1 1 7 . 5 E - 0 5 1 . 4 E - 0 5 7

100 90 110 3 .7 7 2 0 0.0045 9 4 .0 8 4 0 4 .0 7 7 6 . 0 1 5 1 6 . 2 E - 0 5 1 . 3 E - 0 5 8
110 100 120 3 .7 5 8 8 0.0023 9 4 .1 2 3 3 4 .1 1 6 1 .0 1 2 4 6 . 0 E - 0 5 8 . 4 E - 0 6 8
120 110 130 3 .7 3 9 9 0.0014 9 4 .1 5 9 7 4 .1 5 5 9 .0 1 0 6 5 . 6 E - 0 5 7 . 7 E - 0 6 8
130 120 140 3 .7 0 7 9 0.0017 9 4 .2 0 4 3 4 .1 9 8 3 .0 0 9 9 5 . 2 E - 0 5 7 . 5 E - 0 6 9
140 130 150 3 .7 0 0 4 0.0017 9 4 .2 4 5 3 4 . 2 4 2 5 .0 0 9 2 4 . 7 E - 0 5 6 . 6 E - 0 6 9
150 140 160 3 .6 7 6 1 0.0016 9 4 .2 9 3 6 4 .2 8 9 0 .0 0 8 6 4 . 3 E - 0 5 5 . 5 E - 0 6 9
160 150 170 3 .6 4 6 4 0.0017 9 4 .3 4 0 9 4 .3 3 9 0 . 0 0 7 9 3 . 9 E - 0 5 5 . 2 E - 0 6 9
170 160 180 3 .6 1 7 6 0.0012 9 4 .3 9 6 5 4 .3 9 2 2 .0 0 7 4 3 . 7 E - 0 5 3 . 9 E - 0 6 9
180 170 190 3 .5 9 8 7 0.0013 9 4 .4 4 9 1 4 .4 4 7 8 . 0 0 7 1 3 . 4 E - 0 5 4 . 0 E - 0 6 9
190 180 200 3 .5 9 0 8 0.0009 9 4 . 5 1 0 0 4 .5 0 6 2 .0 0 7 0 3 . 1 E - 0 5 5 . 3 E - 0 6 9
200 190 210 3 .5 9 4 3 0.0010 9 4 .5 6 8 4 4 .5 6 7 4 .0 0 6 7 3 . 0 E - 0 5 6 . 5 E - 0 6 9
210 200 220 3 . 5 8 3 6 0.0008 9 4 .6 3 4 9 4 .6 3 1 4 .0 0 6 4 2 . 6 E - 0 5 5 . 4 E - 0 6 9
220 210 230 3 .5 8 0 5 0.0008 8 4 .6 9 8 6 4 . 6 9 7 8 .0 0 6 2 2 . 6 E - 0 5 5 . 5 E - 0 6 5
230 220 240 3 . 5 7 3 6 0.0005 8 4 . 7 6 9 5 4 .7 6 6 1 .0 0 6 2 2 . 4 E - 0 5 3 . 5 E - 0 6 8
240 230 250 3 . 5 6 6 7 0.0005 8 4 .8 3 7 1 4 .8 3 6 8 .0 0 6 3 2 . 2 E - 0 5 3 . 8 E - 0 6 5
250 240 260 3 . 5 7 7 2 0.0007 8 4 .9 1 3 1 4 . 9 0 9 5 .0 0 6 4 2 . 0 E - 0 5 3 . 0 E - 0 6 8
260 250 270 3 .5 9 3 7 0.0006 8 4 . 9 8 3 3 4 .9 8 3 3 .0 0 6 4 2 . 0 E - 0 5 3 . 1 E - 0 6 5
270 260 280 3 .6 1 4 2 0.0011 8 5 .0 6 1 6 5 . 0 5 8 0 . 0 0 6 1 1 . 7 E - 0 5 2 . 4 E - 0 6 8
280 270 290 3 .6 5 4 0 0.0023 8 5 . 1 3 2 5 5 .1 3 2 7 . 0 0 5 6 1 . 5 E - 0 5 3 . 2 E - 0 6 4
290 280 300 3 .6 6 6 5 0.0019 8 5 . 2 1 1 3 5 .2 0 7 9 .0 0 4 9 1 . 5 E - 0 5 2 . 7 E - 0 6 8
300 290 310 3 .7 3 0 1 0.0019 7 5 .2 8 2 9 5 .2 8 2 8 . 0 0 4 1 1 . 4 E - 0 5 2 . 1 E - 0 6 3
310 300 320 3 .7 6 9 6 0.0015 7 5 . 3 5 8 9 5 .3 5 5 9 .0 0 3 2 1 . 3 E - 0 5 1 . 6 E - 0 6 7
320 310 330 3 .8 3 2 9 0.0011 7 5 .4 2 7 8 5 .4 2 7 7 . 0 0 2 5 1 . 3 E - 0 5 7 . 5 E - 0 7 3
330 320 340 3 .8 7 8 7 0.0023 7 5 .5 0 0 8 5 .4 9 7 9 .0 0 1 6 1 . 2 E - 0 5 1 . 0 E - 0 6 7
340 330 350 3 .9 4 5 9 0.0033 7 1 . 2 E - 0 5 1 . 0 E - 0 6 3
350 340 360 3 .9 0 4 1 0.0040 7 1 . 0 E - 0 5 1 . 7 E - 0 6 7
360 350 370 4 .0 4 7 1 0.0074 7 9 . 7 E - 0 6 4 .1 E -0 7 3
370 360 380 4 .1 3 0 7 0.0047 7 9 . 7 E - 0 6 2 .4 E - 0 6 7
380 370 390 4 . 2 5 7 6 0.0020 7 8 . 6 E - 0 6 2,. 8E-06 5
390 380 400 4 .2 9 8 3 0.0029 7 9 . 8 E - 0 6 3 .1 E - 0 6 7
400 390 410 4 . 3 9 6 6 0.0032 7 9 . 6 E - 0 6 1 . 9 E - 0 6 4
410 400 420 4 . 4 1 4 7 0.0025 7 9 . 5 E - 0 6 3 .0 E - 0 6 7
420 410 430 4 . 4 4 5 8 0.0028 7 8 . 6 E - 0 6 1 . 2 E - 0 6 4
430 420 440 4 .5 3 1 2 0.0040 7 8 . 3E-06 2 .7 E - 0 6 7
440 430 450 4 .5 5 9 4 0.0019 7 7 . 4 E - 0 6 1 . 0 E - 0 6 2
450 440 460 4 . 6 0 2 2 0.0034 7 8 . 5 E - 0 6 3 . 7 E - 0 6 4
460 450 470 4 .6 9 0 0 0.0055 7
470 460 480 4 .8 0 0 3 0.0090 7 7 . 2 E - 0 6 1 . 4 E - 0 6 1
480 470 490 4 .7 6 8 8 0.0035 7
490 480 500 4 .8 7 2 1 0.0024 7
500 490 510 4 .9 4 9 0 0.0028 7
510 500 520 4 .9 7 6 6 0.0054 7
520 510 530 5 .0 6 1 9 0.0023 6
5-30 520 540 5 .0 7 1 5 0.0017 5
540 530 550 5 .2 0 7 3 0.0048 5
550 540 560 5 .3 0 3 8 0.0081 6
560 550 570 5 .5 2 2 3 0.0035 5
570 560 580 5 .5 7 7 4 0.0048 5
580 570 590 5 . 5 9 2 3 0.0020 4
590 580 600 5 . 6 2 5 9 0.0041 3
600 590 610 5 .7 2 9 5 0.0052 2

* i n t e g r a t i o n  b y  S i m p s o n ' s  r u l e  s t a r t e d  a t  340 s e c  an d  330 s e c  w i t h  p h a s e  v e l o c i t i e s  

o f  5 . 5 6 6 5  a n d  5 . 5 0 0 8  k m / s e c .

** i n t e g r a t i o n  b y  t r a p e s o i d a l  r u l e  s t a r t e d  a t  340 s e c  w i t h  p h a s e  v e l o c i t y  o f  5 . 5 6 6 5  k m / s e c .
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Sec. 4 .3  CALCULATION OF PHASE VELOCITIES AND FREE OSCILLATION PERIODS 

FROM GREAT CIRCLE GROUP VELOCITIES

O b s e r v a t i o n s  o f  f r e e  o s c i l l a t i o n  p e r i o d s  r e q u i r e  F o u r i e r  a n a l y s i s  

o f  l ong  r e c o r d s  c o n t a i n i n g  passages  o f  t h e  same wave t r a i n  u n t i l  i t  has 

been c o m p l e t e l y  damped in  t h e  p e r i o d  range o f  i n t e r e s t .  S in c e  a t t e n u a t i o n  

o f  f u ndam en ta l  mode wave t r a i n s  i n c r e a s e s  w i t h  d e c r e a s i n g  p e r i o d  in  t h e  50 

t o  200 second p e r i o d  range ,  wave t r a i n s  damp o u t  so r a p i d l y  t h a t  f r e e  

o s c i l l a t i o n  measurements a r e  d i f f i c u l t  and a c c u r a c y  i s  l o w .  Phase 

v e l o c i t i e s  can be c a l c u l a t e d  by i n t e g r a t i n g  g roup  v e l o c i t y  s i n c e

C(T) = (4 .9 )

where U(T) i s  t h e  g roup  v e l o c i t y  measured a t  p e r i o d  T ,  and Ĉ  t h e  phase 

v e l o c i t y  a t  p e r i o d  J y  The e q u i v a l e n t  f r e e  o s c i l l a t i o n  p e r i o d s  a r e  

r o o t s  o f  t he  e q u a t i o n

2Tra
C(T) -  --------------------- = 0 ( 4 . 1 0 )

(£ + 1 / 2 ) T

where a is  the  mean ra d iu s  o f  the  e a r t h ,  and £,  the  a n g u la r  o rd e r  number 

o f  the  sp he ro id a l  o s c i l l a t i o n  q S^. Since U(T) is  a s l o w l y  v a r y in g  

f u n c t i o n ,  i n t e g r a t i o n  was per formed us ing  both the  t r a p e z o i d a l  r u l e  and 

Simpson's  r u l e .  For each p e r io d  T the  d i f f e r e n c e  between phase v e l o c i t i e s  

c a l c u l a t e d  by these  two methods o f  i n t e g r a t i o n  (Tab le  4 .3 )  was much s m a l l e r  

than the  s tandard  d e v i a t i o n  o f  the  phase v e l o c i t y  e s t i m a te  c a l c u l a t e d  by 

the  method d esc r ibe d  in the  nex t  s e c t i o n .



Sec. 4,3-1 Phase Velocities and their Variances Calculated by Integration 

of Group Velocities

Consider the observed group velocity U(T) to be the sum of two 

functions, u(T), the error free group velocity and e(T) an error term:

74

U(T) = u(T) + e(T). (4.11)

The variance of the group velocity at period T is

var[U(T)] = E[{U(T) - E [U (T) ]} 2] , (**.12)

and since E [ U (T)] = u(T),

var[U(T)] = E[e2 (T)]. (4.13)

The phase velocity C(T) can be calculated from U(T) by integration

C(T) (4.13)
T

where c. is the phase velocity at period T . .

Expanding 1/U(T) to the first order

1 1 e(T)

U(T) u(T) u2(T) (4.15)

and substituting into equation 4.14, yields

C(T) (4.16)
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and expanding Equa t ion  4 .16 t o  f i r s t  o r d e r :

C(T)

L T

dx

x 2u (t ) C1T 1

-1

+ T/ e (x ) d x

x 2u2 (x)
/ dx

x u (x )  c ] l ]

-2

(4 ,17 )

The f i r s t  term re p re s e n ts  an e r r o r  f r e e  e s t im a te  o f  the  phase 

v e l o c i t y  c (T )  and is  the  e x p e c t a t e d  v a lu e  o f  the  phase v e l o c i t y  C(T).  

Equa t ion  4 .17 s i m p l i f i e s  t o

T.

C(T) = c (T)  + c (T) . T /  x^  _  X U

£ ( x ) dX 

(t )
(4 .18 )

The v a r ia n c e  o f  the  phase v e l o c i t y  C(T) can be c a l c u l a t e d  f rom e q u a t io n  4 .18

v a r [ C ( T ) ] =E[ { C(T) -  E [ C ( T ) ] } 2 ] = E [ (C(T)  = c ( T ) ) 2 ]

c \ T) . T2
T1 I  E[e(t ) £ (n ) ] dndTI  /
T T

2 2 2 , ,  2 , ,x n u (x)u  (n)
( 4 . IS)

I f  e ( x )  re p re s e n ts  e r r o r s  which a re  u n c o r r e l a t e d ,  Equa t ion  4 .19  s i m p l i f i e s  

to

v a r [ C ( T ) ]  = c^ (T)  . T2 .

r  T

/
L T

/ v a r [ U ( x ) ]  dx

2 2 , ,
x u (x)

(4 .20)

s in c e  va r  [ e ( x ) ]  is  the  v a r i a n c e  o f  the  group v e l o c i t y  e s t i m a te  a t  p e r io d  

x ,  va r  [ U ( x ) ] .
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Sec.  4 . 3 -2  C a l c u l a t i o n  of  Eq u i va l en t  Sphero ida l  O s c i l l a t i o n  Per iod

Sphero ida l  o s c i l l a t i o n  p e r i o d s  were de r i ve d  from t h e  phase 

v e l o c i t i e s  by de t e r mi n i ng  the  r o o t s  o f  Equat ion 4 . 10  wi th  l i n e a r l y  

i n t e r p o l a t e d  v a l ue s  fo r  pe r i o d s  between t h o s e  shown in Table  4 . 3 .  The 

v a r i a n c e  o f  each e f f e c t i v e  f r e e  o s c i l l a t i o n  pe r i od  is  then

? 4
U  + 1/2) T

var (T)  = — -------------va r  (C (T) ) , ( 4 .21)
4tt a

where t he  va r  (C (T)) is i n t e r p o l a t e d  l i n e a r l y  between v a l ue s  shown in 

Table  4 . 3 -  Sphero ida l  o s c i l l a t i o n  p e r i o d s  c a l c u l a t e d  by t h i s  method a r e  

l i s t e d  in Tab l e  4 . 4  along wi t h  observed  p e r i o d s  o f  Derr  (1969) and G i l b e r t  

and Dziewonski (1975) .

Since  t h e s e  p e r i ods  were c a l c u l a t e d  from observed  group 

v e l o c i t i e s ,  t hey  must  be c o r r e c t e d  f o r  a n e l a s t i c  d i s p e r s i o n  be f o r e  i n v e r s i o n  

can be a t t e m p t e d .  The L*u e t  a 1 . (1976) c o r r e c t i o n  f o r  Rayle igh  wave phase  

v e l o c i t i e s  was used as  a b a s i s  f o r  d e r i v i n g  t h e  comparable  equa t i on  fo r  

sph e r o i d a l  o s c i l l a t i o n  pe r i ods

T
S T = ----- -- An {T) (4.22)

fo r  the  f i r s t  o r d e r  p e r t u r b a t i o n  6 T t o  s p he r o i d a l  mode p e r io d s  caused by 

anel  a s t  i c i t y . Thi s  e x p re s s i o n  a l s o  a p p e a r s  in Hart  et_ aj_. (1977a,  1977b) .  

The a p p l i c a t i o n  of  t h i s  c o r r e c t i o n  makes f r e e  p e r i o d s  d i r e c t l y  comparable  

t o  body wave t r a v e l  t imes  a t  p e r i o d s  of  about  1 second.
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Sec. 4.4 DISCUSSION

The paths shown in Figure 4.1 traverse all of the major structural 

features of the earth: stable continental platforms, ocean basins, mid

ocean ridge zones, and island arcs. The Himalayas are also wel1 sampled.

The global average group velocities and attenuation coefficients presented 

in Table 4.3 should therefore represent good area 1 averages for the whole 

earth. Selected global average group velocities from Table 4.3 are 

presented as solid circles in Figure 4.4(a). Group velocities for a path 

from Mexico to Riverview (RI V) in Sydney, Australia and another from Rat 

Island in the Aleutians to Charters Towers (CTA) in Queensland, Australia 

(Landisman et al. 1969) are also shown in Figure 4.4(a). Of these two 

paths the Rat Island - CTA path traverses the oldest parts of the western 

Pacific Ocean while the Mexico - RIV path crosses the East Pacific Rise 

and passes through older portions of the Pacific as wel1 as the northern 

extension of the New Hebrides Island arc. In addition, group velocities 

for Forsyth's (1975b) pure path group velocities for ridge zones of 

0 - 5 m.y., 5 “ 10 m.y. and 10 - 20 m.y, old oceanic crust in the eastern 

Pacific Ocean are plotted in Figure 4.4(a). All of these, together with 

the average continental group velocities of Dziewonski et al. (1975) are 

compared v/ith our global average group velocities (Table 4,3) in Figure 

4.4(a). Parametric Earth Models (PEM) for continents and oceans 

(Dziewonski et al. 1975) are also shown for reference. It is clear that the 

global average group velocities are well bracketed by both continental 

and oceanic data in the 70 to 250 second period range.

In Figure 4.4(b) our global average group velocities are 

contrasted with Rayleigh wave group velocities of several recent earth 

models: PEM oceanic and continental models (Dziewonski et_a 1 . 1975),

B1 of Jordan and Anderson (1974), 5-08 M of Kanamori and Press (1970) 

and HB1 of Haddon and Bullen (1969)- Of these models only the PEM models



Figure 4.4 COMPARISON OF GLOBAL AVERAGE GROUP VELOCITIES WITH MODELS 

AND OTHER DATA -

(a) Selected global average group velocities from Figure 

A.3(d) and Table 4,3 are shown as solid dots. For 

reference, solid and dashed lines indicate group velocities 

of the Parametric Earth Models (Dziewonski et a 1. 1975) 

for oceanic and continental structures respectively, 

Continental Rayleigh wave group velocity data used in 

devising PEM models are shown as open circles. Group 

velocities for an old oceanic path (CTA-Rat Is.) and a 

more average ocean path (RIV-Mex) are shown as dashed 

lines (both from Landisman et al, 1959)- "Pure Path" 

velocities for mid-ocean ridge zones of 0-5, 5~10 and 

10-20 m.y. ages (Forsyth 1975b) are shown as triangles 

and diamonds. The 6 pointed star at a period of about 

1 40 seconds is two superimposed triangles.
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F ig u re  4 .4  COMPARISON OF GLOBAL AVERAGE GROUP V E L O C I T I E S  W I T H  MODELS

AND OTHER DATA ( c o n t d . )  -

(b) Se lec ted  g lo b a l  average group v e l o c i t i e s  f rom F ig u re  

4 .3 ( d )  and Tab le  4 .3  a re  shown as do ts  w i t h  PEM ocean ic  and 

c o n t i n e n t a l  models aga in  shown as s o l i d  and dashed l i n e s .  

A ls o  shown are  models HB1 o f  Haddon and B u l len  ( I 969) ,  Bl o f  

Jordan and Anderson (1974) and 3-08 M o f  Kanamori and Press 

(1970). Note p a r t i c u l a r l y  t h a t  a l l  o f  these models l i e  

up t o  0.25 km/s above our g lo b a l  average group v e l o c i t i e s  

f o r  p e r io d s  between 100 and 200 seconds.
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i n c o r p o r a t e d  fu nd a m e n ta l  mode R a y l e i g h  wave g ro u p  v e l o c i t i e s  f o r  t h e  

p e r i o d  range  20 t o  90 seconds f o r  " t y p i c a l "  c o n t i n e n t a l  and o c e a n i c  p a t h s .

The s h o r t e s t  p e r i o d  fu n d a m e n ta l  s p h e r o i d a l  mode used in  PEM was 

(1 4 1 .2 2  s e c o n d s ) .  The i n c l u s i o n  o f  body wave t r a v e l  t i m e s  f o r  e p i c e n t r a l  

d i s t a n c e s  g r e a t e r  than  30° and d i f f e r e n t i a l  t r a v e l  t i m e s  does  n o t  appea r  

t o  c o n s t r a i n  upper  m a n t l e  v e l o c i t i e s  w e l l  enough t o  p roduc e  a c c e p t a b l e  

R a y l e i g h  wave g ro u p  v e l o c i t i e s  in  t h e  80 t o  250 second p e r i o d  range .  A l l  

mode ls  shown in F i g u r e  4 . 4 ( b )  exceed t h e  g l o b a l  av e ra g e  g r o u p  v e l o c i t i e s  

by as much as 0 . 2 5  k m /s .  Both o f  t h e  PEM o c e a n i c  and c o n t i n e n t a l  models  

l i e  above o u r  g l o b a l  a v e r a g e s .  I t  ap p e a rs  t h a t  i t  w i 11 be n e c e s s a r y  t o  

f i t  g r o u p  v e l o c i t i e s  o f  s u r f a c e  waves f o r  p e r i o d s  f r o m  a few  t e n s  o f  

seconds t o  a t  l e a s t  250 second p e r i o d s  in o r d e r  t o  p r o p e r l y  c o n s t r a i n  

a v e ra g e  o r  r e g i o n a l  e a r t h  mode ls  f o r  t h e  upper  m a n t l e .

G loba l  a v e ra g e  phase v e l o c i t i e s  ( T a b le  4 . 3 )  d e r i v e d  by 

i n t e r g r a t i o n  o f  g l o b a l  a v e ra g e  g ro u p  v e l o c i t i e s  l i e  between Weidner 's (1974)  

h i g h e s t  and l o w e s t  phase v e l o c i t i e s  f o r  A t l a n t i c  Ocean p a t h s  f o r  p e r i o d s  

between 60 and 120 s ec onds .  Our g l o b a l  a v e ra g e  phase v e l o c i t i e s  c o i n c i d e  

w i t h  V / e i d n e r ' s  phase v e l o c i t i e s  f o r  o c e a n i c  p a th s  w h ic h  a r e  composed o f  

40 t o  50 p e r c e n t  o f  m id -o c e a n  r i d g e  zone o f  l e s s  th a n  40 t o  50 m . y .  age 

o r  w h i c h  c r o s s  t h e  C a r i b b e a n ,  A t  p e r i o d s  s h o r t e r  th a n  150 s ec onds ,  

m id -o c e a n  r i d g e  zones and i s l a n d  a r c  r e g i o n s  b o th  seem t o  cause  g r e a t e r  

d e v i a t i o n s  f r o m  g l o b a l  a v e rage  g r o u p  and phase v e l o c i t i e s  t h a n  do c o n t i n e n t s  

and o l d e r  ocean b a s i n s .  T h i s  i n f e r e n c e  i s  a l s o  s u p p o r t e d  by Wu1 s (1972)  

p u r e  p a th  d i s p e r s i o n  s t u d y  in  w h i c h  he f i n d s  r i d g e  g r o u p  v e l o c i t i e s  t o  be 

as much as 0.41 km/s lo w e r  th a n  c o n t i n e n t a l  o r  o c e a n i c  p u r e  p a t h  g r o u p  

v e l o c i t i e s .

The s p h e ro id a l  o s c i l l a t i o n  data  (Tab le  4 .4 )  d e r i v e d  in t h i s  s tudy  

a re  in good agreement w i t h  s i m i l a r  data  o f  De rr  (19&9) ar)8 G i l b e r t  and 

Dziewonski  (1975)-  Fundamental s p h e ro id a l  mode p e r io d s  de te rm ined  f rom
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TABLE 4 .4

FUNDAMENTAL SPHEROIDAL MODE OBSERVATIONS COMPARISON WITH MODEL QM2

( G i l b e r t
Angu la r  
Order i n t . SD

l D
( D e r r , SEM

&
Dz i e - SD t c o r r . t QM2 ^QM2~

Number 1969) w o n s k i , corr . )
1975)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

34 239-92 • 313 239.87 .168 239. 70 .120 237.37 237.72 .35
35 234.89 .306 234.51 .090 234. 69 .117 232.35 232.71 .36
36 230.09 .299 229.66 .217 229. 86 .138 227.55 227.92 • 37
37 225 .49 .292 224.75 .265 225. 22 .113 223.00 223.32 .32
38 221.01 .292 220.08 .218 220. 75 .132 218.56 218.90 .34
39 216.75 .289 216.45 .176 216. 48 .108 214.34 214.65 .31
40 212.62 .292 212 .09 .302 212. 41 .127 210.25 210.55 .30
41 208.67 .292 207.88 • 359 208. 39 .125 206.34 206.60 .26
42 204.84 .294 204.54 .188 204. 58 .102 202.54 202.80 .26
43 201.16 .295 201 .00 .223 200. 93 .100 198.90 199.13 .23
44 197.62 .296 197.51 .150 197. 40 .099 195.38 195.58 .20
45 194.15 .295 193.91 .180 194. 03 .097 191.93 192.15 .22
46 190.83 .294 190.89 .190 190. 62 .095 188.62 188.83 .21
47 187.63 .294 187.48 .057 187. 43 .094 185.34 185.62 .17
48 184.49 .291 184.29 .220 184..29 .147 182.34 182.52 .18
49 181.47 .289 181.52 181 .• 30 .109 179.36 179.51 .15
50 178.56 .288 178.63 178..35 .107 176.48 176.59 .11
51 175.71 .287 175.84 175 .41 .105 173-65 173.77 .12
52 172.96 .286 173.10 172 .56 .104 170.92 171.02 .10
53 170.30 .285 170.41 170 .07 .153 168.28 I68 .36 .08
54 167.72 .283 I6 7 . 8 I 167 .37 .084 165.72 165.78 .06
55 165.18 .288 165.23 164 .84 .082 163.21 163.27 .06
56 162.74 .289 162.73 162 .41 .146 160.79 160.83 .04
57 I6O.38 .290 160.35 160 .24 .144 158.45 158.46 .01
58 158.08 .292 158.08 157 .69 .142 156.17 156.15 •- .02
59 155.81 .295 155.88 155 .58 .140 153.92 153.91 ■-.01
60 153.62 .296 153.74 153 .39 .138 151.75 151.72 ■- .03
61 151.50 .299 151.59 151 .19 .136 149.65 149.60 •- . 0 5
62 149-43 .300 149.43 149 .21 .134 147.60 147.53 ■- .0 7  -
63 147.40 .301 147.28 147 .12 .132 145.59 145.51 - . 0 8
64 145-43 .302 145.16 144 .96 .130 143.63 143.55 - . 0 8
65 143.51 .303 143.12 142 .99 .129 141.73 141.63 - . 1 0
66 141.64 .303 141.15 141 .22 .127 139.89 139.77 - . 1 2
67 139-82 .304 139-24 138.09 137.95 - . 1 4
68 138.03 .304 137.38 136.32 136.17 - . 1 5
69 136.29 .305 135.59 134.60 134.44 - . 1 6
70 134.60 .305 133.84 132.93 132.74 - . 1 9
71 132.95 .305 132.15 131.30 131.09 -.21
72 131.33 .306 130.54 129.71 129.48 - . 2 3
73 129.76 .306 128.98 128.15 127.90 - . 2 5

(con td  . )
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TABLE 4 .4  ( c o n td . )

FUNDAMENTAL SPHEROIDAL MODE OBSERVATIONS COMPARISON WITH MODEL QM2

(Gi1b e r t
Angular  
Order i n t . SD

tD
( D e r r , 

1969)
SEM &

Dz i e - SD t c o r r . t QM2. ^QM2~
Number wonski c o r r .)

1975)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

74 128.22 .306 127.44 126.63 126.36 - .2 7
75 126.71 .307 125.96 125.15 124.85 - . 3 0
76 125-24 .307 124.53 123.70 123.38 - .3 2
77 123.81 .307 123.14 122.28 121.94 - .3 4
78 122.41 .307 121.79 120.90 120.53 - . 3 7
79 121.03 .307 120.51 119.55 119.15 - . 4 0
80 119-69 • 307 119.25 118.22 117.80 - .4 2
81 118.37 .312 117.98 116.93 116.48 - . 4 5
82 117.08 .315 116.69 115-66 115.19 - . 4 7
83 115.82 .318 115.43 114.40 113.93 - .4 8
84 l l i i . 5 9 .321 114.23 1 13.20 112.69 -.51
85 113.38 .324 113.00 112.00 111.47 - . 5 4
86 112.19 .327 111.81 110.84 110.28 - . 5 6
87 111.03 • 330 110.67 109.71 109.12 - . 5 9
88 109.89 • 332 109.55 108.60 107.97 - .6 3
89 108.78 .337 108.39 107.51 106.85 - .6 6
90 107.69 .342 107.30 106.44 105.75 - . 6 9
91 106.62 .346 106.23 105.39 104.68 -.71
92 105.57 .350 105.19 104.35 103.62 - .7 3
93 104.54 .354 104.16 103.34 102.58 - .7 6
94 103.53 .358 103.17 102.35 101.56 - .7 9
95 102.54 .361 102.20 101.39 100.56 - .8 3
96 101.57 .364 101.25 100.44 99.58 - .8 6
97 100.62 .368 100.29 99.50 98.62 - .8 8
98 99.69 .371 98.58 97.68 - . 9 0
99 98.76 .384 97.65 96.75 - .9 0

100 97.85 .393 96.75 95.83 - .8 8
101 96.97 .403 95.87 94.94 “ •93
102 96.09 .412 94.98 94.06 - .9 2
103 95.24 .421 94.15 93.19 - . 9 6
104 94.39 .429 93.30 92.34 - . 9 6
105 93.57 .437 92.49 91 .51 - . 9 8
106 92.75 .445 91.67 90.68 - . 9 9
107 91.95 .452 90.87 89.88 - . 9 9
108 91.17 .460 90.10 89.08 -1 .0 2
109 90.39 .466 89.3*1 88.30 - k  04
110 89.64 .473 88.58 87.53 - 1 .0 5
111 88.88 .478 87.84 86.78 -1 ,06
112 88.15 .483 87.12 86.03 -1 .09
113 87-42 .487 86.41 85.30 -1,11
114 86.71 .492 85.71 84.58 -1 .1 3
115 86.00 .496 85.02 83.87 -1 .1 5
116 85.31 .501 84.35 83.17 -1 .18
117 84.63 .504 83.68 82.48 -1 .20 

(contd  .)
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TABLE 4 . 4  ( c o n t d . )

FUNDAMENTAL SPHEROIDAL MODE OBSERVATIONS COMPARISONS WITH MODEL QM2

( G i 1b e r t
A n g u l a r  
O r d e r  i n t .

SD l D
( D e r r ,

SEM &
Dz i e -

SD t
c o r r . t 0M2 ^QM2~

£
Number 1969) w o n s k i , c o r r . )

1975)

( 0  (2) (3) (4) (5) (6) (7) (8) (9) (1 0)

118 8 3 . 9 7 .508 8 3 . 0 2 8 1 .8 1 -1 .21
119 83-31 .512 8 2 . 3 7 8 1 . 1 4  - I . 2 3
120 8 2 . 6 6 .5 1 5 8 1 . 7 3 8 0 . 4 9  - 1 . 2 4
121 8 2 . 0 2 .5 1 9 8 l . l l 7 9 . 8 4  - 1 . 2 7
122 8 1 . 3 9 .522 8 0 . 4 9 7 9 . 2 0 -1 . 2 9
123 8 0 . 7 7 .525 7 9 - 8 8 7 8 . 5 8  - I . 3 0
124 8 0 . 1 7 .5 2 8 7 9 - 2 8 7 7 . 9 6  - 1 . 3 2
125 7 9 . 5 7 • 530 7 8 . 6 9 7 7 . 3 5  - 1 . 3 4
126 7 8 . 9 7 . 5 2 7 7 8 . 1 0 7 6 . 7 5  - 1 . 3 5
127 7 8 . 3 8 . 5 2 5 7 7 - 5 3 7 6 . 1 6  - 1 . 3 7
128 7 7 .8 1 . 5 2 4 7 6 . 9 7 7 5 . 5 8  - 1 . 3 9
129 7 7 . 2 4 .5 2 3 7 6 . itl 7 5 . 0 0  - 1 . 4 1
130 7 6 . 6 8 .522 7 5 . 8 5 7 4 . 4 4  - 1 . 4 1
131 7 6 . 1 3 .521 7 5 . 3 2 7 3 - 8 8  - 1 . 4 4
132 7 5 . 5 8 . 5 2 0 7*1.78 7 3 . 3 3  - 1 . 4 5
133 7 5 . 0 5 . 5 1 8 7 4 . 2 6 7 2 . 7 8  - 1 . 4 8
134 7 4 . 5 2 . 5 1 7 7 3 - 7 5 7 2 . 2 5  - 1 . 5 0
135 7 4 . 0 0 . 5 1 6 7 3 . 2 4 7 1 . 7 2 - 1 . 5 2
136 7 3 . 4 8 . 5 1 5 7 2 . 7 4 7 1 . 2 0  - 1 . 5 4
137 7 2 . 9 8 . 5 1 3 7 2 . 3 3 7 0 . 6 9  - I . 5 4
138 7 2 . 4 8 . 5 1 2 7 1 . 7 6 7 0 . 1 8  - 1 . 5 8
139 7 1 . 9 8 .511 7 1 . 2 7 6 9 . 6 8  - 1 . 5 9
140 7 1 . 5 0 . 5 1 0 7 0 . 7 9 6 9 . 1 9  - 1 . 6 0
141 7 1 . 0 2 . 5 0 8 7 0 . 3 2 6 8 . 7 0  - 1 . 6 2
142 7 0 . 5 5 .507 6 9 - 8 5 6 8 . 2 2  - I . 6 3
143 7 0 . 0 8 . 5 0 6 6 9 - 3 9 6 7 . 7 6  - I . 6 3
144 6 9 . 6 2 .5 0 4 6 8 . 9 4 6 7 . 2 8  - 1 . 6 6
145 6 9 . 1 6 .501 6 8 . 4 9 6 6 . 8 2  - 1 . 6 7
146 6 8 .71 . 4 9 9 6 8 . 0 4 6 6 . 3 6  - 1 . 6 8
147 6 8 . 2 6 .497 6 7 .6 1 6 5 .9 1 -1 .7 0
148 6 7 . 8 2 . 4 9 4 6 7 . 1 7 6 5 . 4 7  - I . 7 0
149 6 7 . 3 9 . 4 9 2 6 6 . 7 5 6 5 . 0 3  -1 .7-2
150 6 6 . 9 6 . 4 9 0 6 6 . 3 2 6 4 . 6 0  - I . 7 2
151 6 6 . 5 4 . 4 8 8 65-9 1 6 4 . 1 7 -1 . 7 4
152 6 6 . 1 2 .486 6 5 . 5 0 6 3 . 7 5  - 1 . 7 5
153 65-71 .4 8 3 6 5 - 0 9 6 3 . 3 3 -1 . 7 6
154 6 5 - 3 0 .481 6 4 . 6 9 6 2 . 9 2  - 1 . 7 7
155 6 4 . 9 0 . 4 7 9 6 4 . 2 9 6 2 .5 1 -1 .78
156 6 4 . 5 0 . 4 7 7 6 3 - 9 0 6 2 .1 1 -1 .7 9
157 6 4 .11 . 4 7 5 6 3 . 5 1 6 1 . 7 2  - 1 . 7 9
158 6 3 . 7 2 .473 6 3 . 1 3 6 1 . 3 2  - 1 . 8 1
159 6 3 . 3 4 .471 6 2 . 7 5 6 0 . 9 4  - 1 . 8 1
160 6 2 . 9 6 . 4 6 9 6 2 . 3 8 6 0 . 5 5 -1 .83
161 6 2 . 5 8 . 4 6 7 6 2 .0 1 6 0 . 1 8  - I . 8 3

( c o n t d . )
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TABLE 4 .4  ( c o n td . )

FUNDAMENTAL SPHEROIDAL MODE OBSERVATIONS COMPARISONS WITH MODEL QM2

t D (G i 1b e r t
Angu la r
Order t i n t . SD

U

( D e r r , 
1969)

SEM &
Dz i e - SD t co r  r . t Q.M2 ^t QM2~

Number w o n s k i , c o r r . )
1975)

(1) (2) (3) W (5) (6) (7) (8) (9) (10)

162 62.21 .465 61 .65 5 9 . 8 0 - I .8 5
163 61.85 .463 61.29 59.1)3 - 1 .8 6
164 61.49 .461 60.93 59-01 -1 .86
165 61.13 .459 60.58 58.71 -1 .8 7
166 60.78 .457 60.23 58.35 -1 .8 8
167 60.43 .455 59.89 5 8 . 0 0 -1 .8 9
168 60.08 .^53 59.56 57.65 -1.91

NOTE SD = Standard d e v i a t i o n
SEM = Standard e r r o r  o f  the  mean 

t .  = e f f e c t i v e  s p h e ro id a l  o s c i l l a t i o n  p e r io d s  d e r i v e d  f rom
phase v e l o c i t i e s

t  = p e r iod s  in column 2 c o r r e c t e d  f o r  d i s p e r s i o n  due to
a n e l a s t i c i t y  us in g  Equat ion  7-
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our global average phase velocities corrected for frequency shifts due 

to anelasticity are presented in column 8 of Table 4,4. There periods 

can be compared with those of the same modes calculated from model QM2 of 

Hart et al. (1377b). For periods greater than 155 seconds our estimated

periods are slightly greater than those calculated for model QM2 of Hart 

et al. (1977b). On the other hand, at periods shorter than 155 seconds 

our estimated periods become progressively smaller than the periods for 

modes QM2, the differences being 0.21, 0.83, 1.5^ and 3.02 per cent at 

periods of 125, 100, 80 and 60 seconds. These frequency shifts indicate 

that Rayleigh wave phase velocities for model QM2 are too high compared 

to the observed global average phase velocities for periods shorter than 

125 seconds. Hart et_ al_. (1977b) used the Anderson al_. (1965) 

model MM8 for anelasticity to compute corrections for their free 

oscillation data.
In Figure A . 5 values of QD* calculated for model MM8K

are compared with Q.  ̂ calculated from the group velocities and attenuation 

coefficients listed in Table 4.3. Error bars indicate one standard 

deviation for each estimate. The values of Q.  ̂ calculated in this study 

are lower than those predicted by model MM8. Host estimates of QD  ̂

presented by Ben-Menahem (1965) lie between estimates derived in this study 

and those predicted from model MM8. Attenuation coefficients of Mitchell 

et al. (1975) for Pacific Ocean paths for the period range 50 to 110 

seconds are within a factor of 2 of our global average estimates of 

attenuation coefficients. Similar estimates for central United States 

paths by Mitchell (1973a) and Herrmann and Mitchell (1975) indicate that 

attenuation coefficients at a period of 40 seconds are also within a 

factor of 2 of our estimate at 50 seconds. A discussion of further 

implications of these global average group velocities and attenuation 

coefficients and deviations from them for particular paths will appear in 

later chapters dealing with regionalization and inversion of the data 

presented in this chapter and in Chapter 3.



F ig u re  4 .5 Q. FOR RAYLEIGH WAVES -

Q's de te rm ined  f rom our  fundamental  mode Ray le ig h  wave 

a t t e n u a t i o n  c o e f f i c i e n t s  and group v e l o c i t i e s  a re  c o n t r a s te d  

w i t h  Q^s c a l c u l a t e d  f o r  model MM8 o f  Anderson,  Ben-Menahem 

and Archambeau (1965).  E r r o r  bars i n d i c a t e  e s t im a te s  o f  1 

s tandard  d e v i a t i o n  f o r  each
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Sec. 4.5 SUMMARY

The analysis of Rayleigh waves from several large Kurile Island 

earthquakes has produced

global average group and phase velocities for Rayleigh waves

for the period range 50 to 600 seconds,

global average attenuation coefficients for Rayleigh waves for

the period range 50 to 450 seconds,

effective fundamental spheroidal oscillation periods for modes

S . to S.0 (60 to 240 seconds). o 34 o bo

Recent average earth models derived from free oscillation, travel time, 

and surface wave dispersion data produce model group velocities which 

exceed our global average group velocities by as much as 0.25 km/s in the 

period range 100 to 250 seconds. Spheroidal oscillation periods, when 

corrected for dispersion due to anelasticity, indicate that shear 

velocities in the upper mantle are lower than those in model QM2. The 

global average group velocity data require a more pronounced low velocity 

layer in the earth than is predicted by recent free oscillation models. 

Global average Q's for fundamental mode Rayleigh waves are slightly lower 

(approximately one standard deviation at most periods) than those 

predicted by model MM8. Attenuation coefficients at short periods 

(50 to 100 seconds) agree well with similar measurements for shorter 

paths over oceans and continents.
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CHAPTER 5

INVERSION OF GLOBAL AVERAGE GROUP VELOCITIES 

AND ATTENUATION COEFFICIENTS

Sec. 5.1 INVERSION TECHNIQUES

In recent years the problem of inversion of geophysical data and 

the uniqueness of models produced from such data has been widely discussed. 

Several theoretical formalisms have evolved which are commonly in use today. 

These include:

1. The Backus and Gilbert formalism (Backus and Gilbert 1967, 1968,

1970; Gilbert 1971) which has been used to invert body wave travel times 

and free oscillation periods (e.g. Gilbert et_ a_l_. 1973), body wave travel 

times alone (Johnson and Gilbert 1972), surface wave velocities (Braile and 

Keller 1975) and electrical conductivity data (Parker 1970, 1972).

2. The stochastic inversion formalism of Franklin (1970), Smith

and Franklin (1969) and Jordan and Franklin (1971) has been applied to the 

inversion of free oscillation periods and body wave travel times (Jordan and 

Anderson 197*0 and the inversion of surface wave attenuation coefficients

(Mitchell 1975, 1977).

3. The generalized matrix inversion method of Penrose (1955), later 

developed by Lanczos (1961), is discussed by Jackson (1972) and Wiggins (1972) 

and applied to surface wave and free oscillation data by Wiggins (1972).

1*. Monte Carlo methods for inversion of seismic data were developed

by Keilis-Borok and Yanovskaja (1967) and have been applied to the inversion 

of free oscillation data by Press (1968, 1969, 1970) and Worthington et al. 

(197**a). Wiggins (1969) and Wor th i ngton £t_ al_. (I97**b) also applied Monte Carlo 

techniques to invert body wave travel times.

5. The Hedgehog inversion method also has numerous variations



which have been used by Knopoff (1972) for the inversion of surface wave 

phase velocities and by Burton (1972, 1977) for the inversion of surface 

wave attenuation data.

Summaries of the Backus and Gilbert method (l) appear in Parker 

(1970), the generalized inverse method (3) in Wiggins (1972) and Jackson 

(1972) and the stochastic method (2) in Wiggins (1972).

The problems of non-uniqueness of models and the effects of 

linearization on resulting models have been discussed with respect to the 

inversion of body waves by Johnson and Gilbert (1972), Miiller and Alsop 

(1972) and Wiggins et al. (1973). These problems also arise in the inversion 

of upper mantle shear velocities from surface wave group velocities, which 

again is a non-linear problem. In this chapter an algorithm is presented 

which combines the bias-free properties of Monte Carlo inversion with the 

improved efficiency of refinement modelling (Sec. 5-2). Since no linearization 

of the problem is involved this technique is also free from any gain introduced 

by linearization. Corrections for anelastic dispersion in observed group 

velocities (Sec. 5.3) must be made before group velocities are inverted 

(Sec. 5.4). Phase velocity partial derivatives for models resulting from 

the inversion of global average group velocities are necessary in the 

modelling of attenuation by the method of Anderson et_ aj_. (19&5) (Sec. 5**0. 

Since the problem of the inversion of attenuation data is a linear problem, 

a stochastic inversion procedure has been used for the determination of Q. ̂  

as a function of depth. The amount of attenuation caused by scattering is 

considerably smaller than attenuation due to anelasticity, and thus the 

models derived in Sec. 5-5 are representative of the anelastic properties of

89

the mantle.
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Sec. 5.2 CONTROLLED MONTE CARLO INVERSION OF RAYLEIGH WAVE GROUP VELOCITIES

An algorithm for a controlled Honte Carlo inversion procedure 

is block outlined in Figure 5.1. Important features of this algorithm are:

(1) Starting models are randomly generated within predetermined 

limits.

(2) When predictions from a particular model are acceptably close 

to observations, in this case group velocities, that model

is refined.

(3) Models are refined by applying those random perturbations 

which produce smaller reduced x2 statistics for all models 

tested.

The computer program using the algorithm described in Figure 5-1 will accept 

both shear velocities in layers and positions of layer boundaries as 

parameters and will fit either phase or group velocity observations.

Fundamental and first higher mode velocities for Rayleigh and Love waves can 

be inverted simultaneously using this algorithm. In this chapter, the 

algorithm has been applied only to fundamental mode Rayleigh wave group 

velocities. In Chapter 6, however, both fundamental and higher mode Rayleigh 

and Love wave group velocities have been inverted simultaneously.

The reduced x2 statistic (x2f) has been used as a "goodness of 

fit" parameter for listing individual modes of each model generated. Starting 

models are generated randomly within specified bounds and accepted for refine

ment or rejected on the basis of the largest initial x2f °f the modes 

to be tested. This test avoids models which would require many refinements. 

Each acceptable starting model is refined by generating a random perturbation 

to the model with the maximum perturbation size controlled by the acceptability 

of the fit of the current model. A perturbed model which produces an improved 

(smaller) x2f f°r modes is accepted as an improved model, and the 

perturbation is incorporated into the model. Models which produce acceptable



F i g u r e  5- FLOW CHART FOR A CONTROLLED MONTE CARLO INVERSION PROGRAM 

f o r  m u l t i m o d e  s u r f a c e  wave g r o u p  o r  p h a s e  v e l o c i t i e s .
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l Input Data: Fixed model parameters, bounds on variable model parameters,
observed velocities 0^ with standard deviations control parameters:
NMOD - number of starting models to generate, nref - number of 
refinements for each starting model, x^x “ maximum accepted for any 
mode for all starting models.

3 Reduced x2 statistic:

x2 - 1
r (N-l)

1
<DU

X reduced

x2rtr reduced

X2 statistic for a mode for the 

X2 statistic for a mode for the

test model 

trial model

4 Method of perturbing test model:
Each trial model parameter, q. , is generated by perturbing

xtr
each test model parameter, q-s , as follows:te

q. = (l+R*P)*q,
xtr te

where R is a random number from a uniform distribution over the range (-0.5,+0.5) and P is determined by x* the largest x2 from the set of xK 
for all modes to be tested: r

X* P
> 10.0 0.04

3.0 to 10.0 0.02
2.0 to 3-0 0.01
1.6 to 2.0 0.0075
1.3 to 1.6 0.005
< 1. 3 0.0025

■

i
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X2r f o r  a l l  modes (depending on the  q u a l i t y  o f  the  f i t  r e q u i r e d )  a re  accepted 

as " s u c c e s s f u l "  models.  The r e f i n i n g  p rocess is  repea ted u n t i l  a s u c c e s s fu l  

model i s  genera ted  o r  u n t i l  the  maximum number o f  r e f in e m e n ts  t o  the  model 

has been a t tem p ted .  In e i t h e r  case,  parameters  f o r  the  f i n a l  re f in e m e n t  a re  

l i s t e d  a long  w i t h  the  c a l c u l a t e d  d i s p e r s i o n  f o r  t h a t  model .  Models 

gene ra ted  by t h i s  procedure  are no t  r e s t r i c t e d  to  s t a y  w i t h i n  bounds se t  f o r  

the  s t a r t i n g  models.

The c a l c u l a t e d  model d i s p e r s i o n  i s  c o r r e c t e d  f o r  the  e a r t h ' s  

s p h e r i c i t y  by the  Biswas and Knopof f  (1970) c o r r e c t i o n  f o r  Love waves -  an 

e x a c t  e a r t h  f l a t t e n i n g  c o r r e c t i o n  -  and by e i t h e r  the  No r th  and Dziewonski  

(1976) c o r r e c t i o n  o r  the  A l te rman  e t  a i . (1961) c o r r e c t i o n  f o r  Ray le ig h

waves. The Nor th  and Dziewonski (1976) c o r r e c t i o n  i s  an e m p i r i c a l  c o r r e c t i o n  

f o r  the  fundamental  mode wh ich  c o r r e c t s  c a l c u l a t e d  phase and g roup  v e l o c i t i e s  

to  an accuracy  o f  b e t t e r  than 0 .4  per  cen t  f o r  p e r io d s  s h o r t e r  than 200 

seconds.  T h is  c o r r e c t i o n  has been used f o r  c o r r e c t i n g  group v e l o c i t i e s  in the  

i n v e r s i o n  o f  g lo b a l  average group v e l o c i t i e s  in t h i s  ch a p te r  and r e g io n a l  group 

v e l o c i t i e s  in Chapter  7- The A l te rman  et_ al_. (1961) c o r r e c t i o n  has been 

a p p l i e d  t o  models f o r  c a l c u l a t i n g  fundamental  and f i r s t  h ig h e r  mode R a y le ig h  

wave group v e l o c i t i e s  in the  i n v e r s i o n  in Chapter  6.
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Sec. 5,3 THE CORRECTION OF OBSERVED GROUP VELOCITIES FOR ANELAST 1C 

DISPERSION

As described in Section A,3.2, the presence of anelasticity 

in the earth causes free oscillation periods to be shifted to periods longer 

than would be observed in a perfectly elastic earth. The effect of anelas

ticity on phase velocities causes phase velocities to be shifted to slower 

velocities. In each case the shift is of the order of 1 per cent for 

periods of several hundred seconds. Since group velocity is related to 

the first derivative of the phase velocity, the correction is slightly more 

complex.

Let us consider the phase velocity correction for anelasticity 

(Liu et a 1. 197&, Equations kO and k \). In the case of both Rayleigh and 

Love waves, the correction is of the form

Ac
c (5.1)

where c is the phase velocity, Ac is the correction to the phase velocity 

and Q.  ̂ is the specific attenuation of the appropriate mode at angular 

frequency w. The group velocity u, expressed in terms of the phase 

velocity and its derivative with respect to period T, is

u
1 + T_ d_c 

c dT
(5.2)

Similar expressions relate phase and group velocities for group and phase 

velocities corrected for anelasticity, u and c, and group and phase velocities 

which are not corrected for anelasticity (observed velocities), U and C.

The phase velocity corrected for anelastic dispersion, is thus
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c = C -  Ac

(5 .3 )
c

= C + —  Jin (T) .
TT Q.

The g ro u p  v e l o c i t y ,  c o r r e c t e d  f o r  a n e l a s t i c  d i s p e r s i o n ,  can be 

e x p r e s s e d  in  te rms o f  t h e  o bs e rv ed  phase v e l o c i t y  u s i n g  E q u a t i o n  5-3 ;

C -  Ac

+ _I_ 4s.
(C-Ac)  dT

(5 .4 )

C o n s id e r  t h e  p rob lem  o f  e v a l u a t i n g  y y  Upon d i f f e r e n t i a t i n g  E q u a t i o n  5.3

d c
w i t h  r e s p e c t  t o  t i m e ,  a second y y  te rm  a r i s e s  f r o m  t h e  d i f f e r e n t i a t i o n  o f

dcAc ( E q u a t i o n  5 . 1 ) .  When a l l  y y  te rm s  a r e  c o l l e c t e d ,  t h e  r e m a i n i n g  te rm s  

c o n t a i n  o n l y  t h e  u n c o r r e c t e d  phase v e l o c i t y  C and t h e  c o r r e c t i o n  te rm  Ac

= (1 -
dT v ttQ.

-1
(C-Ac)Ac  dQ. ( (O A c ) - ,

Q dT ttQT" J * (5 .5 )

Only the d e r i v a t i v e s  yy anc* p ro v id e  c o m p u ta t ion a l  p rob lems.  The d e r i v a t i v e  

dC—  can be e v a lu a te d  d i r e c t l y  in terms o f  observed phase and group v e l o c i t i e s  

by s o l v i n g  Equat ion  5 .2  ( w r i t t e n  f o r  u nco r rec te d  phase and g roup  v e l o c i t i e s )  

f o r  the  d e r i v a t i v e  o f  the  phase v e l o c i t y :

dC
dT

-  ( — -  1 ) 
T '  U (5 .6 )

The d e r i v a t i v e  —  was dete rm ined  by d i f f e r e n t i a t i n g  a f o u r t h  
dT

degree po lynomia l  wh ich  was f i t t e d  to  Q. as a f u n c t i o n  o f  p e r io d  (data in 

F ig u re  4 . 5 ) .  Equa t ions  5 ,4 ,  5 .5 ,  and 5 .6  in c o n j u n c t i o n  w i t h  the  po lynomia l  

f i t t i n g  Q. as a f u n c t i o n  o f  p e r iod  p ro v id e  a s t r a i g h t  fo rw a rd  and a c c u r a te  

method f o r  c o r r e c t i n g  observed group v e l o c i t i e s  f o r  a n e l a s t i c  d i s p e r s i o n .

In p r a c t i c e  C has been taken as the  phase v e l o c i t y  c a l c u l a t e d  by t r a p e z o id a l



96

rule integration of the observed group velocities described in Sec. 4.3 and 

listed in Table 4.3 for the global average data. The correction Ac has 

been calculated with the uncorrected phase velocity calculated by integrating 

group velocities. All group velocities used in modelling in this chapter and 

in Chapter 7 have been corrected for anelastic dispersion in this manner.

The corrected global average group velocities are given in Table 5*2.
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GLOBAL A VERAGE GROUP V E L O C I T I E S  CORRECTED FOR A N E L A S T I C  

D I S P E R S I O N

UNCORRECTED  
GROUP V E L O C I T Y  

(km/s)

CORRECTED  
GROUP V E L O C I T Y  

(km/s)

3.8545
3.8351
3-7937
3.7952
3.7460
3.7464
3.7278
3.7065
3.7088
3.6752
3.6510
3.6320
3.6237
3-5988
3.5928
3.5726
3.5775
3.5728
3.5665
3.5774
3.5950
3.6135
3.6539
3.6602
3.7301
3.7696
3.8329
3.8787

3.8648 
3.8488 
3,8121 
3.8193 
3.7761 
3.7825 
3.7691 
3-7518 
3.7573 
3.7253 
3.7019 
3.6830 
3.6746 
3-6491 
3.6428 
3.6222 
3.6275 
3.6234
3.6183 
3.6312 
3.6516 
3-6735 
3.7181 
3.7279 
3.8029 
3.8461 
3.9129 
3.9605
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Sec. 5.b SHEAR VELOCITY MODELS FOR THE UPPER MANTLE

In this section, models are presented which fit the global average 

Rayleigh wave group velocities presented in Table 5*2, As Dziewonski (1971k) 

pointed out, an averaging of dispersion curves approximately corresponds to 

an averaging of velocity and density distributions. As a consequence, global 

average and pure-path dispersion curves, and the corresponding models derived 

for them, may not represent actual upper mantle structure. Several recent 

studies of upper mantle structure derived from surface wave dispersion data 

have indicated that the average thickness of the lithosphere (taken as the 

depth of the top of the low velocity zone) is about 70 km beneath the 

oceans (Kanamori and Press 1970, Forsyth 1975b). Other studies (Press 1570, 

Dziewonski 1971b) have found that the average lithospheric thickness beneath 

the continents is approximately twice as great as beneath the oceans.

Since about 2/3 of the earth's surface is covered by ocean, global average 

surface wave dispersion data should be weighted towards representation of the

oceanic upper mantle structure. For this reason two sets of shear velocity 

model bounds have been used for generating average earth models:

(1) models with layer boundaries similar to oceanic models of 

Dziewonski (1971b) (100 km lithospheric lid),

and

(2) models with layer boundaries similar to 5-08 M of Kanamori 

and Press (1970) (70 km lithospheric lid).

These two types of shear velocity bounds are presented in Table 5-3 and will 

be referred to as type 1 and type 2 bounds in the ensuing discussion. 

Densities were assumed to be constant in both types of upper mantle models, 

since this study did not produce a data set from which density could be 

determined simultaneously with shear velocities. Several successful models, 

i.e. models which fit within one standard deviation for periods between 50 

and 300 seconds are shown, in Figures 5.2 and 5-3- All successful models
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TABLE 5-3 STARTING MODEL BOUND ON SHEAR VELOCITY MODELS DERIVED 

BY CONTROLLED MONTE CARLO INVERSION OF GLOBAL AVERAGE 

GROUP VELOCITIES

TYPE 1 -  BASED ON DZIEWONSKI (1971b) OCEANIC MODELS

Depth 
t o  Top o f  
Layer (km)

Compressiona1 
V e l o c i t y  
(km/s)

Range o f
Shear V e l o c i t i e s  
(km/s)

D e n s i t y  

(g /cc )

Low High

0 .0 1.44 0 .0 1 .02
3 .0 6 .50 3.72 2.79

21.0 8 . 3 7 4 .30 4 .50 3.40
100.0 8 . 3 7 4 .20 4 .30 3.40
200.0 8 . 3 7 4 .60 4 .60 3.40
412.5 9.50 5 .20 3.80
658.5 1 0 . 2 6 5.64 4.05
671.0 10.67 . 5.91 ^ . 3 5
703.5 10.93 6.07 4 .40
719.5 10.97 6 .09 4.41
737.0 10.97 6 .10 4.42
757-5 10.98 6 .14 4.46
7 8 3 . 5 11.05 6.18 4.49
8 0 9 . 5 11.10 6 .24 4.51
846.0 11.19 6.32 4.54
9 0 8 . 5 11.33 6 .37 4 . 5 7
9 8 3 . 5 11.47 6 . 3 8 4.61

1058.5 11.60 6 . 3 9 4.64
1133.5 11.72 6 .46 4.68
1208.5 11.85 6 . 5 2 4.71
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TABLE 5-3 STARTING MODEL BOUND ON SHEAR VELOCITY MODELS DERIVED

BY CONTROLLED MONTE CARLO INVERSION OF GLOBAL AVERAGE
GROUP VELOCITIES

TYPE 2 - BASED ON KANAMOR I (1970a) 5-08 M

Depth 
to Top of 
Layer (km)

Compressiona1 
Velocity 
(km/s)

Range of
Shear Velocities 
(km/s)

Density 

(g/cc)

0.0 1.44

Low

0.00

High

1 .02
3.0 6.50 3.72 2.79

21.0 8.37 4.500 4.575 3.40
70.0 8.37 4.300 4.350 3.40
150.0 8.37 4.250 4.350 3.40
220.0 8.37 4.600 4.600 3.40
412.5 9.50 5.20 3.80
658.5 10.26 5.64 4.05
671.0 IO.67 5.91 4.35
703.5 10.93 6.67 4.40
719.5 10.97 6.09 4.41
737.0 10.97 6.10 4.42
757.5 10.98 6.14 4.46
783.5 11.05 6.18 4.49
809.5 11.10 6.24 4.51
846.0 11.19 6.32 4.54
908.5 11.33 6.37 4.57
983.5 11.47 6.38 4.61
1058.5 11.60 6.39 4.64
1133.5 11.72 6.46 4.68
1208.5 11.85 6.52 4.71



F ig u r e  5-2 SHEAR VELOCITY MODELS FROM TYPE 1 BOUNDS -

have been de te rm ined  by c o n t r o l l e d  Monte C a r lo  i n v e r s i o n  o f  

g lo b a l  average R a y le ig h  wave group v e l o c i t i e s  f o r  p e r iod s  

between 50 and 300 seconds.  Type 1 bounds f o r  shear 

v e l o c i t i e s  o f  s t a r t i n g  models are  l i s t e d  in Tab le  5 . 3 ( a ) .  

A l l  models have l i t h o s p h e r i c  t h i c k n e s s e s  o f  100 km and are 

l i s t e d  in Tab le  5 - M a ) .
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Tabl e  5-3 SHEAR VELOCITY MODELS FROM TYPE 2 BOUNDS -

have been de t e rmined  by c o n t r o l l e d  Monte Car l o  i n v e r s i o n  

of  g l oba l  ave rage  Rayleigh wave group v e l o c i t i e s  f o r  

p e r i o d s  between 50 and 300 seconds .  Type 2 bounds f o r  shear  

v e l o c i t i e s  of  s t a r t i n g  models a r e  l i s t e d  in Tab l e  5 . 3 ( b ) .

Al l  models  have l i t h o s p h e r i c  t h i c k n e s s e s  of  70 km and 

a r e  l i s t e d  in Table  5 - M b ) .
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are  l i s t e d  in Tab le  5-4 .

I t  i s  e v id e n t  f rom F ig u res  5-2 and 5-3 t h a t  Ray le igh  wave group 

v e l o c i t i e s  a lo n e ,  f o r  p e r io d s  between 50 and 300 seconds, do not  c o n s t r a i n  

the  range o f  average l i t h o s p h e r i c  shear v e l o c i t i e s  o r  t h i c k n e s s e s  w i t h i n  

c lo s e  l i m i t s .  S ho r te r  p e r io d  da ta  a re  r e q u i r e d  in the  20 t o  50 second 

p e r io d  range f o r  the  d e t e r m i n a t i o n  o f  bounds on average shear v e l o c i t y  and 

t h i c k n e s s  o f  the  l i t h o s p h e r e .  T h i s  is  a l s o  appa ren t  f rom the  p a r t i a l  

d e r i v a t i v e s  o f  phase and group v e l o c i t y  w i t h  respec t  t o  shear v e l o c i t y  f o r  

models p resen ted  in F igu res  5-6 and 5 -7 .  Average shear v e l o c i t i e s  f o r  the  

low v e l o c i t y  zone are b e t t e r  de te rm ined  -  t h e  range o f  shear v e l o c i t i e s  

d e r i v e d  f o r  t ype  1 bounds is  about  0.1 km/s w id e .  For t y pe  2 bounds the  two 

low v e l o c i t y  la y e rs  are  s l i g h t l y  more v a r i a b l e .  Average v e l o c i t i e s  f o r  

t h e  r e g io n  between the  low v e l o c i t y  zone and th e  412 km d i s c o n t i n u i t y  a re  

less  v a r i a b l e  than any o f  the  o th e r  l a y e r s  and c l u s t e r  t i g h t l y  about  an 

average o f  4 .6  km/s.  T h i s  is  no t  an a r t i f a c t  o f  the  nar row bounds on 

s t a r t i n g  model v e l o c i t i e s  f o r  t h i s  l a y e r  s in ce  o th e r  models were produced 

f rom w id e r  bounds which r e s u l t e d  in no more s c a t t e r  than t h a t  shown in 

F ig u re  5-2 and 5-5-

As a t e s t  o f  whether a low v e l o c i t y  zone was re q u i r e d  by the  

g lo b a l  average data  s e t ,  severa l  models were r e f i n e d  f rom a c o ns ta n t  

v e l o c i t y  upper man t le  s t a r t i n g  model.  The s t a r t i n g  model and r e s u l t i n g  

s u c c e s s fu l  models f o r  l a y e r  th i c k n e s s e s  chosen f rom type  1 and t ype  2 

bounds a re  shown in F igu res  5 .4  and 5 .5  and Tab le  5-4 p a r t s  (c) and ( d ) . 

Since the  s t a r t i n g  model was a c o n s ta n t  v e l o c i t y  model ,  the  r e s u l t i n g  

models have l o w - c o n t r a s t  low v e l o c i t y  zones w i t h  low l i d  v e l o c i t i e s ,  

but  a l l  f a l l  a p p ro x im a te l y  w i t h i n  the  ranges o f  shear v e l o c i t i e s  d es c r ibe d  

by models d e r i v e d  f rom type  1 and t ype  2 bounds.

R e ce n t ly  Burkhard and Jackson (1976) p o in te d  o u t  t h a t  the  

" s t a n d a r d i z e d “  p a r t i a l  d e r i v a t i v e s  o f  phase v e l o c i t y  w i t h  respec t  t o  

d e n s i t y  are no t  small  compared to  p a r t i a l s  w i t h  re s p e c t  to  shear v e l o c i t y



TABLE 5.** SHEAR VELOCITY MODELS DERIVED FROM A CONSTANT VELOCITY UPPER 

MANTLE -

w i t h  a l i t h o s p h e r i c  t h i c k n e s s  o f  100 km show t h a t  a low zone is  

r e q u i r e d  by g lo b a l  average Ray le igh  wave group  v e l o c i t i e s  f o r  

p e r io d s  between 50 and 30 km. Models a re  l i s t e d  in Tab le  5 - ^ ( c ) .
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F ig u re  5 .5  SHEAR VELOCITY MODELS DERIVED FROM A CONSTANT VELOCITY

UPPER MANTLE -

w i t h  a l i t h o s p h e r i c  t h i c k n e s s  o f  70 km show t h a t  a low 

v e l o c i t y  zone is  r e q u i r e d  by g lo b a l  average R ay le igh  wave 

group v e l o c i t i e s  f o r  p e r io d s  between 50 and 300 km. Model 

are  l i s t e d  in Tab le  5 - M d ) .
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f o r  l a y e r s  a t  l i t h o s p h e r i c  l i d  d ep ths .  P a r t i a l  d e r i v a t i v e s  o f  both 

phase and group  v e l o c i t y  w i t h  re s p ec t  t o  compress iona l  v e l o c i t y ,  shear 

v e l o c i t y  and d e n s i t y  a re  shown in F igu res  5 .6  and 5 .7  f o r  two success fu l  

models -  2 :9 1 / 2  and 4 ; 4 4 / l ,  These two models re p re s e n t  ex tremes in terms 

o f  average shear v e l o c i t i e s  in the  l i t h o s p h e r i c  l i d .  They a l s o  p ro v id e  

a bas is  o f  compar ison between the  r e s o l v i n g  power o f  l a y e r s  in each o f  

the  two l a y e r i n g  schemes. P a r t i a I s  f o r  these  two models shown in 

F ig u re s  5 .6  and 5-7 are  norma l i zed  t o  c o n s ta n t  l a y e r  t h i c k n e s s .  From 

these  f i g u r e s  i t  i s  apparen t  t h a t  d e n s i t y  p a r t i a l s  a re  a p p r e c ia b l e  o n l y  

f o r  the  f i r s t  l a y e r  ( o m i t t i n g  the  w a te r  l a y e r )  ** 21 km t h i c k  in both 

models.  No independent  i n f o r m a t i o n  on d e n s i t y  is  a v a i l a b l e  f rom t h i s  

s tudy  s in c e  o n l y  R a y le ig h  wave v e l o c i t i e s  were measured. Phase v e l o c i t y  

p a r t i a l s  w i t h  re s p e c t  t o  shear and com press iona1 v e l o c i t i e s  f o r  these two 

models w i l l  be used to  d e r i v e  models f o r  Q.  ̂ in  the  nex t  s e c t i o n .



Figure 5.6 PARTIAL DERIVATIVES OF PHASE AND GROUP VELOCITY WITH RESPECT 

TO COMPRESS IONAL VELOCITY, SHEAR VELOCITY AND DENSITY - 

f o r  model 2 :91 /2  are shown f o r  per iods between 50 and A00 

seconds. Layer numbers are the same as those in Table 

5 . M b)  f o r  t h i s  model. A l l  p a r t i a l  d e r i v a t i v e s  are normal ized 

to constant  laye r  th ickne ss .  Phase v e l o c i t y  p a r t i a l  

d e r i v a t i v e s  w i th  respect  to compressiona1 and shear v e l o c i t i e s  

were used in the inve rs ion  o f  g loba l  average a t te n u a t io n  data.
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Figure  5.7 PARTIAL DERIVATIVES OF PHASE AND GROUP VELOCITY WITH RESPECT

TO COMPRESS IONAL VELOCITY, SHEAR VELOCITY AND DENSITY - 

f o r  model k : bk / ]  are shown f o r  per iods between 50 and 400 

seconds. Layer numbers are the same as those in Table 5 *M a)  

f o r  t h i s  model. A l l  p a r t i a l  d e r i v a t i v e s  are normal ized to 

cons tant  layer  t h ic k n e s s .  Phase v e l o c i t y  p a r t i a l  d e r i v a t i v e s  

w i th  respect to  compressiona1 and shear v e l o c i t i e s  were used 

in the inve rs ion  o f  g loba l  average a t te n u a t io n  data.
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Sec. 5-5
-1 MODELS

Anderson and Archambeau (1964) and Anderson,  e t  a l . (1965) have

presen ted  a th e o ry  f o r  c a l c u l a t i n g  Q.  ̂ f o r  s u r f a c e  wave modes f rom the  s p e c i f i c

a t t e n u a t i o n  o f  compress ional  waves,  Q. \  and shear waves,  Q. J , in a laye reda p

medium. Methods o f  i n v e r s io n  o f  Q. * da ta  based on th e  ma jo r  i n v e r s i o n  

techn iques  ment ioned in the i n t r o d u c t i o n  t o  t h i s  c h a p te r  have been b r i e f l y  

d iscussed  by Lee and Solomon (1975).  A s t o c h a s t i c  i n v e r s i o n  program 

d e s c r ib e d  by M i t c h e l l  (1977) has been used in t h i s  s tudy  t o  e s t im a te  Q. J as
p

a f u n c t i o n  o f  depth  f rom the  observed a t t e n u a t i o n  c o e f f i c i e n t s  o f  R ay le igh  

waves. Q. ^  has been assumed t o  be one h a l f  o f  Q. ^ in t h i s  a n a l y s i s .  T h is  

d i f f e r s  o n l y  s l i g h t l y  f rom the  idea l  r a t i o  o f  0 .44  f o r  a Poisson s o l i d .

Models 2 :9 1 /2  and 4 :4 4 /1  were s e le c te d  f rom the  two c la s s e s  o f  

shear v e l o c i t y  models d iscussed  in  Sec. 5 -4 .  P a r t i a l  d e r i v a t i v e s  o f  phase 

v e l o c i t y  w i t h  re s p e c t  t o  compress iona1 and shear  v e l o c i t i e s  f o r  models 2 ; 91/2  

and 4 :4 4 /1  a re  shown in F ig u re  5-6  and 5 -7 -  These p a r t i a l s  and model phase 

and group v e l o c i t i e s  are  necessary  f o r  t h e  c a l c u l a t i o n  o f  Q.  ̂, Q. J , 7 and 

Q f o r  a t t e n u a t i o n  models.  The p a r t i a l s  and phase and group v e l o c i t i e s  

were c a l c u l a t e d  u s ing  a s u r fa c e  wave d i s p e r s i o n  program w i t h  the  No r th  and 

Dziewonski  (1976) c o r r e c t i o n  f o r  t h e  e a r t h ' s  s p h e r i c i t y .  Since  t h i s  

e a r t h  f l a t t e n i n g  c o r r e c t i o n  beg ins  to  break down f o r  p e r io d s  in excess o f  250 

seconds and s in ce  fewer data  are in c o rp o ra te d  in the  g lo b a l  averages f o r  

a t t e n u a t i o n  c o e f f i c i e n t s  a t  these long p e r i o d s ,  da ta  and p a r t i a l s  were 

r e s t r i c t e d  to  p e r io d s  f rom 50 t o  300 seconds.  Some p r e l i m i n a r y  a t t e m p ts  

a t  i n v e r s i o n  o f  lo n ge r  p e r io d  da ta  produced models w i t h  u n u s u a l l y  low 

Q.'s in t h e  deepes t  l a y e rs  o f  these  models.  I t  a l s o  appeared t h a t  e r r o r  

e s t im a te s  f o r  the  g lo b a l  average a t t e n u a t i o n  c o e f f i c i e n t s  f o r  p e r io d s  

g r e a t e r  than 300 seconds were too  c o n s e r v a t i v e .



m

Several  models f i t t i n g  Q  ̂ c a l c u l a t e d  f rom observed group
R

v e l o c i t i e s  and a t t e n u a t i o n  c o e f f i c i e n t s  p e r io d s  between 50 and 300 

seconds are  shown in F ig u re  5 ,8  and 5 .9 ,  These models a re  c h a r a c t e r i z e d  by 

a h ig h  a t t e n u a t i o n  l a y e r  in the  100 to  220 km depth  range .  I t  i s  e v i d e n t  

f rom the  v a r i e t i e s  o f  su ccess fu l  models f o r  shear v e l o c i t y  d e s c r ib e d  in 

Sec. 5-3 t h a t  a range o f  dep ths  and v e l o c i t i e s  f o r  the  low v e l o c i t y  zone 

c o u ld  produce a c c e p ta b le  f i t s  t o  observed group v e l o c i t y  d a ta .  T h is  a l s o  

appears t o  be t r u e  o f  Q.  ̂ models f o r  t h i s  p a r t  o f  the  upper m a n t le .  

M e a s u r e m e n t s  f o r  p e r i o d s  b e t w e e n  50 and 100 s e c o n d s  a r e  

c r i t i c a l  in d e te rm in in g  some f e a t u r e s  o f  these  models -  n o t a b l y  the  

t h i c k n e s s ,  shear v e l o c i t y  and Q.  ̂ o f  the  l i t h o s p h e r e .  S ince the  50 

second a t t e n u a t i o n  c o e f f i c i e n t  re p re s e n ts  the  average o f  a t t e n u a t i o n  f o r  o n l y  

4 g r e a t  c i r c l e  pa ths  (Tab le  4 , 3 ) ,  a t e s t  was made t o  s e e  how 

much t h i s  data  i n f l u e n c e d  the  c h a r a c t e r  o f  Q.  ̂ models d e r i v e d  f o r  the  

average e a r t h .  The 50 second data  f o r  group v e l o c i t y  and a t t e n u a t i o n  

c o e f f i c i e n t s  were o m i t t e d  in t h e  i n v e r s i o n  o f  models shown in  F ig u re  5 .1 0 .

The r e s u l t i n g  models a re  o f  lower c o n t r a s t  in Q.  ̂ between l a y e r  4 and the  

a d ja c e n t  l a y e r s .  T h i s  is  m a in l y  caused by the  lo s s  o f  r e s o l u t i o n  in 

s h a l l o w e r  l a y e r s  and the  r e s u l t i n g  e f f e c t  on average Q.  ̂ in  deeper l a y e r s .  

H o w e v e r ,  models d e r i v e d  f rom t h i s  r e s t r i c t e d  da ta  se t  s t i l l  show t h a t  on 

a g lo b a l  s c a le ,  t h e  g r e a t e s t  a t t e n u a t i o n  is  p re s e n t  a t  dep ths  between 100 

and 200 km. R e s o lu t i o n  k e r n e ls  f o r  models 3 /50 and 3 /T  both  i n d i c a t e  t h a t  

a t t e n u a t i o n  in the  low v e l o c i t y  zone is  w e l l  re s o lv ed  (F ig u re  5 - 1 1 ) .  Since 

models produced w i t h  and w i t h o u t  the  50 second data  a re  s u b s t a n t i a l l y  in 

agreement,  the  group v e l o c i t y  and a t t e n u a t i o n  c o e f f i c i e n t  d e r i v e d  f o r  t h i s  

p e r iod  a re  though t  to  be a reasonab le  e s t im a te  o f  the  g lo b a l  average .  The 

50 to  100 second a t t e n u a t i o n  c o e f f i c i e n t s  a re  a l s o  in good agreement w i t h  

a t t e n u a t i o n  c o e f f i c i e n t s  measured f o r  P a c i f i c  Ocean paths  by M i t c h e l l  et_ aj_. 

(1978) f o r  s i m i l a r  pe r iods -



Figure 5-8 MODELS FOR SPECIFIC ATTENUATION FOR SHEAR WAVES -

as a function of depth are shown for models 2/50, 3/50,

35/50 and 4/50 which assume problem variances of
-3 -3 -4 -42 x 10 ,10 , 3 x 1 0  and 2 x 1 0  respectively.

All models fit global average attenuation coefficients

or periods between 50 and 300 seconds. All models were

devised using phase velocity partial derivatives generated

from model 2:91/2 (Figure 5-6). All models show that a

zone of high attenuation exists for depths between 100 and

200 km. Model MM8 of Anderson £t_ aj_ (19&5) *s shown for

comparison. Resolution kernels for model 3/50 are shown

in Figure 5*11-
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Figure 5.9 MODELS FOR SPECIFIC ATTENUATION FOR SHEAR WAVES -

as a function of depth are shown for models 2/T, 3/T and
~3 "33.6/T which assume problem variances of 2 x 10 ,10

-Aand 5 x 10 respectively. All models fit global average 

attenuation coefficients for periods between 50 and 300 

seconds. All models were devised using phase velocity 

partial derivatives generated from model A:AA/1 (Figure 5-7)- 

These models show that a zone of high attenuation exists 

for depths between 100 and 200 km. Resolution kernels 

for model 3/T are shown in Figure 5-11.
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Figure 5•10 MOD E L S  FOR SPECI F I C  A T T E N U A T I O N  FOR S HEAR W A V E S  -

as a function of depth are shown for mode l s  3/60, 3-5/60

_3 ~kand A/60 w h i c h  assume p r o b l e m  v a r i a n c e s  of 10 , 3 x 1 0

-A
and 2 x 10 . All mod e l s  fit global a verage att e n u a t i o n

c o e f f i c i e n t s  for periods between 60 and 300 seconds. All 

models were devised using p h ase v e l o c i t y  partial der i v a t i v e s  

gene r a t e d  from model 2:91/2 (Figure 5-6). T h e s e  m o d e l s  

w e r e  derived in o r d e r  to test w h e t h e r  the 50 second 

att e n u a t i o n  c o e f f i c i e n t  was c o n s i s t e n t  w i t h  the rest of

the data.
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Model MM8 of Anderson et a 1, (1965) is contrasted with models

2/50 to 4/50 >n figure 5,8, MM8 does not fit the attenuation data 

presented in this thesis.

Each suite of models shown in Figures 5.8 to 5.10 contains 

models generated for different problem variances. The problem variance is 

a parameter which adjusts the trade-off between resolution and precision 

of estimates within each model. The higher values of the problem variance 

increase resolution but produce larger standard deviations for model 

parameters (Mitchell 1977). By trial and error, a problem variance of 10 J 

was found to produce the most reasonable trade-off. Models 3/T and 3/50 

correspond to this value of the problem variance. These models and the 

other models shown in Figures 5-8 and 5.10 are listed in Table 5.5. The 

models are characterized by a lithospheric lid with average Q. of about 200 

overlying a low velocity, high attenuation zone of average Q. of 85 - 110. 

Q's of 170 to 200 are found for the 400 to 600 km depth range but 

resolution kernels for 3/50 and 3/T show that resolution is poor at these 

depths,



F igu re  5.11 RESOLUTION KERNELS -

f o r  models 3/T and 3 /50 show t h a t  the  s p e c i f i c  a t t e n u a t i o n  

a t  dep ths  o f  100 to  200 km -  the  depth  o f  the  low v e l o c i t y /  

h igh  a t t e n u a t i o n  zone -  a re  w e l l  re so lved  in model 3 /T  and 

3 /50 .
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Sec:. 5-6 ERRORS IN ESTIMATES OF ATTENUATION AND THEIR EFFECTS ON q"1 

MODELS

Reduction in surface wave amplitudes due to scattering caused 

by lateral heterogeniety has been a topic of deep concern for at least 

the last ten years. McGarr and A1sop (1967), McGarr (1969a), Drake (1972a, 

1972b) and others have recently dealt with the problem of transmission 

and reflection of short period Rayleigh waves at continental margins.

McGarr (1969b) has studied the effects of focusing and defocusing at 

short periods. Capon (1970, 1970 and Hamada (1972) have shown that 

Rayleigh waves for periods as great as 50 seconds are laterally refracted 

by mid-ocean ridges. Hamada (1972) also shows that island arc chains 

cause serious multipathing problems at periods as great as 140 seconds.

Few attempts have been made to estimate the amount of scattering 

and multipathing which occurs at periods greater than 100 seconds.

Reiter (1973) has estimated that energy losses for spheroidal modes 

to q$2A (300 to 360 seconds) due to a single scattering event in each 

great circle passage are of the order of 1 to 5 per cent. If 

at worst 5 such scattering events occurred along a great circle path, a 

decrement in amplitude of less than 12 per cent should occur. This 

decrement is small compared to the decrement in amplitude of 82 to 98 

per cent actually measured at 150 seconds and 50 seconds respectively. 

Focusing may occasionally cause more serious problems than losses caused 

by reflection and mode conversion.

The errors introduced by not considering losses caused by

reflection, refraction, and mode conversion are systematic but small

compared to the estimates of standard deviations for the attenuation

coefficient measurements listed in Table 4-3. If these losses were taken

into account the anelastic Q  ̂ would be smaller than the values of Q 1R 8
shown in Figure 4.5 and reproduced in Figures 5-8, 5-9 and 5-10.



Thus,  t he  models shown in F i gure s  5-8 
-3

of  l e s s  than 10 , would be in b e t t e r

s c a t t e r i n g  l o s s e s  o f  1 t o  5 per  c e n t .

t o  5 J O ,  which have problem v a r i a n c e s  

agreement  wi th  t h e s e  d a t a  c o r r e c t e d  f o r

123
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CHAPTER 6

THRUST FAULTING AND CRUST-UPPER MANTLE 

STRUCTURE IN EASTERN AUSTRALIA

Sec. INTRODUCTION
Since 1958 the Australian National University (ANU) in cooperation 

with the Sydney Water Board and the Snowy Mountains Authority has monitored 

earthquake activity in southeastern Australia (Jaeger and Read 1969). Of 

the hundreds of crustal earthquakes recorded, only the Picton earthquake of 

9 March, 1973 (m^ - 5.5) is well enough recorded to provide definitive 

information on the state of stress in the crust, mode of crustal deformation, 

and average crust and upper mantle shear wave velocities. Figure 6.1 gives 

locations of the southeast Australian seismic stations used for locating 

the Picton earthquake and its aftershocks, as well as locations (stippled 

areas) of other concentrations of activity within this part of Australia. 

Similar concentrations may exist north along the coast and off-shore but 

station coverage is too sparse to locate such activity accurately, if it 

exists.

The crustal structure in southeastern Australia is inferred from 

two primary sources: large-scale refraction experiments (Cleary 1973,

Underwood 1969, 1970, Doyle et a 1. 1959, 1966) with shot points in the Bass 

Strait and off-shore New South Wales and surface wave studies (Thomas 1969, 

Goncz 197*0- Large-scale refraction experiments in Victoria and southern

New South Wales are consistent with a two-layer crust thickening from 25 km 
at the eastern continental margin to 42 km beneath the Snowy Mountains.

P-velocities found for the crustal layers and upper-most mantle are 6.0,

6.6 and 7-9 km/s respectively (Cleary 1973). Further north, another crustal 

refraction profile was recorded from 230 to 605 km SSE of Charters Towers, 

Queensland by the Bureau of Mineral Resources (BMR) and University of



F ig u re  6.1 SOUTHEASTERN AUSTRALIA -

S e ism ic  s t a t i o n s  used to  l o c a te  the  main shock and i t s  

a f t e r s h o c k s  a re  i d e n t i f i e d  by 3 l e t t e r  codes.  Regions known 

f o r  h ig h  l e v e l s  o f  s h a l lo w  focus a c t i v i t y  are  s t i p p l e d .

Of these  re g ion s  T a lb i n g o  and Eucumbene are  a l s o  majo r

r e s e r v o i r s .
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Queensland (Connel ly  and C o l l i n s  1973) .  C o l l i n s  (personal  communicat ion 

1975) f i n d s  t h a t  a 36 to  39 km t h i c k  m u l t i - l a y e r  c r u s t  o v e r l i e s  an upper  

mant l e  wi th  a P - v e l o c i t y  of  8.13 km/s.  Th i s  p r o f i l e  is  about  100 km t o  t he  

e a s t  and n e a r l y  p a r a l l e l  to  t he  pa t h  between t h e  P i c t on  e a r t hquake  and 

C h a r t e r s  Towers and prov i des  a s t a r t i n g  model f o r  s u r f a c e  wave i n v e r s i o n s  

to  be d i s c u s s e d  l a t e r .

Thomas (1969) and Goncz (197*0 used d i s t a n t  e a r t h q u a k e s  of  

moderate  magni tude f o r  measurements  of  fundamental  mode s u r f a c e  wave 

d i s p e r s i o n s  between WWSSN s t a t i o n s  in A u s t r a l i a .  Because t hey  used d i s t a n t  

e v e n t s ,  t hey  were unab l e  to  o b t a i n  r e l i a b l e  measurements  a t  p e r io d s  s h o r t e r  

than 10 t o  15 seconds  thus  l i m i t i n g  r e s o l u t i o n  a t  c r u s t a l  d e p t h s .  Goncz 

and Cleary  (1976) i nve r t ed  fundamental  mode Rayl e igh  wave phase v e l o c i t i e s  

from 10 t o  90 seconds  f o r  e a s t e r n  and we s t e r n  A u s t r a l i a n  pa t h s  us ing a ' r a w 1 

Monte Car lo  method.  Four models f i t t i n g  t h e i r  d a t a  from e a s t e r n  A u s t r a l i a  

have low v e l o c i t y  zones  in t h e  upper  man t l e  which lead them to  conc lude  

t h a t  a low v e l o c i t y  zone i s  r e q u i r e d  by t h e i r  d a t a .  Other  e s t i m a t e s  o f  

s u r f a c e  wave d i s p e r s i o n  a c r o s s  t he  A u s t r a l i a n  c o n t i n e n t  have been made by 

Bol t  and Niazi  (1964) and Landisman e t  a l . (1969) .  Group v e l o c i t i e s  

measured by Landisman et^ a]_. (1969) f ° r p e r i o d s  o f  10 to  120 seconds  f o r  t h e  

Adela ide  t o  C h a r t e r s  Towers pa th  and By Goncz (1974) f o r  t h e  Rive rv iew-  

Cha r t e r s  Towers pa th  a r e  in s u b s t a n t i a l  agreement  wi t h  group v e l o c i t i e s  

measured in t h i s  s t udy .

The s o u t h e a s t e r n  c o n t i n e n t a l  margin has been a t e c t o n i c a l l y  a c t i v e  

r eg ion  du r i ng  t h e  l a s t  80 m.y.  (V/eissel and Hayes 1971)-  Wellman and 

McDougal 1 (1974) d e s c r i b e  an igneous e p i so d e  l a s t i n g  from 80 to 10 m.y.  ago 

t h a t  s u p p l i e d  a l k a l i n e  and t h o l e i i t i c  b a s a l t i c  l a vas  to  a 300 km wide 

c o a s t a l  r e g i o n .  The o l d e r  of  t h e s e  lava f i e l d s  were ex t ruded  c o n c u r r e n t l y  

wi th  t h e  opening of  t h e  Cent ra l  Tasman b a s i n ,  f o r ma t io n  of  t h e  Dampier r i d g e  

(Hayes and Ring i s  1973) and i n i t i a l  s t a g e s  o f  s e p a r a t i o n  o f  A u s t r a l i a  from
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A n t a r c t i c a  (Weissel and Hayes 1971)- The c e n t r a l  vo lcano  p ro v in c e s  show 

a southward m i g r a t i o n  o f  e r u p t i v e  c e n t r e s  w i t h  t ime which i s  a good a g re e 

ment w i t h  A u s t r a l i a ' s  r a t e  o f  d r i f t  no r thward  f rom A n t a r c t i c a .  Wellman and 

McDougall  suggest  t h a t  the  t r i g g e r i n g  mechanism f o r  t h i s  vo lc a n is m  is  

r e l a t e d  to  a t e n s io n a l  s t r e s s  f i e l d  and t h a t  c e s s a t i o n  o f  v o l c a n i c  a c t i v i t y  

10 to  15 m.y.  ago c o in c id e s  w i t h  a change to  a p re d o m in a n t l y  compress ive  

s t r e s s  f i e l d .  T h is  change accounts  f o r  t h e  upwarp ing o f  the  e as te rn  H ig h 

lands in the  Kosciusko u p l i f t .

Ev idence f o r  contemporary  compress ive  s t r e s s  in t h i s  r e g io n  comes 

f rom in s i t u  measurements a t  dep ths  o f  1200 and 1800 f e e t  in a mine near 

Cobar,  N.S.W. (Stephenson and Murray 1970).  Heat f l o w  va lu es  f o r  s o u th e a s t 

ern  A u s t r a l i a  r e p o r te d  by Sass (1964) and Jaeger (1970) a re  2 .0  and 2 .9  HFU, 

which is  h ig h e r  than the  average 1.6 HFU f o r  c o n t i n e n t s .  Consequen t ly ,  the  

subc rus t  beneath t h i s  p a r t  o f  A u s t r a l i a  may be h o t t e r  and more m ob i le  than 

the  su bc rus t  beneath s t a b le  p a r t s  o f  c o n t i n e n t s .

The P ic t o n  ear thquake  occu r re d  beneath th e  back end o f  the  

Warragamba R e s e r v o i r ,  one o f  the  Sydney r e s e r v o i r s ,  11 years  and 4 months 

a f t e r  i t  was f i r s t  f i l l e d .

In t h i s  c h a p t e r ,  measurements o f  s u r f a c e  wave d i s p e r s i o n  a t  

A d e la id e ,  South A u s t r a l i a ,  H oba r t ,  Tasmania,  and C h a r te r s  Towers,  Queensland 

w i l l  be cons ide red  f i r s t .  Ear th  models f o r  t h e  c r u s t  and upper mant le  

c o n s i s t e n t  w i t h  d i s p e r s i o n  o f  s u r fa c e  waves a re  d iscussed  in S ec t io n  6 .3 .  

F i n a l l y  s y n t h e t i c  s u r fa c e  wave seismograms d e r i v e d  f rom  the  bes t  models a re  

used a long  w i t h  a f t e r s h o c k  l o c a t i o n s  and P-wave f i r s t - m o t i o n  f o c a l  mechanism 

to  d e te rm ine  f a u l t  o r i e n t a t i o n ,  moment and s t r e s s  d rop  f o r  t h e  P ic to n  e a r t h 

quake.
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Sec. 6 .2  SURFACE WAVE DISPERSION

Sur face  waves were reco rded  on long p e r io d  in s t ru m e n ts  a t  the  

th r e e  s t a t i o n s  shown in the  i n s e r t  in F ig u re  6 .1 .  Of th e s e ,  TAU in H obar t ,  

Tasmania, and ADE in A d e la id e ,  South A u s t r a l i a ,  a re  World Wide Standard 

Seismograph Network (WWSSN) s t a t i o n s .  CTA a t  C h a r te r s  Towers,  Queensland,  

is  a h i g h - g a i n ,  w ide -band ,  l o n g - p e r i o d  seismograph s t a t i o n  r e c o rd in g  analogue

and d i g i t a l  seismograms. For each s t a t i o n ,  group v e l o c i t i e s  and s p e c t r a l  

a m p l i tud e s  were determ ined s e p a r a t e l y  f o r  bo th  R a y le ig h  and Love waves.

In t h i s  a n a l y s i s ,  the  s i n g l e  s t a t i o n  method,  i n s t ru m e n ta l  c o r r e c t i o n s  are  

inc luded  in e s t im a te s  o f  group a r r i v a l  t im e s .

Sec. 6 .2 .1  Ins t rum e n ta l  Response

Phase and a m p l i tud e  response f o r  t h e  WWSSN in s t ru m e n ts  a t  ADE and 

TAU and th e  h ig h  and low g a in  in s t ru m e n ts  a t  CTA (Rynn 1971) were e s t im a ted  

f rom t h e o r e t i c a l  e xp ress ions  d e r i v e d  by Hagiwara (1958) and compared w i t h  

the  response d e r i v e d  f rom c a l i b r a t i o n  pu lses  recorded  on each seismogram.

Each c a l i b r a t i o n  pu lse  was F o u r i e r  ana lyzed  and compared w i t h  the  F o u r i e r  

t r a n s fo rm  o f  a s tep  f u n c t i o n  in a c c e l e r a t i o n .  In s t ru m e n ta l  a m p l i tud e  

response and in s t ru m e n ta l  phase d e la y  were c a l c u l a t e d  f rom the  d i f f e r e n c e s  

o f  these  s p e c t r a .  Good agreement was found between a m p l i t u d e  response and 

phase d e la y  d e r i v e d  by t h i s  method and the  t h e o r e t i c a l  q u a n t i t i e s  p r e d i c t e d  

f rom H ag iw ara 's  f o r m u la e .  M ic r o s e is m ic  n o ise  superimposed on the  c a l i b r a 

t i o n  pu lses  lead to  an appa ren t  in c re ase  in m a g n i f i c a t i o n  between 8 and 20 

seconds and caused an apparen t  s h i f t  in  a m p l i t u d e  response maximum to  

s h o r t e r  p e r i o d s .  Other methods o f  in s t ru m e n t  response a n a l y s i s  ( e .g .  M i t c h e l l  

and Landismam 19&9) a re  a l s o  v e r y  s u s c e p t i b l e  to  m ic rose ism  c o n ta m in a t i o n .

A t  CTA c a l i b r a t i o n  t e s t s  o f  t h e  h igh  and low g a in  systems c a r r i e d  

o u t  by Jack M i l l i c a n  in the  month f o l l o w i n g  the  P ic t o n  ea r thquake  ( A p r i l  1973) 

produced a m p l i t u d e  responses e s s e n t i a l l y  s i m i l a r  to  the  t h e o r e t i c a l  responses
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f o r  the h igh  system. The a m p l i t u d e  response o f  the  h igh  ga in  p ho to g ra p h ic  

and d i g i t a l  reco rds  peaks s h a r p l y  a t  a p e r iod  o f  AO seconds and f a l l s  o f f  a t

] 8 d b / o c t  a t  s h o r t e r  p e r io d s ;  the  low g a in  p h o tog ra p h ic  reco rd  peaks a t  

about  30 seconds and f a l l s  o f f  much more g r a d u a l l y  a t  3 d b / o c t  f o r  s h o r t e r  

p e r io d s .  T h i s  d i f f e r e n c e  in f re qu e nc y  response causes h ig h  and low g a in  

reco rds  to  lo o k  r a d i c a l l y  d i f f e r e n t  (compare seismograms in F ig u re s  6 .2  to  

6 . 5 ) .  Phase and group de lays  used f o r  h ig h  and low ga in  reco rds  were those 

p r e d ic t e d  f o r  an idea l  system c o n s i s t i n g  o f  a seismometer  and ga lvonometer  

w i t h  f r e e  p e r io d s  o f  30 and 100 seconds.

The seismograms f rom WWSSN s t a t i o n s  ADE and TAU a re  in c luded  

In F ig u res  6 .6  and 6 .1 2 .  These seismograms and th e  low g a in  seismograms 

a t  CTA were d i g i t i z e d  on a DMAC d i g i t i z e r  a t  the  Commonwealth S c i e n t i f i c  

and I n d u s t r i a l  Research O r g a n i z a t i o n ,  D i v i s i o n  o f  Computing Research,  

Canberra.  The d i g i t i z e d  reco rds  were i n t e r p o l a t e d  t o  one sample per  h a l f  

second,  low-pass  f i l t e r e d ,  decimated to  one sample per second and l i n e a r  

t rends  were removed. The h igh  ga in  d i g i t a l  r e c o r d s ,  sampled a t  one per 

second,  were d e m u l t ip le x e d  and h o r i z o n t a l  components combined to  sepa ra te  

r a d i a l  and t r a n s v e r s e  components;  then rem a in in g  l i n e a r  t r e n d s  were 

removed.

Sec. 6 . 2 . 2  Group V e l o c i t y  D is p e rs io n

Group v e l o c i t i e s  and r e l a t i v e  s p e c t r a l  a m p l i t u d e s  were de te rm ined  

us in g  the  D i r e c t  F i 1 t e r i n g  Method (DFM) d is cussed  in Chapter 2. DFM lo c a te s  

maxima in the  enve lope o f  a nar row-band f i l t e r e d  seismogram and e s t im a te s  

group v e l o c i t i e s  by l e a s t - s q u a r e s  f i t t i n g  o f  a pa rabo la  t o  each enve lope  

maximum. Standard e r r o r s  o f  group  v e l o c i t i e s  a re  e s t im a te d  f rom the  u n c e r 

t a i n t y  o f  a r r i v a l  maxima c a l c u l a t e d  f rom r e g r e s s io n  s t a t i s t i c s  f o r  t h e  bes t  

f i t t i n g  p a rabo la  f o r  each maximum and a re  compared w i t h  t h e  h a l f - a m p l i t u d e  

w id th  o f  t h a t  pa rabo la .  F igu res  6.7  t o  6.12 show group  v e l o c i t i e s  and



F igu re  6 .2  CTA LOW-GAIN VERTICAL SEISMOGRAM AND SYNTHETICS -  

The C ha r te rs  Towers low -ga in  v e r t i c a l  seismogram 

( top )  was recorded  a t  a m a g n i f i c a t i o n  o f  6 ,800.

S y n t h e t i c  seismograms are  shown gene ra ted  f rom models 

El (m idd le )  and CTA1F2 (bot tom) w i t h  f a u l t  o r i e n t a t i o n  

parameters  o f  s t a t i o n  az imuth  r e l a t i v e  t o  f a u l t  s t r i k e ,  

f a u l t  d i p ,  d i r e c t i o n  o f  s l i p  measured downward f rom 

the  h o r i z o n t a l ,  and source depth (see Ben-Menahem 1961).
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Figure 6.3 CTA LOW-GAIN RADIAL SEISMOGRAM AND SYNTHETICS -

The Charters  Towers low-gain ra d ia l  seismogram (top) 

synthes ized from N-S (m a g n i f i c a t io n  5,^00)  and E-W 

(m a g n i f i c a t io n  5,300) low-gain seismograms. Syn the t i c  

seismograms f o r  models El (middle) and CTA1F2 (bottom) are 

a lso  shown. Fau l t  o r i e n t a t i o n  parameters are as descr ibed 

in the capt ion  to  Figure 6.2.
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Figure 6. CTA LOW-GAIN TRANSVERSE SEISMOGRAM AND SYNTHETICS - 

The Charters Towers low-gain t ransverse  seismogram 

(top) synthes ized from N-S and E-W low-gain seismogram. 

S y n th e t i c  seismograms f o r  models El (middle) and 

CTA1F2 (bottom) are a lso  shown. Fau l t  o r i e n t a t i o n  

parameters are as descr ibed in the cap t ion  to  F igure 6 .2 .
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F igu re  6 .5  DIGITAL HIGH GAIN SEISMOGRAMS -

o f  th e  P i c t o n  e a r t h q u a k e  rec o rd e d  a t  CTA a r e  shown f o r  v e r t i c a l  

( t o p ) ,  r a d i a l  ( m i d d l e )  and t r a n s v e r s e  (b o t to m )  componen ts .

The maximum a m p l i t u d e s  o f  a l l  t r a c e s  have been e q u a l i z e d .
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F ig u re  6 .6  ADE SEISMOGRAMS AND SYNTHETIC SEISMOGRAMS -

f o r  the  P ic to n  ea r thquake  as recorded  a t  A d e la i d e ,  South 

A u s t r a l i a ,  a re  shown as v e r t i c a l  co lumns,  E-W ( r a d i a l )  

and N-S ( t r a n s v e r s e )  r e s p e c t i v e l y .  In each column a re  

the  VA-/SSN seismograms o f  m a g n i f i c a t i o n  750 ( to p )  and 

s y n t h e t i c  seismogram genera ted f rom model El (m idd le )  

and model ADEF2 ( b o t t o m ) .
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r e l a t i v e  s p e c t r a l  am p l i tude  e s t im a te s  ( f i l t e r e d  a m p l i t u d e s )  f o r  R ay le igh  

and Love waves reco rded  a t  each s t a t i o n .

For compar ison ,  group v e l o c i t i e s  and s p e c t r a l  a m p l i t u d e s  f o r  

model E l ,  a Goncz and C leary  (1976) model f o r  e a s te rn  A u s t r a l i a ,  a re  shown 

as a s o l i d  l i n e  in each f i g u r e .  A l s o ,  i n c luded  in each f i g u r e  i s  the  group 

v e l o c i t y  d i s p e r s i o n  f o r  two models ,  CTA1F2 and CTA2S1, and th e  a m p l i t u d e  

spectrum f o r  a s y n t h e t i c  seismogram genera ted  f rom model CTA1F2. Both CTA1F2 

and CTA2S1 were d e r i v e d  by c o n t r o l l e d  Monte C a r lo  i n v e r s i o n  o f  the  CTA group  

v e l o c i t y  data  and are  d iscussed  in  Sec t ion  6 . 3 . The a m p l i t u d e  spectrum o f  

the  fundamental  mode f o r  the  CTA1F2 s y n t h e t i c  is  p l o t t e d  as a dashed l i n e  

w i t h  the  f i l t e r e d  a m p l i tud e s  f o r  each seismogram.

D i s p a r i t i e s  between the  d i g i t i z e d  and s y n t h e t i c  seismograms a r i s e  

f rom two sources ;  h ig h e r  modes wh ich  a re  no t  in c lu ded  in the  s y n t h e t i c ,  

and l a t e  a r r i v a l s  due t o  s u r fa c e  waves l a t e r a l l y  r e f r a c t e d  a t  the  c o n t i n e n t a l  

marg in .  L a t e r a l l y  r e f r a c t e d  R ay le igh  a r r i v a l s  a t  CTA (open t r i a n g l e s  in 

F ig u re  6.7  and 6 .8 )  a re  o f  l a r g e r  a m p l i t u d e  than the  d i r e c t  fundamenta l  

mode a r r i v a l s  in  the  p e r iod  range 7 t o  17 seconds.  They a r r i v e  a p p r o x im a t e l y  

100 seconds l a t e r  than fundamental  mode a r r i v a l s ;  t h i s  d e la y  i s  the  t im e  

d i f f e r e n c e  re q u i r e d  t o  t r a v e r s e  a 300 km lo nge r  path  than  the  d i r e c t  pa th  o f  

1600 km from P ic to n  t o  CTA. The lo nge r  path  l e n g th  is  c o n s i s t e n t  w i t h  waves 

r e f l e c t e d  f rom the c o n t i n e n t a l  margin near  Maryborough,  Queensland. Love 

waves observed a t  CTA a re  a f f e c t e d  more a c u t e l y  by l a t e r a l l y  r e f r a c t e d  

a r r i v a l s  wh ich  f o l l o w  fundamental  mode a r r i v a l s  so c l o s e l y  t h a t  a t  p e r io d s  

s h o r t e r  than 25 seconds fundamental  mode a r r i v a l s  a re  b iased toward s lo w e r  

group  v e l o c i t i e s .  Uncontaminated f i r s t  h ig h e r  modes a re  observed f o r  

Ray le igh  and Love waves in the  p e r io d  range 5 t o  15 and 10 t o  20 seconds 

r e s p e c t i v e l y .  The f i r s t  h ig h e r  R ay le igh  mode beg ins t o  be b iased  t o  lower 

group  v e l o c i t i e s  by the  much h ig h e r  a m p l i t u d e  fundamental  mode a r r i v a l s  

beyond p e r io d s  o f  15 seconds.



F ig u re  6 .7  RAYLEIGH WAVE GROUP VELOCITY DISPERSION FROM THE VERTICAL

CTA HIGH-GAIN DIGITAL SEISMOGRAM -

o f  the  P ic to n  ea r thquake .  C i r c l e s  i n d i c a t e  o b s e r v a t i o n s  

o f  the  fundamenta l  mode, squa res ,  the  f i r s t  h ig h e r  Ray le igh  

mode, upward p o i n t i n g  t r i a n g l e s  the  second h ig h e r  Ray le igh  

mode and downward p o i n t i n g  t r i a n g l e s  the  l a t e r  r e f r a c t e d  

a r r i v a l s .  Open symbols f o r  the  fundamental  and f i r s t  

h ig h e r  modes and r e f r a c t e d  a r r i v a l s  i n d i c a t e  t h a t  the  

fundamental  mode a r r i v a l s  a re  o f  s m a l le r  a m p l i t u d e  than the  

r e f r a c t e d  a r r i v a l s  o r  t h a t  f i r s t  h ig h e r  mode a r r i v a l s  

(diamonds) i n t e r f e r e  w i t h  fundamental  mode a r r i v a l s .  The 

s o l i d  l i n e  i n d i c a t e s  group v e l o c i t i e s  and a m p l i t u d e s  o f  

Goncz and C lea ry  (1976) model El and the  dashed c u rv e ,  

v e l o c i t i e s  and a m p l i t u d e s  o f  model CTA1F2. CTA2S1 group 

v e l o c i t i e s  are shown as a do t -d a sh  where they  d i f f e r  f rom 

those o f  CTA1F2. Model s p e c t r a l  a m p l i t u d e s  have f l o a t i n g  

v e r t i c a l  s c a le  but  a re  presumed t o  f i t  near the  maximum. 

Standard e r r o r s  o f  o b s e r v a t i o n s  a re  i n f e r r e d  f rom l e a s t  

squares d e t e r m i n a t i o n s  o f  group a r r i v a l  t im e s .  Lack o f  

e r r o r  bars i n d i c a t e s  e r r o r s  s m a l le r  than symbol s i z e s .
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F i g u r e  6 . 8  RAYLEIGH WAVE GROUP VELOCITY DISPERSION FROM THE VERTICAL

CTA LOW-GAIN ANALOGUE SEISMOGRAM -

o f  t h e  P i c t o n  e a r t h q u a k e .  For  e x p l a n a t i o n  o f  s y m b o ls ,  see 

F i g u r e  6 . 7 *
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Figure 6.9  LOVE WAVE GROUP VELOCITY DISPERSION FROM THE CTA HIGH-GAIN

SEISMOGRAM -

o f  the P ic ton  earthquake. Squares i n d ic a te  observa t ions  

o f  the fundamental mode, t r i a n g l e s  the f i r s t  h igher  Love 

mode, open diamonds» l a t e r  r e f ra c te d  a r r i v a l s .  So l id  and 

dashed l i n e s  represent  models El and CTA1F2 r e s p e c t i v e l y .
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F ig u re  6 .10  RAYLEIGH WAVE GROUP VELOCITY DISPERSION FROH THE ADE LONG

PERIOD VERTICAL SEISMOGRAM -

C i r c l e s  i n d i c a t e  Ray le igh  wave fundamenta l  mode, squares ,  

the  f i r s t  h ig h e r  mode and t r i a n g l e s  the  second h ig h e r  

mode. Am p l i tudes  o f  l a t e r  r e f r a c t e d  a r r i v a l s  a re  p l o t t e d  

as open diamonds in the  lower h a l f  o f  the  f i g u r e .
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Figure 6.11 LOVE WAVE GROUP VELOCITY DISPERSION FROM THE ADE LONG

PERIOD N-S SEISMOGRAM -

o f  the P ic ton  earthquake. Squares represen t  fundamental 

mode a r r i v a l s  and t r i a n g l e s  the f i r s t  h igher  Love mode. 

Open squares in d ic a te  the group v e l o c i t i e s  o f  i n t e r f e r i n g  

fundamental and f i r s t  h igher mode a r r i v a l s  at  per iods  

between 5 and 15 seconds. So l id  and dashed l i n e s  are 

used f o r  models El and ADEF2 r e s p e c t i v e l y .
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Figure 6.12 RAYLEIGH WAVE GROUP VELOCITY DISPERSION FROM THE TAU LONG

PERIOD VERTICAL SEISMOGRAM -

o f  the P ic ton earthquake. C i r c l e s  in d ic a te  group v e l o c i t i e s  

and ampl i tudes o f  the fundamental mode, and squares, the 

f i r s t  h igher  Ray leigh mode. The s o l i d  l i n e  represents  

model El d i s p e rs io n .  The recorded seismogram (top) and a 

s y n t h e t i c  seismogram (bottom) f rom model El are shown w i th  

source parameters o f  the s y n th e t i c  as descr ibed in the 

capt ion  to  Figure 6 .2 .
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At ADE lateral refraction is not serious since these arrivals are 

approximately one-tenth the amplitude of fundamental mode arrivals. The 

only modal interference problem arises from fundamental and first higher 

mode Love waves between 7 and 13 seconds. Approximate group velocities of 

interfering group arrivals are indicated by the open squares in Figure 6.11.

Dissimilarity between modelled and observed seismograms in Figure 

6.12 indicates that the nature of the Picton-TAl) path is markedly different 

from either of the other two which we have successfully modelled. The 

transition from continent to ocean is abrupt in eastern Australia as the

kOO m isobath is within 100 km of the coastline. The Picton-TAU path crosses 

east of the Bass Strait where water depths exceed 2 km; this contrasts

sharply with the Bass Strait proper which is less than 200 m deep. The 

close proximity of this path to the continental margin causes reflections 

and refractions of surface waves from the margin resulting in extension of 

the surface wave coda to later times than reasonable models allow as seen 

in the TAU vertical seismogram. An attempt was made to model this path but 

no model was found which adequately reproduced the observed group velocity 

dispersion.

It is also interesting to compare dispersion from the digital 

and analogue vertical seismograms at CTA. Although the analogue record was 

digitized and a plot of the digitized record compared with the original 

photographic record used for digitizing, it appears that some of the differ

ences are real and may be due to the analogue recording system, but most are 

probably caused by very small digitizing errors. The most prominent differ

ences are in the increased smoothness of group velocities and filtered 

amplitudes of the laterally refracted arrivals in the digitally recorded 

seismogram, and the increased scatter in the fundamental mode group veloci

ties of Rayleigh waves at periods of 20 to 60 seconds in the digitized 

analogue record. Agreement between first higher mode group velocities and 

the fundamental mode from 10 to 25 seconds of the two sets of digital data

is excel lent.
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Sec. 6.3  CONTROLLED HONTE CARLO INVERSION OF GROUP VELOCITIES

Crust  and upper mant le  models presen ted  in T ab le  6 .2  f i t  group 

v e l o c i t i e s  w i t h i n  95% c o n f id e nce  l i m i t s  and show c o m p a t i b i l i t y  between f u n d 

amental mode d i s p e r s i o n  o f  Love and Ray le igh  waves. Group v e l o c i t i e s  o f  the  

f i r s t  h ig h e r  modes extend the  r e s o l u t i o n  o f  shear v e l o c i t i e s  t o  dep ths  o f  

about  140 to  180 km. The models were computed by a v a r i a t i o n  o f  the  Monte 

C a r lo  method in wh ich  random p e r t u r b a t i o n s  t h a t  " im p ro v e "  t h e  f i t  a re  i n c o r 

porated in  a new model .

Sec. 6 .3 .1  Monte C a r lo  I n v e rs i o n  o f  S ur face  Wave Group V e l o c i t i e s  

The same a l g o r i t h m  d e s c r ib e d  in Chapter  5 (F i g u re  5 - 0  was 

used t o  s im u l t a n e o u s l y  i n v e r t  fundamenta l  and h ig h e r  mode group  v e l o c i t i e s  

f o r  both R ay le igh  and Love waves. Since t h i s  tech n iq ue  combines the  b i a s -  

f r e e  p r o p e r t i e s  o f  Monte C a r lo  m o d e l l i n g  w i t h  the  inc reased e f f i c i e n c y  o f  

re f in em en t  m o d e l l i n g ,  apparen t  c o n f l i c t s  in i n f o r m a t i o n  p ro v ide d  by 

R ay le igh  and Love waves,  e i t h e r  due to  mode c o n ta m in a t i o n  o r  inadequacy o f  

the  R ay le igh  wave e a r t h  f l a t t e n i n g  a p p r o x im a t io n ,  a re  m in im iz e d .  The 

v e r s io n  o f  program used f o r  i n v e r s i o n  o f  the  group v e l o c i t i e s  p resen ted  in 

S ec t ion  6 .2  cou ld  v a ry  both l a y e r  t h i c k n e s s  and shear v e l o c i t y .  Choice o f  

l a y e r  parameters  t o  be v a r i e d  d u r in g  a run were based on th e  s e n s i t i v i t y  o f  

group v e l o c i t i e s  c a l c u l a t e d  f rom a model t o  changes in  model parameters  

( t h i c k n e s s  o f  l a y e r  o r  shear v e l o c i t y )  and o th e r  i n f o r m a t i o n  on c r u s t a l  

s t r u c t u r e  a long  each path  p ro v ide d  by r e f r a c t i o n  p r o f i l e s .

P - v e l o c i t i e s , d e n s i t i e s ,  and bounds on l a y e r  th i c k n e s s e s  f o r  an 

average model o f  the  P ic ton-CTA path  were d e r i v e d  f rom a r e f r a c t i o n  p r o f i l e  

in  the  Bowen bas in  in south  c e n t r a l  Queensland ( C o n e l l y  and C o l l i n s  1973) 

and c o n t i n e n t a l  upper man t le  models based on long p e r io d  s u r f a c e  wave and 

f r e e  o s c i l l a t i o n  da ta  (Dziewonski  1971, Dziewonski  e t  a l . 1975).  I n i t i a l  

upper and lower bounds on shear v e l o c i t y  were d e r i v e d  f rom P - v e l o c i t i e s  by



a l lowing  P o i s s o n ' s  r a t i o  t o  range from 0.25 to  0 .28  fo r  c r u s t a l  l a y e r s  and 

from 0.25 to  0 . 30  f o r  upper  mant l e  l a y e r s .  In one s e r i e s  o f  models t h e s e  

bounds were r e l a xed  f o r  mant l e  l a y e r s  to encourage  f o r ma t i on  of  low v e l o c i t y  

zones  in s t a r t i n g  models .  Bounds f o r  a l l  models a r e  l i s t e d  in Table  6 . 3 .

Love wave group v e l o c i t i e s  f o r  p e r i o d s  of  10 to  22 seconds  were 

s y s t e m a t i c a l l y  s lower  than model group v e l o c i t i e s  f o r  a l l  models  g e n e r a t e d .

As noted e a r l i e r  examina t ion  of  Love wave a r r i v a l s  showed t h a t  high a mp l i t ud e

r e f r a c t e d  a r r i v a l s  b i a sed  fundamental  mode group v e l o c i t i e s  t o  u n r ea s on — 

abl y  slow v e l o c i t i e s  f o r  p e r i o ds  s h o r t e r  than 25 seconds .  For t h i s  r e a s o n ,  

on ly  fundamental  mode Love wave d i s p e r s i o n  f o r  p e r i o d s  exceeding  22 seconds  

was used in subsequent  i n v e r s i o n s .

Higher  mode group and phase v e l o c i t y  c a l c u l a t i o n s  r e q u i r e  e a r t h  

s t r u c t u r e s  ex t end ing  to  dep t hs  o f  b 00 km o r  g r e a t e r .  For c a l c u l a t i o n s  t o  

t h e s e  dep t hs  t h e  e a r t h ' s  s p h e r i c i t y  has been t aken  i n t o  acc o u n t .  Th i s  was 

accompl i shed by app l y ing  e a r t h  f l a t t e n i n g  a pp r ox i ma t i ons  t o  e a r t h  models 

be fo re  c a l c u l a t i n g  s u r f a c e  wave d i s p e r s i o n .  These a pp r ox i ma t i ons  c o r r e c t  

d i s p e r s i o n  c a l c u l a t e d  f o r  a f l a t  l ayered  e a r t h  by a d j u s t m e n t s  to  t h e  e l a s t i c  

c o n s t a n t s  and l a y e r  t h i c k n e s s e s  of  t he  model .  The c o r r e c t i o n s  t o  Love 

waves a r e  e x ac t  (Biswas and Knopoff 1970) ,  but  t hos e  a p p l i ed  t o  Rayle igh 

waves (Alterman et_ al_. 1961) tend to  o v e r - c o r r e c t  e a r t h  models  t he r e by  g i v i n g  

phase and group v e l o c i t i e s  which a r e  t oo high (Anderson 1966) . These d i s 

c r e p a n c i e s  a r e  g r e a t e r  f o r  models c o n t a i n i n g  low v e l o c i t y  z o n e s .  Empi r ical  

c o r r e c t i o n s  ( e . g .  Bol t  and Dorman 1961, North and Dziewonski  1976) which 

apply  on ly  t o  the  fundamental  mode were not  used.

The reduced x 2 s t a t i s t i c  ( see  F i gure  5 . 1 )  was used to  j udge  t he  

"goodness"  of  f i t  of  each mode. A reduced x 2 o f  l e s s  than 1.0 r e p r e s e n t s  

an " a c c e p t a b l e "  f i t  f o r  a mode. The l a r g e s t  of  t h e  x 2 ' s f o r  each mode was 

t aken  as the  bes t  i n d i c a t i o n  of  t h e  a c c e p t a b i l i t y  o f  each model .  Of a l l  

models produced only  t he  b e s t  f i t t i n g  ones  a r e  l i s t e d  in Tab l e  6 . 2 .  The 

l a r g e s t  x 2 f o r  each model i s  a l s o  l i s t e d  in t h i s  t a b l e .  Two d i f f e r e n t  s e t s
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TABLE 6.1

CTA GROUP VELOCITIES 

DATA SET #1

Per iod Fundament a 1 
Ray le ig h  Mode

F i r s t  H igher  
R ay le igh  Mode

Fundamental 
Love Mode

7.5 2 .98  ± .07 3 . 5 8  ± . 1 0
10 2.96  ± .07 3-93 ± . 1 0
12.5 2.95  ± .07 4 .14  ± .10
15 2.92 ± .07 4 . 2 9  ± . 1 0
17.5 2.91 ± .07 4 .24  ± .10
20 2.96  ± .07 4 .04  ± .10
22.5 3.05 ± .07 3.32 ± .07
25 3.15 ± .09 3 . 4 5 ± .07
27-5 3 . 2 5  ± . 1 0 3.465 ± .10
30 3.35 ± . 1 0 3.445 ± .10
32.5 3.42 ± .10 3.48 ± .10
35 3 . 4 7  ± . 1 0 3 . 5 8 ± . 0 8

37.5 3 . 5 2  ± . 1 0 3.70 ± .10
40 3 . 6 0  ± . 1 0 3 . 7 6 ± .10
42.5 3.62 ± .15 3 .80 ± .10
45 3 . 6 3  ± . 1 5 3.82 ± .10
47.5 3.66 ± .15 3.84 ± .10
50 3 . 6 7  ± . 1 5 3.88 ± .20
52.5 3.65  ± .20 3 . 8 9 ± .20
55 3.62 ± .15 3 .86 ± .20
57.5 3-60 ± .15
60 3.63 ± .20
62.5 3 . 7 1  ± .20
65 3.80 ± .20
67-5 3.89  ± .25
70 3.96 ± .30
72.5 3 .98  ± .30
75 4.00  ± .30
77-5 3.98  ± .30
80 3.93 ± .35

F i r s t  H igher 
Love Mode

3.96 ± .
4 .05  ± .
4 .06  ± . 
4.12 ± . 
4 .25  ± . 
4 .34  ± .

LA
 O

 
O

 
O

 
O

 
LA
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TABLE 6.1 ( c o n t d . )

CTA GROUP VELOCITIES 

DATA SET #2

Per iod  Fundamental
Ray le igh  Mode

F i r s t  H igher 
R ay le igh  Mode

Fundamenta1 
Love Mode

F i r s t  Higher 
Love Mode

6 2.800 ± . 0 7
8 2.985 ± .07 3 . 6 0 0  ± . 1 0

10 2.960 ± .07 3 . 9 3 0  ± . 1 0 3.960 ± .15
12 2.950 ± .07 4.120 ± .10 4.050 ± .12
14 2.920 ± .07 4.240 ± .10 4.060 ± .10
16 2.900  ± .07 4.285 ± .15 4.080 ± .10
18 2 . 9 2 0  ± .07 4.190 ± .17 4.110 ± .10
20 2.960 ± .07 4.040 ± .20 4.180 ± .12
22 3.040 ± .07 3 . 3 2 0  ± . 1 0
24 3.120 ± .07 3.420 ± .08
26 3.190 ± .08 3.460 ± .08
28 3.280 ± .09 3.460 ± .09
30 3 . 3 5 0  ± . 1 0 3 . 4 5 0  ± . 1 0
32 3.400 ± .10 3 . 4 7 0  ± . 1 0
34 3.440 ± .10 3.545 ± .09
36 3 . 5 0 0  ± . 1 0 3 . 6 2 5  ± . 1 0
38 3 . 5 5 0  ± . 1 0 3 . 7 1 0  ± . 1 0
40 3 . 5 9 0  ± . 1 0 3 . 7 6 0  ± . 1 0
42 3.620 ± .12 3 . 7 9 0  ± . 1 0
44 3.630 ± .15 3.810 ± .12
46 3.650 ± .15 3.830 ± .15
48 3.660 ± .15 3.840 ± .15
50 3.670 ± .15 3.880 ± .17
52 3.660 ± .20 3.890 ± .20
54 3-640 ± .15 3.870 ± .20
56 3.630 ± .15
58 3.600 ± .15
60 3.630 ± .20
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TABLE 6.1 (contd.)

ADE GROUP VELOCITIES

DATA SET H3

Per iod Fundamen t a 1 
R ay le ig h  Mode

F i r s t  
Ray 1 e

H igher  
igh Mode

Fundamental 
Love Mode

5.0 3.00 ± .15
7.5 3-.00 + .07 3 . 6 0 ± .10 3.10 ± .15

10 3..00 + .07 3-95 ± .10 3.25 ± .15
12.5 2..96 ± .07 3.37 ± .20
15 2.■ 95 + .08 3.50 ± .20
17.5 2.■ 97 ± • 09 3.50 ± .15
20 3 .00 ± .09 3 .40 ± .10
22.5 3 .15 + .10 3.50 + .10
25 3 .25 ± .10 3.55 ± .10
27.5 3 • 30 ± . 12 3 . 6 3 ± .10
30 3 .35 ± . 12 3.66 ± . 15
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o f  models were produced using da ta  se ts  l i s t e d  in Tab le  6.1 f o r  CTA and 

ADc. and model bounds 1 i s te d  in T ab le  6 .3 -  Of the  two data  se ts  shown f o r  

CTA in Tab le  6.1 da ta  se t  #1, was used f o r  some o f  the  f i r s t  models produced.  

Since group a r r i v a l s  a t  pe r iod s  o f  60 seconds and g r e a t e r  have small  a m p l i 

tud e s ,  a second da ta  set  (,f2) was used t o  t e s t  whether more c o n s i s t e n t  models 

cou ld  be dev ised  by e x c lu d in g  t h i s  low a m p l i t u d e  d a ta .  Data se t  #2 was used

f o r  l a t e r  models when we a l s o  found t h a t  changes in some la y e r s  s i g n i f i c a n t l y  

changed fundamental  mode d i s p e r s i o n  in the  p e r iod  range 20 to  kO seconds.  A 

c l o s e r  spacing o f  measurements in t h i s  p e r io d  range improved a b i l i t y  o f  the  

X? t e s t  to  r e j e c t  models which f i t  p o o r l y .

Sec. 6 .3 *2  Models Generated by c o n t r o l l e d  Honte C a r lo  I n v e rs i o n s

Regard less o f  what e a r t h  f l a t t e n i n g  a p p ro x im a t io n  was a p p l i e d ,  

models were found wh ich  f i t  a l l  modes w i t h  reduced \ 2 s t a t i s t i c s  a l l  le s s  

than 1 .10 .  The w o rs t  f i t t i n g  mode was a lways e i t h e r  t h e  Love o r  R ay le igh  

f i r s t  h ig h e r  mode w i t h  the  o th e r  3 modes p roduc ing  a c c e p ta b le  reduced x 2 

s t a t i s t i c s .  Models genera ted  w i t h o u t  e i t h e r  e a r t h  f l a t t e n i n g  a p p ro x im a t io n  

were used o n l y  f o r  g e n e ra t i n g  s y n t h e t i c  seismograms f o r  fundamenta l  mode 

a r r i v a l s .  A l l  o f  these  models a l s o  produce fundamental  mode group v e l o c i t y  

d i s p e r s i o n  which  f i t s  a c c e p ta b ly  when c a l c u l a t e d  w i t h  the  e a r t h  f l a t t e n i n g  

a p p ro x im a t io n s .  Four a d d i t i o n a l  models f i t  a l l  data  w i t h  reduced x 2 s t a t i s 

t i c s  o f  1.25 o r  l e s s ;  t h r e e  o f  these  have been c a l c u l a t e d  us in g  the  Love 

wave e a r t h  f l a t t e n i n g  a p p ro x im a t io n  and two o f  these  a l s o  w i t h  the  R a y le ig h  

wave e a r t h  f l a t t e n i n g  a p p ro x im a t io n .

Of a l l  s p h e r i c a l  e a r th  models w i t h  reduced x 2 s t a t i s t i c s  o f  1.25 

o r  le ss  c a l c u l a t e d  w i t h  a t  l e a s t  one e a r t h  f l a t t e n i n g  a p p r o x im a t io n ,  a l l  have 

s u b c r u s ta l  S - v e l o c i t i e s  rang ing  f rom *t.20 to  *1.32 km/ s . In each o f  these

models the  s u b c r u s ta l  P - v e l o c i t y  o f  8.13  km/sec was taken f rom the  BMR 

r e f r a c t i o n  p r o f i l e  in t h e  Bowen b a s in .  T h is  com b ina t ion  leads to  P o i s s o n 's  

r a t i o s  rang ing  f rom 0 .30  to  0 .3 2 .  These r a t i o s  a re  u n r e a l i s t i c a l l y  h ig h
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f o r  s u b c r u s ta l  rocks  which suggests t h a t  the  s u b c r u s ta l  P - v e l o c i t y  beneath 

the  Bowen bas in  is  h ig he r  than the  average v e l o c i t y  f o r  the  P ic ton-CTA pa th .

A more a c c ep tab le  s u b - c r u s ta l  P - v e l o c i t y  would be 7 .6  to  7 .8  km/sec.

Low c o n t r a s t  low v e l o c i t y  zone models f i t  observed fundamental  

and h ig h e r  mode d i s p e r s i o n  a lm os t  as w e l l  as the  models p resen ted  in Tab le  

6 . 2 ;  however, no t h i c k  h igh  S - v e l o c i t y  l i d  (4 .6  t o  4 .7  km/s)  a t  dep ths  

s h a l lo w e r  than 160 to  180 km produces s a t i s f a c t o r y  fundamental  mode R a y le ig h  

wave d i s p e r s i o n  (F ig u re  3 - 1 3 ) .  Many o f  the  h igh  c o n t r a s t  low v e l o c i t y  

zone models produce a c c e p ta b le  fundamental  mode d i s p e r s i o n ,  but  h ig h e r  

modes genera ted  f rom these  models were no t  a c c e p ta b ly  c l o s e  to  observed 

da ta .  Model CTA2FS2 does not  have a pronounced low v e l o c i t y  zone above a 

dep th  o f  220 km. D is p e rs io n  f o r  a l l  modes cou ld  be f i t  a lm os t  as w e l l  by 

r e p la c i n g  the  two la y e rs  between 70 and 191 km depth  in CTA2FS2 by a l a y e r  

w i t h  an S - v e l o c i t y  o f  4 .445 km/s.

P a r t i a l  d e r i v a t i o n s  o f  group v e l o c i t y  w i t h  re s p e c t  t o  shear 

v e l o c i t y  f o r  model CTA2S1, shown in F ig u re  6 .1 4 ,  i n d i c a t e  t h a t  fundamental  

mode R ay le igh  and Love waves in t h e  p e r iod  range 5 to  60 seconds a re  s e n s i 

t i v e  t o  changes in shear v e l o c i t y  in s u b c r u s ta l  l a y e r s  s h a l l o w e r  than 100 

km. Ex tend ing the  p e r iod  range to  100 seconds in c reases  s e n s i t i v i t y  to  

changes as deep as 150 km. The f i r s t  h ig h e r  mode R a y le ig h  and Love waves 

in the  p e r io d  range 10 to  20 seconds a re  s e n s i t i v e  t o  changes in shear 

v e l o c i t y  a t  dep ths  between 90 and 180 km. The a d d i t i o n  o f  h ig h e r  mode data  

t o  fundamental  mode data p laces  a d d i t i o n a l  c o n s t r a i n t s  on deeper s t r u c t u r e  

w i t h i n  models.  A decrease  in S - v e l o c i t y  between 140 and 180 km w i l l  i n c rease  

the  f i r s t  h ig he r  mode group  v e l o c i t y  and produce b e t t e r  agreement w i t h  

observed d i s p e r s i o n  (F ig u re s  6 .7  and 6 . 8 ) .  As a t e s t ,  l a y e r  6 in CTA2S1 

(Tab le  6 .2b)  was re p laced  w i t h  two la y e rs  w i t h  shear v e l o c i t i e s  o f  4 .35  and 

4 .22 km/s,  p roduc ing  a 4l  km t h i c k  low v e l o c i t y  zone w i t h  a 0.13 km/s 

c o n t r a s t .  The i n t r o d u c t i o n  o f  t h i s  low v e l o c i t y  zone ra i s e d  f i r s t  h ig h e r  

R ay le igh  mode group  v e l o c i t i e s  by 0.035 km/s a t  20 seconds and less  a t



F ig u re  6 .13  GROUP VELOCITIES -

( d o t t e d  l i n e s )  are  shown f o r  a number o f  d i f f e r e n t  models 

(dashed l i n e s )  a t  the  top  o f  each graph .  The bounds f o r  

group v e l o c i t i e s  observed f o r  the  P ic to n  -  CTA path  are 

shown as s o l i d  l i n e s  in each f i g u r e .  Group v e l o c i t i e s  and 

p e r io d  s ca le s  appear on the l e f t  and bot tom s id e  o f  each 

g raph ,  shear v e l o c i t y  and dep th  appear a t  the  r i g h t  and 

top  s id e  o f  each g raph .  Note t h a t  no model w i t h  a t h i c k  

h igh  shear v e l o c i t y  l i d  produces R ay le igh  wave group v e l o c i t i e s  

which f a l l  w i t h i n  a c c e p ta b le  bounds f o r  the P ic to n  CTA pa th .
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F i g u r e  6 . 1 4  PARTIAL DERIVATIVES OF GROUP VELOCITY WITH RESPECT TO

SHEAR VELOCITY -

in  model  CTA2S1 n o r m a l i z e d  by  l a y e r  t h i c k n e s s .
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s h o r t e r  p e r i o d s .  T h is  change in CTA251 inc reased the  reduced x 2 s t a t i s t i c  

f o r  the f i r s t  h ig h e r  Ray le igh  mode f rom 1.095** t o  1.1187.  The a d d i t i o n  

o f  such l o w - c o n t r a s t ,  l o w - v e l o c i t y  zones to  many o f  the  models inc reases  

reduced x 2 s t a t i s t i c s  o n l y  s l i g h t l y .

Models were a ls o  genera ted f o r  the  P i c t o n - A d e l a i d e  path  us in g  

the  ADE d i s p e r s i o n  da ta  l i s t e d  in Tab le  6.1 and model bounds in Tab le  6 . 3 . 

Models were e a s i l y  found which f i t  a l l  t h r e e  observed modes w i t h  reduced 

X2 s t a t i s t i c s  le s s  than 1.0.  I t  i s  e v i d e n t  t h a t  d i s p e r s i o n  data  f o r  ADE 

extended o n l y  t o  p e r io d s  long enough t o  r e s o l v e  c r u s t a l  s t r u c t u r e .  Shear 

v e l o c i t i e s  in s u b c r u s ta l  l a y e rs  were not  w e l l  c o n t r o l l e d .

No i n v e r s i o n  o f  TAU d i s p e r s i o n  data  was su ccess fu l  in p roduc ing  

c r u s t a l  models.  The TAU path c o m p le x i t y  v i o l a t e s  assumpt ions o f  l a t e r a l  

homogenei ty  wh ich  a re  necessary f o r  m o d e l l i n g  s u r fa c e  wave d i s p e r s i o n .

Sec. 6 .3 .3  Comparison of  Observed and Model led Shear Wave Travel  Times

As a f i n a l  c o n s t r a i n t  on s u r f a c e  wave models S-wave t r a v e l  t im e s  

were c a l c u l a t e d  and compared w i t h  observed t r a v e l  t im e s .  These a re  summar

ized in  T ab le  6 . A f o r  models CTA1F2, CTA2FS2 and CTA2S1. T rave l  t im es  

were a l s o  c a l c u l a t e d  f o r  Goncz and C le a ry  (1976) model E l ,  a l o w - c o n t r a s t  

l o w - v e l o c i t y  zone model f o r  e a s te rn  A u s t r a l i a ,  and f o r  the  c o n t i n e n t a l  

P a ram e t r i c  Ear th  Model (PEM) o f  Dziewonski  e t  a 1. (1975).  Of these  models 

o n l y  CTA1F2 produced a c c ep tab le  S-wave t im es  f o r  CTA and ADE. CTA2S1 p r o 

duced S - t r a v e l  t im es  which were A to  6 seconds l a t e  f o r  both  CTA and ADE.

A l l  S-wave ray paths to  CTA f o r  models excep t  CTA2FS1 bot tom a t  

a depth  o f  180 to  190 km and a t  50 t o  60 km f o r  ADE ray  pa ths .  Agreement 

between c a l c u l a t e d  t r a v e l  t im es  w i t h  observed t r a v e l  t im es  a re  i n d i c a t i v e  

o f  accu racy  o f  model v e l o c i t i e s  near these  dep ths .

ScS t im es  f o r  a l l  models were a l s o  c a l c u l a t e d  by e x tend ing  each

model us in g  PEM S - v e l o c i t i e s  f o r  dep ths  g r e a t e r  than A20 km. ScS t im es
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TABLE 6.3(a) STARTING MODEL BOUNDS SET 1

Layer
No.

Range of 
Depths (km)

Range of 
S hear Velocity 
in Layer (km/s)

Compressiona1 
Ve1ocity 
(km/s)

Density 
(g/cc)

1 0.5 1.5 2.29 2.35 4.0 2.40

2 5-0 7.0 3.12 3.18 5.5 2.67

3 29.0 29.0 3.60 3.70 6.4 2.85

4 32.0 40.0 4.05 4.10 9.1 2.95

5 45-0 100.0 4.25 4.70 8.13 3.33

6 180.0 180.0 4.00 4.60 8.2 3.335

7 420.0 420.0 4.50 4.70 8.6 3.35

TABLE 6.3(b) STARTING MODEL BOUNDS SET 2

Layer
No.

R.ange of 
Depths (km)

Range of 
Shear Velocity 
in Layer (km/s)

Compressiona 1 
Velocity 
(km/s)

Density 
(g/cc)

1 0.5 1.5 2.29 2.35 4.0 2.40

2 5.0 7.0 3.12 3.16 5.5 2.67

3 29.0 29.0 3.60 3-70 6.4 2.850

4 32.0 40.0 4.00 4.10 7.1 2.950

5 150.0 180.0 4.55 4.75 8.13 3.335

6 200.0 220.0 4.40 4.60 8.2 3.402

7 420.0 420.0 4.50 4.75 8.6 3-430

8 670.0 670.0 5.28 5.28 9.5 3-763
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TABLE 6.3(c) STARTING MODEL BOUNDS SET 3

Layer
No.

Range of 
Depths (km)

Range of 
Shear Veloc i ty  
in Layer (km/s)

Compressiona1
Veloci ty
(km/s)

Density 
(g/cc)

1 0.5 1.5 2.290 2.350 4.0 2.400

2 5-0 7.0 3.120 3.180 5.50 2.670

3 28.6 30.0 3.600 3.700 6.40 2.850

4 32.0 40.0 4.000 4.100 7.10 2.950

5 150.0 180.0 4.250 •4 . 7 5 0 8.13 3-335

6 200.0 220.0 4.000 4.600 8.2 3.402

7 420.0 420.0 4.500 ^ . 7 5 0 8.6 3 . 4 3 0

8 670.0 670.0 5.280 5.280 9.5 3.768
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p r o v i d e  an a d d i t i o n a l  check  on h i g h e r  mode i n f o r m a t i o n .  S in c e  t h e  o b s e rv e d  

ScS t i m e  f o r  CTA was g r e a t e r  th a n  any ScS t i m e  c a l c u l a t e d  f r o m  t h e  m o d e ls ,  

t h e  p resence  o f  a low  v e l o c i t y  zone i s  i n f e r r e d  a t  d e p th s  be low  t h o s e  

r e s o l v e d  by obse rved  s u r f a c e  wave modes,  p r o b a b l y  be low  a d e p t h  o f  140 km.

Of the  s p h e r i c a l  e a r t h  models genera ted  in t h i s  s tudy  CTA2S1 is  

the  bes t  r e p r e s e n t a t i v e  o f  average S-wave v e l o c i t i e s  a long the  Picton-CTA 

pa th .  Several  o f  the  best  f i t t i n g  models a re  compared w i t h  models o f  s h i e l d s  

and i s la n d  a rc  re g ion s  in F ig u re  6.15-



Figure 6.15 MODELS -

CTA1S1, CTA2S1 and CTA2FS1 are shown in c o n t ra s t  w i th  

CANSD (Brune and Dorman 19&3), ARC-1 (Kanamori and 

Abe 1968) and El (Goncz and Cleary 1978).
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Sec. 6 .4  SOURCE PARAMETERS

P-wave f i r s t  m o t io ns ,  a f t e r s h o c k  l o c a t i o n s  and a m p l i t u d e s  

o f  fundamental  mode Ray le igh  and Love waves a re  d e f i n i t i v e  in regard  to  

c e r t a i n  average p r o p e r t i e s  o f  the  P ic t o n  e a r thquake :  o r i e n t a t i o n  and s i z e

o f  the  f a u l t ,  sense and amount o f  s l i p  on t h a t  s u r f a c e ,  se is m ic  moment 

and s t r e s s  d rop .  These source parameters  a re  i n f e r r e d  f rom f i r s t  mo t io ns  

o f  P-wave a r r i v a l s  wh ich  g i v e  the  sense o f  mo t io n  a t  the  source ,  r e l a t i v e  

l o c a t i o n s  o f  a f t e r s h o c k s  which d e f i n e  the  o r i e n t a t i o n  and s i z e  o f  the  f a u l t  

s u r f a c e ,  and compar ison o f  observed and s y n t h e t i c  s u r fa c e  waves wh ich  d e f i n e  

the  source moment, o r i e n t a t i o n  and d e p th ,  s t r e s s  re le a s e d ,  and amount o f  

sl ip.

Sec. 6 .4 .1  P-wave F i r s t  Mo t ions

F ig u re  6.16 shows f i r s t  mo t ions  o f  P-waves p r o j e c t e d  on to  the  

f o c a l  sphere .  Take o f f  ang les  a t  the  source were computed assuming a u n i 

fo rm c r u s t  w i t h  a compressiona l  v e l o c i t y  o f  6 .0  km/s o v e r l y i n g  a J e f f r e y s -  

B u l le n  (J-B) upper m a n t le .

P-wave f i r s t  mo t ions  ( F i t c h  1976) a re  c o n s i s t e n t  w i t h  t h r u s t  

f a u l t i n g  on one o f  two p o s s i b l e  s u r fa c e s  rep resen ted  by the  s o l i d  nodal 

p lanes  in F ig u re  6 .7 .  From t h i s  ev idence  a lo n e ,  s t r i k e - s l i p  f a u l t i n g  

can not  be exc lu ded .  Such a s o l u t i o n  would have a p a i r  o f  n e a r l y  v e r t i c a l  

nodal p la ne s ;  one w i t h  a E-W s t r i k e  and the  o th e r  w i t h  a N-S s t r i k e .

Sec. 6 . 4 . 2  Source Parameters f rom S yn th e s is  o f  Sur face  Waves

The nodal p lane  a m b ig u i t y  i s  f i r m l y  re so lved  in fa v o u r  o f  t h r u s t  

f a u l t i n g  by the  s t rong  e x c i t a t i o n  o f  fundamenta l  mode R a y le ig h  waves r e l a 

t i v e  to  t h a t  o f  Love waves a long  the  path  to  ADE. To q u a n t i t a t i v e  t h i s  

argument and e s t im a te  the  se is m ic  moment (Aki  1966),  fundamental



Figure 6.16 FOCAL MECHANISM SOLUTIONS -

First motions of P-waves are plotted on an equal area 

projection of the lower hemisphere of the focal sphere. 

Compressional and dilatational first motions are given 

by solid and open circles respectively. X's represent first 

motions of indeterminant polarity. Large symbols are 

used for data read from long period records and small 

symbols represent data read from short period records.

Nodal surfaces for the solutions by Fitch (1976) are 

shown by solid curves. The refined solutions based on 

surface wave amplitudes are shown by the dashed curves.

P and T identify axes of maximum and minimum compressive 

stress respectively. The orientation of these axes, 

strike and dip is given for the solution by Fitch (1976).

In the southwestern quadrant projections are given for 

rays at take-off angles varying from 80°to 50°.
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mode s u r f a c e  waves a t  ADE, CTA and TAU were s y n t h e s i z e d  u s i n g  c om pu te r  

programs w r i t t e n  by D. H a r k r i d e r  (1964 ,  197 0 ) .  I n c lu d e d  in  t h e s e  

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

so u rc e  t o  r e c e i v e r .  The p r o p a g a t i o n  e f f e c t s  i n c l u d e  g e o m e t r i c  s p r e a d i n g ,  

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

s o u rc e  s t u d y  because t h e  obse rved  d i s p e r s i o n  ( F i g u r e  6 . 1 2 )  was n o t  c l o s e l y  

a p p r o x im a t e d  by t h e  models  d e r i v e d  f o r  e a s t e r n  A u s t r a l i a  o r  t h o s e  ta k e n  

f r o m  o t h e r  s t u d i e s  (see d i s c u s s i o n  in  S e c t i o n  6 . 2 ) .

Sec. 6 . 4 . 2 . 1  A t t e n u a t i o n

A n e l a s t i c  p r o p e r t i e s  o f  t h e  c r u s t  and upper  m a n t l e  o f  e a s t e r n  

A u s t r a l i a  a r e  p o o r l y  known and c a n n o t  be a c c u r a t e l y  measured f r o m  t h e  

P i c t o n  d a t a .  C o n s e q u e n t l y ,  t h e s e  p r o p e r t i e s  must  be assumed f r o m  o t h e r  

s t u d i e s .  A t t e n u a t i o n  c o e f f i c i e n t s  f o r  b o t h  Love and R a y l e i g h  waves a r e  

t a k e n  f r o m  M i t c h e l l ' s  r e s u l t s  f o r  c e n t r a l  N o r t h  Amer ica  (1972 ,  1973b ) .  At 

l o n g e r  p e r i o d s  th a n  2 5  seconds t h e s e  c o e f f i c i e n t s  may be u n d e r e s t i m a t e d  by 

a t  most a f a c t o r  o f  2 ,  i f  So lom on 's  (1972)  r e s u l t s  f o r  t h e  w e s t e r n  U n i t e d  

S t a t e s  a r e  t a k e n  as an e x t rem e  example o f  a n e l a s t i c i t y  in a t e c t o n i c a l l y  

a c t i v e  zone .  The e f f e c t  o f  such a zone on s u r f a c e  wave a m p l i t u d e s  i s  depen 

d e n t  on i t s  d e p t h .  Goncz and C l e a r y  (1976)  show t h a t  a low  v e l o c i t y  zone 

in t h e  d e p t h  i n t e r v a l  f r o m  90 t o  150 km benea th  e a s t e r n  A u s t r a l i a  (Model E l )  

s a t i s f i e s  t h e i r  g r o u p  v e l o c i t i e s  f o r  R a y l e i g h  waves o f  t h e  fu n d a m e n ta l  mode. 

I n v e r s i o n s  p r e s e n t e d  in  S e c t i o n  6 . 3  s u g g e s t  t h a t  such a zone i s  l o c a t e d  a t  

some d e p t h  g r e a t e r  t h a n  120 t o  150 km.

A t t e n u a t i o n  o f  t h e  f u n d a m e n ta l  modes i s  s t r o n g l y  dependen t  on 

c r u s t a l  p r o p e r t i e s  a t  p e r i o d s  l e s s  th a n  20 seconds .  The shape o f  t h e  

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

t h e  c r u s t  because t h e  h i g h e s t  a m p l i t u d e s ,  t h e  A i r y  phase ,  p r o p a g a t e  i n  t h e  

c r u s t .  In e a s t e r n  A u s t r a l i a  t h e  c r u s t  i n c l u d e s  an unexposed basement o v e r -  

l a i n  by a P a l e o z o i c  g e o s y n c l i n e  (Oversby  1971,  S c h e ib n e r  1973,  and H a r r i n g t o n
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197*0 , w h ic h ,  in  the  sou th ,  is  u p l i f t e d  and pene t ra te d  by numerous b a s a l t i c  

f l o w s  t h a t  range in age f rom Cretaceous to  l a t e  T e r t i a r y  (Wellman and 

McDougal l  1974).

A t t e n u a t i o n  is  enhanced a t  p e r io d s  le s s  than 10 seconds by 

p ro p a g a t io n  th rough  sed imentary  b a s in s .  The path  f rom P ic to n  to  CTA t r a 

ve rses  the  Sydney bas in  in the  source r e g io n  ( F ig u re  6 .1 )  and the  Drummond 

bas in  (O lge rs  1972) ex tend ing  south  f rom CTA. The path  to  ADE c rosses  the  

mountainous r e g io n s  o f  New South Wales and the  Murray bas in  eas t  o f  

A d e la id e  (e .g .  H a r r i n g t o n  1974).

The s y n t h e t i c  seismograms in F ig u re s  6 .2  to  6 .4  and 6 .6  were 

genera ted  us ing  e i t h e r  a t t e n u a t i o n  c o e f f i c i e n t s  f rom M i t c h e l l  (1973a,  1973b) 

o r  a m o d i f i c a t i o n  o f  these  c o e f f i c i e n t s  in wh ich a t t e n u a t i o n  was doub led 

f o r  p e r io d s  le s s  than  23 seconds.  The m o d i f i e d  c o e f f i c i e n t s  were used w i t h  

e x c i t a t i o n  f u n c t i o n s  d e r i v e d  f rom Model El o f  Goncz and C lea ry  (1976).  

A t t e n u a t i o n  was not  increased a t  the  lo n ge r  p e r i o d s ,  24 t o  60 seconds, in 

s p i t e  o f  the  presence o f  a low v e l o c i t y  zone in  t h i s  model ,  because the  

s p e c t r a l  a m p l i t u d e s  a t  these  p e r io d s  a re  more s e n s i t i v e  t o  the  shear v e l o c i t y  

in the  deep c r u s t  and uppermost  m a n t le .

Sec. 6 . 4 . 2 . 2  S y n t h e t i c  Sur face Waves

A f t e r  a s s ig n in g  a t t e n u a t i o n  c o e f f i c i e n t s ,  comput ing  in s t ru m e n ts  

responses and p roduc ing  a c r u s t - u p p e r  m a n t le  model ,  s y n t h e t i c  seismograms 

can be computed g i v e n ,  in a d d i t i o n ,  a d e s c r i p t i o n  o f  the  source ,  i t s  dep th  

and i t s  s t r e n g t h .  The r a d i a t i o n  p a t t e r n  has been approx im a ted  by a 

s t a t i o n a r y  doub le  co up le  wh ich  is  c o m p le te l y  d e f i n e d  by t h r e e  pa ram ete rs ,  

two o f  wh ich  co rrespond  t o  the  s t r i k e  and d i p  o f  a f a u l t  s u r f a c e ,  w h i l e  the  

t h i r d  d e f i n e s  the  d i r e c t i o n  o f  s l i p  on t h a t  s u r fa c e  (Ben-Menahem and H a r k r i d e r  

1964). There is  a fundamental  a m b ig u i t y  a s s o c ia te d  w i t h  such a source ,  in  

t h a t  s l i p  on e i t h e r  o f  two o r thogona l  p lanes  y i e l d s  the  same f a r  f i e l d  r a d i 

a t i o n  p a t t e r n .  For the  P ic to n  ea r thquake  t h i s  a m b ig u i t y  i s  reso lved  by the
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d i s t r i b u t i o n  in  d e p t h  o f  t h e  a f t e r s h o c k s .

The s i z e  o f  t h e  s o u r c e ,  t h e  c h a r a c t e r i s t i c  d im e n s io n  o f  w h ic h  i s  

abou t  8 km ( F i g u r e  6 . 1 7 ) ,  and t h e  k i n e m a t i c s  o f  t h e  s o u r c e ,  d i p - s l i p ,  e n s u r e  

t h a t  s u r f a c e  waves w i t h  p e r i o d s  g r e a t e r  t h a n  15 seconds " s e e "  a s t a t i o n a r y  

p o i n t  s o u r c e .  The component o f  t h e  s y n t h e t i c  wave t r a i n s  w i t h  t h e  s h o r t e s t  

p e r i o d ,  6 s ec onds ,  c o r r e s p o n d s  t o  a wave l e n g t h  t h a t  i s  ab o u t  3 t o  b t i m e s  

l o n g e r  th a n  t h e  s o u r c e  s i z e .

S in c e  t h e  d i p  o f  t h e  a f t e r s h o c k  p l a n e  i s  s t e e p  c o n s i d e r  t h e  

v e r t i c a l  R a y l e i g h  wave d i s p l a c e m e n t  g e n e r a t e d  by a l i n e  o f  r u p t u r e  o f  l e n g t h  

b moving v e r t i c a l l y  w i t h  v e l o c i t y  V f r o m  d e p t h  h i  t o  h2 i n  an i s t r o p i c  h a l f 

space (Ben-Menahem 1961, e q . 1~53 ) :

/ i c
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F i g u r e  6 . 1 7  AFTERSHOCK LOCATIONS -

map v i e w  and v e r t i c a l  s e c t i o n .  A l l  l o c a t i o n s  a r e  r e l a t i v e  

t o  t h e  m a s t e r  e a r t h q u a k e  (T a b le  6 . 5 ) .  The o n l y  c o n t r o l  

o f  a b s o l u t e  d e p t h  i s  t he  d e p th  o f  15 km f o r  t h e  m a s te r  

e a r t h q u a k e .  T h i s  d e p t h  may be o v e r e s t i m a t e d  because s e i s m i c  

v e l o c i t i e s  f o r  s e d im e n ts  in  t h e  Sydney b a s in  a r e  ex p e c te d  

t o  be l e s s  th a n  t h e  v e l o c i t i e s  o f  6 . 0  km/sec  and 3 . 6  km/sec 

assumed f o r  c r u s t a l  P-  and S- phases r e s p e c t i v e l y .  F u r t h e r 

more,  t h e  r e f i n e d  t a k e - o f f  a n g l e s  ( T a b le  6 . 5 )  s u g g e s t  

t h a t  t h e s e  v e l o c i t i e s  a r e  t o o  h ig h  t o  be r e p r e s e n t a t i v e  

o f  t h e  e n t i r e  c r u s t  in  t h i s  r e g i o n .  These a n g l e s  a r e  

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

d e p t h  o f  15 km. E r r o r  ba rs  a r e  p r o j e c t i o n s  o f  e r r o r  

e l l i p s e s  o n t o  v e r t i c a l  and h o r i z o n t a l  p l a n e s  and a r e  

a p p r o x i m a t e l y  95% c o n f i d e n c e  l i m i t s .
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and i s  t he  n th roo t  of  t h e  Rayl e igh  wave c h a r a c t e r i s t i c  e q u a t i o n ,  

i s  t h e  wave number in h a l f - s p a c e  of  shea r  modulus y ,  L i s  t h e  magni tude

of  t he  source  f u n c t i o n ,  and C14 is  a p o s i t i v e  r ea l  c o n s t a n t .  The azimutha l

s in  YR 3nidependence  of  t he  d i sp l a ceme n t  appea r s  in t h e  — —-----  and exp(ii{j^+

f a c t o r s .  Al though r u p t u r e  v e l o c i t y  e f f e c t s  t h e  a mp l i t ude  of  t he  Rayl e igh  

wave,  t h i s  e f f e c t  does  not  change as  a f u n c t i o n  of  az imuth f o r  v e r t i c a l  

d i p  s l i p  f a u l t s .  For f a u l t s  w i t h  near  v e r t i c a l  d i p  t h e  r u p t u r e  v e l o c i t y  

has a s l i g h t  though small  e f f e c t  on the  r a d i a t i o n  p a t t e r n .

Cusps in t h e  e x c i t a t i o n  f u n c t i o n ,  shown in F i gu r e  6 . 18 , c o n t r o l  

t h e  a m p l i t ud e s  of  Love waves a t  ADE and of  Rayle igh  waves a t  CTA. In t e rms  

of  t h e  mechanism s o l u t i o n  t h e s e  cusps  c o n s t r a i n  t he  d i r e c t i o n  of  s l i p  on the  

f a u l t  and t h e  d i p  of  t h e  f a u l t  r e s p e c t i v e l y .  Apparent  u n c e r t a i n t y  in 

t h e s e  a n g l e s  i s  5 to 10 d e g r e e s .  The remaining f a u l t  p a r a m e t e r s ,  s t r i k e  

and s e i s mi c  moment,  were l e s s  c o n s t r a i n e d  by t he  d a t a .  The s t r i k e  i s  

u n c e r t a i n  by no more than 20% provided  t h a t  t he  e s t i m a t e  i s  based on a f i t  

t o  t he  long pe r iod  p a r t  of  t h e  s u r f a c e  wave t r a i n s .

The most obvious  d i s c r e p a n c y  between t h e  observed  wave t r a i n s  and 

t h e  s y n t h e t i c  wave t r a i n s  d e r iv e d  from model El i s  an o v e r e s t i m a t e  of  t h e  

e x c i t a t i o n  of  t h e  fundamental  mode Love wave a t  CTA ( F i gu r e s  6 . A and 6 . 9 ) .  

When t h e  s y n t h e t i c  and observed wave t r a i n s  a r e  super imposed ,  phase d i f f e r 

ences  a r e  a p p a r e n t  t h a t  can be a t t r i b u t e d  to  d i s p a r i t i e s  between p r e d i c t e d  

and measured group v e l o c i t i e s  ( F i gu r e s  6 . 2  and 6 . 3) .  I t  should be noted 

t h a t  t h e  s h o r t  per iod  o s c i l l a t i o n s  seen in t he  e a r l y  p a r t  of  t h e  observed 

seismograms a r e  h i ghe r  mode a r r i v a l s .  The h ighe r  modes a r e  not  inc luded in 

t h e  s y n t h e t i c  seismograms.  A compar i son of  f i l t e r e d  and p r e d i c t e d  s p e c t r a l  

a m p l i t ud e s  ( F i gure s  6.7 t o  6 .11)  r e v e a l s  good agreement  a t  CTA but  a g r o s s  

o v e r e s t i m a t e  of  t h e  long per iod  a m p l i t ud e s  of  t he  fundamental  Rayle igh  

mode a t  ADE.

For t h e s e  computa t i ons  t he  source  dep t h  was t aken  to  be 20 km; 

t h i s  d e p t h ,  computed from a r r i v a l  t i mes  of  P~ and S- waves from the  main



F ig u re  6 .18  SOURCE AMPLITUDE AND PHASE SPECTRA -

The top  and bot tom f i g u r e s  a re  the  phase and modulus 

r e s p e c t i v e l y  o f  the  complex r a d i a t i o n  p a t t e r n  f u n c t i o n ,

X (6 ,  h) ( H a r k r i d e r  1970). 0 i s  t h e  az im uth  f rom the  s t r i k e  

o f  the  f a u l t  t o  the  re c o rd in g  s t a t i o n s .  Angles 0 , 6 ,  and 

X a re  d e f i n e d  by Ben-Menahem and H a r k r i d e r  (196*0* U n c e r t a i n t y  

in 0 is  g iven  by w id t h  o f  bars ( the  bars themse lves a re  o n l y  

used t o  gu ide  the  reader t o  the  a p p r o p r i a t e  p a r t s  o f  the  

c u r v e s ) .
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Love fundamental a t 20 seconds 

Rayleigh fundamental at 20 seconds

Focal Depth (h) = 20 km 

Slip Direction (X) = 2 8 0 °  

Fault Dip (8) = 75 °

200
0 (degrees)
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shock r ecorded  a t  loca l  s t a t i o n s  i s  u n c e r t a i n  by ± 5 km. I t  i s  c o n s i s t e n t  

wi t h  pP-P t i mes  of  5 t o  6 seconds  read from r ec o r ds  t aken a t  WWSSN s t a t i o n s  

CTA, POO, SBA, and CHG, i f  t he  c r u s t  i s  assumed t o  have an ave r a ge  P-wave 

v e l o c i t y  of  about  6 km/ s .

A r e f i n e d  s e t  of  s y n t h e t i c s  was computed wi th  e x c i t a t i o n  f u n c t i o n s  

d e r i v e d  from f l a t  e a r t h  models ADEF2 and CTA1F2 (Table 6 . 2 ) .  The d i s p e r s i o n  

p r e d i c t e d  from t h e s e  models f i t s  n e a r l y  a l l  t he  o b s e r v a t i o n s  w i t h i n  t h e  

e r r o r - b o u n d s  in Tab l e  6 . 1 .  These models  were computed from group v e l o c i t i e s  

of  t h e  fundamental  and f i r s t  h i ghe r  modes. The Love waves r eco rded  a t  CTA 

were s u c e s s f u l l y  model led by r educ i ng  t h e  s e i s mi c  moment from 1.10 x 10 

to  0.57 x 1024 dyne-cm,  r o t a t i n g  t h e  f a u l t  10° in t h e  c l o c k w i s e  d i r e c t i o n  

and r e p l a c i n g  t h e  modi f i ed  a t t e n u a t i o n  c o e f f i c i e n t s  f o r  t h e  ADE pa t h  by 

M i t c h e l 1 1s v a l u e s .

Rayl e igh  waves a t  ADE a r e  more s e n s i t i v e  t o  small  changes  in 

source  dep t h  than a r e  t h e  o t h e r  s u r f a c e  waves.  For example,  Rayl e igh  wave 

e x c i t a t i o n  a t  long p e r io d s  is  reduced by 17% a t  ADE and 8% a t  CTA by r a i s i n g  

t h e  source  dep t h  from 20 to  15 km. These p e r ce n t a g e s  come from t h e  r a t i o  o f  

t h e  peak s p e c t r a l  a mp l i t udes  t o  t h o s e  a t  the  l on g e s t  p e r i o d s ,  which a r e  50 

and 60 seconds  f o r  s y n t h e t i c s  of  t h e  ADE and CTA s u r f a c e  waves r e s p e c t i v e l y .  

The r e f i n e d  source  depth  f o r  s u r f a c e  wave e x c i t a t i o n  i s  t aken  to  be 15 km 

because  of  t he  improved agreement  between t he  observed and s y n t h e t i c  amp l i t ud e  

s p e c t r a  f o r  Rayle igh waves a t  ADE (F igure  6 . 1 0 ) .  Shal lower  e x c i t a t i o n  d e p t h s  

were not  co n s i d e r ed  because  such d e p t hs  approach t h e  d e p t h  o f  t h e  s h a l l o w e s t  

a f t e r s h o c k s  (F igure  6 . 1 7 ) .

The o v e r a l l  agreement  between s y n t h e t i c  and obse rved  wave forms 

i s  improved by t h e s e  changes ;  however ,  long pe r i od  e x c i t a t i o n  of  Love and 

Rayl e igh  waves is  a l s o  o v e r e s t i ma t e d  by t h e  r e f i n e d  model .  Th i s  i s  p a r t i c u 

l a r l y  a p p a r en t  f o r  t he  fundamental  mode Love wave a t  CTA ( F i gure  6 . 9 ) .  Th i s  

d i s p a r i t y  i s  too l a r g e  to be e x p l a i ned  as  an e f f e c t  of  i n c r e a s e d  a t t e n u a t i o n  

even wi t h  a w e l 1- d e v e 1 oped low v e l o c i t y  zone w i t h i n  100 km of  t h e  s u r f a c e ,
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which appears not to be the case in this region. This bias to some 

extent can be seen in all the amplitude spectra. Furthermore, the 

synthetic spectra generally are more rounded than the observed ones. A 

simple explanation for these discrepancies has not been found; however, 

uncertainty in the attenuation coefficients and deviations from a laterally 

homogeneous earth may jointly account for them. Focusing and diffraction 

effects may also greatly influence amplitudes at periods shorter than 28 

seconds (McGarr 1989)« Otherwise the source spectra may be peaked in the 

manner suggested by elasto-dynamic theory of Archambeau (1988). In any 

case, these data by themselves do not permit a definitive explanation.

Sec. 6.4.3 Comparison of Body and Surface Wave Mechanism

In Figure 6.16 the surface wave solutions are superimposed the 

solution from first motions. The most striking disparity between these 

solutions is shown by the band of dilatational first motions in the SW 

quadrant of this figure. These dilations were recorded in a distance range 

from 1° to 9° which includes stations of the ANU and Snowy Mountains network, 

TOO, (operated by the Bureau of Mineral Resources near Melbourne), and sta

tions operated by the University of Tasmania (Figure 6.1). Some and possibly 

all of this disparity can be explained by errors in projecting the ray paths 

to these stations onto the focal sphere. Uncertainty in the crustal struc

ture of southeastern Australia is sufficiently great to allow errors of at 

least 20° in the take-off angles required for this projection. In Figure 6.16, 

take-off angles were computed for an earth model consisting of a Jeffreys- 

Bullen (J-B) sub-crust overlain by a crust with a uniform compressional 

velocity of 6.0 km/sec. This model yields take-off angles near 50° for the 

closest stations of the ANU network, INV, CAH and LER. These stations are 

about 1° from the source.

In contrast, the routine earthquake locations, computed by the 

seismology group at the ANU, use travel times consistent with the assumption
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of s t r a i g h t  ray pa t hs  fo r  c r u s t a l  phases  r ecorded  a t  d i s t a n c e s  l e s s  t han  

about  1.5°* For t he  abovement ioned s t a t i o n s  t h e  c o r r e s po n d i n g  t a k e - o f f  

a n g l e s  from t h e  P i c t on  ea r t h q u a k e  would be s l i g h t l y  g r e a t e r  than 90° (where 

an an g l e  of  0° r e f e r s  to t h e  downward v e r t i c a l ) .  These r ay  pa t h s  pass  

through t he  upper  hemisphere o f  t h e  foca l  sphere  which in F i gu r e  6 . 1 6  c o r r e s 

ponds t o  p o s i t i o n s  near  t h e  rim of  t h e  NE qu a d r an t .  Model CTA1F2 p r e d i c t s  

t a k e - o f f  a n g l e s  of  about  78° f o r  t h e s e  r a y s .  The c o r r e s p o n d i n g  open c i r c l e s  

in F i gure  6 .16 would p l o t  c l o s e r  t o  t he  rim of  t h e  SW q u a d r a n t .  Both 

J-B and CTA1F2 have c r u s t a l  models b r ing  t he  ANU d a t a  i n t o  agreement  wi th  

t he  mechanism s o l u t i o n  from s u r f a c e  waves.

Sec.  6 . A.A A f t e r s h o c k s ,  S l i p  and S t r e s s  Drop

The P i c t on  ea r t h q u a k e  l e f t  no s u r f a c e  t r a c e  nor  d id i t  occur  

w i t h i n  a mapped f a u l t  zone;  c o n s e q u e n t l y ,  a l l  i n f o r ma t i on  a s  t o  t h e  s i z e  

and o r i e n t a t i o n  of  t h a t  r u p t u r e  must be s e i s mo l og i c a l  i n f e r e n c e .  Focal  

mechanism s o l u t i o n s  (Figure  6 . 16)  sugges t  t h a t  t h e  o r i e n t a t i o n  of  t h e  r u p t u r e  

c o i n c i d e s  wi th  one of a p a i r  of  nodal  p l a n e s  f o r  each s o l u t i o n .  From l o c a 

t i o n s  of  t he  main shock and 23 a f t e r s h o c k s  (F igure  6 . 1 7 ) ,  r e l a t i v e  t o  a 

mas t e r  e a r t h q u ak e  (chosen from among t h e  b e t t e r  r ecorded  a f t e r s h o c k s )  t h e  

f a u l t  s u r f a c e  appe a r s  t o  d i p  s t e e p l y ,  p o s s i b l y  toward t h e  e a s t .  The nodal 

p l ane  t h a t  most c l o s e l y  c o i n c i d e s  wi th  t h e  d i s t r i b u t i o n  o f  l o c a t i o n s  is  t he  

more s t e e p l y  d i pp i ng  of  t h e  p l a nes  de t e rmined  from t h e  s u r f a c e  wave a n a l y s i s  

(F igure  6 . 1 6 ) .  The i n f e r r e d  s t r i k e  of  t h e  f a u l t  i s  n e a r l y  n o r t h - s o u t h .- 

Accura t e  e s t i m a t e s  of  f a u l t  s l i p  and s t r e s s  d rop  depend on an 

a c c u r a t e  e s t i m a t e  of  t h e  s i z e  of  t he  f a u l t  a t  t h e  t ime o f  t h e  main shock.  

I n f e r r i n g  f a u l t  s i z e  from a f t e r s h o c k s ,  y i e l d s  minimum v a l u e s  o f  both  av e r ag e  

s l i p  and ave ra ge  s t r e s s  d rop .  U n c e r t a i n t y  in t h e  s i z e  of  t h e  a f t e r s h o c k  

zone f o r  t h i s  ea r t h q u a k e  i s  due mainly  t o  u n c e r t a i n t y  in t h e  c r u s t a l
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structure in the region enclosed by the network of local recording 

stations. The closest stations in this network, WER and AVO, are about 30 

km from the source region i.e. at a greater distance than the depth for most 

of the activity. Consequently, the distribution in depth of this activity 

is very sensitive to crustal structure. In contrast both the distribution 

of epicenters and the horizontal distribution of relative locations are 

stable for a wide range of crustal models.

To minimize uncertainty in the dimensions of the aftershock 

zone, an attempt, partially successful, was made to invert arrival times 

of crustal P and S phases for relative locations (Figure 6.17) and take-off 

angles for ray paths between the master earthquake and the eight stations 

shown in Figure 6.1. The inversion scheme is the same as the one used by 

Fitch and Rynn (1976) to compute near-source estimates of Vp/V^. This 

scheme is a generalization of a master earthquake scheme used by Fukao 

(1972) to locate aftershocks of a Brazilian deep earthquake. Restrictions 

imposed by the station coverage meant that neither near-source velocities, 

Vp/V^, nor all the take-off angles could be refined. In the joint-relative- 

locations tabulated in Table 6.5 the take-off angles to the four more 

distant stations are assigned a fixed value of 65°. RIV is 65 km from the 
source region and the three western stations, I NV , LER and CAH are about 

100 km from the source. Compressional and shear velocities in the source 

region are assigned values of 6.0 and 3-6 km/sec. These are crustal vel

ocities consistent with travel-times from local earthquakes in southeastern 

Australia. The take-off angles for ray paths to the three closest stations, 

AVO, WER and JNL are refined along with the parameters giving the relative 

1ocations.

The resulting angles (Table 6.5) were used in individual relative 

locations of about 90 aftershocks recorded in the month of March 1973- The 

better-determined of these locations are plotted in Figure 6.17. If steeper 

take-off angles were assumed for the outer stations, the separations between
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master and secondary events would increase and the apparent dip of the 

fault would also increase. The gap between the master earthquake and the 

secondary events, shown in Figure 6.17, is probably more apparent than real. 

The locations of activity closer to the master earthquake are difficult to 

resolve given reading errors of about ± 0.1 second for both P and S arrival 

times.

The down-dip length of the fault surface is about 16 km; however, 

the down-dip length at the time of the main shock is probably less. The 

down-dip length is set at 10 km, which is twice the difference between the 

depth of the main shock and the nominal depth of 15 km used in computing 

the refined synthetics. As with most well-located earthquake sequences, 

particularly those associated with thrust faulting (e.g. Whitcomb et al. 

1973), the main shock occurs near the base of the activity. The width 

of the fault surface, taken from the horizontal distribution of activity, 

is about 8 km. Substitution of a fault size, S, of 80 km2 into the equation:

M0 = yDS

(Aki 1966), where M0 is seismic moment, 0.57 x 1024 ± 20% dyne-cm from the 

refined synthetics and y is shear modulus, in this case assumed to be 

3-3 x 1011dyne/cm2, yields an estimate of 2 cm for average slip, D. The 

corresponding estimate of stress drop, Aa, is about 1 bar, when the appro

priate substitutions are made in the equation:

a DTAo = ny —w

(Brune and Allen 1967, Kanamori and Anderson 1975). ri is a factor that 

depends on the geometry of the fault and w is the down-dip length of the 

fault. For pure strike-slip Knopoff (1958) estimates a value of about 2/3 

for n and for pure dip-slip, Starr (1928) estimates ri = 1 . For rupture in 

which the horizontal and vertical dimensions are approximately equal, which 

is the case for the Picton earthquake, r\ is about A/3.
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S e c .  6 . 5  C O N C L U S I O N S

S h a l l o w  e a r t h q u a k e s  a r e  one o f  t h e  more o b v i o u s  m a n i f e s t a t i o n s  

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

A u s t r a l i a .  C o n v e n t i o n a l l y ,  t h e  P a x i s  i s  d e f i n e d  as t h e  c e n t e r  o f  t h e  

d i l a t a t i o n a l  q u a d r a n t  o f  t h e  f o c a l  s p h e re  (Hodgson 1957,  Honda 1962) and 

i s  c o i n c i d e n t  w i t h  t h e  a x i s  o f  maximum c o m p r e s s i v e  s t r e s s .  I t  has been 

p o i n t e d  o u t  by McKenz ie 0 9 6 9 a ) a n d  o t h e r s  t h a t  t h i s  c o n v e n t i o n a l  e s t i m a t e  

o f  t h e  d i r e c t i o n  o f  maximum s t r e s s  i s  v a l i d  o n l y  in  a medium t h a t  was homo

geneous p r i o r  t o  t h e  e a r t h q u a k e .  In t h e  case  o f  t h e  P i c t o n  e a r t h q u a k e  th e  

P a x i s  i s  i n c l i n e d  tow a rd  t h e  e a s t .  I t  i s  p r o b a b l e  t h a t  t h e  P i c t o n  e a r t h 

quake o c c u r r e d  in  a zone o f  weakness i . e .  a p r e v i o u s l y  a c t i v e  f a u l t  z o n e .

In t h i s  c a s e ,  t h e  o r i e n t a t i o n  o f  t h e  P a x i s  i s  s t r o n g l y  dependen t  on t h e  

s t r e n g t h  o f  m a t e r i a l  in  th e  zone and may n o t  t h e r e f o r e  be o r i e n t e d  i n  t h e  

d i r e c t i o n  o f  maximum c o m p r e s s i v e  s t r e s s .

In s i t u  s t r e s s  measurements p r o v i d e  i n d e p e n d e n t  i n f o r m a t i o n  on 

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

q u a l i t y  measurements o f  t h i s  k i n d  have been made in  a mine  near  C oba r ,  New 

South  W a les ,  5^0 km WNW o f  t h e  e p i c e n t e r .  Measurements a t  t h e  1200 and 

1800 f o o t  l e v e l s  r e v e a l  a n e a r l y  h o r i z o n t a l  a x i s  o f  maximum c o m p r e s s i v e  

s t r e s s  t r e n d i n g  EW (Stephenson  and M ur ray  197 0 ) .  I f  t h i s  s t r e s s  measurement  

a t  t h e  1200 f o o t  l e v e l  a r e  t a k e n  t o  be r e p r e s e n t a t i v e  o f  t h e  c r u s t  

in  t h e  e n t i r e  New South V/ales r e g i o n  t h e n  t h e  r e s o l v e d  shea r  s t r e s s  on t h e  

f a u l t  p l a n e  i s  abou t  A0 b a r s .  A r e s o l v e d  shear  s t r e s s  o f  a b o u t  80 b a rs  

r e s u l t s  f r o m  s i m i l a r  a n a l y s i s  u s i n g  t h e  measurements a t  t h e  1800 f o o t  l e v e l .  

I f  t h e  e s t i m a t e d  s t r e s s  d r o p  o f  1 ba r  i s  a l a r g e  f r a c t i o n  o f  t h e  s t r e n g t h  

o f  t h e  f a u l t  zo n e ,  t hen  t h i s  zone must be e x t r e m e l y  weak by c o m p a r i s o n  w i t h  

t h e  s t r e n g t h  o f  u n f r a c t u r e d  r o c k .  At  c o n f i n i n g  p r e s s u r e s  c o r r e s p o n d i n g  t o  

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

k i l o b a r s  ( G r i g g s  and Hand in I 9 6 0 ) .

The in  s i t u  s t r e s s  measurements and t h e  f o c a l  mechanism f o r  t h e
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Picton earthquake could be consistent with a regional stress field that 

is dominated by uni-axial compression along an east-west trend. However, 

more information of both kinds is needed to firmly establish such a trend. 

Filling of the Warragamba reservoir probably had negligible effect on the 

source region of the Picton earthquake. The long time lapse between the 

first filling and the earthquake, 11 years, and the mid-crustal depth to 

the main shock argue against a reservoir effect (Rothe 1969, Gough and 

Gough 1970).

Models produced by a controlled Monte Carlo inversion of surface 

wave dispersion represent the average structure for the paths from Picton 

to Adelaide and Charters Towers. Four spherical earth models presented in 

Table 6.2 fit all observed fundamental and higher mode dispersion with re

duced x2 statistics of 1.29 or less. Although no layer above a depth of 

l80 km in any of these models contains a shear velocity as high as *4.7 km/s, 

the apparent velocity of the phase recorded at Charters Towers, these 

models represent averages of shear wave velocities in the real earth. The 

interpretation of this observation as a long distance phase (Molnar and 

Oliver 1969) requires a layer with a velocity of *4.7 km/s at some depth 

between Moho and 200 km. Models produced in this study indicate that this 

layer must be as thin as 30 km at a depth of 180 km or much thinner at 

shallower depths. The apparent velocity of S calculated from S times at 

ADE and CTA is only *4.5 km/s. Subcrustal S-velocities for these models 

range from *4.20 to *4.32 km/s which is 0.*4 to 0.5 km/s slower than CANSD 

subcrustal velocities. Kanamori and Abe (1968) and Fix (1975) have found 

models for the Philippine Sea and central Mexico with upper mantle shear 

velocities of 3.6 to *4.2 km/s at depths shallower than 100 km. The prejudice 

that continental plates slide on a low velocity zone is partially supported 

by the ScS travel time for Charters Towers. S-wave travel times and higher 

mode group velocities tend to preclude the presence of any pronounced low

velocity zone at depths of less than 180 km. Below this depth, low velocity
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zones  have l i t t l e  e f f e c t  on obse rved  h i g h e r  mode d i s p e r s i o n  and ob s e rv e d  

fu n d a m e n ta l  mode a m p l i t u d e  and d i s p e r s i o n .

The v e r t i c a l  one way t r a v e l  t i m e  f o r  S-waves f r o m  t h e  c o r e - m a n t l e  

bounda ry  t o  t h e  e a r t h ' s  s u r f a c e  i n f e r r e d  f r o m  ScS i s  47 4 .4  seconds .  The 

p re s e n c e  o f  a h i g h  c o n t r a s t ,  low  v e l o c i t y  zone in  t h e  models  i s  p r e c l u d e d  

o n l y  by poor  f i t t i n g  o f  h i g h e r  modes and i s  n o t  ex c lu d e d  by t h e  f u n d a m e n ta l  

mode d a t a .  I t  i s  l i k e l y ,  as sugges te d  by ScS t i m e s  (T a b le  6 . 4 ) ,  t h a t  a low  

v e l o c i t y  zone o r  zone o f  lo w er  th a n  a v e r a g e  v e l o c i t y  does e x i s t  be low  a 

d e p t h  o f  140 km f o r  t h e  C T A -P ic to n  p a t h .

In c om pa r ing  t h e  p a r t i a l  d e r i v a t i v e s  o f  g r o u p  v e l o c i t y  w i t h  

r e s p e c t  t o  shear  v e l o c i t i e s  in l a y e r s  f o r  CTA2S1 ( F i g u r e  6 . 1 4 )  i t  i s  e v i d e n t  

t h a t  shear  v e l o c i t i e s  a t  d e p th s  g r e a t e r  t h a n  100 km 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  th e  f i r s t  h i g h e r  R a y l e i g h  mode f o r  p e r i o d s  g r e a t e r  th a n  9 seconds .  The 

h i g h e r  mode d a t a  used f o r  i n v e r s i o n  ( T a b le  6.1 d a t a  s e t  #2)  i s  o f  good 

q u a l i t y  t o  15 second p e r i o d s  and becomes q u e s t i o n a b l e  f o r  g r e a t e r  p e r i o d s .  

S in c e  f i r s t  h i g h e r  R a y l e i g h  modes p roduced  by t h e  p r e f e r r e d  models  have 

s l i g h t l y  s l o w e r  g r o u p  v e l o c i t i e s  th an  t h e  o b s e r v a t i o n s ,  i t  i s  p o s s i b l e  t h a t  

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

mode a t  p e r i o d s  g r e a t e r  th a n  40 seconds b i a s  o b s e rv e d  fu n d a m e n ta l  mode g ro u p  

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

t h a t  t h e  A l t e r m a n ,  J a r o s c h ,  and P e k e r i s  (1961)  e a r t h  f l a t t e n i n g  a p p r o x i m 

a t i o n  does n o t  a d e q u a t e l y  a p p r o x i m a t e  h i g h e r  mode g r o u p  v e l o c i t i e s .  E i t h e r  

o f  t h e s e  p o s s i b i l i t i e s  c o u ld  cause a c o n f l i c t  between ob s e rv e d  and computed 

R a y l e i g h  modes. For  t h i s  reason  any i n v e r s i o n  p r o c e d u r e  may n o t  a d e q u a t e l y  

model low  v e l o c i t y  zones a t  d e p t h s  g r e a t e r  th a n  140 km. O n ly  low c o n t r a s t  

low  v e l o c i t y  zones w i t h o u t  h ig h  v e l o c i t y  l i d s  a r e  a b l e  t o  r e a s o n a b l y  f i t  

t h e  g r o u p  v e l o c i t y  d a t a  p r e s e n te d  i n  S e c t i o n  6 . 2 .
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CHAPTER 7

R E G I O N A L I Z A T I O N  AND PURE PATH MODELS FOR 

SHEAR V E L O C I T Y  AND A T T E N U A T IO N

Sec. 7.1 INTRODUCTION

D i f f e r e n c e s  in the d i s p e r s i o n  o f  long p e r io d  s u r f a c e  waves wh ich  

t r a n s v e r s e  paths th rough  d i f f e r e n t  upper m an t le  p r o v in c e s  o r  re g ions  were 

f i r s t  p o in te d  o u t  by Brune ( i 9 6 0 ) .  Since t h a t  t im e  the  d i s p e r s i o n  o f  

g r e a t  c i r c l e  s u r f a c e  waves has been used by Toksöz and Anderson (1966) 

t o  show t h a t  the  upper mant le is  l a t e r a l l y  he te rogeneous .  Toksöz,

Ch innery  and Anderson (1967) de te rm ined  v e l o c i t y  s t r u c t u r e s  f o r  the  

upper mant le  wh ich  produced the  observed phase v e l o c i t y  d i s p e r s i o n .  T h e i r  

models i n d i c a t e d  the  presence o f  a pronounced shear  wave low v e l o c i t y  zone 

beneath the  oceans and a more pronounced low v e l o c i t y  zone beneath 

t e c t o n i c  r e g io n s .  Kanamori (1970a) and Dziewonski  (1971a) measured phase 

and group v e l o c i t i e s  f o r  g re a t  c i r c l e  R ay le igh  waves f o r  150 to  360 second 

p e r io d s  and dete rm ined  pure path  v e l o c i t i e s  f o r  s h i e l d ,  o c ea n ic  

and t e c t o n i c  r e g io n s .  Kanamori (1970a) a l s o  measured v e l o c i t i e s  f o r  Love 

waves and Q's f o r  bo th  Ray le igh  and Love waves in  t h i s  p e r io d  range.  These 

r e g i o n a l i z e d  s u r f a c e  wave v e l o c i t i e s  have been model led  by Kanamori and 

Press (1970 ) ,  Press (1970) and, Dziewonski  (1971b) A more re ce n t  r e g i o n a l i z 

a t i o n  by V/u (1972) employs b types o f  upper  man t le  p r o v in c e s ;  c o n t i n e n t ,  

ocean b a s i n ,  i s l a n d  a r c ,  and mid-ocean r i d g e  zones.  Using these 4 t ypes  

o f  re g ion s  Wu (1972) c a l c u l a t e d  pure path  phase v e l o c i t i e s  f o r  p e r io d s  

between 160 and 300 seconds f rom Kanamor i ' s  (1970a) phase v e l o c i t i e s  

f o r  the  K u r i l e  I s la nd  ear thquake  o f  13 October 19 6 3 , in c o n j u n c t i o n  w i t h  

h i s  own phase v e l o c i t y  data  f rom the  Rat I s la n d  e a r thquake  o f  b February  

1965. Wu1s (1972) pure path phase v e l o c i t i e s  show d i s t i n c t  d i f f e r e n c e s  in
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the dispersion of Rayleigh waves in his four regions .

Although both Kanamori (1970a) and Wu (1972) calculated Q. for 

Rayleigh waves (Q ) , neither has modelled regional Q or Q. 1, satisfactorily. 

The methods used for separating pure path group velocities and Q. ^ are 

described in Section 7*2 of this chapter and pure path group velocities 

calculated from the group velocity data of Chapter 3 and Chapter 4 are 

presented in Section 7-3- The pure path group velocities for continental 

and oceanic regions are inverted in Section 7.4 to give shear velocity 

models for continents and oceans. Pure path separation of Q  ̂ for 

periods between 50 and 300 seconds shows that most of the dissipation 

of Rayleigh waves energy takes place beneath the oceans (Sec. 7-5).

Models for oceanic attenuation indicate that the sub-oceanic mantle 

has an average Q. of less than 80 in the upper most 200 km (Sec. 7.8).
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Sec* 7 -2  REGIONALIZATION OF MIXED PATH GROUP VELOCITIES AND ATTENUATION 

COEFFICIENTS

Two r e g i o n a l i z a t i o n  schemes have been used in d e t e r m i n i n g  p u r e  p a t h  

g roup  v e l o c i t y  and Q ^ in t h i s  s t u d y .  R a th e r  th a n  use t h e  t h r e e f o l d  

r e g i o n a l i z a t i o n  scheme o f  Kanamor i (1970a)  and D z iew ons k i  (1971a)  w h i c h  was 

based on U m bgrove 's  ( 1 947 , P l a t e  V) c l a s s i f i c a t i o n  o f  p r o v i n c e s  o f  C enozo ic  

f o l d i n g ,  two f o u r f o l d  r e g i o n a l i z a t i o n  schemes o f  f o u r  c r u s t - u p p e r  m a n t l e  

p r o v i n c e  t y p e s :  c o n t i n e n t ,  deep ocean b a s i n ,  i s l a n d  a r c  and m id -o c e a n

r i d g e  zones were used .  A l t h o u g h  more p r o v i n c e s  have been r e c o g n i z e d  as 

h a v in g  d i f f e r e n t  s u r f a c e  wave d i s p e r s i o n  c h a r a c t e r i s t i c s  ( K n o p o f f  1 9 7 2 ) ,  

because o f  the  l i m i t a t i o n s  imposed by th e  p r e c i s i o n  w i t h  w h i c h  g ro u p  

v e l o c i t i e s  can be d e t e r m i n e d ,  more e l a b o r a t e  r e g i o n a l i z a t i o n  schemes were 

n o t  j u s t i f i e d .

The l i r s t  r e g i o n a 1 i z a t i o n  scheme ( F i g u r e  7 - 1) ,  h e r e a f t e r  c a l l e d  

t h e  o r i g i n a l  r e g i o n a l i z a t i o n  scheme, i s  a m o d i f i c a t i o n  o f  t h e  scheme 

based on Umbgrove ( 1947) .  Umbgrove ' s  b e l t s  o f  c e n o z o i c  f o l d i n g  a r e  

i n t e r p r e t e d  in t h i s  r e g i o n a l i z a t i o n  as e i t h e r  i s l a n d  a r c  o r  m id -o c e a n  

r i d g e  zones w i t h  t he  a d d i t i o n  o f

(1)  t h e  m id -ocean  r i d g e s  zones t a k e n  as s t r i p s  o f  a p p r o x i m a t e l y  

1000 km w i d t h s  c e n t e r e d  on t h e  m a j o r  m id -o c e a n  r i d g e s ,

(2)  t h e  M a r i a n a ' s  and A l e u t i a n  i s l a n d  a r c s ,

(3)  t h e  Co lumb ia  R i v e r  P l a t e a u  and C o lo r a d o  P l a t e a u  -  t a k e n  as

p a r t s  o f  t h e  Bas in and Range i s l a n d  a r c  zone in  t h e  w e s t e r n  

U n i t e d  S t a t e s ,

and

(4)  t h e  Red Sea -  t a k e n  as a m id -o c e a n  r i d g e  zone .

C o n t i n e n t a l  m a r g in s  as w e l l  as s h o r e - l i n e s  a r e  shown in  F i g u r e  7 . 1 .



F i g u r e  7-1 AN ORIGINAL REGIONALIZATION BASED ON 4 UPPER MANTLE PROVINCES

is  a m o d i f i c a t i o n  o f  Umbgrove's (1547) c l a s s i f i c a t i o n  o f  

p ro v in c e s  o f  Cenozoic f o l d i n g .  Im por tan t  d i f f e r e n c e s  between 

t h i s  r e g i o n a l i z a t i o n  and o th e r  r e g i o n a l i z a t i o n s  based on 

Umbgrove's c l a s s i f i c a t i o n  system a re  d e s c r ib e d  in Sec. 7 .2 .  

Pure path  group  v e l o c i t i e s  d e r i v e d  us ing  t h i s  r e g i o n a l i z a t i o n  

are shown in F igu re  7 -5 -
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The second r e g i o n a l i z a t i o n  scheme used in t h i s  s tudy  was dev ised  

by Wu( l972) and w i l l  be c a l l e d  the Wu r e g i o n a l i z a t i o n .  F ig u re  1 f rom 

Wu1s (1972) paper on r e g i o n a l i z a t i o n  o f  Ray le ig h  wave phase v e l o c i t i e s  is  

shown in F ig u re  7*2 .  Th is  scheme d i f f e r s  f rom the  o r i g i n a l  scheme in 

t h a t  Wu (1972)

(1) c o n s id e rs  the wes tern  Un i ted  S ta te s  to  be a mid-ocean 

r i d g e  zone,  r a t h e r  than i s l a n d  a r c ,

and

(2) in c lu de s  the East A f r i c a n  R i f t  as a mid-ocean r i d g e  zone.

Other d i f f e r e n c e s  are p r i m a r i l y  in the  i n t e r p r e t a t i o n  o f  the  w id th s  o f  i s l a n d  

a r c  and r i d g e  zones and in smal l  d i f f e r e n c e s  in i n t e r p r e t a t i o n  as f o r  

C en t ra l  Amer ica.  The d i f f e r e n c e s  between these  two r e g i o n a l i z a t i o n  schemes 

cause d i f f e r e n c e s  o f  up to  1*4 per  cent  in path c o m p os i t io n  f o r  s i m i l a r  g r e a t  

c i r c l e  paths  (Tab le  7 .1 ( c )  and ( d ) ) .  These d i f f e r e n c e s  a re  m a in ly  due to  

e s t i m a t i o n  o f  path  le n g th s  which  c ross  r i d g e  o r  a rc  re g ion s  o b l i q u e l y  

and f o r  wh ich  a c tu a l  path co m p os i t io n s  may be w i d e l y  a t  v a r i a n c e  w i t h  those  

shown i f  h o r i z o n t a l  r e f r a c t i o n  oc c u rs .  I t  is  p o s s i b l e  t h a t  

these  d i f f i c u l t i e s  cou ld  be overcome by co m p u t in g : phase v e l o c i t i e s  

f o r  each o f  the  reg ions  used in t h i s  s tu d y ,  c a l c u l a t i n g  path  d e f l e c t i o n s  

a t  the  reg ion  boundar ies,  d e r i v i n g  re v is e d  paths f rom the  c a l c u l a t e d  

d e f l e c t i o n s ,  and f i n a l l y  a r r i v i n g  a t  a re v is e d  se t  o f  path  c o m p o s i t i o n s .

Such an i t e r a t i v e  process is  p o s s i b l e  but  such a re f in e m e n t  would o n l y  

be j u s t i f i e d  f o r  a much l a r g e r  data  s e t .

Group v e l o c i t i e s  and a t t e n u a t i o n  c o e f f i c i e n t s  f o r  i n d i v i d u a l  pa ths  

de te rm ined  by combin ing group v e l o c i t i e s  measured a t  each s t a t i o n  on a 

path  and ave rag ing  over 20 second windows (Sec. 4 . 2 . 2 )  a re  shown in 

F ig u re  7-3-  The d e v i a t i o n s  f rom g lo b a l  average group  v e l o c i t i e s  and 

a t t e n u a t i o n  c o e f f i c i e n t s  are  shown in F ig u re  7 - 4 .  Averag in g  windows f o r  

a t t e n u a t i o n  which c o n ta in  o n l y  one sample have been ass igned  s tandard  

d e v i a t i o n s  which are  100 per cen t  o f  the  e s t im a te d  v a lu e  ( e .g .  F ig u re



F ig u re  1 .2  A REGIONALIZATION PROPOSED BY WU (1972) -

is  based on g lo b a l  t e c t o n i c  t h e o r y  and the  USCGS w o r ld  

s e i s m i c i t y  map. Four d i s t i n c t  r e g io n s  p ro v in c e  types  a re  

used:  ocean,  con t  inent ,  a rc  and r i d g e .  Pure path  group

v e l o c i t i e s  and s p e c i f i c  a t t e n u a t i o n  c a l c u l a t e d  us in g  t h i s  

r e g i o n a l i z a t i o n  a re  shown in F ig u re s  7 -6  and 7- 9 -
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TABLE 7-1 (a) PURE PATH COMPOSITION FOR INDIVIDUAL STATIONS AND PATHS 

ORIGINAL REGIONALIZATION -  INDIVIDUAL STATIONS

Sta 
1 d e n t .

RiOcean C on t inen t Arc R i dge R2Ocean C o n t in e n t Arc Ridge

KIP 1.00 .00 .00 .00 • 50 .25 .12 .14
KON .00 .82 .18 .00 .63 .23 .069 .076
CHG .00 .42 .58 .00 .80 .083 .016 .100
ALQ .40 .067 .40 .13 .42 .27 .18 .13
ZLP .33 .28 • 34 .05 .40 .17 .22 .21
EIL .00 .76 .24 .00 • 69 .16 .054 .098
CTA • 79 .13 .079 .00 .46 • 32 .13 .094
NAI . 11 .50 • 33 .057 .62 .16 .016 .20
PTO .00 .85 .15 .00 .66 .18 .073 .081
TAU • 63 .31 .057 .00 .48 .28 .14 .10
RAB 1.00 .00 .00 .00 .44 -33 .14 .090
ADE .24 .36 .40 .00 .41 .40 .064 .13
VAL .00 .83 .17 .00 .65 .21 .072 .078
STU .00 .84 . 16 .00 . 6 3 .15 .089 .140
NDI .00 .40 .60 .00 .71 .19 .013 .093
MUN • 34 .30 • 35 .00 .56 .30 .097 .043

GREAT CIRCLE DATA

1ST .55 .28

ra
O

OO
0 0

0
»X

!

AQU .48 .30 . 1 1 . 1 1
CTA • 52 .29 .12 .078
DUG .41 .23 .22 . 1 4
ADE • 37 .39 .14 .097
BUL .60 .23 .11 . 0 8 9
AFI • 55 .28 .083 .089
HNR • 50 • 35 .092 .058
TOL .50 .35 .092 .058
SBA • 52 .29 .12 . 0 7 8
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TABLE 7 .1 ( b )  PURE PATH COMPOSITION FOR INDIVIDUAL STATIONS AND PATHS 

WU (1972) ~ REGIONALIZATION -  INDIVIDUAL STATIONS

Sta 
1 den t . RiOcean Cont inen t Arc R i dge R2Ocean C o n t in e n t Arc R i dge

KIP 1.00 .00 .00 .00 .44 .279 .134 .147
KON .00 • 79 .21 .00 .73 .11 .040 .12
CHG .00 .58 .42 .00 • 72 .064 .058 .16
ALQ. .40 .00 .27 .33 • 33 • 32 .22 .18
ZLP .27 . 2 9 .22 .22 • 36 .22 .22 .20
EIL .00 .88 .12 .00 . 665 .123 .049 .163
CTA . 83 .063 .11 .00 .43 .22 .079 .27
NAI .090 .53

COCM .094 • 70 .12 .045 .138
PTO .00 .83 •17 .00 .7 6 5 .059 .044 .132
TAU .64 .28 .080 .00 .45 .160 .086 .290
RAB 1.00 .00 .00 .00 .42 .22 . 0 9 8 .25
ADE .73 .19 .088 .00 .31 • 35 .17 .17
VAL .00 .82 .18 .00 . 7 5 .076 .043 .129
STU .00 .88 .12 .00 . 4 9 .20 .093 .22
NDI .00 .40 .60 .00 .71 .19 .013 .093
MUN .2 7 .30 .12 . 3 0 .4 3 .47 .065 .035

GREAT CIRCLE DATA

1 ST .64 • 30 .06 .24
AQU .55 .35 .10 .34
CTA .72 .19 .085 .44
DUG .53 .25 .22 .38
ADE • 53 .31 .15 .26
BUL .66 .22 . 12 .22
AFI .629 • 30 .071 .258
HNR • 775 .17 .051 .21
TOL .585 .32 .098 .19
SBA • 72 • 19 .085 .44
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TABLE 7 . 1 ( c )  PURE PATH COMPOSITION FOR INDIVIDUAL STATIONS AND PATHS 

PATH COMPOSITIONS -  ORIGINAL REGIONALIZATION

Path Number Ocean Con t i n e n t Arc Ridge

1 .41 .23 .22 .14

2 .69 .13 .092 .088

3 .60 • 23 .11 .089

4 .55 .28 .081 .089

5 .48 .30 . 11 . 11

6 .50 .35 .092 .058

7 • 52 .29 .12

0
0

0

8 • 37 .39 .14 .097

9 .53 .30 .14 .033

TABLE 7 -1 (8 ) PURE PATH COMPOSITION FOR INDIVIDUAL STATIONS AND PATHS

PATH COMPOSITIONS -  WU (1972) REGIONALIZATION

Path Number Ocean C o n t ine n t Arc R i dge

1 .34 .25 .22 .19

2 .62 .13 .11 .14

3 • 52 .24 .115 .125

4 .51 .30 .065 .125

5 .38 • 35 .10 .17

6 .58 .245 .075 .10

7 .50 .19 .085 .22

8 .40 .31 .15 .14

9 .39 .43

0
0

t''»
0

.097



F ig u re  7 -3 .1  GROUP VELOCITIES AND ATTENUATION COEFFICIENTS ARE SHOWN

FOR PATHS 1, 2 AND 3 "

C a l c u l a t i o n  o f  these  averages d e s c r ib e d Sec. k . 2.
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P AT H 1  AVE RAGE P A T H  1 A VE RAG E

P A T H 2  AVE RAGE P A T H 2  AV E RAG E

150.0 200.0  250.0

P R T H 3  AVE RAGE P A T H 3  A V E R AG E

PERIOD (SEC) PER 100 (SEC)



F i g u r e  7 - 3 . 2  GROUP VELOCITIES AND ATTENUATION COEFFICIENTS AVERAGED BY

PATH ARE SHOWN FOR PATHS b,  5 AND 6 -

C a l c u l a t i o n  o f  t h e s e  a v e r a g e s  i s  d e s c r i b e d  i n  Sec.  b.2.
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a PATH4 AVERAGE

tO .0 200-0 250 .0  300 .0  3SQ.Q 400.0 450-0

- 8 - 0

0 400.0 450.0

PERIOD (SEC)

b  PATH5 AVERAGE

I-90.0 100.0 150.0 200 .0 300 .0  350.0  400.0  4 5 0 .8 1 0 * ' 
■ ■ * t ' • * 1 I ' ' ' 1 » 1 ' ■ H l 3 . 0

CO ( 0  CD Q  £q

- 1 . 0 "  — — 1 • 0  

~ 2 ' § 0 .0  100-0 150.0 200 .0  250-0  300.0 350 .0 400.0 4 50 .Ö2 ‘ °

PERIOD (SEC)

c PATHS AVERAGE

50 .0  200 .0  250-0 300-0 350 .0  400.0 450*0 . 0  100

50.0  100.0 150.0 200 .0  250.0 300.0 350.0 400.0 450-0

PERIOD (SEC)

d  PATH4 AVERAGE

500 .0

g  4 .0

h m l .
1 0 0 .0 200 .0 300.0 500 .0

PERIOD (SEC)

e PATH5 AVERAGE

400.0 500-0

10 0 -0 300.0 400.0

PERIOD (SEC)

f  PATH6 AVERAGE

300.0 400-0100-0

300.0 400.0200 .0 500 .01 00 -0 f
PERIOD (SEC)



F i g u r e  7 - 3 - 3  GROUP VELOCITIES AND ATTENUATION COEFFICIENTS AVERAGED BY

PATH ARE SHOWN FOR PATHS 7 ,  8 AND 9 ~

C a l c u l a t i o n  o f  t h e s e  a v e rages  i s  d e s c r i b e d  in Sec. b .2 .
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o  P R T H 7  AVERAGE

£  100.0 150.0 200 .0  250 .0  300.0 350.0 400 .0  4 5 0 .O * 10' 
.................. 1 1 1 I 1 1 1 ‘ I ■ 1 1 ■ I 1 1 1 1 I 1 ' ' ' I I I ' I |t  t I I i- jZ -S I

2.0 0 2.00

- . 2 5

- . 5 0

- 1.00

- ‘ t f . O  100.0 150.0 200-0 250 .0  300.0 350-0 400-0 450 .0 -1 .25

PERIOD (SEC)

d  P A T H 7  AVERAGE

300.010 0- 0 2 0 0 - 0

200.0 300.0 400 .0

PERIOD (SEC)

P A T H 8  AVERAGE

■0 100.0 150.0 200 .0  250-0 300.0 350 .0 400-0 450-0

- 2 .0 - 2 .0
50 .0  100.0 150.0 200 .0  250 .0  300 .0 350 .0 400.0 450 .0

PERIOD (SEC)

e P A T H 8  AVERAGE

200.0 300.0 400.0 500.0

PERIOD (SEC)

c P A T H 9  AVERAGE f  P A T H 9  AVERAGE

60.0  80.0  100.0 120.0 140.0 160-0 180.0 200 .0  220

1 0 .0

60-0 80-0 100.0 120.0 140.0 160-0 180-0 200.0 220

60 .0  80.0  100.0 120.0 140.0 160.0 180.0 200 .0

3.900 3.900

3.875 3.875

3-850 ■E 3.850

3.775 3.775

3.725

3  3.675 3.675

3.625

•E 3.600

100 .'o ' 1 20 -0  14 0 -0  16 0 -0  1 8 0 . 0  2 0 0 . 0  2 2 0 . ( } ' 550

PERIOD (SEC) PERIOD (SEC)



F ig u re  1 . h  RESIDUAL ATTENUATION AND GROUP VELOCITY DISPERSION -  

Res idua l  a t t e n u a t i o n  c o e f f i c i e n t s ,  c a l c u l a t e d  as the  

d i f f e r e n c e  between path  average a t t e n u a t i o n  c o e f f i c i e n t s  

and g lo b a l  average a t t e n u a t i o n  c o e f f i c i e n t s ,  a re  shown in 

( a ) ,  (b) and (c) f o r  paths 1 -  3,  4 -  6 and 7 “  9 

r e s p e c t i v e l y .  Res idua l  group v e l o c i t y  d i s p e r s i o n ,  

c a l c u l a t e d  as the  d i f f e r e n c e  between path  average group  

v e l o c i t i e s  and g lo b a l  average group v e l o c i t i e s , a r e  shown 

in ( d ) , (e) and ( f )  f o r  paths 1 -  3,  ^ “  6 and 7 “  9

r e s p e c t i v e l y .
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a RESIDUAL ATTENUATION

,.Q 100.0 150.0 200-0 250-0 300-0 350.0 400-0 450-0

50 .0  100.0 150.0 200 .0 250 .0  300.0 350 400.0 450.0

PERIOD (SEC)

d RESIDUAL GROUP VELOCITY DISPERSION

,  100.0 200 .0  300 .0  400.0 500-0 g

.4 

.3 

.2 

.1 

.0  

- . 1  

- . 2  

- . 3  

- . 4

100.0 200 .0  300 .0  400-0 500-0

PERIOD (SEC)

b RESIDUAL ATTENUATION

2 0 0 . 0 300.0 400.0

-  - 2 .0

2 0 0 . 0 300.0

PERIOD (SEC)

e RESIDUAL GROUP VELOCITY DISPERSION

100.0 300 .0 400.0 500-0

1 0 0 .0 200 .0 300.0 400.0 500.0

PERIOD (SEC)

c RESIDUAL ATTENUATION f  RESIDUAL GROUP VELOCITY DISPERSION

"'Oj- fo.O 100.0 150.0 200 .0  250 .0  300 .0  350 .0  400 .0 4 5 0 .0 * 10"4 
1 .50li f i i i i i i i > I i i i i ! i • i i { i i i i i i n i |'i I I I I I I I I I 11 -SO

i  1 1 I i  I i  1 I
00 .0  150-0 200 .0  250.0 300-0 350-0 400-0 450.0

300 .0 400.0 500-0

- . 3 0

10 0 .0 400 .0

i

PERIOD (SEC) PERIOD (SEC)



7 . 3 . 1 ( b ) ) .  Path average group v e l o c i t i e s  have been c a l c u l a t e d  w i t h  

each o b s e r v a t i o n  assigned u n i t  w e ig h t .

The pure path re g io n a l  group v e l o c i t i e s  o b s e r v a t i o n s  have in the  

pas t  been c a l c u l a t e d  f rom g r e a t  c i r c l e  measurements ( w i t h  the  e x c e p t i o n

o f  Hamada (1972) who c a l c u l a t e d  pure pa th  v e l o c i t i e s  f rom i n d i v i d u a l  v e l o c i t y  

e s t im a te s  f o r  R] and R2 p a th s ) .  Kanamor i ' s  (1970a) r e g io n a l  group v e l o c i t i e s  

were c a l c u l a t e d  as i f  each s t a t i o n  d e f i n e d  a d i f f e r e n t  pa th  and each path

was g iv e n  equal  w e ig h t  in h i s  a n a l y s i s .  Dziewonski  (1971a) summed 

a u to c o r re lo g ra m s  o f  o b s e r v a t i o n s  a t  s t a t i o n s  w i t h i n  an az im uth  window and 

c a l c u l a t e d  g r e a t  c i r c l e  group v e l o c i t i e s  f rom th e  a u to c o r r e lo g r a m  sum f o r  

each pa th .  Dziewonski  r e q u i r e d  phase v e l o c i t i e s  c a l c u l a t e d  f rom seismograms 

f o r  s t a t i o n s  w i t h i n  each az imuth  window (pa th )  t o  be c o n s i s t e n t  a t  a l l  

p e r i o d s .  Path averages d e f i n e d  in  t h i s  way a re  a re a l  averages f o r  p a th s .

In e i t h e r  o f  these  methods pure path  group a n d /o r  phase v e l o c i t i e s  a t  each 

p e r i o d ,  l ,  a re  c a l c u l a t e d  by a m u l t i p l e  l i n e a r  re g re s s io n  a n a l y s i s  o f  

g r e a t  c i r c l e  t r a v e l  t im es  d e r i v e d  f rom a se t  o f  e q u a t io n s  o f  the  fo rm

196

1

Vj (T)
( 7 .1 )

where V. is  the  pure path  phase o r  group v e l o c i t y  f o r  t h e  i ^  t y pe  r e g i o n ,

------ •  +- U

V . i s  the  phase o r  group v e l o c i t y  measured a t  the  i s t a t i o n ,  and £.
J *J

is  the  f r a c t i o n  o f  the  j  g re a t  c i r c l e  pa th  wh ich  i s  compr ised o f  t h e  i ^ ^  

t ype  o f  pure path  re g ion  o f  the  N r e g io n s .

Since  group v e l o c i t y  measurements f o r  R a y le igh  phases f ro m  R̂  t o  

R^ have been made f rom the  s m a l le r  3 even ts  used in t h i s  s tud y  and s i n c e  

many o f  the  Rj and R^ pa ths are  1 o r  2 r e g io n  compos i te  p a th s ,  a n o th e r  

method o f  w e ig h t i n g  group v e l o c i t i e s  was a l s o  a t tempted  in wh ich  i n d i v i d u a l  

measurements o f  group v e l o c i t y  were we igh ted  e q u a l l y  in  t h e  m u l t i p l e  l i n e a r  

a n a l y s i s .  For t h i s  purpose Equat ion  7-1 can be r e w r i t t e n
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A.
J

U. (T)

N
s

i = 1

A.j

U.(T)

w h e r e

A.
J hj

( 7 . 2 )

( 7 . 3 )

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

m e a s u re m e n t  i s  made and i s  t h e  number  o f  m e a s u r e m e n t s  o f  t h e  g r o u p

v e l o c i t y  U a t  p e r i o d  T .  In E q u a t i o n s  7 . 1 ,  7 . 2  and 7 - 3  e a c h  t e r m  r e p r e s e n t s  

t h e  g r o u p  o r  phase  t r a v e l  t i m e  o f  a R a y l e i g h  p h a s e .  S i m i l a r  e q u a t i o n s  can 

be w r i t t e n  i n  t e r m s  o f  t h e  e n e r g y  d i s s i p a t e d  a l o n g  e a c h  p a t h .  In  t h a t  c a s e  

o n l y  s i n g l e  s t a t i o n  m e a s u re m e n ts  have  been used in  o r d e r  t o  a v o i d  d i f f e r e n c e s  

b e tw e e n  s e i s m i c  s t a t i o n s .  In t h e  e q u i v a l e n t  e q u a t i o n s  f o r  d i s s i p a t i o n ,  Q.
K

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

so  t h a t  a t  p e r i o d  T ,

N

-  2  Q’ * - (T)  { 7 - h )  
i = i  1

_  i j. ______ -j
w h e r e  Q. i s  t h e  p u r e  p a t h  a t t e n u a t i o n  f o r  t h e  i ' r e g i o n ,  and  Q i s t h e  

m e a s u red  a t t e n u a t i o n  f o r  t h e  g r e a t  c i r c l e  p a t h .  E q u a t i o n s  7 - 2  and 7 - 3  

r e d u c e  t o  e q u a t i o n s  l i k e  7-1  when o n l y  g r e a t  c i r c l e  d a t a  a r e  u s e d .  As 

r e m a r k e d  e a r l i e r  i n  t h e  d i s c u s s i o n  o f  t h e  Kana mor i  and  D z i e w o n s k i  s t u d i e s  

t h e r e  a r e  tw o  m e th od s  o f  w e i g h t i n g  w h i c h  can be used when c a l c u l a t i n g  p u r e  

p a t h  g r o u p  v e l o c i t i e s  o r  a t t e n u a t i o n  c o e f f i c i e n t s .  In t h e  f i r s t  m e th od  

m e a s u r e m e n t s  a r e  w e i g h t e d  by i n d i v i d u a l  m e a s u r e m e n t s ,  i n  t h e  se c on d  m e a s u r e 

m e n ts  a r e  w e i g h t e d  by p a t h .  The se co nd  m ethod  s u f f e r s  more  f r o m  n o i s y  o r
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Sec. 7-3 GROUP VELOCITY REGIONALIZATION

Pure path group velocities have been derived from path averages for 

both the Wu (1972) and original regionalization schemes and are shown for 

k, 3 and 2 regional separations in Figures 7.5(a) and 7.6(a). Pure path 

group velocities were also derived by weighting all observations equally 

rather than by giving paths equal weight (Figures 7-5(b) and 7.6(b)). 

Important differences between the pure path group velocities derived in these 

pure path separations are that

(1) equal weighting of individual observations produces 

greater standard errors in pure path group velocities 

than equal weighting of paths,

(2) continental group velocities for periods between 50

and 150 seconds produced by the original regionalization 

are unacceptably low compared with the normal continental 

group velocities,

(3) island arc group velocities are not well separated from 

continental and oceanic velocities in any of the original 

regionalization separations (Figure 7-5(a) and (b)),

(4) mid-ocean ridge group velocities are not well resolved in 

any of these pure path separations,

and

(5) separation of pure path group velocities is poor for all 

combinations of regions at periods greater than about 300 

seconds.

Of the two regionalization schemes the Wu scheme produces pure 

path group velocities which agree with observed group velocities for all 

regions for periods shorter than 100 seconds and which also agree with 

results of other long period regionalization studies (e.g. Dziewonski 1971a). 

Group velocities for oceans and continents are similar for periods between



F ig u re  7 .5 ( a )  PURE PATH GROUP VELOCITIES DERIVED USING THE ORIGINAL

REGIONALIZATION -

Pure path  group  v e l o c i t i e s ,  c a l c u a l t e d  us in g  the  o r i g i n a l  

r e g i o n a l i z a t i o n  w i t h  path  average group v e l o c i t i e s  we ighted  

e q u a l l y ,  a re  shown f o r

4 r e g io n s :  ocean,  c o n t i n e n t ,  a rc  and r i d g e  p ro v in c e s

(upper 1 e f t  p a n e l ) ,

3 r e g io n s :  o c e a n - r i d g e ,  c o n t i n e n t  and a rc  p ro v in c e s

(upper r i g h t  p a n e l ) ,  and

2 r e g io n s :  o c e a n - r i d g e  and c o n t i n e n t - a r c  p ro v in c e s

( lower  r i g h t  p a n e l ) .

C o n t i n e n ta l  and o cean ic  group v e l o c i t y  de te rm ined  in the

4 re g ion  r e g r e s s io n  a d n a l y s i s  a re  shown w i t h o u t  a r c  and 

r i d g e  group v e l o c i t i e s  in the  lower l e f t  pane l .  Of the 

4 re g ion  types  g roup  v e l o c i t i e s  f o r  c o n t i n e n t s  a re  shown 

as t r i a n g l e s ,  oceans as c i r c l e s ,  a rcs  as X ! s and r id g e s  

as d iamonds.  When ocean and r i d g e  p r o v in c e s  a re  combined 

in 2 and 3 reg ion  r e g r e s s io n  a n a ly s e s ,  t h e  o c e a n - r i d g e  

group  v e l o c i t i e s  a re  shown as c i r c l e s .  In the  2 re g ion  

re g r e s s io n  a n a l y s i s  the  c o n t i n e n t - a r c  group  v e l o c i t i e s  

a re  shown as t r i a n g l e s .
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PATH AVERAGE U F0R 4 REGIONS -  ORIGINAL REGIONS 0 4 C ORIGINAL REGIONALIZATION -  PATH AVERAGE U -  2 REGIONS

PERIOD ( S ) PERIOD ( S )



F i g u r e  7 - 5 ( b )  PURE PATH GROUP VELOCITIES DERIVED USING THE ORIGINAL

REGIONALIZATION -

Pure p a th  g r o u p  v e l o c i t i e s ,  c a l c u l a t e d  u s i n g  t h e  o r i g i n a l  

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

w e ig h t e d  e q u a l l y ,  a r e  shown f o r

4 r e g i o n s :  o c e a n ,  c o n t i n e n t ,  a r c  and r i d g e  p r o v i n c e s

(uppe r  l e f t  p a n e l ) ,

3 r e g i o n s :  o c e a n - r i d g e ,  c o n t i n e n t  and a r c  p r o v i n c e s

(uppe r  r i g h t  p a n e l ) ,  and

2 r e g i o n s :  o c e a n - r i d g e  and c o n t i n e n t - a r c  p r o v i n c e s

( l o w e r  r i g h t  p a n e l ) .

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

k  r e g i o n  r e g r e s s i o n  a n a l y s i s  a r e  shown w i t h o u t  a r c  and 

r i d g e  g r o u p  v e l o c i t i e s  in t h e  low e r  l e f t  p a n e l .  Symbols 

used f o r  r e g i o n s  a r e  t h e  same as t h o s e  d e s c r i b e d  in  t h e  

c a p t i o n  t o  F i g u r e  7 - 5 ( a ) .
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F ig u re  7 .6 ( a )  PURE PATH GROUP VELOCITIES DERIVED USING THE WU (1972)

REGIONALIZATION -

Pure path g roup  v e l o c i t i e s ,  c a l c u l a t e d  us in g  the  Wu (1972) 

r e g i o n a l i z a t i o n  w i t h  path average g roup  v e l o c i t i e s  we ig h ted  

e q u a l l y ,  a re  shown f o r

A r e g io n s :  ocean,  c o n t i n e n t ,  a r c  and r i d g e  p r o v in c e s

(upper 1 e f t  p a n e l ) ,

3 r e g io n s :  o c e a n - r i d g e ,  c o n t i n e n t  and a rc  p ro v in c e s

( lower  l e f t  p a n e l ) ,  and

2 r e g io n s :  o c e a n - r i d g e  and c o n t i n e n t - a r c  p ro v in c e s

(1ower r i g h t  p a n e l ) .

C o n t i n e n ta l  and o cea n ic  group v e l o c i t i e s  de te rm ined  in t h e  A 

re g ion  re g re s s io n  a n a l y s i s  a re  shown in t h e  upper r i g h t  

pane l .  Symbols used f o r  re g ion s  are  the  same as those  

d esc r ibed  in the  c a p t i o n  t o  F ig u re  7 . 5 ( a ) .  A lso  shown 

a re  pure path  group  v e l o c i t i e s  f o r  s h i e l d ,  ocean and 

t e c t o n i c  re g ion s  as de te rm ined  by Hamada (1972) (shown 

as s o l i d  symbols)  in the  lower l e f t  p a n e l ) .  D z ie w o n s k i ' s  

(1971a) pure path group  v e l o c i t i e s  f o r  s h i e l d s  ( s o l i d  l i n e )  

and oceans (dashed l i n e )  a re  a l s o  shown in the  lower two

p a n e l s .
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F ig u re  7 . 6 ( b )  PURE PATH GROUP VELOCITIES DERIVED USING THE WU (1972)

REGIONALIZATION -

Pure path  group v e l o c i t i e s  c a l c u l a t e d  u s ing  th e  Wu (1972) 

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

we ig h ted  e q u a l l y ,  a re  shown f o r

b r e g io n s :  ocean,  c o n t i n e n t ,  a rc  and r i d g e  p ro v in c e s

(upper l e f t  p a n e l ) ,

3 r e g io n s :  o c e a n - r i d g e ,  c o n t i n e n t  and a rc  p r o v in c e s

( lower  l e f t  p a n e l ) ,  and

2 r e g io n s :  o c e a n - r i d g e  and c o n t i n e n t - a r c  p ro v in c e s

( lo wer  r i g h t  p a n e l ) .

C o n t i n e n ta l  and ocean ic  group  v e l o c i t i e s  de te rm ined  in the  

b re g io n  re g re s s io n  a n a l y s i s  a re  shown in the  upper r i g h t  

pane l .  Symbols used f o r  r e g io n s  are  th e  same as those  

d e s c r ib e d  in the  c a p t io n  t o  F ig u re  7 . 5 ( a ) .
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F ig u re  7 . 6 ( c )  PURE PATH GROUP VELOCITIES DERIVED USING THE WU (1972)

REGIONALIZATION -

Pure path  group v e l o c i t i e s  c a l c u l a t e d  us ing  the  Wu (1972) 

r e g i o n a l i z a t i o n  w i t h  i n d i v i d u a l  R^, R^ and g r e a t  c i r c l e  

o b s e r v a t i o n s  we igh ted  e q u a l l y ,  a re  shown f o r  k  ( top  pane l)  

3 (m idd le  pane l)  and 2 (bot tom pane l)  re g io n  com b ina t io ns  

as d es c r ib e d  in the  c a p t i o n  t o  F igu re  7 . 6 ( b ) .  Symbols 

used f o r  r e g io n s  a re  the  same as those  d es c r ibe d  in 

the  c a p t i o n  t o  F ig u re  7 . 5 ( a ) .
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100 and 150 seconds  a l t h o u g h  c o n t i n e n t a l  group v e l o c i t i e s  a r e  s l i g h t l y  

h ig h e r  than t h e  ocean ic  v e l o c i t i e s  t h roughou t  t h i s  pe r i od  r a n g e .  Th i s  

s i m i l a r i t y  between c o n t i n e n t a l  and o c e a n i c  phase v e l o c i t i e s  o f  Rayl e igh  

waves f o r  t h e s e  pe r i ods  has a l s o  been noted by Wu (1972) .  The pure 

pa t h  s e p a r a t i o n s  wi th e q u a l l y  weighted o b s e r v a t i o n s  based on t h e  Wu 

scheme ( F i gure  7 . 6 (b )  f o r  3 and b r eg i ons )  show t h a t  c o n t i n e n t a l  v e l o c i t i e s  

begin t o  d e c r e a s e  a t  p e r i o d s  s h o r t e r  than 80 s ec o n d s ,  a c h a r a c t e r i s t i c  

f e a t u r e  o f  c o n t i n e n t a l  group v e l o c i t y  d i s p e r s i o n .  However,  t h e  Wu scheme 

wi t h  equal  we i gh t i ng  of  p a t h s  (F igure  7 . 6 ( a )  f o r  3 and b r e g i o n s )  o b s c u r e s  

t h i s  f e a t u r e .  When 2 pure pa th  r eg i o n s  a r e  used ,  c o n t i n e n t - i s l a n d  a r c  

and o c e a n - r i d g e  p r o v i n c e s ,  t h e  r e s u l t i n g  c o n t i n e n t - a r c  group v e l o c i t i e s  

a r e  lower than  pure c o n t i n e n t a l  group v e l o c i t i e s  d e r i v e d  f o r  3 and 4 r e g i o n s  

and o c e a n - r i d g e  group v e l o c i t i e s  a r e  lower than  pure  o c e a n i c  group 

v e l o c i t i e s  f rom b r eg ion  s e p a r a t i o n s .  These combined 2 and 3 r eg i on  pure 

pa th  group v e l o c i t i e s  as  wel l  as  t he  b r eg ion  group v e l o c i t i e s  a g r ee  wi t h  

pure path group v e l o c i t i e s  de t e rmined  by Dziewonski  (1971a) f o r  3 r e g i o n s  and 

Wu(1972) f o r  b r e g i o n s .  Dz i ewonsk i ' s  pure  pa t h  group v e l o c i t i e s  f o r  s h i e l d s  

a r e  l e s s  than one s t a n d a r d  e r r o r  h i ghe r  t han  t he  b r eg ion  c o n t i n e n t a l  group 

v e l o c i t i e s  ( F i gu r e  7 . 6 ( a ) ) .  Dz i ewonsk i ' s  o c e a n i c  r eg ion  (cor responding to 

t h e  combined o c e a n - r i d g e  p r ov i nce  in t h i s  s tudy)  v e l o c i t i e s  l i e  s l i g h t l y  

more than one s t a n da r d  e r r o r  below t h e  ocean r i d g e  group v e l o c i t i e s .

These d i s p a r i t i e s  may in p a r t  be caused by t h e  d i f f e r e n c e s  in t h e  

r e g i o n a l i z a t i o n  schemes as d e s c r i b e d  e a r l i e r  in t h e  d i s c u s s i o n  of  t h e  

m o d i f i c a t i o n  o f  t he  Umbgrove scheme used in t h i s  s t u d y .

However,  t he  Wu scheme does  produce  group v e l o c i t i e s  f o r  p e r i o d s  

s h o r t e r  than 100 seconds  f o r  a l l  r eg i ons  which a r e  in good agreement  wi th  

measurements  f o r  s h o r t  pa t h s  w i t h i n  such r e g i o n s .

The two r eg i ons  which do not  produce  smooth or  r e a s o n a b l e  group 

v e l o c i t i e s  in t h i s  s tudy  a r e  the  mid-ocean r i d ge  and i s l a n d  a r c  p r o v i n c e s .

At pe r i o d s  s h o r t e r  than 100 seconds  t h e  mid-ocean r i d g e  g roup v e l o c i t i e s
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determined from path averages (Figure 7.6(a)) are higher than other regional 

velocities. This is probably caused by lateral refraction at these short 

periods. The pure path island arc group velocities for both individually 

weighted and path weighted pure path separations for the A region analysis 

show that island arc group velocities are very low for periods shorter than 

120 seconds. At longer periods the island arc velocities are extreme1 y errat ic. 

Since path 1, the path which contains a 1 arger proport ion of island arc than 

the other 8 paths, traverses the western Pacific Ocean circle of island 

arcs as far south as the Sunda Arc as well as the Aleutian island arc, the 

western United States and portions of the central and South American 

island arcs, all of which are extremely complex regions, it is not surprising 

that multipathing should cause difficulties on this path at long periods. 

Nevertheless, it is probably that at least on some parts of this path the 

velocity structure differs from that in other regions down to at least 

600 km.

Pure path separation of the individual group velocity observations 

was also attempted using only R̂  and R^ group velocities and great circle 

group velocities. The results of regression analysis for 3 and k regions 

are shown in Figure 7.6(c). These regional group velocities show the effect 

of lower precision in Rj and R^ group velocity estimates due to short path 

lengths. Standard errors for the pure path group velocities derived in this 

way are much larger than those derived using the whole data set and 

demonstrate the importance of the more precise R^ and R^ group velocity 

estimates.

The Wu (1972) regionalization scheme (Figure 7-2) has been shown 

to produce pure path group velocities which are consistent with other short 

and long period Rayleigh wave studies and will be used in Sec. 7-^ for 

the regionalization of Q.

In the next section models for 2, 3 and h region continental and 

oceanic structure are presented which have been derived from regression
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ana ]yses based on equal w e ig h t i n g  o f  i n d i v i d u a l  group v e l o c i t y  o b s e r v a t i o n s  

(F igu re  7 - 6 ( b ) ) .  Group v e l o c i t i e s  and t h e i r  s tandard  e r r o r s  f o r  pure 

path  s e p a ra t i o n s  shown in F ig u re  7 . 6 ( a )  and (b) a re  l i s t e d  in  Tab le  1 .2 .



T
ab

le
 

7
.2

(a
) 

RE
G

IO
NA

L 
GR

OU
P 

VE
LO

C
IT

IE
S 

AF
TE

R 
WU

 
(1

97
2)

 
- 

4 
RE

G
IO

NS

208

+i

-4 o a- - 4  -4 oa oo no 
ro mcnoo cNi o - 4  ooo
-3" CA CO •— OA PA NO PA vD

CM 0 3  v D  v O  v D  MD CS| O  OO CTl L A  r <3 0 3  O  LTV
L n m o r a r - O L A 4 - r o n ( T > ^ - c n  o s  l a  —  n o
r s i o o v D L n —  i x r N c o m 0 3 L n v D 4 -  v X J - a - r —
Csl ■—  ■—  •—  >—  •—  ■—  ■—  N O O N ' —  .—  VO L A  LTV

<U
CD

XJ

CC.

p a  •—  s o  p a  —  csl o s  c o  — m o  
0 3 4 -  v o  r s .  L T u o  p a  o s  —  c a  
rDvONOOinvOCMLAOOK
o o  a -  r — c o  c o  r ^ r ^ M O v o  a -

| M  | \ O 0  v O  CSJCO —  ( M C O  CM —  PA
I N  r o  ( Y M A  n  h .  O  L A  NO CO —  O
CO csl 0 3  nO  CSJCO CO - 4  -4 " L A O  O
I—  I L A  - 4 - -4 " -4 " NO -4 " -4 - NO 0 3  CO

P A  CO L A  - 4  
| N  csl o o  CO 
CO OO GO L A  
CO f N L A 4

O - 4 - c o c o c o c o c o c o c o c o c o C O C O C O C O C O C O C O C O C O C O C O C O 0 0 -4 " -4 - - 4

+1

-4 " CO CO Csl OO CO O  CO o o —  O O L A - 4 - - 4 - - 4 - CO L A  CO Csl C O —  OO
CO |N~. L A  GO OO CO CO 0 -4 - —  O L A 0 3 P A pA 0 3 0 n D  —  v D  CO -
C O L A  -  GO CO OO 0 0 0 -4 - GO —  CO OO In  O  nO  PA L A  PA nO  L A  L A
-4 - L A - 4 - C 0 CSJCSJCNJ —  CSJCSJCNI —  —  C O C S l C M C O —  O C S J  —

OO I N  o  L A  
OO OO CO ■—  
-4 " OO L A  CO 
—  Csj - 4  nO

U

< CO OO CO CO ■— LA C O O  LA CO 
As 03 ■— CO Csl OO ■— CO —  —
O  OO ■— NO NO LA CO ■— •— ■—
LA OO LA NO NO N N O O  -  O

csl OO -4 * >—  CO N  L A  OO O  O  OO O  OO 
O  OO CO CO —  CO ■—  4  O O O  N  r s 4  
C O —  L A O csJ nO nO O O O O C O nO C M  
A  CO ( N  GO csj CO 0 0  —  CO NO v O  NO -4 “

o OO o 
- 4 " O  - 4  
L A  OO CO 
O  O  L A

o C O C O C O C O C O C O C O C O - 4 - - 4 - CO CO CO CO -4 " CO CO -4 - C O C O C O C O C O  C A - 4 - - 4 -

+1
4->
c
<u
c

csl -4- NO •— -4" 
O  csl —  CO O  
O  CO NO NO csl

i s  r s s O  N nO  nD  i s  ( O ' —  - 4  -4 " O  OO L A  CO NO CO n o
csl OO -4 " NO GO CO GO ■—  0 0 -4 " (n  [n  L A  L A  Csl v G  CO A -
CSJCO A -  0 3  O  GO I N C O  L A  OO CO GO Csl L A - 4 - L A  GO Csl
— 0 0 0  — 0 0 0 0 0 0 0  — 0 0  — 0 —

csj O  L A  
NO Csj L A  
0 - 0 0  
CO CO CO

4-J
C
o

o

- 4 " Csj In c M N nO  OO 0 0 4  OO —  s O  0 0 4  [ s  L A 4  4  CO CO CO —
NO ■—  ■—  -4 - I N  UO L A  r s  L A  O O n O  CO s O  L A  CO L A  CM In  OO In  csj csj CO
Csj OO Csl -4 " Csl -4 " <—  - 4 - L A  CO Csj r — CO GO L A  NO CO CO —  OO OO L A  csj
I N  I N  OO OO CO CO CO N nO  \ D  I N N O  n o  L A  l a  l a  L A  - 4  L A  NO A s  OO csl

4  NO 4
L A  --------4
CSJ O  CO 
■—  L A  I N

O C O C O C O C O C O C O C O C O C O C O C O C O C O C O C O C O C O C O C O C O C O C O - 4

+ 1

A C O  G O O v O  O O C O N O  r s N - C O O G O O O - - C O L A l A O M N
csj CSJ ■-------4 - A  A  L A  i n  [ S C O  s O  GO csl —  - 4  O  L A O nO  L A  - 4  nO  nO
•—  O  GO GO NO nO  4  C O - 4  L A - 4  CO - 4  CO L A  L A  - 4  A -  CSI .—    4  L A
— — o o o o o o o o o o o o o o o o o o o o o

OO L A  CO 
L A  NO L A  
L A  csj - 4

c
CD
<D
O
o

C O C sJ L A L A C O C O L A O O nO C O C O cs! ' —  O D C O  G O nO A  A  A  In  p s  ( A  GO OO CO 
Csj r N  nO  - 4  OO O  OO - 4  OO —  CO CO OO O  NO —  ■—  GO CO A s  L A  CO CO CSJ-4 CO 
OO OO O  GO OO OO nO  CO —  NO CO •—  C O - 4 0 0 -4 0 D C O C O - 4 0 CO ,—  O nO  
CO A  A I N M N r N l N I N v f l v O N O G N O G L f l  L A L A nO nO nO C O  OO ,—  O O

C O C O C O C O C O C O C O C O C O C O C O C O c O C O C O C O C O c O C O C O C O C O C O  _ 4

c.o
4 — —
O -M

ra
L- >  
<1> L- 

-Q  <u
E LA
O -Q

Z  o
—  csj I N  NO OO CO 4  I—  GO csl - 4  - 4  OO CSJ I N Q nO  L A L A C S J  
c o c o c o - 4 - 4 n o n O nO n d  r~~~ r— nO n o - 4  l a  cm csi csj csi

OOO OOO

c
XI O
L-
fO +-»
xj fa 
c — 
fa >
4-J (1)
co o

C S IC S J C S JC S JC S IC S IC S IC S IC S IC S IC S IC S IC S JC S IC M C S JC S JC S JC S JC S JC S IC S JC S J
O O O O O O O O O O O O O O O O O O O O O O O
I I I I I I I I I I I I I I I I I I I I I I I

LU UJ LlJ Ll I LU ÜJ Ll1 LU UJ LU LU LU UJ LU UJ LU LÜ LU UJ LU LU LU LU
00nO 4  — o  n m a  -  CON — o o o o c o o o l a l a o o  — n
4  In  OO .—  nO  >—  csl OO OO CO C O O nO  OO OO L A  CM nO  GO GO L A  CO CO
L A  I N  L A  OO O  O  CSI L A  OO L A - 4 nO nO  O  A -  0 3  - 4  0 - 4  CO s D  L A N
N nO  G  A -  nO  A s  L A  - 4  L A  N G  L A  L A  - 4  L A  L A  - 4  nO  csl —  csl ■—  ■—

csl CSJ csj
OOO 
I I I 

UJ LU UJ 
NO OO 4  
LA csj NO 
C A N '— 
- 4  CO - 4

X
O

(U
Cl_

O O O O O O O O O O O O O O O O O O O O O O O  o o o  
LAG NOO 03 0 -  N C34 LAG NCO CTlO N 4 G O D O N 4  nOcOO

■—  '—  ■—  —  ■—  —  —  '—  '—  ■—  CSJ Csj Csj Csl CS| P A  OA OA c A  P A  - 4

co
n

td
.



TA
BL

E 
7

.2
(a

) 
R

EG
IO

N
AL

 
GR

OU
P 

V
E

LO
C

IT
IE

S
 

AF
TE

R
 

WU
 

(1
97

2)
 

- 
b 

RE
G

IO
N

S 
(c

o
n

td
)

209

no co ■— co co no cni -4 co
- j - L A v o p N c n c N j c o o r o c n  

N O  1 N O  O vO  
co cooo cni cnj co -4  nO —

0
cn

43

CC

NO CN| .— O  CNl nO G> <T\ LA Ocnj r̂- o  -4  co r̂- —  cn to -  
N 4 - N L A C r U A O O N C n  
CO CO LO ■— CNl NO '— - 4 - 4 - 4

O co -cr -cr -cr -cr LA LA LA IT\ LA

+1

N r o o  -  r-
CN| CO LA ■— NO
■4- LA Al 1ACO 
vO -4" NO -4 -4

CNJ CNl CO O  NO 
CT\ •— OO CT\ LO 
co ■— ■— co -4  
cnj LO — cnj

o
<

cno o  ( A O  i n 4 -  c o n  cn o  A 4 - o  co co cni r̂ cNi —  
-4- CO O  NO O ' — - 4 - 4  CO -4  co r̂- co cni co in co a  co co
-4" -4  A  LA LA -4  -4" LO LO NO

CO COSTCO N  O O  In OOO
I"-----4" vO -4" •— -4" LO NO ■— ■—
CN| LO LO CO CO NO NO r—  CN|
CO CN| LO CNl CNJ ■—  CO CO O  —

4-1coo
LO -4-C N lO O C N jN O  — r ^ - o  
-4  A O c O f A f N '— CO CO CO 
CNl -4  '— I— CO CN| CO  NO CN| CO
o - c-- no o  co cni Lo co no nd

Z3 -4  -4 LO -4  LO LO LO LO LO

CNl CO-4" CO CO-3- •— •— nD LO
NO NO •— !"- CO '— LO LO -4- CNI
-4" '— O  O  cnj pN A  '— COLO
•— >— CnJ r—  I— O ' — CM O  O

c0
0oo

-4" o -  co c n i N 4  I *» co co co
OOCO-4-4-4r^-CNjOOCO.— 
O  CO O O O O O O nOCOCD 
-4  -4* LO CO •— CO O  nO -4  LO

o -4  -4  -4  -4  LO -4  LO LO LO LO

ACou— —  O 4-4 
0L- > A

0 s_ CJO 0 ÜE A A •-
=3 JO O  O o o o o o o o r ^ C 4-4o •—  '— •— '—  •— ’—  •—  ■—  •— o 0

4-1 >
0 0> 4 3i_c CNJ CNJ CNICNICNJCNJCNJCNJCNJCNI 0 4 )

4 > o o  o o o o o o o o o A L-L- 1 1 1 1 1 1 1 1 1 1 JO 0
0 4-4 LU LU LUUJLUUJLÜLUÜJUJ O 4 3“O 0 NO — CO CO CO A  IN. 4  loin Cc • — LO - 4 <— O  CO LO CO NO CNI - 4 -- 0
0 > LO r--CO CNJ CO - 4  CO ■— -4 - 4 0 4-4
4-4 0 CO CNjNO CNl CN| '—  CNl CO LO VO n cn
cn Q 4 3 A> 0

4-4
4 3 0C o

4 3 •- •—O 4 3E Co  o O O O O O O O O O • —
0 CNl - 4 nO CO O  CNJ - 4  NO CO O L_o_ - 4  - 4 -4 - 4  LO LO LO L.O LO NO Li_ +1



IN
D

IV
ID

U
A

L 
O

B
S

E
R

V
A

TI
O

N
S

 
AR

E 
EQ

U
AL

LY
 

W
EI

G
H

TE
D

P
e

ri
o

d
 

S
ta

n
d

a
rd

 
N

um
be

r 
o

f 
O

ce
an

 
+ 

R
id

ge
 

C
o

n
ti

n
e

n
t.

 
Is

la
n

d
 

A
rc

(S
ec

o
n

d
s)

 
D

e
v

ia
ti

o
n

 
O

b
s

e
rv

a
ti

o
n

s
 

u 
± 

u 
± 

u

210

— r^> —  LA LA CM CA N  LA LA CM vD -  M3 - d  M3 CA O  CM LA -  (A  (A  N  O
L A f A C A —  r— L A ^ C A C A r v C A r A  —  —  L A —  M S L A O C M C O  —  OA OA CO
LA (A  O  —- OA <— OA OO - d  O  —  OA O  r̂ ~- - d  M3 - d  [X  CM vü LA LA - d  OA UA
LA LA CM CM ■— ■— CM CA CM '— CM -  C A N  CM C A.— O  CM ■— .— CM - d

- C O ( M L A N r M C A - U A C O O v D C A v O L n - - C A O A O O a A O A O O A O C O  
o  N 4 -  cm C A v o r ^ o - —  - d  - d  o a  m d  n o a l o  i% , —  m 3 o  cm - d  - d  o
O L T \ O C O M N O > N 4 - O A L A  -  O P ^ - cT —  L A  OO —  —  CA v O  CM LA CO
LA OA L A  LA  LA - d  vO  OA —  O  OA CO OA CM OA OA —  OA M3  MO MO - d  C3 O

r A C A C A C A C A C A C A C A 4 ' 4 '  CA CA AA ( A 4 - ( A  C A J -  C A C A C A C A  CA C A - ^ -

OO CO - d  OO L A  CM r CM - d
C3 CA —  L A  O  CM M3 M3 M3
cm o o  m 3  m o  cm —  oo r-~co
CM —  •—  •—  ■—  ■—  O  O  O

cao  ■- r— ua ca -d co
O  CA OA OA UA CM - d  CA
<— OA i"-» r—• u a  OA co o  
— o c o o o o o  —

O O J - v O v O C O  vO  N  O  
UA OA - d  M3 CO i - M3 CM 
C A L A  - d  UA O A CM O  .—
■—  O O ' —  O ' —  CA CA

OO - d  CA OA OA ■—  CA CO L A v O  v O  _  L A O  OA OA C -  ■—  OA CO CO <—  -3 ” vO
N O O ( A L A O O 0 0 4 O  O  C A L A  OA L A  ( T l 4  N  N 4  N  N  CA UA .—
- d  OO C A L A  C A N -  N  - d  L A  CA N  O  C A OA L A v O  C A v D  - d  OA OO U A C M  CM O
C .  | \ C X )  OO OO OO CO r v M D v O  C ^ M O v O  L A  L A  UA L A  - d  L A  vO  r ^ O A C M  —  L A

O A O A O A O A C A C A O A C A O A C A O A O A C A O A O A O A O A O A O A C A O A O A - d - d - d

d  O  ■—  C A C A O  —  C A v O - d - - d * M O O A C M v O O A C M C M C A r ^ - L A O A r ^ O A U A  
CA CM CO v O  UA I-------d  O  r - ' - v O  L A  O  ■—  CA —  M3 UA CA .—  .-------d  M 3  vO  UA M3
—  OA I—  I"-» L A  - d  CA CA CA - d  CA CA CA CM -d -  CA CA UA CO —  r--~ - d  UA UA CM
—  O O O O O O O O O O O O O O O O O O O O O O  —  —

MO O  U A C O  —  L A O O  CM ■—  C A C ' . v O  OA LA  M3 CO ’—  OA CA - d  r—  1^ .  CA OA ( A
u a  M3 r ^ - c r - d - o  co o a o  cm l a  m 3 c a  m o  o  —  —  r ^  — o a u a  c a  r a N d
CA CO OA OO CO —  LA CA CM OO -d" CA - d  CA OA CO MO OA CM C A - d  O  CA —  O
OA OA oo r ^ r - '. r '- i— i— n o  \O vo vo o  l a  vo l a  l a  m o  m o  m o  co o a  .— o

C A C A C A C A c A C A C A C A C A C A C A C A C A C A C A C A C A C A C A C A C A C A C A - d ' - d "

- N N v O O A r O d N O A N d d C T L N I A O v O U A L A N O O O O O  
c A c A c A - d ’ - d ’ v O v O v O v o  r v r s r x v O \ o - d -  l a  cm cm  cm cm •—  ■—  .—  .—  .—

CM CM CM CM CM CM CM CM
O  O O  OI 1 O  O O■ O

UJ LU
1 1

LU LU LU LU
1

LU LU
CA M3 r ^ -  cm r- o o CA
M3 CO CM CM L A  CA t— CM
—  f " » M 3  O O  - d
OO M3 M3 CO M3 M3 L A  - d

CM CM CM CM CM CM CM CM CM 
O O O O O O O O O  
I I I I I I I I I 

L U L U U J L U L U U J L U U J U J  
CM r —  OO M3 M3 CA CD M3 CM 
L A v O  I A d  N  L A  ( V A O  OA 
O A I M d v O v O  OA M3 r ^ - v o  
L A  N v O  L A  L A  ( A  L A  L A d

CM CM CM CM CM CM CM CM 
O O O O O O O O  
I I I I I I I I 

LU LU LU UJ 1 U I II  I I I  l i t
N l O  OO O  -—  CM v O  CO 
OA CA CO L A  r a  ( A L A N  
CA CA CA M3 L A N L A f N  
M3 CM ■—  CM ■—  -—  d  CA

O  O  O  O  O  O  
LA M3 I—  OO OA O

O  O  O  O  
■—  N  ( A d

o  o  o  o  o  o
L A v O  f ' - '  CO OA O

cd  o  o  co
CM d  MO OO 
CM CM CM CM

O  O  O  O  O  O  
O  N d v D C O  O  
CA C A  ( A  CA C A  d

4 1
6^

 E
—0

2 
10

 
4.

06
83

 
.1

45
8 

4.
73

44
 

.3
85

5 
4.

53
40

 
.6

31
5

c
o

n
td

.



21 1

X
+->
C
O
o

I—  OA CO —  I— CNj M  n  O  vD 
CM OA LA • MO CA CO CA LTv
c T L P i C s J L n o o o O — — r ^ - J  
MO -4" MO -4" -4" CM LA I—  .— CM

Q +1
LU ,----
t - O
DO
CD <

UJ -o
3 : c

CD on o  o  cn O  O'- -4" OA CM CA
>- cn LA4- o CA rA  CM r CM ■—
_J LA 4  M O c O O  ■— -4" -4" CA -4"
_ i — CA CA CN OA CA LA CO OA
< • • • • • • • • • •
ZD
O ’
UJ

D 4 - - 4  L A b A LA -4" -4" LA LA cO

UJ
OZ
<

l/) OO O A 4 - O0 N  A O  N O ©
2 : r-'- -4- mo -cr •— -4" LA MO >— i—
o CM LA LA on O A ©  ©  A-- r*— CM
— OO CM UA CM CM —- OA OA O  —
h - +1
< 4->
> c
OC 0)
u t c
CO • —
CO +->
o c

o LA -4- CM O O  C M ©  -  N O
_J o 4  LA A '  m O A N  -  CA CO CA
< CM -4“ ■— r— CA CM CO ©  CM CA
ZD m o  o CO CM LA OA vO vO
o • • • • • • • • • •
— D -4" -4" -4" LA -4" LA LA LA LA LA
>

o
zz

CO
z CM CA -4" on CA -4" •— «— ©  LA
o v.O MO •— A -  CO —  LA LA -4" CM
— -4- —  O CM N  LA OA LA
CD —  —  CM — •— O  ■— CM O  O
UJ +1
OZ CD

cn
oa X)

» CZ

CM
r -
c n

ZD
3

+
C
A3
0
U

O  =3

-4- co CPi r^- oa co ca
OO OD -4" -3"  -3"  N C M C O C O  -  
O C O O O O O C O M O C O O O  
- 3 - - 3 - U O C O —  o O O v O - 3 - t O

-4- -4- -4- -4- l a  -4- l a  i n  l a  l a

az
LU A'
t in ---
< c 0

o Dto 4- cr
Ul o -M 0«—

u > X
0 0O JO 0 4-J

o fc in _c
_J D JO o  o o  o  o  o CD o  o CDUl ZZ o »—  r— r—  r—  r— —  r— «—  r—  r— • —
> 0 in

5 c
Cl. OZD m • —
CD cz ■M
az o 0CD •— •--

-M >_J c CM CM CM CM CM CMCM CM OA OA 0 0
< X o O O O O O O O O O O > X
zz u •— l l t i l l 1 1 1 1 i_
o 0 +J LU LU Ul LU Ul LU LU LU LU Ul 0 X
— -o 0 MO — CA CA OO CA N 4  LAN m L_
CD c •— LA -4- — O OA LA OA MO CM -4* JO 0
Ul 0 > LA P"- OA CM OA-4- CO •— -4 -4- O X
DC +-> 0 OA CMMO CM CM ■— CM OA LA MO cto Q r— 00 4->

D m
X*-X X
JO Ul

> 0
CM ^ ^ •- +J

lf) X) 0
A- x cz o

x c •— •—
LU o o X
_l o E cz
DO L_ 0 O O CD CD CD CD O O O O o •—
< 0 CO CM -4" MO CO CD CM-4" MO CO O
f— a. — -4* -4" -4" -4 LA LA LA LA LA MO Ll_ +1



212

TABLE 7 . 2 ( c )  REGIONAL GROUP VELOCITIES AFTER WU (1972) -  2 REGIONS

Per iod Standard Number o f Ocean + Ridge C o n t in e n t + Arc
D e v ia t  ion O bse rva t ions u + u +

50 - 7194E-02 31 4.0328 .0718 3.7298 .1031
60 .6332E-02 32 3.9467 .0608 3.8005 .0928
70 . 6832E-02 37 3-8635 .0590 3 . 7 3 6 1 .0894
80 •7963E-02 46 3.8108 .0553 3.8031 .0937
90 . 6092E-02 49 3.8075 .041 1 3.7880 .0705

100 .6934E-02 63 3.7846 .0416 3.8188 .0725
110 .5179E-02 64 3.7599 .0287 3.7868 .0522
120 .4298E-02 67 3.7217 .0230 3 . 7 8 8 3 .0420
130 •5277E-02 69 3.7130 .0280 3-7797 .0503
140 .71 43E-02 72 3.6805 .0364 3.7599 .0669
150 .6426E-02 74 3 . 6 5 1 3 .0301 3 . 7 3 8 9 . 0 5 6 7
160 . 5553E-02 74 3 . 6 3 1 3 .0254 3 . 7 3 3 8 .0471
170 .5568E-02 69 3.6310 .0265 3 .6 6 5 1 .0485
180 .4447E-02 62 3 . 6 1 2 5 .0218 3 . 6 5 5 6 .0407
190 .6465E-02 47 3.5717 .0380 3.7132 .0709
200 .5851E-02 50 3.5864 .0317 3.6282 . 0 5 8 3
220 .5104E-02 26 3.5520 .0341 3 . 6 5 3 2 .0720
240 . 6868E-02 25 3 . 5 6 8 3 .0488 3.6132 . 0 9 6 5
260 .2488E-02 25 3 . 5 9 8 3 .0173 3.6044 . 0 3 4 9
280 . 1372E-02 22 3.6421 .0106 3 . 6 6 5 3 .0216
300 .2403E-02 10 3 . 6 9 2 7 .0473 3-7564 . 0 8 3 8
320 . 1 532E-02 10 3.8145 .0322 3.8461 .0560
340 . 2775E-02 10 3.9595 .0627 3 . 8 9 5 4 .1040
36O .4872E-02 10 4.2744 .1284 3.7208 . 1666
380 .3521E-02 10 4.1103 .0858 4.4119 .1693
40 0 . 3 6 7 1E-02 10 4.1362 .0906 4.7142 .2015
420 .3307E-02 10 4.3101 .0886 4.7306 .1828
440 .2351E-02 10 4.4651 . 0 6 7 6 4.7234 .1295
460 •5693E-02 10 4.4696 .1640 5.0063 .3524
480 .2487E-02 10 4 . 6 7 3 7 .0784 0434 .1563
500 .2664E-02 10 4.9310 . 0 9 3 4 4.9308 .1600
520 . 1956E-02 10 4.9540 . 0 6 9 3 5.1230 . 1268
540 .2576E-02 10 5.1099 .0970 5.3391 .1814
560 .2705E-02 10 5.6150 .1230 5 . 4 0 3 3 .1951
580 .5466E-02 10 5.4681 .0236 5 . 7 1 1 4 .0440
600 .8284E-02 7 5 . 5 3 5 8 .0418 5.9352 .0818

From i n d i v i d u a l  o b s e r v a t i o n s .

± i n d i c a t e s  s tandard  d e v i a t i o n s .
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TABLE 7 . 2 ( f )  REGIONAL GROUP VELOCITIES AFTER WU (1972) -  2 REGIONS 

DERIVED FROM PATH AVERAGE GROUP VELOCITIES

Per iod Standard Number o f Ocean + Mid-Ocean C o n t i n e n t + I s land
D e v ia t i o n s Paths R idge Arc

u + u +

50 .2754E-02 6 3.8450 .0877 3 .9316 .1426
60 .4325E-02 7 3.7766 .1186 3.9178 .1848
70 .4107E-02 8 3.7882 .1100 3 .8558 .1686
80 . 5855E-02 9 3.7970 .1247 3.7816 .1961
90 •7301E-02 9 3.7693 .1532 3.8090 .2480

100 .5468E-02 9 3-7495 .1135 3.7885 .1838
110 .2344E-02 9 3.7283 .0481 3.7893 .0788
120 .1541E-02 9 3.7185 .0315 3-7599 .0510
130 . 2699E-02 9 3.6344 .0526 3.8203 .0922
140 .2293E-02 9 3.6083 .0441 3.8217 .0784
150 .2632E-02 9 3.6197 .0509 3-7539 .0868
160 .2951E-02 9 3.6260 .0573 3.6825 .0937
170 .2057E-02 9 3-6273 .0400 3.6240 .0633
180 . 1657E-02 9 3.6084 .0319 3.6301 .0511
190 . 1504E-02 9 3.5927 .0287 3.6034 .0457
200 .1 438E-02 9 3.5838 .0273 3.5956 .0435
210 . 1213E-02 9 3.5693 .0228 3-5959 .0367
220 . 1 177E-02 8 3.5627 .0244 3.5843 .0420
230 .8183 E-03 8 3.5809 .0172 3.5512 .0287
240 . 1406E-02 8 3.5827 .0296 3.5437 .0491
250 . 1267E-02 8 3.6067 .0270 3.5279 .0438
260 . 1517E-02 8 3.6103 .0324 3.5430 .0529
270 .2549E-02 8 3.5892 .0538 3.6331 .0934
280 .2018E-02 8 3.6569 .0442 3.6158 .0733
290 .3463E-02 8 3.6863 .0770 3.6321 .1269
300 .2340E-02 7 3.6635 . 0664 3.8168 .1139
310 .2358E-02 7 3.6944 .0681 3.8316 .1157
320 . 1309E-02 7 3.8066 .0401 3.8776 .0658
330 .3285E-02 7 3.9227 .1069 3.8858 .1657
340 . 3502E-02 7 4.0118 .1192 3.8246 .1712
350 .4040E-02 7 4.1603 .1479 3.7035 .1851
360 . 5962E-02 7 4.2812 .231 1 3.7066 •2737
370 .5530E-02 7 3.9335 .1810 4.4864 •3719
380 .2488E-02 7 4.1612 .0911 4.3678 .1586
390 .3 1 97E-02 7 4.1390 .1159 4.5971 •2257
400 .2820E-02 7 11.1703 .1037 4.7124 .2092
410 .2459E-02 7 *1.2359 .0933 4.7383 .1844
420 .2044E-02 7 4.2291 .0773 4.9373 .1664
420 .2986E-02 7 4.2630 .1148 4.9735 .2468
440 .2262E-02 7 4.4065 .0929 4.8005 .1741
450 .4837E-02 7 4.5988 .2164 4.6710 .3526
460 . 5367E-02 7 4.5873 .2389 4.8289 .4182
470 .5056E-02 7 4.5203 .2186 5.0868 .4372
480 .2677E-02 7 4.6275 .1213 5.1608 .2382
490 .3232E-02 7 4.7554 .1546 5.0683 .2774
500 .2607E-02 7 4.9120 .1331 4 .9850 .2165
510 .2454E-02 7 4.8524 .1222 5.2496 .2259
520 .2061E-02 6 4.9934 .1208 5.1018 .1905
530 . 1227E-02 5 4.9850 .0783 5.2399 .1390
540 .4092E-02 5 5.1678 .2806 5.3403 .4813
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Sec. 7-4 REGIONAL SHEAR VELOCITY MODELS FOR OCEANS AND CONTINENTS

Models f o r  upper man t le  shear v e l o c i t i e s  have been d e r i v e d  by 

c o n t r o l l e d  Monte C a r lo  i n v e r s io n  o f  pure path  c o n t i n e n t a l  and o cea n ic  

group v e l o c i t i e s .  Group v e l o c i t i e s  f o r  p e r io d s  between 50 and 300 seconds 

f o r  each c o n t i n e n t a l  o r  ocean ic  reg ion  in T ab le  7-2  ( a ) ,  (b)  and (c) were 

i n t e g r a t e d  t o  g i v e  phase v e l o c i t i e s  wh ich  were used in c o n j u n c t i o n  w i t h  

t h e  group  v e l o c i t i e s  t o  c a l c u l a t e  group v e l o c i t i e s  c o r r e c t e d  f o r  a n e l a s t i c  

d i s p e r s i o n  as d e s c r ib e d  in S ec t io n  5 *2 .  The c o r r e c t e d  g roup  v e l o c i t i e s  

were used in each i n v e r s i o n .  S t a r t i n g  model bounds f o r  o c e a n ic  models were 

taken f rom the  t y pe  2 bounds d es c r ibe d  in Chapter  5 (Tab le  5 .3 )  w i t h  shear 

v e l o c i t y  l i m i t s  o f  t h e  220 t o  412 km l a y e r  e x te n d in g  f rom 4 . 5  to  4 .6  km/s .  

S t a r t i n g  model bounds f o r  c o n t i n e n t a l  models a re  shown in  F ig u r e  7 - 8 ( c ) .

Models r e s u l t i n g  f rom i n v e r s i o n s  o f  o cean ic  g roup  v e l o c i t i e s  

a re  shown in F ig u re  1 . 1 . These models a l l  have h igh  v e l o c i t y  l i d s  

(beginn ing a t  a dep th  o f  70 km) in wh ich  shear  v e l o c i t i e s  a r e  n o t  w e l l  

c o n t r o l l e d  but  range f rom 4.4  t o  4 .65  km/s. The shear v e l o c i t i e s  in  t h e  

low v e l o c i t y  zone in  2 ,  3 , and 4 re g io n  o ce a n ic  models ( F i g u r e s  7 - 7 ( a )  t o  

( c ) )  va ry  f rom 4 .2  t o  4 .4  km/s.  Models gene ra ted  f rom a c o n s t a n t  v e l o c i t y  

s t a r t i n g  model ( 4 .4  km/s f o r  upper man t le  la y e r s )  produced se ve ra l  models 

w i t h  low v e l o c i t y  l a y e r s  rang ing  f rom 4 .2  t o  4 .4  km/s in w h ich  two o f  the  

l a y e r s  had a p p r o x im a t e l y  the  same v e l o c i t y .  Two such models a re  shown 

in F ig u re  7-7  (e ) • T h is  i n d i c a t e s  t h a t  t h e  2 r e g io n s  d a ta  don° t  c l o s e l y  

c o n s t r a i n  t h e  dep th  o f  the  low v e l o c i t y  zone- A s e r i e s  o f  models 

d e r i v e d  f rom the  t ype  1 bounds used in Chapter  5 (Tab le  5 - 3 )  a re  a l s o  

shown in F ig u re  7 -7  (d ) .  These models have 100 km t h i c k  h ig h  v e l o c i t y  

l i d s  w i t h  shear v e l o c i t i e s  wh ich  range f rom  4 .4  t o  5-4 km /s .  No o c e a n ic  

model was produced which d id  n o t  c o n ta in  a low v e l o c i t y  zone .

Models produced f rom c o n t i n e n t a l  da ta  s e ts  a re  shown in F ig u re  

7 -8 .  These models have been d e r i v e d  f rom  s t a r t i n g  model bounds w h ich



F ig u re  7 . 7 ( a )  SHEAR VELOCITY MODELS DERIVED FROM PURE PATH OCEANIC

GROUP VELOCITIES FROM A A REGION PURE PATH SEPARATION -  

Models have been produced by c o n t r o l l e d  Monte C a r lo  i n v e r s i o n  

o f  pure path ocean ic  group v e l o c i t i e s  l i s t e d  in Tab le  7 . 2 ( a ) .  

These models a re  l i s t e d  in Tab le  7 - 3 ( a ) .  The t h i c k n e s s  

o f  the  l i t h o s p h e r e s  o f  these models i s  70 km.
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Figure 7 .7 (b )  SHEAR VELOCITY MODELS DERIVED FROM PURE PATH OCEANIC-RIDGE

GROUP VELOCITIES FROM A 3 REGION PURE PATH SEPARATION - 

Models have been produced by c o n t r o l l e d  Monte Car lo in ve rs ion  

o f  pure path ocean- r idge  group v e l o c i t i e s  l i s t e d  in Table 

7 .2 ( b ) .  These models are l i s t e d  in Table 7 . 3 ( b ) .

The th ickness  o f  the l i t h o s p h e re  o f  these models is  70 km.
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F ig u re  7 . 7 ( c )  SHEAR VELOCITY MODELS DERIVED FROM PURE PATH OCEANIC-RIDGE

GROUP VELOCITIES FROM A 2 REGION PURE PATH SEPARATION -  

Models have been produced by c o n t r o l l e d  Monte C a r lo  i n v e r s i o n  

o f  pure path  o c e a n - r i d g e  group  v e l o c i t i e s  l i s t e d  in T a b le  

7 . 2 ( c ) .  These models a re  l i s t e d  in T ab le  7 * 3 ( c ) .  The 

t h i c k n e s s  o f  t h e  l i t h o s p h e r e  os these  models i s  70 km,
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F ig u re  7 . 7 ( d )  SHEAR VELOCITY MODELS WITH 100 KM THICK LITHOSPHERE LIDS

DERIVED FROM PURE PATH OCEANIC-RIDGE GROUP VELOCITIES FROM 

A 2 REGION PURE PATH SEPARATION -

Models have been produced by c o n t r o l l e d  Monte C a r lo  

i n v e r s i o n  o f  pure path  o c e a n - r i d g e  group v e l o c i t i e s  l i s t e d  

in T ab le  7 - 2 ( c ) . Models a re  l i s t e d  in Tab le  7 . 3 ( d ) .
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F ig u re  7 . 7 ( e )  SHEAR VELOCITY MODELS DERIVED FROM A CONSTANT VELOCITY 

STARTING MODEL -

A s t a r t i n g  model w i t h  a c o n s ta n t  ( 4 , A km/s) upper m an t le  

v e l o c i t y  was r e f i n e d  by c o n t r o l l e d  Monte C a r lo  i n v e r s i o n ,  

Models wh ich f i t  t he  pure path  o c e a n - r i d g e  group 

v e l o c i t i e s  f rom a 2 re g ion  pure path  s e p a r a t i o n  (Tab le  7 . 2 ( c ) )  

a re  l i s t e d  in T ab le  7 . 4 ( a ) .
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TABLE 7. A (a)

2 REGION OCEANIC MODELS GENERATED FROM A CONSTANT VELOCITY 

(A.A km/s) UPPER MANTLE

Depth Compressional D e n s i t y Shear V e l o c i t y  (km/ s)
t o  Top 
o f  Layer

V e l o c i t y

(km) (km/s) (g / c c ) 1 OF 20F 30F

0.0 l .AA 1 . 0 2 0 . 0 0 . 0 0 . 0
3.0 6 .50 2 .79 3.72 3.72 3.72

2 1 . 0 8.37 3. AO 4 . 5 2 7 4 . 3 5 8 A . A 1 0
7 0 . 0 8.37 3. AO A . 207 A . 361 A . 321

1 5 0 . 0 8.37 3. AO A . A 2 3 A . 2 52 A . 322
2 2 0 . 0 8.37 3. AO 4 . 5 6 5 A. 607 4 . 5 8 9
A 1 2 . 5 9.50 3.80 5 . 2 0 0 5 . 2 0 0 5 . 2 0 0

X % . 26A .177 .259

ALL MODELS FIT FOR PERIODS BETWEEN 60 AND 260S,

TABLE 7. A(b)

2 REGION CONTINENTAL MODELS GENERATED FROM A CONSTANT VELOCITY 

(A.A km/s) UPPER MANTLE

Depth 
t o  Top 
o f  Layer 
(km)

Compressional  
V e l o c i t y

(km/s)

D e n s i t y  

(g / c c )

Shear V e l o c i t y  (km/s)  

1CF 2CF 3CF ACF

0 .0 6 .20 2.79 3 .60 3-60 3 .60 3 .60
20 .0 6 .50 3.35 3.82 3 .82 3 .82 3 .82
AO.O 8 .00 3. AO 4.357 A . 311 A . 270 A . 285
75.0 8 .20 3 . A 0 A.A86 A .A 9 1 4 .552 4 .4 73

200.0 8 . AO 3 . AO A . 586 A.6A1 4 .552 A . 726
317.0 8 .90 3 . AO 4.715 A . 6 3 8 4.731 A.5AA
A12.5 9.50 3.80 5.20 5 .200 5.200 5.200

X2 r . 2A7 .185 .261 .239

ALL MODELS FIT FOR PERIODS BETWEEN 60 AND 260S,



F igu re  7 . 8 ( a )  SHEAR VELOCITY MODELS DERIVED FROM PURE PATH CONTINENTAL 

GROUP VELOCITIES FROM A A REGION PURE PATH SEPARATION -  

Models have been produced by a c o n t r o l l e d  Monte C a r lo  

i n v e r s i o n  o f  pure pa th  c o n t i n e n t a l  group v e l o c i t i e s  l i s t e d  

in Tab le  7 . 2 ( a ) ,  Models produced f rom t h i s  da ta  a re  

l i s t e d  in T ab le  7 . 5 ( a ) *
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7

F ig u re  7 .8 ( b )  SHEAR VELOCITY MODELS DERIVED FROM PURE PATH CONTINENTAL 

GROUP VELOCITIES FROM A 3 REGION PURE PATH SEPARATION -  

Models have been produced by a c o n t r o l l e d  Monte Ca r lo  

i n v e r s i o n  o f  pure  path  c o n t i n e n t a l  group v e l o c i t i e s  

l i s t e d  in T a b le  7 . 2 ( b ) .  Models produced f rom t h i s  

data  a re  l i s t e d  in Tab le  7 - 5 ( b ) .
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F ig u re  7 . 3 ( c )  SHEAR VELOCITY MODELS DERIVED FROM PURE PATH CONTINENTAL-ARC

GROUP VELOCITIES FROM A 2 REGION PURE PATH SEPARATION -  

Models have been produced by a c o n t r o l l e d  Monte C a r lo  

i n v e r s i o n  o f  pure path  c o n t i n e n t a l - a r c  group  v e l o c i t i e s  

l i s t e d  in Tab le  7 . 2 ( c ) .  Models produced f rom t h i s  da ta  

a re  l i s t e d  in T ab le  7 - 5 ( c ) .
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F ig u re  7 .8 ( d )  SHEAR VELOCITY MODELS DERIVED FROM PURE PATH CONTINENTAL-ARC

GROUP VELOCITIES FROM A 2 REGION PURE PATH SEPARATION -  

Models have been produced by a c o n t r o l l e d  Monte C a r lo  

i n v e r s i o n  o f  pure path  c o n t i n e n t a 1- a r c  group v e l o c i t i e s  l i s t e d  

in T ab le  7 - 2 ( c ) .  Models have h ig h  v e l o c i t y  l i t h o s p h e r i c  l i d s  

a t  a depth  o f  190 to  220 km but  the  l i d  i s  no t  p resen t  

in a l l  models.  T a b le  7 - 5 (d ) c o n t a i n s  a l i s t i n g  o f  a l l  

models produced wh ich  s u c c e s s f u l l y  f i t  t he  c o n t i n e n t a 1- a r c  

d a t a .
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F ig u re  7 .8 ( e )  SHEAR VELOCITY MODELS FOR CONTINENTS DERIVED FROM A CONSTANT

UPPER MANTLE VELOCITY STARTING MODEL -

Models have been produced by Monte C a r lo  i n v e r s i o n  o f  pure 

pa th  con t  i nenta 1 - a r c  group v e l o c i t i e s  (Tab le  A , 2(c))  us in g  

a s t a r t i n g  model w i t h  a c o n s ta n t  v e l o c i t y  ( A . A  km/s) upper  

m a n t le .  Models w i t h  and w i t h o u t  low v e l o c i t y  zones f i t  

t he  g roup  v e l o c i t i e s  f o r  c o n t i n e n t a 1- a r c  p ro v ince s  

(Tabl e 7 • A ( b ) ) .
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encourage the formation of a low velocity layer between depths of 220 and

317 km (see Figure 7.8(c)). The lid velocity in these models is not
!

well controlled and varies from 4.55 to 4.8 km/s. In continental models 

derived from 3 and 4 region pure path separations the shear velocity in the 

low velocity zone is lower than the shear velocity in the layer immediately 

shallower than the lid (70 to 150 km). This seems to indicate that even with

out the high velocity lid, low velocity zone models may be able to fit the pure 

path continental velocities. Continental models derived from 2 region pure 

path separations (ocean basin and mid-ocean ridge zones form one region while 

island arc zones are combined with continents) tend to have low velocity zone 

velocities which are higher than velocities in the layer immediately above the 

high velocity lid (Figure 7.8(c)). Models without a high velocity lid derived 

from this 2 region data set do not have low velocity zones but have a distinct 

increase in velocity with depth (Figure 7.8(d)). Models which do contain a 

low velocity channel, but not a high velocity lid are possible as is shown 

in Figure 7.8(e). In this figure model 4CF contains a low velocity zone 

between 317 and 412 km. A wide range of models will produce acceptable fits 

to the 2 region continental group velocities so that no definitive conclusion 

can be drawn from these data concerning the presence of a low velocity zone 

beneath the continents. However, models derived from pure path group velocities 

for 3 and 4 region separations indicate that such zones are likely even if a 

high velocity lid is absent.
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Sec. 7 .5  Q~] REGIONALIZATION

r-1
The r e g i o n a l i z a t i o n  o f  the  s p e c i f i c  a t t e n u a t i o n ,  Q i s  d i f f i c u l t

because Q.  ̂ i s  c a l c u l a t e d  f rom f o u r  observed q u a n t i t i e s  -  group  v e l o c i t i e s

and the  a m p l i t u d e s  o f  two wave phases.  A m p l i tu de  measurements become

in a c c u r a te  when s ig n a l  t o  no ise  r a t i o s  approach 2 o r  a re  s m a l l e r .  S ince  the

r a t i o  o f  s ig n a l  t o  n o i s e  r a t i o s  approach 2 o r  a re  s m a l l e r .  Since the  r a t i o

o f  a m p l i t u d e s  is  i n v o l v e d ,  e r r o r s  a re  e a s i l y  compounded. The group  v e l o c i t y  

r e g i o n a l i z a t i o n  p resen ted  in Sec. 7 -3  f o r  e q u a l l y  we igh ted  o b s e r v a t i o n s

depends o n l y  on q u a n t i t i e s  i n v o l v i n g  s i n g l e  measurements.  Pure pa th  Q. I  1 s

shown in F igu re  7 .9 ( b )  were c a l c u l a t e d  d i r e c t l y  f rom i n d i v i d u a l  a t t e n u a t i o n

c o e f f i c i e n t s  and the  co r re sp on d ing  g r e a t  c i r c l e  group  v e l o c i t y  (which  was

c a l c u l a t e d  f rom the  group v e l o c i t i e s  o f  two phases as d e s c r ib e d  in  Sec. 4 . 2 . 2 ) .

Each Q.  ̂ e s t im a te  has rece ived  equal w e ig h t  in the  a n a l y s i s .  Large s tandard

e r r o r s  and la c k  o f  smoothness in the  pure pa th  Q. ^ r e s u l t  s i n c e  the  m u l t i p l e

l i n e a r  r e g r e s s io n  a n a l y s i s  is  a l e a s t  squares f i t t i n g  p rocess  wh ich  i s

h e a v i l y  i n f l u e n c e d  by l a rg e  d e v i a t i o n s  f rom  the  mean. An a l t e r n a t i v e

r e g i o n a l i z a t i o n  o f  Q ' is  p resen ted  in F ig u re  7 - 9 ( a )  in wh ich  the  pa th

averaged a t t e n u a t i o n  c o e f f i c i e n t s  and group  v e l o c i t i e s  have been smoothed

over  20 second ave rag ing  windows.  There i s  no ga in  in  u s in g  a pure path

s e p a r a t i o n  method in wh ich  s i n g l e  o b s e r v a t i o n s  a re  e q u a l l y  we ighted  because the  

a t t e n u a t i o n  c o e f f i c i e n t  measurements a re  fu n d a m e n ta l l y  g r e a t  c i r c l e  measure

ments so t h a t  s h o r t  n e a r l y  pure paths  as used in t h e  g roup  v e l o c i t y  r e g i o n 

a l i z a t i o n  (Sec. 7 .3 )  a re  no t  p o s s i b l e .

The pure path  s e p a ra t i o n s  o f  Q !  p resen ted  in F ig u r e  7 . 9 ( a )  show 

t h a t  most o f  the  d i s s i p a t i o n  o f  R ay le igh  wave energy  occu rs  beneath the  

oceans.  A t t e n u a t i o n  beneath c o n t i n e n t a l  r e g io n s  i s  low. I s la n d  A rc  re g io n s  

have h igh  a t t e n u a t i o n  a t  s h o r t  p e r io d s  (50 t o  100 seconds ) .  A t  p e r io d s  

between 125 and 175 seconds Q. ^ a re  n e g a t i v e .  These n e g a t i v e  Q l v a lu e s  

a re  p ro ba b ly  caused by s i g n i f i c a n t  l a t e r a l  r e f r a c t i o n  and d e fo c u s in g  f o r  

pa th  1 (F i g u re  5 .1 )  wh ich  has the  h ig h e s t  p r o p o r t i o n  o f  i s l a n d  a rc  (Tab le  7-1)-



F ig u re  7 . 9 ( a )  PURE PATH ( f l  DERIVED USING THE WU (1972) REGIONALIZATION -  -------------------  K

Pure path  Q. 1., c a l c u l a t e d  us in g  the  Wu (1972) r e g i o n a l i z a t i o n  

w i t h  equal  w e ig h t i n g  o f  averages f o r  pa ths ,  a re  shows f o r  

4 r e g io n s :  ocean,  c o n t i n e n t ,  a rc  and r i d g e  p ro v in c e s

(upper r i g h t  p a n e l ) ,

3 r e g io n s :  o c e a n - r i d g e ,  c o n t i n e n t  and a rc  p ro v in c e s

(upper r i g h t  pane l) ,  and

2 r e g io n s :  o c e a n - r i d g e  and c o n t i n e n t a 1- a r c  p ro v in c e s

( lower  r i g h t  p a n e l ) .

C o n t i n e n ta l  and ocean ic  Q \ de te rm ined  in the  4 re g ion
K

re g re s s io n  a n a l y s i s  a re  shown in t h e  lower l e f t  pane l .

Symbols used f o r  r e g io n a l  Q ^ a re  the  same as the  

symbols used f o r  group v e l o c i t i e s  f o r  s i m i l a r  r e g ion s  

in F ig u re  7•5 ( a ) .
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F ig u re  7 - 9 (b) PURE PATH (T* DERIVED USING THE WU (1972) REGIONALIZATION -

Pure path  Q. c a l c u l a t e d  us ing  the  Wu ( 972) r e g i o n a l i z a t i o n

w i t h  equal w e i g h t i n g  o f  Q ^ de te rm ined  f rom i n d i v i d u a l  p a i r s
K

o f  e s t im a te s  o f  a m p l i t u d e s  and g roup  v e l o c i t i e s ,  are shown 

f o r

A r e g io n s :  ocean,  c o n t i n e n t ,  a rc  and r i d g e  p ro v in c e s

(upper 1 e f t  p a n e l ) ,

3 r e g io n s :  o c e a n - r i d g e ,  c o n t i n e n t  and a rc  p ro v in c e s

(upper r i g h t  p a n e l ) ,  and

2 r e g io n s :  o c e a n - r i d g e  and c o n t i n e n t a l - a r c  p ro v in c e s

( lower  r i g h t  p a n e l ) .

C o n t i n e n ta l  and o cea n ic  Q. .1 dete rm ined  in the  A re g ion
K

r e g r e s s io n  a n a l y s i s  a re  shown in the  lower l e f t  pane l .

Symbols used f o r  pure path  Q. ^ a re  the  same as d e s c r ib e d  

f o r  pure path group  v e l o c i t i e s  f o r  s i m i l a r  re g io n s  in 

F ig u re  7 •5  ( a ) •
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T h is  pa th  as was suggested in S ec t ion  7 , 3 ? i s  most l i k e l y  t o  produce

m u l t i p a t h i n g  s in c e  i t  c rosses  many i s la n d  a rc s  a t  s h a l l o w  ang le s  o f

i n c id e n c e .  The ^ r e g io n  pure path  s e p a r a t i o n  was u n c e s s fu l  f o r  Q. (as

was a l s o  the  case f o r  g roup  v e l o c i t i e s )  s in c e  n e g a t i v e  Q. D va lu es

are  p r e d i c t e d  f o r  bo th  c o n t i n e n t a l  and i s l a n d  a rc  r e g io n s .  The 3 r e g io n

r e g r e s s io n  a n a l y s i s  produced reasonab le  r e s u l t s  excep t  f o r  i s l a n d  a r c

Q.  ̂ a t  p e r io d s  g r e a t e r  than 125 seconds.  Pure path  group  v e l o c i t i e s  
R

f o r  i s l a n d  a rc  re g io n s  dete rm ined  in 3 r e g io n  s e p a r a t i o n s  were a l s o

p o o r l y  de te rm ined  f o r  p e r io d s  g r e a t e r  than 125 seconds (see Sec. 7 - 3 ) .

The 2 reg ion  r e g r e s s io n  a n a l y s i s  f o r  Q. shows t h a t  Q. \ f o r  both  c o n t i n e n t -  

i s l a n d  a rc  and o c e a n - r i d g e  p ro v inc e s  a re  w e l l  se pa ra ted .  On ly  a t  p e r io d s  

o f  220 and 280 seconds do c o n t i n e n t a l  0 \ e s t im a te s  d e v i a t e  s u b s t a n t i a l l y  

f rom the  gene ra l  t r e n d  o f  the  c o n t i n e n t a l  Q. .! v a lu e s .  Models d e r i v e d  f rom  

th e  2 re g io n  r e g r e s s io n  a n a l y s i s  f o r  bo th  c o n t i n e n t a l  and o c e a n ic  Q. ^ as 

a f u n c t i o n  o f  dep th  a re  d iscussed  in the  nex t  s e c t i o n .
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Sec. 7.6 INVERSIONS FOR OCEANIC AND CONTINENTAL REGIONS

Models for Q J as a function of depth have been derived in a mannerp
similar to that described for global average Q. ̂  models in Section 5.5. For

these inversions only the pure path (f1 derived for 2 regions was used.

Shear velocity models, 19:5/20 for oceanic structures and 8:70/2C for 

continental structures, were used to generate phase velocity partial 

derivatives for these inversions. A continental model without a high velocity 

lid, 8 :70/2 C was selected because the model parameters, shear velocity and 

Q. ̂ , are poorly resolved for relatively thin layers in this depth range.

Qg models for oceans (Figure 7.10) were found which indicate that

the average sub-oceanic mantle has a of between 80 and 100 to depths of

several hundred kilometers. This average is lower than (̂  ' s determined

by Mitchell (1977) for Pacific Ocean paths. This difference may be caused by

the mid-ocean ridge provinces which were included with ocean basins in the

twofold Q.  ̂ regionalization. Layers at depths greater than 400 km in these

models are poorly controlled, on the general fit of these models to the

oceanic Q ^calculated in the 2 region regression analysis (Sec. 7-5) is

also poor. The three models shown in Figure 7-10 have problem variances 
-2 -2 -3of 2 x 10 ,10 and 5 x 10 . Resolution kernels for model 3/20 are shown

in Figure 7*11.
-1Models for continental Q.  ̂ were not successful. The models 

for continental Q. ]R for periods between 60 and 280 seconds and 60 and 

230 seconds contained layers at depths greater than 300 km which had 

negative Q ̂  values. Such models are not physically possible. These 

problems were primarily caused by the near zero and negative continental 

Q. R values for periods in excess of 200 seconds. It is evident, however, 

that the dissipation of seismic energy beneath the continents is much 

smaller than dissipation beneath the oceans.



Fi gure  7 . 10  OCEANIC MODELS FOR SPECIFIC ATTENUATION FOR SHEAR WAVES -

as  a f u n c t i o n  of  d e p t h  a r e  shown f o r  models 2 / 2 0 ,  3 /20
-3

and 3 - 6 / 20  which have problem v a r i a n c e s  o f  2 x 10 ,

-3 -A10 and 5 x 10 r e s p e c t i v e l y .  Al l  models f i t  o c e a n -  

r i d g e  p r ov i n c e  Q.  ̂ f o r  p e r i o d s  between 60 and 280 s ec onds .  

Al l  models  were d e v i se d  us ing  phase  v e l o c i t y  p a r t i a l  

d e r i v a t i v e s  g e n e r a t e d  from s h e a r  v e l o c i t y  model 19 : 5 / 20 .  

The CL, fo r  t he  upper  200 km of  t he  ma n t l e  f o r  models  

2 /20 and 3/20 r anges  from 85 t o  100.
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TABLE 7 - 6 2 REGION OCEANIC MODELS FOR ATTENUATION BASED ON 1 9 : 5 / 2 0

D e p t h  
t o  T op

C o m p r e s s i o n a l  
V e l o c i t y  

( k m / s )

S h e a r  
V e l o c i t y  

( k m / s )

l / Q g  ( x l O  

2 / 2 0

- 2 )

3 / 2 0 3 . 6 / 2 0

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

21 8 . 3 7 4 . 5 4 5 1 . 1 1 7 1 . 0 2 2 0 . 9 2 1

70 8 . 3 7 i t . 2 9 5 1 . 1 0 1 1 . 0 2 3 0 . 9 5 1

150 8 . 3 7 4 . 2 9 0 1 . 1 9 3 1 . 2 5 0 1 . 2 4 7

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

4 1 2 . 5 9 . 5 0 5 . 2 0 0 0 . 9 7 7  , 0 . 8 3 3 0 . 7 0 0



F ig u re  7.11 RESOLUTION KERNELS -

f o r  model 3/20 a re  shown f o r  dep ths  s h a l l o w e r  than kOO km.
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CHAPTER 8 

SUMMARY

The a n a l y s i s  o f  group v e l o c i t i e s  and a t t e n u a t i o n  c o e f f i c i e n t s  

f o r  Ray le ig h  waves in the p e r iod  range 50 to  600 seconds p r o v id e s  i n f o r m a t i o n  

on the  average e l a s t i c  and a n e l a s t i c  p r o p e r t i e s  o f  the  e a r t h .  The D i r e c t  

F i l t e r i n g  Method has been developed wh ich  p ro v id e s  e s t i m a te s  o f  g roup  

a r r i v a l  t imes and s p e c t r a l  a m p l i tud e s  f rom Gaussian f i l t e r e d  seismograms.

Two e s t im a te s  o f  the s tandard  e r r o r  o f  the  group a r r i v a l  t im e  a re  based 

on the re g re s s io n  s t a t i s t i c s  o f  p a rabo las  wh ich  are  f i t t e d  t o  each enve lo pe  

maximum. One e s t im a te  r e f l e c t s  the  q u a l i t y  o f  the  f i t  t o  t h e  maximum 

w h i l e  the  o th e r  is  de te rm ined  by the  h a l f  a m p l i t u d e  w id t h  o f  the  maximum. 

E s t im a tes  o f  the  p e r io d  a t  the enve lope  maximum are  a l s o  a v a i l a b l e  in 

o r d e r  t o  e s t im a te  the  p u r i t y  o f  the  f i l t e r e d  s ig n a l  a t  the  enve lo pe  

maximum. E s t im a tes  o f  group v e l o c i t i e s  and s p e c t r a l  a m p l i t u d e s  d e te rm ine d  

by the  D i r e c t  F i l t e r i n g  Method a re  comparable t o  those  p ro v id e d  by o t h e r  

m u l t i p l e  f i l t e r  a n a ly s e s ,  bu t  the  D i r e c t  F i l t e r i n g  Method p r o v id e s  o b j e c t i v e  

e s t im a te s  o f  the  s tandard  e r r o r s  o f  group  v e l o c i t y  measurements.  S p e c t r a l  

a m p l i t u d e s  and a t t e n u a t i o n  c o e f f i c i e n t s  de te rm ined  f rom  seismograms f i l t e r e d  

w i t h  na r row  band-pass Gaussian f i l t e r s  do n o t  r e q u i r e  a c o r r e c t i o n  f o r  

g e o m e t r i c  sp read ing  i f  f i l t e r s  a re  s u f f i c i e n t l y  sharp .

The D i r e c t  F i l t e r i n g  Method has been a p p l i e d  to  seismograms o f  

k K u r i l e  Is land  ear thquakes  ra ng ing  in magni tude f ro m  6.6 t o  8.3*  These 

even ts  are a l l  lo c a te d  w i t h i n  a smal l  re g io n  so t h a t  R a y le ig h  waves f ro m  a l l  

e ven ts  t r a v e r s e  the  same g r e a t  c i r c l e  p a th s .  A l l  e ven ts  have f o c a l  

mechanism s o l u t i o n s  which show t h a t  the  f a u l t  mot ion  is  p r e d o m in a n t l y  

d i p - s 1 ip.

Great  c i r c l e  group v e l o c i t i e s  have been d e te rm ined  f o r  the  

s u r f a c e  wave magni tude 8 .3  even t  by ave rag in g  o f  g roup  v e l o c i t i e s  o f  Ray le igh
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phases  a r r i v i n g  a f t e r  R^. Er ro r s  in t he  g r e a t  c i r c l e  group v e l o c i t i e s  caused 

by a v e r a g i ng  group v e l o c i t i e s  of  a r r i v a l s  l a t e r  than R̂  a r e  much s ma l l e r  

than the  s t a n d a r d  e r r o r s  of  t h e  e s t i m a t e s  f o r  i nd i v i d u a l  Rayle igh phases .

These group v e l o c i t i e s  extend from 100 to  600 seconds  in p e r i o d .  Kanamor i ' s  

(1970a) e s t i m a t e s  fo r  the  same g r e a t  c i r c l e  p a t hs  a r e  in good agreement  

wi t h  t h e se  e s t i m a t e s .  A t t e n u a t i o n  c o e f f i c i e n t s  have a l s o  been de t ermined 

from s p e c t r a l  ampl i t ude  r a t i o s  e s t i m a t e d  by 2 methods:

1. from the  r a t e  of  decay of  enve l ope  maxima of  Gaussian f i l t e r e d  

Rayle igh p ha s es ,  and

2.  from the  r a t e  of  decay o f  s p e c t r a l  a m p l i t ud e s  t aken as  t h e  sum of  

p r od u c t s  of  a pure  s i n e  wave wi t h  segments  o f  each Rayle igh phase wi t h i n  

a group v e l o c i t y  window. Both methods p r ov i de  a t t e n u a t i o n  c o e f f i c i e n t s  

which ag r ee  well  wi th  a t t e n u a t i o n  c o e f f i c i e n t s  d e r iv e d  from Kanamori ' s  

(1970a) group v e l o c i t i e s  and Q ' s ,  but  t h os e  d e r i v e d  from t he  envelopes  o f  

t h e  f i l t e r e d  seismograms show l e s s  s c a t t e r .

Group v e l o c i t i e s  and s p e c t r a l  a m p l i t u d e s  de t e rmined  fo r  t he  s ma l l e r  

3 Ku r i l e  I s l a n d s  e a r t h q u a k e s  have ex t ended  t h e  range of  a c c u r a t e  measurements  

t o  p e r i o d s  as s h o r t  as 50 seconds .  These measurements ,  t aken wi th  t hose  fo r  

t h e  l a r g e r  e v e n t ,  p rov ide  ave r a ges  f o r  group v e l o c i t i e s  and a t t e n u a t i o n  

c o e f f i c i e n t s  f o r  9 g r e a t  c i r c l e  p a t h s .  These 9 pa t hs  a r e  even l y  d i s t r i b u t e d  

in azimuth a t  t h e  s ource .  The a v e r ag i n g  o f  t he  pa t h  group v e l o c i t i e s  and 

a t t e n u a t i o n  c o e f f i c i e n t s  ove r  a l l  pa t h s  p r ov i d e s  a r e l i a b l e  e s t i m a t e  of  

g l oba l  average  group v e l o c i t i e s  f o r  p e r i o d s  between 50 and 600 seconds and 

a t t e n u a t i o n  c o e f f i c i e n t s  f o r  p e r io ds  between 50 and 450 s econds .  Global 

a v e r ag e  phase v e l o c i t i e s ,  de t e rmined  by i n t e g r a t i o n  of  t he  g loba l  average  group 

v e l o c i t i e s ,  ag r e e  wel l  wi th  oc e a n i c  phase v e l o c i t i e s  de t e rmined  by Weidner 

(1974) f o r  p e r i o d s  between 50 and 120 seconds .  The globa l  average  group 

v e l o c i t i e s  a r e  in good agreement  wi t h  o c e a n i c  v e l o c i t i e s  de t e rmined  by 

Fo r sy t h  (1985b) and Landisman et_ aj_. (1989)-  These group v e l o c i t i e s  a r e ,  

however ,  much lower than t hos e  p r e d i c t e d  by s ev e r a l  r ece n t  e a r t h  models .



zone) cannot be determined with precision. Global average models for shear 

wave attenuation (Q.^) indicate that a zone of high attenuation is 

coincident with the low velocity zone. Models for attenuation which have 

lithospheric thicknesses of 70 km place the highest attenuation layer in 

the lower half of the low velocity zone which indicates that on the average 

the lithosphere is thicker than 70 km. Average for the lithosphere, 

low-velocity zone and sub-low velocity layer (asthenosphere) are 

approximately 200, 85 to 110 and 170 to 200 respectively. Although losses 

caused by elastic scattering have not been taken into account, they are 

small compared to anelastic attenuation in the 50 to 300 second period range.

Pure path averages for group velocities and specific attenuation 

have been calculated from path averages and from individual observations for 

2 regionalization schemes, one original to this study and the other devised by 

Wu (1972). Both regionalization schemes are based on 4 upper mantle 

provinces: continent, ocean basin, island arc and mid-ocean ridge. Pure

path group velocities and specific attenuation have also been calculated 

for combinations of regions, namely, ocean basin plus mid-ocean ridge and 

continent plus island arc provinces. Several of these regionalizations 

have provided well separated regional group velocities for such composite 

regions. Results of regionalizations using Wu1s (1972) choice of regions 

have given pure path group velocities for continent, ocean basin, 

continent plus island arc and ocean basin plus mid-ocean ridge provinces 

which are in good agreement with group velocity dispersion observed at 

periods shorter than 100 seconds and which also agree with the pure path 

group velocities derived from great circle measurements of Dziewonski (1971a) 

and Wu (1972). Dziewonski1s pure path group velocities for shields lie at 

most less than one standard error above continental group velocities 

derived in this study, while his oceanic group velocities lie slightly more 

than one standard error below ocean basin plus mid-ocean ridge province 

group velocities. Shear velocity models derived from pure path group
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Equivalent spheroidal oscillation periods derived from the global 

average phase velocities are also progressively longer in period, for periods 

less than 150 seconds, than fundamental spheroidal mode periods calculated 

for model QM2 (Hart et_ aj_. 1977b) which incorporates corrections for 

anelastic dispersion for free oscillation periods. In the future, data sets 

for average earth models should include equivalent free oscillation periods 

or surface wave phase or group velocities in the period range 50 to 150 seconds 

since body wave travel times together with free oscillation data for periods 

in excess of ]b0 seconds do not adequately constrain the upper mantle 

structure of such models.

Q  ̂which are calculated from global average attenuation

coefficients and group velocities are similar to the largest Q.  ̂ computed

from fundamental mode spheroidal oscillations by Jobert and Roult (1976)

and are lower than those predicted by model MM8 of Anderson et al. (1965).

Q. jl from Ben-Menahem1 s (1965) measurements lie between the global average

Q.  ̂and those predicted by model MM8 periods between 50 and 100 seconds., For

For periods between 50 and 100 seconds, attenuation coefficients of Mitchell

et a 1. (1975) for Pacific Ocean paths and by Mitchell (1973a) and Hermann and

Mitchell (1975) for the central United States are all within a factor of 2 of

the global average attenuation coefficients. From the agreement of the global

average attenuation coefficients and group velocities with other long and short

period measurements it is concluded that these measurements are estimates of 
global average properties.

The global average group velocities and attenuation coefficients 

provide a basis for modelling the shear velocity and attenuation structure 

of the average earth. Shear velocity models for the upper mantle which fit 

50 to 300 second global average group velocities within one standard 

deviation require, the presence of a low velocity zone. Models have been 

produced from the global average group velocities alone which have the top 

of the low velocity zone at depths of both 70 and 100 km, so that the average 

thickness of the lithosphere (taken as the depth to the top of the low velocity
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velocities for pure and combined regions indicate that low velocity zones 

are required beneath the oceans, but are not required beneath the continents, 

although 3 and A region separations produce a range of models which include 

low velocity zones at depths greater than 200 km. A regional study of group 

velocity dispersion and thrust faulting in eastern Australia shows that a 

low velocity zone is required at depths greater than lAO km and probably 

greater than 180 km in order to fit observed fundamental and higher mode 

Love and Rayleigh waves and ScS travel times.

Specific attenuation for shear waves, Q J, determined from pathp
average group velocities and attenuation coefficients has also been 

regionalized successfully for 2 and 3 region combinations. The resulting 

pure path specific attenuation for continents is much lower than that for 

ocean basins and ocean basin plus mid-ocean ridge provinces. Island arc 

and mid-ocean ridge provinces both show higher attenuation than ocean basins 

for periods shorter than 100 seconds for the A region separation, but results 

deteriorate at longer periods due to multipathing and defocusing. Models 

derived for ocean basin plus mid-ocean ridge province specific attenuation 

show that the sub-oceanic mantle has an average of about 80 to 100 for the 

upper 200 km. The results of the attenuation studies show that with additional 

data it will be possible to obtain significantly higher precision estimates 

of the differences between different types of upper mantle provinces.
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